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ABSTRACT

Amine-impregnated mesoporous materials are studied for CO, sorption at conditions of direct air capture (DAC). Mesoporous
silica supports with identical specific pore volume of 0.8 cm® g™ but varying pore width (7 - 50 nm) were impregnated
with polyethyleneimine (PEI) of different molecular mass (600 — 2000 g mol™) and loading (20 - 43 wt.-%). CO, adsorption
was evaluated under dry conditions (450 ppm CO,) across temperatures from 30 to 70°C, distinguishing the contributions of
physisorption and chemisorption. The highest uptake of 1.19 mmol g~ was observed for sorbents with 30 nm pores and 33.3 wt.-%
PEI loading at 50°C, balancing accessible amine density and free pore volume. A temperature-dependent shift from chemisorption
to physisorption was identified, particularly in larger pores, where increased polymer mobility promotes enhanced physisorption
of CO, via the “molecular basket” effect. Long-term cycling showed that narrow pores enhance stability by anchoring PEI
through hydrogen bonding, especially for low-molecular-mass PEI. A kinetic model incorporating diffusion and surface reactions
reproduces experimental trends across multiple temperatures and confirms that morphology, not intrinsic kinetics, governs
CO, uptake. This provides mechanistic insight for designing improved sorbents for low-temperature CO, sorption under DAC
conditions as well as catalysts for subsequent conversion to methanol.

1 | Introduction capturing CO, from atmospheric air using an aqueous basic

solution, followed by high-temperature desorption units [4]. Solid

Rapid climate change caused by global greenhouse gas (GHG)
emissions poses a significant threat to human health, livelihoods,
and key infrastructure [1]. International agreements on the
reduction of GHG emissions include the deployment of negative
emission technologies (NETs). Direct air capture (DAC) technolo-
gies have emerged as an attractive component in the portfolio
of solutions aimed at reducing atmospheric CO, concentrations
[1-3].

DAC technology currently relies on two primary approaches,
distinguished by their design principle for carbon capture. Liquid
DAC (L-DAC) involves two closed chemical loops: a contactor

DAC (S-DAC) utilizes solid adsorbents to capture CO, through
a cycling process with adsorption at ambient temperature and
pressure, and desorption through a temperature-vacuum swing
process at medium temperatures [5].

Today, only a handful of large-scale DAC plants are operational,
with a few dozen more having been commissioned in Europe,
North America, Japan, and the Middle East [5]. Most of the
systems currently employed worldwide are based on the S-DAC
technology [5] as their typically modular design lowers capital
investment costs and allows for easier scalability, manufacturing,
and implementation of improvements [6, 7].
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FIGURE 1 | Specific pore volume and specific surface area as a

function of N content wy of PEI for sorbents with different support pore
widths (specific pore volume for 30 and 50 nm determined by mercury
intrusion porosimetry).

As one of the leading companies, Climeworks applies solid
sorbent materials which are based on amines grafted onto meso-
porous silica [7, 8]. These materials are well-suited for DAC due
to their high uptake and selectivity in CO, separation with a low
need for parasitic energy input, fast kinetics, multicycle stability,
and tolerance toward water [9] and exhibit high CO, adsorption
capacity and stability [10, 11]. Studies have shown that the
combination of amines with porous supports increases the overall
carbon dioxide uptake, revealing a synergistic enhancement that
is driven by increased amine dispersion and subsequent increase
in the density of accessible sorption sites [12].

Physical incorporation of amines into a porous support using
impregnation methods offers an alternative approach for amine-
functionalization of porous supports. This method is relatively
simple and cost-effective, making it suitable for large-scale
production and deployment [13]. It also allows for high amine
loadings up to 19 mmol g™', which can significantly enhance CO,
uptake capacity up to 3.50 mmol g~! under dry DAC conditions
[12, 14, 15].

However, high amine loadings can lead to pore blocking, reducing
the accessibility and diffusion of CO, to the active sites and
decreasing the overall efficiency of the sorbent [13]. Addition-
ally, the physical incorporation of amines results in weaker
interactions between the amines and the support material, lead-

ing to potential amine leaching during adsorption-desorption
cycles [11].

Among other amines such as tetraethylenepentamine (TEPA)
and tris(2-aminoethyl)amine (TREN), poly(ethylene imine) (PEI)
has been investigated intensively in recent years as the prototypi-
cal aminopolymer for impregnation due to its high amine density,
its facile synthesis from aziridine [16], and wide commercial
availability in a large range of molecular masses. Several studies
have shown that increasing PEI content progressively reduces
both pore width and volume [14, 17, 18]. Consequently, larger
support pore volumes have been linked to higher uptake capaci-
ties as higher amine loadings are facilitated without significantly
restricting accessibility, allowing for increased dispersion of PEI
within the pore system and enhancing CO, mass transfer [10,
11, 13, 17]. However, the specific influence of pore width remains
inadequately characterized, as previous investigations have not
used sorbents with constant pore volumes while systematically
varying pore width dimensions.

Because of the complexity involved in the adsorption process, a
typical approach for modeling the kinetics of CO, capture is based
on fitting experimental data to established models, selecting
the one that provides the best fit, and extracting information
about the underlying mechanisms via parameter analysis [19-
21]. The most commonly used models are pseudo-first order,
pseudo-second order, Elovich- and Avrami-based models [21-
24]. The pseudo-first order kinetic model is mainly used for
surface diffusion-limited processes. The pseudo-second order
kinetic model initially describes gas-solid adsorption controlled
by the chemical interaction of CO, with the surface. The Elovich
kinetic model assumes that the rate of adsorption decreases
exponentially as the amount of adsorbate increases. The Avrami
model usually presents the best fit to the experimental results,
because it allows for a fractional reaction order. In addition,
a double-layer model has been proposed for the sorption of
“molecular basket” sorbents [25].

Current research on DAC sorbents predominantly quantifies total
CO, uptake without differentiating between chemisorption and
physisorption. This distinction, however, is crucial to a deeper
understanding of the CO, adsorption mechanism, which has
been proposed as a “molecular basket” consisting of a large pore
volume material loaded with a CO,-philic substance to cover the
pore walls and space to selectively pack CO, in condensed form
inside the pores [26, 27]. Moreover, chemisorption capacity is
crucial in the context of a subsequent catalytic conversion of the
captured CO, with renewable hydrogen to value-added products
such as methanol [28]. If noble metal nanoparticles are placed
in intimate proximity to the amine functionalities inside pores,
a cyclic conversion of CO, and H, to methanol was shown to be
possible [28].

