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Abstract

Structured sorbents can efficiently process large air volumes required for Direct Air
Capture (DAC), but their broad implementation is limited by challenges in producing
reproducible and homogeneous materials. This work presents a robust procedure to
graft amines onto monolithic sorbents and systematically investigates how CO, cap-
ture performance is influenced by three fundamental material building blocks: sub-
strate type (mullite vs. cordierite), alumina loading, and amine type (APTMS vs. TRI).
X-ray Computed Tomography and gravimetric analyses confirm uniform amine distri-
bution, with CO, adsorption capacity scaling linearly with alumina mass. From a pro-
cess perspective, lower density substrates achieve higher specific CO, uptake, thus
reducing the energy demand for regeneration. Breakthrough experiments demon-
strate that humidity significantly enhances adsorption thermodynamics and kinetics:
CO, uptake increases by 30% for APTMS and 70% for TRI, and adsorption kinetics
are accelerated. This study provides quantitative material performance relationships

necessary for process design and contactor optimization.
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For DAC, various technological approaches have been proposed,

including liquid absorption, mineral looping, solid adsorption, and wet-

Limiting global warming to well below 2° C above pre-industrial levels,
as set out in the Paris Agreement,® motivates the rapid development
and deployment of Direct Air Capture (DAC) technologies. While
emission reductions are critical, DAC provides a necessary pathway to
remove legacy CO, directly from the ambient air, addressing hard-
to-abate sectors and achieving net-zero goals.>™* In particular, DAC
can address emissions from distributed sources, which constitute 50%
of current emissions.”> When combined with permanent CO, storage,

DAC offers a scalable route to net-negative emissions.®

electrochemical routes.* Among these strategies, solid sorbent sys-
tems stand out due to their potential for lower energy consumption.
In particular, solid sorbents can be regenerated at comparatively mild
temperatures, thereby reducing high-temperature thermal energy
demand and facilitating integration with low-grade or renewable heat
sources.®

Still, capturing CO, at ultra-dilute concentrations and ambient
conditions poses challenges to material selection, contactor design,

and process operation: The low concentration of CO, in ambient air
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requires the sorbents to have a high affinity to CO,. In addition, DAC
technologies need to cope with various levels of humidity present in
ambient air, which can strongly affect the separation efficiency and
lifetime of the sorbent materials, and therefore process robustness.®™®
The interactions between CO,, humidity, and the sorbent are highly
material-specific and complex, with some mechanisms having oppo-
site effects on both adsorption equilibrium and mass transfer kinet-
ics.”10 Physisorbents, such as zeolites and Metal-Organic Frameworks
(MOFs), have been proposed for DAC applications. Physisorbents uti-
lize high surface areas and tunable pore sizes to capture gas molecules
selectively. Consequently, they offer high potential for long-term sta-
bility and lower regeneration energy.’>*? However, many physisor-
bents face challenges such as poor selectivity, resulting in a low
adsorption capacity in ultra-dilute conditions, particularly due to
strong competition with moisture.* The most employed materials for
DAC are therefore chemical sorbents.*®> Amine-functionalized sor-
bents, in particular, are among the most studied sorbents as they com-
bine the high CO, affinity of amine groups leveraged in absorption,
the low energy requirement for regeneration typical of adsorption,
and an increased CO, adsorption capacity in the presence of
humidity.**3-1¢ Amine-functionalized sorbents immobilize amines on
porous solid supports by either impregnation or grafting, whereby the
amines covalently bond to the hydroxy groups present on the surface
of a metal-oxide.*®> For DAC, different amine structures have been
considered, namely, () monoamines with only primary amine
10,17 (“)

groups, triamines featuring both primary and secondary

10.14.17-19 and (jii) amine-containing polymers such as

amine groups,
Poly(ethylenimine) (PEI).?2°-2% While all amines increase uptake in
humid conditions,?* there is a trade-off between adsorption capacity
and kinetics depending on the amine structure.’®?% Most materials
have been studied in the form of powders or beads'”*?2325-27 that
are easy to produce and analyze.

Commercial applications of DAC plants, however, require effi-
cient contactor geometries: The low CO, concentration in the atmo-
sphere results in the need to process large volumes of air, which is
associated with high energy requirements, making contactor designs
with low resistance to airflow desirable.?? For this reason, structured
sorbents with low pressure drop have gained attention in recent stud-
ies and pilot applications.?*3°-3¢ Some studies have explored placing
beads or pellets into structured frames.>? A more direct and poten-

tially more efficient solution are monolithic sorbents!#3>37-42

30,34,43

or
laminates, where the structure and active material are intrinsi-
cally integrated. Despite their widespread use in catalysis and
separations,** monoliths functionalized for DAC remain comparatively
underexplored, in part due to challenges associated with achieving
homogeneous and reproducible functionalization of such structures.
Sakwa-Novak et al.>> and Narayanan et al.*° present self-supported
PEI monoliths which achieve high CO, uptake and low energy penalty,
as they do not have an inert substrate. However, the PEl adsorbents
suffer from slow mass transfer kinetics associated with impregnated
adsorbents. Grossmann et al.'* propose a water-based grafting
procedure for monoliths that minimizes mass transfer resistance® but

suffers from high complexity. Kim et al.*? developed a 3D printed

AI?BIFJ R NALJz;f14

contactor with tailored macro-geometries that achieves exceptional
capture performance. While additive manufacturing techniques offer
unprecedented control over transport phenomena,?’~#* the scalability
challenges of 3D printed contactors remain significant hurdles for
deployment. In contrast, industrially extruded ceramic honeycomb
monoliths represent a mature and economically viable near-term
solution.