The mechanism of chemisorption and reaction of CO, within
amine-containing polymers is suggested to proceed similarly
to aqueous amines [29]. Initially, the nucleophilic attack by
the amine nitrogen on the carbon atom of CO, generates a
zwitterionic intermediate, which subsequently undergoes either
intermolecular proton transfer with another amine (Bronsted
base) to form ammonium carbamate or intramolecular hydrogen
transfer leading to carbamic acid, depending on adsorption condi-
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tions, amine type, and water presence. Several investigations have
characterized these reaction intermediates using experimental
techniques such as FTIR/DRIFTS [30-32] and NMR [33-39]
as well as theoretical calculations [34, 40-43], predominantly
identifying ammonium carbamate and carbamic acid species
[35, 44-46]. While different theoretical investigations focus on
calculating the transition states and the barriers of the elementary
reactions for different materials [34, 47], to the best of our
knowledge, there is no lumped kinetic model reported that can
globally describe the chemisorption of CO,, decoupled from the
physisorption contribution.

This study aims to investigate how the pore width of the support
affects the CO, uptake capacity in PEI-impregnated porous silica
by eliminating the influence of the pore volume. Commercial
silica with pore widths across the mesopore range, maintaining
the same specific pore volume, is used, and PEI loading and
molecular mass are varied to gain insights into the adsorption
mechanism. The loading range represents different stages of
pore filling, with literature of impregnated polyamine identify-
ing 30-70 wt.-% to achieve the highest CO, uptake capacities
[12]. The stability of the sorbents is investigated over multiple
adsorption/desorption cycles and under static temperature con-
ditions. Due to the differentiation between chemisorption and
physisorption, the experimental data are used to develop a global
kinetic model to describe the chemically captured CO, and enable
adsorbent column simulations. Such a model could serve as a
basis for an in-depth investigation of physisorption models for
DAC applications. Finally, the prepared materials are meant to
serve as supports for Pt nanoparticles for the direct conversion of
the captured CO, to methanol.

2 | Results and Discussion
2.1 | Sorbents

The textural properties of the commercial silica materials were
verified using nitrogen sorption and mercury intrusion porosime-
try. Modal pore widths were determined to be 5.8, 8.0, 30.5, and
49.5 nm, as shown in Figure S1, closely matching manufacturer
specifications of 7, 10, 30, and 50 nm, respectively. Simultane-
ously, a key feature of the unloaded support material is the
identical specific pore volume of 0.8 cm? g™! for all pore widths,
consequently leading to vastly different specific surface areas, as
shown in Figure 1.

In order to validate the successful impregnation of PEI onto
the mesoporous silica support material with systematic control
over the loading, elemental and thermogravimetric analyses were
carried out (Figure S2 in ESI). Across the targeted loading range,
both analysis methods are in high agreement, confirming target
and experimental loadings for 20.0 and 33.3 wt.-% PEI. Only at the
highest loading of 42.9 wt.-%, a slight negative deviation from the
target loading is observed.

As evidenced from the nitrogen sorption isotherms (Figure S3),
the amount of adsorbed nitrogen decreases with increasing PEI
content in mesoporous silica while the general shape of the
hysteresis loop remains unchanged. This suggests that the pore
structure and connectivity remain largely intact as the PEI is

predominantly filling the pores continuously rather than causing
pore blockage, which supports the interpretation of a layer-like
polymer loading rather than external surface aggregation.

Specific surface area and pore volume help to identify differences
in the utilization of the support pore space. As shown in Figure 1,
an almost linear decrease in both a; gt and Vj is observed for
all sorbents, independent of support pore width, upon increasing
PEI loading, represented by nitrogen content of the polymer. At
maximum PEI loading, these values approach zero, indicating
that the reduced loading efficiency can be attributed to the
complete filling of the finite internal pore volume. Even higher
loadings could only be achieved by polymer deposition on
the external surface of the particles. However, previous studies
suggest that this is detrimental for CO, adsorption performance,
and larger PEI loadings are primarily achieved by higher specific
pore volumes [48-50]. Furthermore, (localized) pore blocking
may significantly impact CO, sorption by restricting diffusion
pathways. This may result in prolonged equilibration times,
which is generally undesirable for industrial applications that
benefit from rapid adsorption-desorption cycles [51].

2.2 | CO, Adsorption

The experimental design based on particle size, pore width, PEI
loading, PEI molecular mass, and adsorption temperature gives
rise to a total of 108 data points for which total and chemisorp-
tion uptake were determined, as described in the experimental
section. Analyzing the effects of individual parameters within
this dataset presents challenges due to the interaction of factors
and the issue that the experimental uncertainty often exceeds
the effect of the parameter. Thus, boxplots are used to facilitate
comparison of individual parameters through statistical measures
such as mean value, standard deviation, and total range.

2.2.1 | Effect of Particle Size

For two particle size fractions (mean particle size of 83 and
98 um, respectively), the total uptake q, for CO, sorption
at 30°C ranges between 0.18 and 1.11 mmol g™' and 0.20 and
0.97 mmol g, respectively (Figure 2). Considering that these
values include all PEI loadings investigated, these results compare
well with equally PEI-loaded porous sorbents such as SBA-
15 [12, 15, 52]. It should be noted that in the comparison of the
best-performing materials from the literature with the material
with the highest uptake here, differences can be explained
by higher amine contents and improved sorption site acces-
sibility facilitated by higher pore volumes, improving amine
efficiency. For instance, a similar PEI-loaded commercial silica
with 10.5 mmol g~! amine content resulted in a CO, uptake of
2.36 mmol g~! under DAC conditions with an amine efficiency
of 0.22 and a support pore volume of 1.3 cm?® g}, compared to
0.8 cm® g~! here [53], similar results were obtained in several
studies reported in the literature [50, 54-56].

No significant differences in mean or standard deviation of
Qiota @0d qepemn Were found for the two particle size fractions
at adsorption temperatures of 30°C, 50°C, and 70°C (Figure 2).
This indicates that no internal diffusion limitations are present
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FIGURE 2 | Q1 and qepem, for two particle size fractions (mean

particle size in um) and different values of adsorption temperature (for
all wp, PEI loadings and a PEI molecular mass of 600 g mol™!).

within the particle size range investigated. This could be partially
attributed to the considerable overlap in particle sizes between
the two fractions, with mean particle sizes of 83 + 38 ym and 98 +
50 um, respectively (see Figures S4 and S5).