In this work, we address these challenges by adapting a robust
amine-grafting procedure to alumina-coated monolithic sorbents. We
focus on monolithic sorbents consisting of an inert ceramic substrate,
a microporous alumina coating, and covalently grafted amines. To pro-
vide a robust framework for material design and optimization, this
work varies the three fundamental building blocks of the monolithic
sorbents: the substrate type, alumina loadings, and amine types. The
interactions between CO,, humidity, and the resulting material are
dependent on all three building blocks. Still, the functionalization pro-
cedure itself is designed to be applicable for all material variations,
while ensuring a homogeneous distribution of the active phase
throughout the monolith. The main goal of this work is to systemati-
cally decouple the influence of all three material features on the CO,
capture performance under DAC conditions, including the effect of
humidity. Ultimately, this investigation provides the foundational data
necessary to utilize these structured sorbents for cycle design and
optimization, and thus for the advancement of DAC technology.

2 | MATERIALS AND METHODS

2.1 | Materials

The sorbent material investigated in this work is a composite structure
designed for CO, capture, composed of three main components, as
schematically shown in Figure 1: an inert mesoporous ceramic sub-
strate, a microporous y—alumina coating, and grafted amines. Each of
these components can be varied independently to study their influ-
ence on the overall capture performance. In particular, we test two
substrate types (cordierite and mullite), a varying amount of alumina
coating, and two amine types. The grafting procedure to immobilize
the amines onto the alumina surface constitutes a key methodological
development of this study, specifically designed and optimized to
achieve reproducible and homogeneous functionalization of struc-
tured sorbents. A total of 25 samples are analyzed in this study. An
overview of all the samples is provided in the Supporting Informa-
tion S2.

211 | Substrate

Two types of monoliths are used in this study: Alumina-coated mullite
monoliths were kindly provided by HUG Engineering (Switzerland).
The monoliths are 130 mm long and have a squared cross section with
edge length of 3 mm, a cell density of 100 CPSlI (cells per square inch),
a squared channel size of 2mm x 2mm and a wall thickness of
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FIGURE 1 Schematic of the
sorbent material considered in
this work consisting of an inert,

amines

mesoporous ceramic substrate, a
microporous y—alumina coating
and grafted amines. The

magnified view shows the internal @

porous matrix of the y-alumina
coating, illustrating that the
grafted amines reside within the
inner pore channels.

alumina coating

substrate

0.4mm. The ceramic substrate is first extruded and subsequently
wash coated with y-alumina. The wash coating was performed by the
manufacturers by dipping the monoliths into a dispersion of Sasol
Pural TH 200 in water, followed by calcination at 500° C for 1 hour.

The alumina-coated cordierite monoliths were kindly provided by
Corning (USA). These monoliths have the same length and width, but
a higher cell density of 200 CPSI, squared channel size of 1.5 mm x
1.5mm, and a wall thickness of 0.2 mm. The cordierite monoliths are
also extruded and subsequently wash coated by Corning by dipping
the monoliths into a dispersion of Sasol Pural TH 200 in water, fol-
lowed by calcination at 550° C for 3 hours.

For both monolith types, the coating amount is increased by
increasing the concentration of Sasol Pural TH 200 solution and
by repeating the dipping multiple times.

The resulting alumina loading a of both monolith types is

defined as:

mg|

a= (1)

Msyp

where m, is the mass of alumina and my,, is the mass of the ceramic
substrate. The alumina loading ranges from 10wt.% to 32wt.% for
the mullite monoliths, and 14wt.% to 70wt.% for the cordierite
monoliths. The main difference between the two substrates is that
the mullite walls have larger pores, lower porosity, and therefore
higher bulk density than the cordierite walls. An overview of all the
characteristics of the materials can be found in the Supporting Infor-

mation S1.

212 | Amines

(3-aminopropyl)trimethoxysilane (APTMS, 97%) and anhydrous diethyl
ether (Et,O, 99%) were obtained from Sigma Aldrich. 3-[2-(2-ami-
noethylamino)-ethylamino]-propyltrime-thoxysilane (TRI) was pur-

chased from Thermo Fischer Scientific. All chemicals were used as

obtained, with no further purification, and stored in an argon atmo-
sphere once opened.

2.2 | Functionalization procedure

The grafting method was based on the dry-gel tumbling pro-
cedure described by Kolle and Sayari?® for silica powder, then scaled
and adapted to structured sorbents. The procedure was further opti-
mized for repeatability, which was achieved only when carried out
under anhydrous conditions. The same procedure was used for all
substrates, alumina loadings, and amine types. The alumina-coated
monoliths were dried at 120°C and under vacuum overnight to
remove any residual moisture and physisorbed CO,. Analogously, the
stainless-steel reactor used for the functionalization underwent multi-
ple argon-vacuum cycles to remove residual oxygen and moisture
before being filled with an argon atmosphere. Then, a solution of
500 mL of Et,O and a predetermined amount of amines (1:1 ratio -
1 mL amine per g alumina coating) was introduced in the reactor and
stirred for 20 min at room temperature to homogenize. In a sensitivity
analysis, the ratio of amines to amount of alumina was increased to
test if more amines could be immobilized on the surface. However, no
advantage was observed, which is why a 1:1 ratio was kept through-
out the study. The dried monolith was then suspended from the lid
and immersed in the solution by opening the reactor as quickly as pos-
sible under an inert atmosphere. The total volume of solution was
chosen such that the monolith would be completely submerged inside
the reactor. To allow for the amines to be distributed along the entire
monolith, the mixture was stirred in an upright position for 2 hours at
room temperature. Subsequently, the solvent was removed under low
vacuum. The remaining material was subjected to a thermal treatment
in a vacuum oven at 110°C for 4.5 hours, followed by cooling over-
night. To ensure complete functionalization, a second thermal treat-
ment was performed at 80° C for 4 hours. The setup needed for the
functionalization is shown in Figure 2. The functionalization procedure

relies on a standard laboratory setup (Schlenk-line) with a custom
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FIGURE 2 |lllustration of the

amine storage in
inert atmosphere

magnetic stirrer

stainless-steel reactor adapted to fit the monolithic sample. Note that
the same procedure and thermal treatment was applied to both TRI
and APTMS. Initial tests showed that neither amine species oxidized
at high temperatures, which differs from the findings of Kolle and
Sayari.?> We believe that oxidation could be avoided because the
sealed steel reactor could guarantee vacuum during the entire thermal
treatment. Overall, the functionalization procedure is robust, simple,
and does not require highly specialized equipment beyond an appro-
priately sized reactor and standard inert-atmosphere handling.

The weight of the monoliths was measured before and after the
functionalization procedure to determine the amount of amines,
Mamine, iIMMobilized on the monolith. The monoliths are always
weighed in a dried, regenerated state, that is, after being exposed to
vacuum and elevated temperatures, to ensure that only the weight of
the material and not adsorbate is recorded. The amine loading, Wamine,

in the active sorbent is defined as:

M
Wamine = —mine (2)

The total weight, m, of each sample is the sum of the mass of sub-

strate, alumina, and amines:

M = Mgyb + Myl + Mamine = Msub (1 -+ &+ aAWanine) (3)

2.3 | X-ray Computed Tomography scans

The uniformity of the distribution of the immobilized amines along
the monoliths can be validated using X-ray Computed Tomography
(XCT).3” The setup used in this work was adapted from Pini et al.*®
The XCT scans were performed using a medical scanner (Toshiba
Aquilion 64) in helical mode, applying a peak tube voltage of 120 kV
and a current of 200 mA. The quantity measured in the scans is

reported as a CT number in Hounsfield Units [HU]. Within a moderate

experimental setup used to
functionalize the monolithic
sorbents. The setup includes the
amine storage flask, a custom
stainless-steel reactor where the
monolith is immersed, a magnetic
stirrer for homogenization, and a
vacuum pump with a cryogenic
trap to remove solvents. An argon
gas supply maintains an inert
atmosphere throughout the
process, with an outlet via a
bubbler.

argon outlet
via bubbler

vacuum pump

density range, the CT number is linearly proportional to the bulk den-
sity of the material.*

The output of the XCT scans is a map with a resolution of
512x512x287 voxels, with a voxel
0.093 mm x 0.093 mm x 0.5mm. For subsequent analysis, the raw

dimension  of

image was cropped to a dimension of 306 x 306 x 256 voxels, corre-
sponding to the 3cm x 3cm x 13 cm monolith dimensions. For data
analysis, the raw XCT image data were processed to identify the vox-
els corresponding to the monolith structure from voxels belonging to
channel voids. As the air-filled voids have a significantly lower CT
number than the solid, the segmentation was performed using a Otsu
thresholding filter.*” The threshold values are reported in the Sup-
porting Information S2. This segmented data were used to quantify
the distribution of the material density, which is affected by the alu-
mina coating and functionalization procedure. Since we are not inter-
ested in the absolute CT number (and therefore density) but rather
the distribution of density along a sample, the data were re-scaled to
a local CT number difference. The local CT number difference is a
measure of local material density relative to the least dense cross-
section of the monolith. Thereby, this rescaling shows variations in

material density:
(1
ACT(x,y,z) =CT(x,y,z) — min <XY;CT(X, Y, z)) (4)

where ACT(x,y,z) is the local CT number difference for the voxel at
position (x,y,z), CT(x,y,z) is the raw CT number at position (x,y,z),
and X and Y are the total number of voxels in the x and y directions,
respectively.

24 | Isotherm characterization

Unary isotherm measurements were performed in a Microtrac Belsorp

Max volumetric adsorption measurement device. A pressure change

85U8017 SUOWWIOD A1) 8]qeo! dde aup Aq peuenob ae Sajpiie YO ‘8sn JO el 10} Aeiq1 78Ul UO 48] 1M UO (SUORIPUOD-PUR-SLUBILI0O" A3 1M AeIq | Ul [UO//:SdNL) SUORIPUOD pue Swie | 8y} 89S *[9202/60/ST] Uo Ariqiauliuo A8|im ‘uopuoabeljod feredw Aq 1502 0R/Z00T OT/I0P/W0 A8 | im Alelq1jeuljuoaUde//ScNY Woiy pepeojumod ‘0T ‘9202 ‘G06S.YST



FERRU ET AL.