2.2.2 | Effect of Pore Width

Previous studies have identified the support pore volume as a key
parameter for PEI-impregnated sorbents, as larger pore volume
enables higher PEI loading, which increases the number of amine
sites available for CO, adsorption [57]. The maximum amine
loading was calculated to increase from 60.6% to 67.1% when the
specific pore volume was increased from 1.54 to 2.04 cm?® g!
for MCF, which was reflected accordingly in the experimentally
achieved amine loading and CO, uptake [58].

Besides the number of adsorption sites, sufficient unoccupied
pore space is crucial for CO, diffusion and interaction with amine
groups. Less unoccupied pore space was found to increase mass
transfer resistance and lower the CO, capture efficiency [14, 58].

As shown in Figure 3, the highest values for q,, and quem
are observed for a pore width of 30 nm at 30°C adsorption
temperature (0.85 mmol g™ and 0.71 mmol g™}, respectively).
Across all pore widths, chemisorption dominates the adsorption
with a share of 79% - 87% of qy.;, generally higher for larger
pores. At 50°C, gy, Temains the highest at 30 nm with a value
of 0.91 mmol g™ while qg,.,, decreases significantly and remains
almost unchanged for all pore widths, representing only a share
of 28% of q.., NOW decreasing with increasing pore width. At
70°C, chemisorption is no longer detected, though a residual q,
of about 0.15 mmol g™ is retained on all sorbents.

The effect of pore width here can be best explained by assuming
a direct interaction of PEI molecules with the pore walls in their
immediate vicinity. At 30°C, the polymer is assumed to exhibit a
bulk-like behavior, with adsorption predominantly governed by
chemisorption occurring at the polymer surface. In small pores,

the polymer chains are strongly confined, likely adopting flat-
tened conformations in contact with the silica walls. This spatial
restriction promotes a high local density of accessible amine
groups, favoring strong chemisorption through the formation of
carbamate or carbamic acid. Conversely, in larger pores, PEI
chains are much less constrained and can adopt a more coiled,
three-dimensional configuration within the pore volume. These
structural features facilitate the creation of inter-chain voids,
which support the formation of physisorption via weaker van der
Waals forces and induced dipole interactions.

When the adsorption temperature is increased to 50°C, PEI
viscosity is lowered, allowing for a higher polymer chain mobility
and swelling toward the pore center [59]. These conformational
changes effectively generate new free cavities for the accom-
modation of additional CO,. This behavior has previously been
described as the “molecular basket” effect, where the CO, is selec-
tively packed in a condensed form inside the pores, facilitated by
a CO,-philic pore surface [27].

In large pores, this leads to a net increase in uptake, despite
the thermodynamic disadvantage for chemisorption at higher
temperatures. It is quantitatively reflected in the temperature-
dependent changes in uptake for different pore widths. Between
30 and 50 °C qy, decreases by up to 10% in 7 nm pores but
increases by up to 16% in 50 nm pores (Figure S6a).

Simultaneously, chemisorption decreases by 68% - 78% as
expected for the higher temperature. This demonstrates that the
shift in adsorption mode from chemisorption to physisorption
effectively compensates for the decline of chemisorption capacity.

2.2.3 | Effect of PEI Loading

Similarly, the highest value of q, is observed at a PEI loading of
33.3 wt.-% for both 30°C and 50°C with a value of 0.83 mmol g~!
(Figure 3 right). Similarly, Chaikittisilp et al. [60] found a CO,
sorption capacity of 1.05 mmol g for SBA-15 (pore width: 7 nm)
loaded with 39.9 wt.-% PEI. Sorbents with 20 wt.-% PEI exhibits
a lower uptake, which can be attributed to the lower number
of amine adsorption sites. Conversely, sorbents with 42.9 wt.-%
PEI shows lower uptake, likely due to polymer crowding and
restricted diffusion. The effect of PEI loading parallels that of pore
width, as increasing the adsorption temperature to 50°C alters the
adsorption mechanism: q,,,; decreases by 10% for sorbents with
20.0 wt.-% PEI loading, increases marginally by 1% for 33.3 wt.-
%, and increases significantly by 20% for sorbents with 42.9 wt.-%
PEI loading (see Figure S6b). While q ., generally decreases with
increasing temperatures, the absolute share of chemisorption
positively correlates with PEI loading (Figure 4).

It is assumed that at low PEI loadings, the polymer forms a thin
layer coating the pore walls offering a high specific amine accessi-
bility and substantial free pore space for CO, sorption. This results
in higher shares of physisorption while preventing thermal
polymer swelling. This could provide additional physisorption
capacity to compensate for reduced chemisorption at elevated
temperatures. At intermediate PEI loadings, bulk domains of the
polymer start to form as a loose interior polymer network inside
the pores. This reduces the available free volume for physisorp-

40f15

ChemCatChem, 2026

85UB017 SUOWWOD AITe1D) 8|qeo! dde aupy Aq peuenob afe Sejone YO ‘88N JO S9INJ 10} Akeuq i 8Ul|UO A8|IA UO (SUONIPUOD-PUR-SLLIBYWOD™AB | 1M ARIq U1 |UO//SdNY) SUORIPUOD PpUe SWie | 38U} 88S *[9202/20/20] Uo ARiqiauljuo A8|IM ‘0TET0SZ0Z 9199/200T OT/I0p/wod Ao |im Arelq1jeuljuoadouns-Alis iweyo//sdny woiy pepeojumod ‘T ‘9202 ‘668E.98T



FIGURE

140
120
100

»
o

qchem/qtotal / %

N
o

FIGURE

80

1.4
30 °C [ diota
1.2} 1 o -
- T 1 chem
o 1.0f 'i' I i . N i
© 08} T _z_ $ . . 'I' + + - s + +
Eosll ] L [ = . o] ]
g o LAl | 3 3 . v -+ 4+ : v
~ $ _L -L 1 ¢ > $
o040 o | T 1, T 1L K + . .
02f & Lt 1 -+ = ]
0.0
50 °C
1.2} + . + + -
‘Tc_) 10 B -+ : : T * -I— ]
508} . : = | : :
s T .
£ o6l T i = 1[: . : ]
— N ¥ + a
o 04+ i + T S ‘ +
0.2F = ; ol + == I==b
@ @ : : _
0.0 == ===
70 °C
1.2+ + -
‘T@ 1.0} + -
TED 0.8} + -
c06F + -
o4l 1 :
0.2+ + -
Vs B2 B B (e = ¥
' 7 nm 10nm | 30 nm | 50 nm 20 wt.-% | 33.3 wt.-% | 42.9 wt.-%

3 | Qiotal and qepem. for different pore width (left), PEI loading (right), and adsorption temperature.