MAI?BIFJ RNAL

of 0.6% in 20 min was defined as the equilibrium criterion for each
measurement point.*® The measurements were performed using a
sample of around 1 g of crushed monolith. As the adsorption proper-
ties are not homogeneous across the monolith, a sample from the
inner channels of a slice in the center of the monolith was chosen for
the measurement to avoid edge artifacts. Prior to each measurement,
the sorbents were regenerated at 100°C under high vacuum for 3
hours. The CO, sorption measurements were performed in a range of
0 to 0.1 bar, and the equilibrium uptake value at 400 ppm was interpo-
lated using the modified Akima method.*’

2.5 | Breakthrough experiments

The adsorption performance of the monoliths was characterized in
both dry and humid DAC conditions using a dynamic column break-
through setup developed and presented in previous studies.*>4>0>1
The column was designed to accommodate large samples. In particu-
lar, monoliths can be characterized in one piece, without requiring any
crushing or partial extraction of the material, which could introduce
sampling bias.** The contactor consisted of a thermostated jacketed
column with a square cross-section of 3.2 cm x 3.2 cm which allowed
adding a textile felt between the monolith and column wall to avoid
channeling. A conical flange and gas distributor were installed at the
column inlet to facilitate homogeneous gas distribution across the full
cross-section of the monolith.*> The inlet flow is humidified using a
Controlled Evaporation Mixing (CEM) system (Bronkhorst), in which
liquid water from a pressurized reservoir is finely dispersed, mixed
with the carrier gas, and subsequently vaporized. This configuration
enables accurate control of inlet humidity over a wide dynamic range.
To prevent condensation, all gas lines are maintained above the dew
point using resistive heating elements.*® The gas composition at
the outlet of the column was determined with a flow-through,
non-dispersive infrared CO, sensor (Vaisala GMP343) capable of
measuring CO, concentrations in the range from 0 to 2000 ppm and
a flow-through capacitive relative humidity sensor (Rotronic). The inlet
can be connected to either pure N, (purity 5.0, Linde), or a pre-mixed
400 ppm CO; in Ny (£1% relative purity, Linde) gas bottle.

Prior to each breakthrough run, the sorbents were regenerated at
100°C under a N, purge at 0.5mmols! to remove all of the
adsorbed water and CO,. The column was then cooled under a con-
tinuous N, flow and closed, once the target adsorption temperature
of 24°C was reached. To perform the adsorption step of the break-
through experiment, a bypass line was used to condition a stream of
400 ppm CO; in N, to the desired relative humidity. Once stable con-
ditions were reached and the variation in the relative humidity signal
is below 1%, the stream was redirected through the column (t=0),
exposing the sorbent to a humid flow of 0.5mmols~! under active
cooling. The breakthrough measurements were stopped when the
outlet CO, concentration reached at least 95% of the feed concentra-
tion (t.), as the breakthrough curves of the monolith exhibit a long
tail, meaning that reaching full saturation would take significantly

more time than reaching the first 95%, making it impractical for

routine measurements.*® The breakthrough uptake g; of species i can

then be computed by integrating the mass balance over the column:
teo
qi= jO (Ninyin,i - NoutYout,i(t))dt (5)

where N is the total molar flow, and y; is the concentration in the gas
phase of species i. Note, that we neglect the accumulation of CO; in
the voids.

The mass flow controllers allow to set and measure the molar
flow rate Ni, g4 Of the dry gas, before it is humidified. The resulting
relative humidity is measured downstream during equilibration. From
the corresponding water mole fraction, yi, 4,0, the inflowing total

molar flow rate, N;,, is computed as:

N:
N — in,dry 6
"1 YinH,0 ©

Since N, is considered inert,'?'* its molar flow rate at the outlet is
assumed to be the same as that at the inlet. A mole balance across the
column vyields the following expression for the total flow rate at
the outlet:

Nout = Nindry 1- YinH,0 — YinCO, 7)
o (1= Yint,0) 1= Yourno(t) — Yourco, (t)

where yj, co, is given by the bottle composition, yin 1,0, and Nipgry are

controlled, and y,tco, (t) and Youe,0(t) are measured.

3 | RESULTS

3.1 | Validation of the functionalization procedure
The functionalization of structured sorbents should ensure a homoge-
neous distribution of the active material, that is, the amines, through-
out the structure, a challenge distinct from that of functionalizing
powders or pellets. The uniformity of the active sorbent can be vali-
dated with XCT scans,®” as described in Section 2.3. XCT scans were
performed for seven mullite samples: one non-functionalized sample,
3 APTMS functionalized samples, and 3 TRI functionalized samples.
Figure 3 shows the full three-dimensional processed image obtained
from the XCT scans for one exemplary functionalized mullite monolith
(M1). An analysis of the front view (center right) and of the
cross-sectional cuts (center left) reveals distinct variations in material
density: the highest density is observed at the intersections of the
channel walls, within the walls of the outer region of the cross-
section, and at the edges of the monolith.

To investigate the distribution of density in more detail, we com-
pute the average CT number difference over each cross-section (see
Figure 4). A consistent trend can be observed: the average density is
higher in the first and the last 20 mm of the monolith and is constant

and lower in the central part. In the case of the baseline sample MO
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FIGURE 3 Raw results of the XCT scans for an exemplary
functionalized mullite monolith (M1). The color bar indicates CT
number difference in Hounsfield Units [HU] with respect to the
minimal average density of a slice (Equation 4). Top: full 3D view of
the monolith with a cutout. Center left: cross-sectional cut through a
center wall in the x-z plane. Center right: front view. The green box
highlights the segmentation into inner and outer channels. Bottom:
Photos of an edge and center slice of a cordierite monolith with high
alumina loading showing the visible differences in the distribution of
the white alumina coating.

(average CT number =—265 HU), the observed density range of
ACT =40 HU corresponds to a relative density variation of 7.5%.

When segmenting the data into an inner and outer region of
the cross section (see the center right panel in Figure 3 for reference),
the outer region consistently exhibits a higher average density than
the inner region. For clarity, Figure 4 shows the resulting profiles
of the inner and outer regions for M1 only, but all monoliths exhibit
similar profiles (see Supporting Information S3). The higher measured
density suggests an accumulation of material and, consequently, a
potentially higher uptake in the outer regions of the monolith, which
is consistent with prior observations reported by Grossmann et al.,**
who used the same coated monolith support. Note that the local
change in density does not equate to a change in open channel cross-
section. In the scanned mullite monoliths, the alumina is primarily
housed within the internal pore structure of the ceramic matrix rather
than accumulating as a thick surface layer.

In order to understand whether this non-uniformity is caused by
the functionalization procedure, we can use the XCT scan of the non-
functionalized baseline sample (M0) with the same alumina loading
(top panel, gray line) as a reference. The scan reveals that the spatial
distribution of density is introduced by the alumina coating. This het-
erogeneity of the alumina is even more pronounced for high alumina

loadings. The photos in the bottom panel of Figure 3 show that the
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edge slice has a visibly thicker white alumina layer, while the center
slice exhibits noticeably less alumina, as evidenced by the yellow color
of the bare substrate. Both mullite and cordierite monoliths were
coated by dipping the monoliths into an alumina-containing disper-
sion, followed by calcination. During such a dip-coating process, local
differences in slurry retention, drainage, capillary forces, and drying
can lead to the accumulation of alumina near the outer channels, wall
intersections, and monolith ends. The heterogeneity could be reduced
by optimizing the wash-coating procedure, for example, by adjusting
the slurry viscosity, controlling drying conditions, applying multiple
thinner coating steps, or using forced-flow coating rather than simple
immersion. However, a systematic optimization of the industrial
wash-coating process was outside the scope of the present work.

The analysis of the non-functionalized sample suggests that the
main driver for the observed distribution of density is the alumina
coating. Still, the TRI functionalized Samples M5 and Mé seem to have
a more pronounced heterogeneity in the distribution of density. It is
possible that the higher viscosity of TRI results in a maldistribution of
amines along the monolith. Since the samples were not scanned
before and after functionalization, the accumulation of material in the

last 30 mm cannot be clearly attributed to alumina or amines. While

100 :
baseline - washcoat only

501
— outer channels
5 I et /-
L O
v inner channels
© 100 - -
9 APTMS functionalized samples |
5 M3
. 50r
8 - M1 outer channels_ _ _
E i —— -
> Of ) -
c Lol Y el Al
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FIGURE 4 Average CT number difference (Equation 4) profiles
over the cross-section along the axial position (z-coordinate) for
unfunctionalized and functionalized monoliths. The values are
rescaled so the minimum average density of each profile is equal to
0. The solid lines denote the average over the entire cross section,
while the dashed lines denote the average over the inner and outer
region of the cross section. Top (grey): baseline of a alumina coated
but unfunctionalized monolith (MO). Center and bottom: monoliths
functionalized with APTMS (blue) and TRI (purple), respectively. All
samples have an alumina loading of ~ 10 wt.%.
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an independent compositional analysis of solid samples taken from
different locations within the monolith could provide complementary
confirmation of these spatial variations, such methods are inherently
destructive. In this study, non-destructive characterization using XCT
were prioritized, to assess the full-sample axial and radial variations
without introducing sampling bias.

In conclusion, the XCT scans confirm that the functionalization
yields a rather uniform distribution of amines, in particular for APTMS,
relative to the existing (heterogeneous) alumina coating. In the future,
it would be desirable to calibrate the density variance to a thickness
metric to better quantify the distribution of the alumina coating. This
would require XCT scans of the exact same monolith samples both
before and after the coating process.