[[IMean+1sD
| | Range J
+ Data
L $ 4
20.0[33.3[42.9]20.0[33.3]42.9[20.0[33.3]42.9
30 °C 50 °C 70 °C
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ent adsorption temperatures and PEI loading (in wt.-%).

tion and thus shifts the adsorption mode toward chemisorption.
However, these domains permit thermal swelling, allowing new
cavities to form. These cavities accommodate physisorbed CO,
and compensate for the lower share of chemisorption at higher
temperatures.

At the highest PEI loading, where, based on nitrogen sorp-
tion/mercury intrusion porosimetry 85.8% to 92.2% of the pore
is filled with PEI, the increased number of amine sites does not
directly translate into higher chemisorption, as many sorption
sites become concealed inside the polymer bulk and therefore
sterically inaccessible at 30°C. In addition, the lack of residual free
space hinders physisorption. Upon increasing the temperature
to 50°C, enhanced polymer mobility makes the concealed amine
groups accessible, leading to a significant increase in chemisorp-
tion with increased PEI loading rising from 0.02 to 0.24 mmol g™
between 20 and 43 wt.-% [61]. Furthermore, a portion of the
chemisorption sites transition into physisorption sites at higher
temperatures [62], a behavior that remains observable even at
70°C.
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As shown in Figures 5 and S6, each PEI loading corresponds
to a distinct linear regime with a characteristic slope for both
Jiotas ANd qepem representing the PEI loading-dependent amine
accessibility. Sorbents with lower PEI loading exhibit higher
amine accessibility, enabling them to achieve identical CO,
uptakes at higher amine efficiency compared to higher-loaded
sorbents. As an example, a sorbent with 20 wt.-% PEI loading
achieved a qy,, of 0.76 mmol g at fy = 0.153, while a sorbent
with 43 wt.-% PEI loading with a similar g, is at fy = 0.087.
However, given that in dry conditions two amine groups are
necessary to capture one CO, molecule, limiting amine efficiency
to a maximum of 0.5 [63], higher loading values could ultimately
lead to more uptake, provided that sufficient accessibility would
be maintained.

Based on these findings, it can be concluded that a sorbent with
a support pore width of 30 nm and a PEI loading of 33.3 wt.-%
provides the highest CO, uptake.

2.2.4 | Effect of PEI Molecular Mass

Further insight into the interaction between aminopolymer and
pore walls and width can be obtained by examining PEI of
varying molecular mass, as this, for example, has an effect on
the PEI viscosity. As CO, sorption was highest for 33.3 wt.-% PEI
loading, the following studies for varying PEI molecular mass
were conducted at 33.3 wt.-% loading. A lower molecular mass
consistently results in higher CO, uptakes (Figure 6). This aligns
with literature attributing this observation to the higher viscosity
and the higher proportion of amines that are active for CO,
capture [18, 64].

Branched PEI comprises primary (1°), secondary (2°), and tertiary
(3°) amine groups, each exhibiting distinct CO, adsorption char-
acteristics. Primary amines preferentially bond with CO, through
the formation of intermolecular ammonium carbamates, while
secondary amines predominantly stabilize CO, as carbamic acid
[46]. Tertiary amines, conversely, capture CO, solely as alkylam-
monium bicarbonate in the presence of water [65]. Hence, under
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the applied conditions, no significant contribution of tertiary
amines to e 1S €xpected.

The relative proportions of these amine types can be quantified
using C NMR spectroscopy (Figure S9) [66-68]. While the
expected composition of PEI synthesized using the acid-catalyzed
polymerization from aziridine is 1°:2°:3° = 1:2:1, it was demon-
strated that commercially available PEI deviates from this ratio
and tends to converge to 1:1:1 at M,, = 1,000,000 g mol~! [16, 69].
Here, analysis of PEI composition reveals a consistent trend: as
molecular mass increases from 600 to 2000 g mol™, the share
of primary amines decreases while the share of tertiary amines
grows (see Figure S8). Specifically, 1°:2°:3° amine ratios shift from
1:0.9:0.6 for PEI600 to 1:1:0.7 for PEI1200 to 1:1:0.8 for PEI2000.
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FIGURE 7 | Q and qepen Of sorbents with different pore width
and molecular mass of PEI with a loading of 33.3 wt.-% over 60
adsorption/desorption cycles.

As shown in Figure S10a, amine efficiency decreases with
increasing molecular mass of PEI (fy = 0.09 for PEI600, 0.08 for
PEI1200, and 0.07 for PEI2000). If the differences in amine type
distribution were solely responsible for the observed differences
in uptake, equal values for fy would be expected after normal-
ization for potential sorption sites. However, as shown in Figure
S10b, while higher values are produced, the negative correlation
persists (fy = 0.12 for PEI600, 0.11 for PEI1200, and 0.10 for
PEI2000), indicating that the difference of 4.3% in potential
sorption sites is insufficient to fully account for the variation in
CO, uptake. Likely, the interaction between PEI and the pore
walls needs to be considered as the polymer chains interact with
the support surface, especially through the amine groups of PEI
with silanol groups of the silica surface. This might also result in
improved stability of the impregnated PEI. Consequently, not all
amine groups are effectively available for CO, adsorption.

2.3 | Sorbent Stability
2.3.1 | Cycle Stability

The stability of sorbents with different PEI molecular mass was
evaluated over 14 adsorption/desorption cycles (Figures S11 and
S12), where no major differences were observed, with the average
loss in gy, being —3.4% for PEI600, —4.3% for PEI1200, and —2.7%
for PEI2000.

Extended cycling experiments over 60 cycles were performed
to identify long-term interaction effects of pore width and PEI
molecular mass on uptake stability that may only be revealed at
a high number of cycles. The selected sorbents are characterized
by small and large pores (7 and 30 nm), and small and large PEI
molecular mass (600 and 2000 g mol™), as shown in Figure 7.

Initially, uptakes match previous results, with the supports with
the larger pores (wp, = 30 nm) having higher q, (1.04 and
0.79 mmol g™') while for smaller pores (W, = 7 nm) lower g,

(0.63 and 0.54 mmol g™) results. However, due to a higher
fraction of chemisorption, higher q,., were observed (0.31 and
0.16 mmol g}, compared to 0.14 and 0.03 mmol g™! for 30 nm).

Over 60 cycles, all sorbents loose CO, uptake, but the extent
depends considerably on their pore width and PEI molecular
mass (Figure 7). For the materials with 7 nm pores, PEI600 retains
a (o Of 0.62 mmol g7! and a qg,en of 0.28 mmol g, corre-
sponding to a fitted linear loss of only —1.7% in q;,, and —9.9%
in gehem- Similarly, PEI2000 results in a gy, of 0.55 mmol g™
and a qghem Of 0.13 mmol g~!, with a linear loss of —1.4% in gy
and a more pronounced —23.6% decline in q,.,- By comparison,
sorbents with the larger 30 nm pores lose more uptake capacity
with PEI600 showing a gy, of 0.91 mmol g and a qgp,, of only
0.048 mmol g~1 after 60 cycles, corresponding to a linear loss of
—10.6% and —58.3%, respectively. PEI2000 dropped even further
t0 @ Qo Of 0.66 mmol g™ and a qgen Of just 0.006 mmol g,
associated with a —15.0% loss in i, and —67.1% in qeper-

Studies in the literature typically report drastically fewer regen-
eration cycles, with performance on silica supports ranging from
stable up to 7.8% decrease in CO, uptake after 20 cycles, mostly
at a desorption temperature of 110°C [12]. PEI-loaded halloysite
nanotubes achieved a loss in uptake of 3.28% after 50 cycles
using a regeneration temperature of 80°C [70]. To explain the
uptake loss under cyclic operation, two potential pathways of
loss of active sites are considered: polymer leaching involves the
detachment and ejection of polymer chains out of the support
pores, while polymer degradation involves the chemical damage
of the polymer chain or cleavage of amine groups due to thermal
or CO,-induced stress, for example, oxidative chain scission or
carbamate-induced backbone cleavage.

This mechanism was investigated by determining the elemental
composition of sorbents after the regeneration cycles at 100°C.
Additionally, to isolate the thermal effect, a treatment at 100°C
was performed, eliminating CO, adsorption/desorption steps
while maintaining the total thermal exposure.

A measurable loss of nitrogen was observed across all samples,
primarily influenced by pore width. For the sorbents with 7 nm
pores, nitrogen content in simulated regeneration materials
decreased by —3.75% (PEI600) and —4.72% (PEI2000); for the
sorbents with 30 nm pores, the losses were —12.48% and —11.98%,
respectively. These results are comparable with the cycled mate-
rials, confirming the simulation as a valid proxy (see Figure
S13). Considering the carbon content, an increase of +5.8% for
7 nm pores with PEI600, and stability or a slight decrease for
the other materials is observed. The divergence between nitrogen
and carbon behavior supports the idea that the polymer backbone
remains largely intact, while it undergoes chemical alteration and
amine groups are selectively cleaved, indicating a combination of
amine leaching and chemical degradation, rather than full-chain
leaching.

This highlights the stabilizing influence of confinement in small
pores. In the 7 nm pores, spatial constraints enforce close contact
between PEI and the silica surface, promoting dense hydrogen
bonding between amine groups and surface silanol (Si-OH)
groups. This interaction stabilizes the PEI in the smaller pores
to resist large-scale rearrangement or polymer loss. In contrast,
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FIGURE 8 | Mass loss and visual change of sorbents with 20.0 wt.-

% PEI loading after treatment at the specified temperature for 12 h in
different atmospheres.

the larger 30 nm pores allow for more relaxed polymer confor-
mations, reducing the density and strength of these hydrogen
bonds. Although the polymer remains within the pores, its looser
configuration facilitates local chain rearrangements and makes
it more susceptible to amine degradation or detachment. This
behavior results in the stronger loss of CO, uptake over 60 cycles
for the sorbents with larger pores, as shown in Figure 7.

The strength and density of hydrogen bonds are governed by the
basicity and steric accessibility of the amines involved. Primary
and secondary amines, more prevalent in lower molecular mass
PEI, interact more strongly with silanol groups; sorbents with
PEI of lower molecular mass exhibit improved stability. This
parallels findings from amine-alcohol complexation studies,
where linearity of the N-H---O bond and lack of steric obstruction
enhance hydrogen bond stability [71].

2.3.2 | Thermal Stability

To further evaluate the thermal degradation of PEI, thermogravi-
metric analyses in different atmospheres were performed. The
degree of decomposition of PEI can be estimated by a combina-
tion of mass loss and change in color of the materials (Figure 8).
Initially, no difference between atmospheric conditions can be
observed with a mass loss of 0.4 wt.-% and no color change at
80°C. At higher temperatures, ambient atmosphere results in
a stronger decomposition with a sharp increase in mass loss
between 90 and 110°C, rising from —0.9 wt.-% to —4.1 wt.-%. After
this, decomposition continues at a lower rate up to a mass loss
of —6.0 wt.-% at 160°C. For comparison, in an inert nitrogen
atmosphere, a more gradual decomposition starting above 90°C
is observed, roughly matching the other material at 160°C with a
mass loss of —5.7 wt.-%.

The color of the sorbents changes starting from 100°C with
a yellow-orange-brown progression that consistently appears
darker for air-treated sorbents at the same treatment temperature.

The degradation behavior can be attributed to different decom-
position mechanisms, considering physical degradation such as
evaporation and leaching of amines and chemical degradation
through oxidation [72]. Under inert conditions, degradation is
largely thermally driven, and PEI decomposes primarily through
random scission of C-N and C-C bonds. The subsequent mass
loss is caused by the evaporation of the formed gaseous amines
and can be reduced by increasing the molecular mass of PEI [73].

Secondary amines have been identified more prone to oxidative
degradation [74-77] but can be stabilized by hydrogen bonding
[78, 79]. In-situ DRIFT spectroscopy has been used to show
that oxidative degradation of PEI in air leads to the formation
of carbonyl- and imine-containing species, such as amides,
imines, and possibly carboxylic acids. Stronger characteristic
bands as a measure for the degree of oxidative degradation
were detected when treatment temperature or duration was
increased [72]. In combination with the findings from CO,
sorption and in agreement with the literature, it can be con-
cluded that the regeneration temperature for the sorbents
should be lowered to a temperature between 80°C and 100°C
[73]. This would improve sorbent stability while CO, des-
orption from active sites is completed at lower regeneration
temperatures.

2.4 | Adsorption Kinetics
2.4.1 | Impact of Morphology and Sorption Conditions

While adsorption temperature has been identified as one of
the strongest predictors for uptake capacity, it also significantly
affects apparent adsorption kinetics, as it is affecting all sub-
processes involved in CO, capture, including chemisorption,
diffusion, and physisorption (see Figure S14). Apparent adsorp-
tion half-time, t, 5, is defined as the time required to reach half of
the equilibrium uptake and provides information on the overall
kinetics. At 30°C and 50°C, adsorption half-times were nearly
identical at 8.1 and 8.3 min, respectively; however, increasing
the temperature to 70°C significantly reduced t,s to 3.3 min.
After normalization for uptake capacity, the values across all
temperatures converged, indicating that the smaller t, ; observed
at 70°C primarily reflects the lower equilibrium uptake rather
than inherently faster sorption.