The total amount of amines immobilized on each monolith
(Figure 5) was quantified using a gravimetric method. Both mullite and
cordierite substrates functionalized with APTMS show a clear linear
relationship between the mass of alumina and immobilized amines.
The data show that the procedure is robust with respect to alumina
loading and substrate type, as the functionalization results in a consis-
tent amine loading of wymine = 0.5, on average, for all material configu-
rations. A linear regression through all APTMS samples yields an R?
value of 0.97, indicating that the alumina amount is the dominant fac-
tor governing the total quantity of immobilized amines. Note that the
independence of the immobilized amount on the substrate type is not
obvious, as the substrates have different channel sizes and pore
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FIGURE 5 Weight of immobilized amines as a function of the

weight of the alumina coating for different substrate and amine types:
TRI-functionalized mullite monoliths (purple squares), and APTMS-
functionalized mullite (blue circles) and cordierite monoliths (green
triangles). The sensitivity analysis on the initial amine-to-alumina ratio
added in the functionalization procedure (empty circles 1:1.5 ratio and
filled blue circles 1:1 ratio) shows overlapping populations, confirming
that the 1:1 ratio is sufficient. The dashed line indicates a linear
regression for all APTMS samples (R? = 0.97), highlighting a constant
amine loading across varying alumina weights.

distributions, which could potentially affect the effectiveness of the
immobilization procedure.

While the overall trends in Figure 5 are clear, the reproducibility
of individual samples is not perfect. The regression line indicates that
97% of the variability in the immobilized amine mass can be attributed
to changes in alumina loadings. Still, a noticeable scatter remains for
samples with similar alumina loadings. The scattering indicates that, for
a fixed alumina amount, sample-to-sample variability persists. Several
features contribute to this variability: First, ceramic solid supports are
inherently non-homogeneous. Second, the XCT scans reveal that spatial
variations in alumina distribution are introduced during the alumina
coating procedure (see Figures 3 and 4). Third, the functionalization
step may introduce additional variability related to amine transport and
reaction within the porous alumina layer. In the case of the cordierite
samples used in this work, in particular, the small channel which could
represent a significant resistance to amine transport, resulting in
increased variability compared to the mullite samples. Finally, the gravi-
metric method itself can contribute to the uncertainty.

Such variability is not uncommon in materials used for DAC.3>°2
The variability emphasizes the critical importance of reporting results
from multiple samples rather than relying on a single data point. Con-
sequently, the discussion in the remainder of this work focuses on
general trends and averaged behavior.

The functionalization procedure can cause sample-to-sample vari-
ability if the procedure fails to fully saturate all available grafting sites
on the alumina surface with amines. In the functionalization procedure
(see Section 2.2), the dried monoliths are immersed in an anhydrous
solution of diethyl ether and amine for two hours before the solvent
is removed, and the material undergoes sequential thermal treatments
to ensure complete covalent grafting. The initial ratio of alumina to
amines added to the solution during the procedure could potentially
control the amount of amines immobilized onto the monoliths,
thereby introducing variability. To ensure that sufficient amines were
added to the solution and that all available grafting sites are saturated,
a sensitivity analysis was performed on mullite samples with similar
alumina loading using APTMS amines. The baseline protocol uses a
1:1 ratio of alumina to amines in solution, which corresponds to add-
ing 1 mL of amine per g of alumina (represented by the filled blue cir-
cles in Figure 5). For the four tested samples, the baseline protocol
resulted in an average amine loading of Wmine =0.57. The ratio was
then varied to 1:1.5 (i.e., 1.5 mL of amine per g of alumina), and three
monoliths with the same alumina loading range were functionalized
(represented by the empty blue circles in Figure 5). The resulting
monoliths had a similar average amine loading of W,mine =0.59;
Figure 5 clearly shows that the two populations largely overlap. These
results suggest that an amine-to-alumina ratio of 1:1 is sufficient, and
the amount of amines immobilized on the surface is limited by the
(given) amount of alumina coating. Consequently, given the higher
amine efficiency (i.e., less amine waste) of the 1:1 ratio, this protocol
was adopted for all other amine types, substrate types, and alumina
loadings in this study.

In summary, several robust trends emerge from Figures 3 to 5:

The XCT analysis demonstrates that the amine distribution closely
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follows the pre-existing alumina distribution, confirming that the graft-
ing procedure results in a uniform distribution of amines relative to the
alumina coating. The gravimetric results further show that the grafting
procedure is effective for both APTMS and TRI amines, as well as for
both mullite and cordierite substrates, and that the amount of immobi-
lized amine scales linearly with the alumina mass. Taken together, these
results demonstrate that, while local heterogeneities and sample-
to-sample variability are unavoidable, the functionalization procedure is
consistent and scalable. This validation provides a solid foundation for

the performance analysis presented in the following sections.

3.2 | CO, uptake in dry conditions

The validated functionalization procedure allows us to investigate
how the CO, uptake performance is influenced by the three main
material components: substrate, alumina loading, and amine type. The
initial investigation focuses on the CO, uptake in ultra-dilute
(400 ppm), dry conditions at ambient temperature of 25° C (see Figure 6).
The shown amine efficiency is defined as the amount of CO,

adsorbed per mole of amine group (i.e., molco, /moly).