The influence of temperature is further evident in the time
to reach the maximum adsorption rate, t, _, which decreased
not only in value but also in standard deviation with increased
adsorption temperature: 2.0 + 1.2 min (30°C), 1.3 + 0.42 min
(50°C), and 0.82 + 0.06 min (70°C). This indicates that at
lower temperatures, apparent adsorption kinetics are governed
by a wider range of factors related to the structural and
morphological properties affecting the internal diffusion, while
at higher temperatures, reaction kinetics become more domi-
nant, and CO, desorption is favored. The maximum adsorption
rate, Iy, remained constant at 0.055 mmol g~! min~' for 30
and 50°C but dropped by 22% to 0.043 mmol g™! min~! at
70°C.

Pore width plays a moderate but systematic role in apparent
adsorption kinetics (see Figure S15). Sorbents with larger pores
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show slightly longer absolute adsorption half-times, owing to
their higher total adsorption capacities, while shorter normalized
half-times are caused by higher internal diffusion rates. This is
also demonstrated by higher maximum adsorption rates in larger
pores, where reduced mass transfer resistance facilitates faster gas
transport to internal active sites.

PEI loading also has an impact on adsorption kinetics as higher
loadings increase diffusion resistance in the pore system, but at
the same time, the amount of available active sites is increased
(see Figure S16). Adsorption half-times were almost doubled
between 20.0 and 42.9 wt.-% PEI, increasing linearly from 4.5
to 8.23 min. Normalized adsorption half-times remain similar
for both 20.0 and 33.3 wt.-% at 13.7 min g mmol™" but increase
significantly to 24.6 min g mmol™ for 42.9 wt.-%. This is an
indication that, beyond a certain threshold, residual free pore
volume becomes so limited that the internal diffusion limitation
affects the overall performance significantly. Likewise, the maxi-
mum adsorption rate is decreased by 13% for the highest loading
compared to similar values for the lower loadings investigated.
At the same time, t,  shifts to earlier times from 1.56 min
for 20.0 wt.-% to 1.11 min for 42.9 wt.-%. Since the highest
adsorption rate occurs almost immediately upon CO, exposure,
severe diffusion limitations lead to CO, reacting predominantly
with the most accessible surface amines, resulting in a sharp
initial uptake spike that cannot be sustained due to the slower
internal diffusion.

In contrast, within the investigated range, PEI molecular mass
(Figure S17) exhibits only a minor influence on apparent adsorp-
tion kinetics, primarily due to differences in viscosity and the
share of tertiary amines hindering molecular movement of the
polymer chains and therefore access to reactive amine groups.

2.4.2 | Chemisorption Kinetics and Internal Diffusion
Simulations

The overall capture performance of the materials is controlled
by an interplay of chemisorption kinetics and pore diffusion
limitations resulting from the pore structure of the materials.
Additionally, the physisorption contribution can drastically affect
the overall capture performance as a result of the pore structure,
by enabling sorption mechanisms such as the “molecular basket”
mechanism.

In order to decouple the underlying processes, the CO, captured
via chemisorption uptake is modeled by developing a lumped
kinetic model coupled with a simple pore diffusion model.
The aim is to establish a basic kinetic model for CO, capture
simulations which, when coupled with different physisorption
models, would enable a more in-depth investigation into the
“molecular basket” mechanism.

The lumped chemisorption reaction mechanism is composed of
a second-order adsorption reaction of CO, and its desorption. In
addition to the reaction of the surface with CO,, the diffusion
within the pores was modeled based on the individual properties
of the materials, such as pore width and pore volume (particle
porosity), and the predictions were subsequently fine-tuned
by adjusting the tortuosity of the materials. Tortuosity can be
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FIGURE 9 | Parity plot of experimental data and model-based pre-
dictions of qcpem at different PEI loading and pore width.

considered to be non-uniform among the materials due to the
three-dimensional structure of PEI-loaded pores [80].

The above models were solved together with a transient fixed-
bed reactor model to predict qg,.,, for a representative selection
of the materials presented above. Driven by the experimental
parametric investigation in this work, the simulation results are
summarized in a parity plot in Figure 9 with regard to adsorption
temperature, PEI loading, and pore width.

The model predictions capture the chemisorption performance
well by reflecting the temperature trend of decreasing quem
between 30°C and 50°C and showing no chemisorbed CO, at
70°C due to the domination of the desorption under these con-
ditions. The kinetic parameters for the investigated temperatures
are shown in Table S1. The values of the kinetic coefficients
reported in literature are strictly related to the kinetic model
used and the assumptions within (e.g., pseudo-first order, Avrami,
etc.) and also span a wide range of values depending on the
conditions [19-21, 81]. In the model described in this work, CO,
chemisorption is considered via two surface reactions (adsorption
and desorption), and the rate is expressed as a surface rate,
which renders a direct comparison of the values unfeasible.

ChemCatChem, 2026
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However, the ratio of the forward and the reverse reaction rate
constant, thatis, the equilibrium constant, becomes equal to unity
at 87°C in agreement with the literature for PEI-impregnated
materials [82].

For the model predictions, the pore width and pore volume
were included in the calculation of the effectiveness factor
that describes how much the chemisorption rate is limited by
diffusion. Additionally, the availability of the active amine sites
in each sample is considered via the specific surface area of
the sample and the N content as measured by the elemental
analysis described above. This led to a unique set of model input
parameters for each sample, even though the chemisorption
reaction kinetic coefficients were kept constant for all samples.

In Figure 9, the majority of the symbols lie along the parity
line, indicating that the differences in CO, capture among the
materials are not caused by the kinetics of the chemisorption,
but rather that the materials’ pore structure actually defines
the chemisorbed CO, uptake. The largest deviation from the
experimental measurements is observed for materials with 30 nm
pores at an adsorption temperature of 50°C. As outlined above,
it is believed that the lower viscosity of PEI at this temperature
leads to an increased polymer chain mobility. In the case of large
pores, this affects the dispersion of PEI on the pore walls, causing
it to concentrate more into the pore center rather than covering
the pore walls evenly [26]. The model simulations reported in
Figure 9 consider that each sample is characterized by its unique
properties, while also assuming these properties remain constant
across varying conditions, resulting in the deviation between the
simulation result and experimental value. The outliers refer to
PEI loadings of 20 and 33.3 wt.-%, while in the case of 42.9 wt.-%
PEI loading, pore blocking caused by PEI likely led to much lower
pore width and hindered the effect of the viscosity. A systematic
investigation into the effect of the operating conditions on the PEI
distribution into the pores would provide valuable insight and
enable refinement of the model.

The largest deviation from the experimental measurements is
observed for materials with 30 nm pores at an adsorption
temperature of 50°C. As outlined above, it is believed that the
lower viscosity of PEI at this temperature leads to an increased
polymer chain mobility. In the case of large pores, this affects
the dispersion of PEI on the pore walls, causing it to concentrate
more in the pore center rather than covering the pore walls
evenly [26]. The model simulations reported in Figure 9 consider
that each sample is characterized by its unique properties, while
also assuming these properties remain constant across varying
conditions, resulting in the deviation between the simulation
result and experimental value. The outliers refer to PEI loadings
of 20 and 33.3 wt.-%, while in the case of 42.9 wt.-% PEI loading,
pore blocking caused by PEI likely led to much lower pore
width and hindered the effect of the viscosity. A systematic
investigation into the effect of the operating conditions on the
PEI distribution into the pores would provide valuable insight and
enable refinement of the model.

As this model is capable of decouple and accurately describe
chemisorption kinetics and diffusion processes, the physisorption
contribution of the “molecular basket” warrants a dedicated
in-depth investigation and modeling due to the complexity

of the mechanism. This step is especially relevant under the
low-temperature conditions typical of DAC applications, where
physisorption effects may significantly influence overall CO,
uptake performance.

3 | Conclusions

This study shows that the pore width of mesoporous silica as
supports for poly(ethylene imine) has a significant impact on CO,
sorption under conditions of DAC.

Across all pore widths (7 - 50 nm), chemisorption dominates
CO, uptake at 30°C, particularly in smaller pores. As temperature
increases, a transition occurs in which physisorption becomes
increasingly relevant, especially in larger pores, due to enhanced
polymer chain mobility and swelling. The formation of voids
between the polymer chains supports physisorption via weak,
non-specific interactions, characteristic of the “molecular basket”
effect. The highest total CO, uptake of 1.19 mmol g™" is achieved
for sorbents with 30 nm pores and 33.3 wt.-% PEI loading,
offering a balance between available and accessible amines,
adequate polymer chain mobility, and sufficient free pore space
for diffusion and temperature-enhanced physisorption.

Confinement of PEI in the mesopores also plays a dominant role
in preserving CO, uptake over repeated adsorption-desorption
cycles. Sorbents with a small support pore width of 7 nm exhibit
lower initial capacities but show markedly reduced degradation
over 60 ad-/desorption cycles, attributed to stronger interaction
of polymer chains with the silica pore walls.

Differentiation between experimentally quantified physisorbed
and chemisorbed CO, emphasized the necessity to understand
the underlying individual steps. To this end, a lumped kinetic
model was developed to describe the chemisorption coupled with
an internal diffusion model. Simulation results accurately predict
chemisorption uptake using a single set of kinetic parameters.
The uptake by chemisorption is primarily governed by the
pore morphology of the sorbent support, which affects both
the uptake rate and the accessibility of amine sites. Further
studies will focus on a detailed investigation into the effect
of the operating conditions on the impregnated poly(ethylene
imine) and the resulting pore structure in order to further
refine the current model. Furthermore, a systematic study and
modeling of the physisorption mechanisms occurring within
the temperature range of DAC applications, combined with
the existing chemisorption and diffusion model, would signif-
icantly advance the understanding of the overall adsorption
process. Such efforts are essential for optimizing both mate-
rial design and operational parameters for application in DAC
of CO,.

Eventually, the PEI-impregnated mesoporous silica materials
will be utilized as supports for Pt nanoparticles. Thus, the CO,
capture function will be combined with a catalytic functionality to
provide the cooperative interaction needed for directly converting
the chemisorbed CO, with hydrogen from renewable sources
to methanol. Thus, not only CO, sorption and storage, but a
subsequent utilization of the captured CO, for carbon capture and
utilization (CCU) under dynamic conditions is enabled.
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4 | Experimental Section
4.1 | Materials

Chromatorex MB70 75/200, MB100 75/200, MB300 75/200, and
MB500 75/200 were purchased from Fuji Silysia. Branched
polyethylene imine (PEI600, M,, = 600 g mol~', 99% / PEI1200,
M, = 1200 g mol™, 99% / PEI2000, M,, = 2000 g mol™)
was obtained from thermoscientific. Methanol (MeOH, 100%)
was purchased from VWR. All chemicals and reagents were of
analytical grade and were used as received.

4.2 | Sorbent Preparation

Commercial spherical mesoporous silica (Chromatorex) with
reported particle sizes 75 - 200 um and pore widths of 7, 10, 30,
and 50 nm has been wet impregnated with PEI with loadings of
20.0 wt.-%, 33.3 wt.-% and 42.9 wt.-%. Materials were fractionated
using fine sieves into two groups (< 100 um and > 100 pm). The
wet impregnation procedure was adapted from the literature [26]
with slight modifications. The target amount of PEI (M, = 600,
1200, 2000 g mol™!) was dissolved in 8 g (10.1 mL) of methanol
in a 25 mL round-bottom flask, 1.0 g of silica was added, and the
mixture was stirred for 30 min. Then, the solvent was removed
under reduced pressure, and the remaining solid was dried at
80°C at 4 mbar overnight.

4.3 | Sorbent Characterization
4.3.1 | Nitrogen Sorption

Textural properties were characterized by means of nitrogen
sorption with a Microtrac BELSORP MINI X. Specific pore
volume, pore width distribution, and specific surface area were
determined from the isotherms. The samples were activated at
150°C for at least 48 h, after which the adsorption and desorption
isotherms of nitrogen were recorded at —196°C. Specific surface
area was determined from the adsorption branch using the BET
method [83], and pore width distribution was determined from
the desorption branch using the BJH method [84].

4.3.2 | Mercury Intrusion Porosimetry

Materials with pore widths of 30 and 50 nm were additionally
characterized by means of mercury intrusion porosimetry using
a ThermoScientific PASCAL 140. Measurement parameters were
set to a contact angle of 140°, a surface tension of 0.48 N m~" and
a maximum pressure of 400 MPa. Intrusion data were utilized to
calculate specific pore volume and pore width distribution using
Washburn’s equation [85].