:ﬂﬂ (8)

N
Mamine NN

where qco, is the total amount of adsorbed CO,, Mymine is the mass of
amines, ny is the number of amine groups per molecule (i.e., ny =1

for APTMS and ny=3 for TRI), and M is the molar mass of the

molecule.
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At DAC conditions, the measured amine efficiency for the
APTMS-functionalized samples is iy =0.35 on average, regardless of
the substrate type. In particular, 1y remains constant even with
increased alumina weight. In dry conditions, CO, adsorption primarily
forms ammonium carbamate, which results in a theoretical stoichio-
metric limit for the amine efficiency of ny=0.5.1>%¢33%% From
Figure 6 (left), we can observe that the TRI-functionalized samples
exhibit a significantly lower amine efficiency on average (7y =0.2).
Nevertheless, the observed TRI efficiency is comparable to the values
measured for TRI-functionalized powders under flue gas conditions,?®
and is even slightly higher than the efficiency of 5y =0.16 measured
in other TRI-grafted materials under DAC conditions.'* A possible
explanation for the low amine efficiency could be the reduced steric

accessibility of the adsorption sites,¢>°

since TRI is a large amine
molecule containing one primary and two secondary amines.

The amine efficiency provides insight into the accessibility and
utilization of the active sites. However, as a process-relevant KPI, the
CO, uptake per total mass of sorbent is of primary interest, as it
serves as a proxy for the costs and energy consumption of the DAC
process®! (see Figure 6, right). Despite their difference in amine effi-
ciency, TRI and APTMS samples achieve the same total uptake when
monoliths of the same support and of similar total weight are com-
pared. Combining the established linear relationship between the
mass of amines immobilized and the mass of alumina (Figure 5), with
the constant APTMS amine efficiency, leads to a linear relationship
between the total CO, uptake, alumina weight and therefore total
sorbent weight. On average, the CO, uptake per unit mass of alumina
is wco, =0.042 gco, /8, Importantly, Figure 6 highlights a key differ-

ence between the two substrate types: since cordierite has a lower
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FIGURE 6 CO; uptake performance under dry DAC conditions (400 ppm, 25° C). Left: amine efficiency (Equation 8, molco, /moln) as a
function of alumina weight, comparing APTMS (blue circles and green triangles) and TRI amines (purple boxes) against the theoretical limit for
ammonium carbamate (dotted black line). Right: total CO, uptake as a function of total weight of the sample, illustrating the superior process
performance achieved by the lighter cordierite substrate (green triangles) compared to mullite (blue circles).
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density (average weight of mg,, =33g per monolith) than mullite
(average weight of mg,, =53 g per monolith of the same volume), the
cordierite samples take up more CO, for the same mass of sorbent.
For example, a mullite monolith with a total weight of 70g has an
uptake qgco, =10mmol, while a cordierite monolith with the same
total weight takes up 2.5 times as much CO; (gco, = 25 mmol).

Considering that all tested samples have the same volume, some
important process conclusions can be drawn: Increasing the amount
of alumina essentially increases the uptake per volume and per total
mass because the mass of the inert portion remains constant. There-
fore, the total CO, yield per energy invested to heat the inert mass
increases. This effect is even more pronounced when using low-
density ceramics like cordierite. A detailed analysis of the energy
demand is provided in Section 3.3. Our results indicate that ideally,
the amount of alumina would be increased further, in line with pro-
cess simulations.®* However, the maximum alumina loadings used in
this study are at the upper limits given by the manufacturers. Hence,
the sorbents produced in this work represent the maximum available
performance for the given sorbent type.

3.3 | Thermal energy requirements

The energy required for the desorption of CO, can be quantified by
four components: The sensible heat required to raise the temperature
of the substrate from adsorption to desorption conditions, the sensi-
ble heats required to raise the temperature of the active sorbent, con-
sisting of alumina and amines, and the latent heat required for
desorption, that is, the energy needed to break the amine-CO, (and
amine-H;,O) chemisorption bonds. Note that analysis neglects water
adsorption, as the thermal energy demand for water desorption will
qualitatively behave the same as the energy demand for CO, desorp-
tion. Similarly, we do not include the sensible heat required to heat
CO, to the desorption conditions, as its contribution is qualitatively
equivalent to that of latent heat for CO, desorption and is negligible
from a quantitative point of view.>®

The expression for the total energy requirement is therefore:

Q = msubcp,subAT + malcp,al AT + maminecp,amineAT + mC02 Ahads (9)

where mg, is the mass of substrate, m, is the mass of alumina, Mamine
is the mass of amines, mco, is the mass of CO, produced per cycle,
AT is the temperature difference between adsorption and desorption
conditions, Ah,gs is the absolute value of the isosteric enthalpy of
adsorption, and ¢, is the specific heat capacity. Note that mullite and
cordierite have very similar specific heat capacities but differ in
density.”’

The mass of alumina, m,, can also be expressed in terms of an
alumina loading, a, (see Equation (1)) that is, my = amy,,. Equivalently,
the mass of amines, m,yine, can be expressed as a function of the alu-
mina loading, «, and the amine loading, Wamine, (see Equation (2)) that
iS, Mamine = Wamine@Msup. As reported in Section 3.2, the experimental

campaign shows that the CO, uptake, and therefore mco,, is

proportional to the amount of alumina in the sorbent. In particular,
the amount of CO, that is adsorbed for a given amount of alumina is
independent of the substrate type. By defining wco, as the CO,
uptake per unit mass of alumina, the amount of CO, produced per
cycle is proportional to the mass of substrate, that is,
Mco, =Wco,aMsu,. Note that for the scope of this analysis, we
assume that all of the adsorbed CO, is desorbed during regeneration
in order to be able to use the uptake values measured in Section 3.2.