4.3.3 | Elemental Analysis

Elemental analyses were carried out using a vario MACRO cube
by Elementar Analysensysteme GmbH to determine C, H, and
N content. Approximately 20 mg of sample together with 80 mg
of tungsten trioxide were folded into a 2 X 2 cm piece of Sn foil

and combusted at 1200°C, creating a temperature up to 1800°C
inside the Sn foil, after which gaseous incineration products
were reduced over a copper catalyst. Selective column trapping
and release was used to guarantee baseline separation of N,
CO,, H,0, and SO, which were quantified using a thermal
conductivity detector.

43.4 | Thermogravimetric Analysis

Thermogravimetric analyses were conducted on a Hitachi
STA300 instrument. For each analysis, approximately 10 mg
sample was placed inside a 60 ul alumina crucible and heated ata
rate of 10°C min~! up to 800°C in air to determine PEI loading, or
with a rate of 5°C min™! up to temperatures between 80 and 160°C
in air or nitrogen atmosphere and held for 12 h to investigate
thermal stability of sorbents.

4.3.5 | Particle Size Analysis

Particle size distribution of supports was determined using a
CILAS 1064L particle size analyzer and the software Size Expert.
Before the measurement, the sample container was flushed with
water for about 2 min, and a background measurement was
carried out. Afterwards, a sufficient amount of sample was added
to achieve an obscuration between 3 and 10, and then measured
in the flow cell using dynamic light scattering with a laser.

4.3.6 | Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance spectroscopy (NMR) experiments
were performed using an AVANCE III HD 400 NMR spectrometer
by Bruker with a 2-channel-BBFO probe with an ATM unit and
a 16-position sample changer at a frequency of 400 MHz. For the
measurement, about 100 mg of PEI was transferred to a quartz
tube and dissolved in around 0.4 mL of D, 0.

4.3.7 | CO, Adsorption

For CO, uptake measurements, 25 mg of sorbent was placed
between two layers of glass wool inside a glass tube with a
diameter of 10 mm enclosed by a heater. Gas flow was controlled
via mass flow controllers to maintain a total flow of 0.1 L min~!
and the effluent CO, concentration was measured using a
Hartmann&Braun URAS 10E NDIR gas analyzer. Samples were
activated under He flow at 100°C for 120 min, then each sorption
cycle consisted of an adsorption step under 450 ppm CO, in He
flow at 30 — 70°C for 120 min, a purge step under He flow at the
same temperature for 45 min, and a desorption step under He flow
at100°C for 30 min. CO, adsorption capacity was calculated using
Equation (1) for the adsorption branch (total uptake, q.;) and
Equation (2) for the desorption branch (chemisorption uptake,
Jehem)> Dased on Chatterjee and Schiewer [86].

p~th-CO~/0[<l—£)dt
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p—pressure, Vtot—total gas flow rate, c,—inlet CO, concentra-
tion, c—outlet CO, concentration, R—universal gas constant,
T—temperature, m—sorbent mass.

Amine efficiency was calculated as the uptake capacity at the
stationary state (considered to be (pseudo-)equilibrium) from
CO, breakthrough experiments divided by the nitrogen content
from elemental analysis.

4.4 | Kinetic Model and Adsorption Simulations
4.4.1 | Reactor Model

Adsorption simulations were carried out wusing the
DETCHEMPBR-TRANSIENT - gimylation package. This is a 1D
fixed-bed reactor model, resembling the sorption column
employed, which assumes no radial variations in flow properties
as well as negligible axial diffusion compared to the convective
terms [87]. The governing equations include the continuity
Equation (3) and the gas phase species balances Equation (4):

d (pu) .
4z W ; M;s; (3)
g
dy; . L
puE +Ya, ; M;s; = M, (avsi + co,e) 4)
4

p — fluid phase density, z — axial coordinate of the reactor, u -
superficial velocity, a, — total particle surface area to catalytic bed
volume ratio, s; - surface phase reaction rate, M, - molar mass of
species i, Y,—mass fraction of gas phase species i, w,—gas phase
reaction rate, e—catalytic bed porosity.

As CO, must diffuse into the pores of the material, it encounters
adsorption sites, leading to a concentration gradient. In cases
where the diffusion rate is lower than the adsorption rate,
diffusion becomes the rate-limiting step. The pore diffusion
was modeled using an effectiveness factor, which is the ratio
of the surface reaction rate under diffusion limitations to the
surface rate in the absence of diffusion limitations (for spherical
particles).

s 3
7 =— = — {p[cothe] — 1} (5)
55 @
k
p=L (6)
Deff,i

¢—Thiele modulus, D,;;—mixed diffusion coefficient, k—
reaction rate coefficient.

The mixed diffusion coefficient is calculated from contributions
from both molecular and Knudsen diffusion:

€p —
Desyi=—Di (7
— 1 1
D, = + ®)
' Dmol, i Dknud, i

g,—particle porosity, T—tortuosity, D,,, ;—molecular diffusion
coefficient, Dy,,,4 ;—Knudsen diffusion coefficient.

External mass transfer resistances to the observed reaction rate
under the experimental conditions were assessed using the Mears
criterion [88] and were excluded, no external mass transport
model was considered in the simulations.

4.5 | Chemical Model

The surface reaction rate s; of the surface species i is described as

=k [T e ©

where the rate coefficients follow an Arrhenius-type expression:

Ea,k] . ﬁ el-‘ik (10)
RT i=1 '

k,—rate coefficient in the step k for the given reaction, E, ,—
activation energy, A,—pre-exponential factor, S—fitting param-
eter regarding the temperature dependency of the reaction rate,
6,—surface coverage, y;— model parameter to modify the reaction
order for species i, here considered cq, = 2.

k, = A, TP exp [—

Even though CO, does not dissociate during adsorption on
amines, prior studies have shown that the reaction barrier is
significantly lowered in the presence of two amine molecules, as
one amine acts as a nucleophile to attract CO,, while the other
functions as a Brensted base to facilitate proton exchange [45, 46,
89]. The lumped kinetic model developed in this work considers a
global, reversible surface reaction of gaseous CO, with the amine
sites, here denoted as “s,” toward adsorbed CO,.

CO, (g) +s = CO, (ads)

The number of available active sites was estimated based on the
nitrogen content and the specific surface area of each material.

oy m

100 Ay

r= (11)

A, BET

I'—surface site density, wy—nitrogen content (from elemen-
tal analysis), m—sample mass, Ay—atomic mass of nitrogen,
a,, ger—specific surface area.

The reaction coefficients of the forward and the backward
reaction are given in Table S1. It should be noted that the lumped
parameters should be treated as a set of parameters, rather than
individual parameters describing only adsorption or desorption
processes.
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