Hence, Equation (9) can be re-written as:

Q=mgyp (Cp,subAT +acpal AT+ Wamineacp,amineAT +Wco, aAhads) (10)

From Equation (10), the specific heat demand per unit mass of

CO,, Q can be written as:

Q :Cp,subAT Cp,aIAT+WamineCp,amineAT

Q = + Ahads ( 11 )
Mco, Wco,@ Wco, Wco, —~—
— - Quies
Qsub Qal Qamine

The specific heat demand consists of four contributions
(Figure 7). The normalized CO, uptake, wco, is independent of sub-
strate type and alumina loading and only depends on the adsorption

and desorption temperatures. From the experiments, the average
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FIGURE 7 Specific thermal energy demand for CO, desorption as
a function of the alumina to substrate ratio, for AT =75K and

wco, =0.042 g0, /8- A list of all parameter values is provided in the
Supporting Information S1. The grey shaded regions illustrate the
calculated contributions of the chemical desorption energy (Qdes), and
the sensible heat for the amine layer (Qumine) the alumina coating (Qa),
and the substrate (Qqb), based on average values (Equation 11). The
data points represent values computed from the experimental
measurements each sample of adsorbed CO, and sample weights
(blue: mullite, green: cordierite). The total specific energy demand
decreases as alumina loading increases because the CO, capture
capacity scales linearly with the mass of the alumina, effectively
reducing the relative energy cost of heating the inert substrate.
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normalized CO; uptake is wco, =0.042 gco, /8, As a result, the heat
contributions from the CO, desorption, Qdes, heat-up of alumina, Q,
and heat-up of the amine layer, Qamine, are independent of the ratio of
alumina to substrate mass. The specific energy demand to heat the
substrate, qub, however, is inversely proportional to the ratio of alu-
mina to substrate mass, a. Therefore, the specific energy demand can
either be reduced by increasing the amount of alumina or by reducing
the weight of the substrate.

The analysis of how the alumina loading, a, affects each heat con-
tribution following Equation (11) is based on an ideal, average mate-
rial. Figure 7 reports the specific energy contributions computed for
each sample. In particular, wco, depends on the sample. Two observa-
tions can be made: (i) in general, the experimental data follow the
expected trend: Qges, Qamine and Qa| are similar for all samples, while
Quu decreases with increasing alumina loading. As already observed
in Figure 6, the mullite monoliths, where less variation in wco, was
measured, follow the energy demand trend more closely. (ii) Because
cordierite is a lighter substrate, higher ratios of alumina to substrate
can be achieved, resulting in a lower demand. The maximum alumina
loading achieved by the cordierite samples is 70 wt.%, and 32 wt.% by
the mullite samples, respectively (see Figure 7). As the maximum alu-
mina loadings of both substrate types used in this study are at the
upper limits given by the manufacturers, this analysis suggests that
cordierite is more favorable for DAC applications when optimizing for
heat demand.

AICBE RN AL 100"

3.4 | CO, uptake in humid conditions
Ambient humidity presents a major challenge for DAC technologies
because it can significantly affect the separation efficiency of the sor-
bent materials and, therefore, process costs.®~® Consequently, varia-
tions in moisture levels ranging from nearly fully dry climates to highly
humid zones must be factored into the material design. The interac-
tions between CO,, humidity, and the sorbent are highly material-
specific. In many cases, these complex interactions trigger opposing
effects on both adsorption equilibrium and mass transfer kinetics,
making performance difficult to predict across different materials. This
complexity is why a thorough characterization of the thermodynamics
and kinetics of co-adsorption is required for each material. Here, we
therefore compare the performance of the active component of the
studied sorbents, that is, the amines, under both dry and humid condi-
tions. To this end, we performed breakthrough experiments under dry
DAC conditions (25°C, 400 ppm), as well as representative humid
DAC conditions (25° C, 400 ppm, 50% RH) on mullite samples of simi-
lar total weight, functionalized with either TRI or APTMS (Figure 8).
The reported data are the results of a single breakthrough run. Prelim-
inary repetitions of the humid breakthrough experiments on a subset
of samples showed that the observed effect was constant over the
repetitions.

Two observations are worth making: From a thermodynamic
standpoint, the results show that the CO, uptake increases for both
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FIGURE 8 Comparison of CO, and H,O co-adsorption thermodynamics and kinetics under dry (400 ppm CO,, 25° C) and humid (400 ppm
CO,, 25°C, 50% RH) DAC conditions for APTMS (M3) and TRI (M5) amines immobilized on mullite monoliths with an amine loading of ~ 10 wt.
%. The gray data corresponds to H,O adsorption, the blue data to CO, adsorption on APTMS, and the purple data to CO, adsorption on TRI.
Left: Effect of humidity on the steepness of the breakthrough curves. On the x-axis, the cumulative CO; inflow, nco,,in, is shifted by the halfway
value, nsg. Right: the bar charts quantify the average CO, uptake (top) and co-adsorbed H,O uptake (bottom) per mass of amines, showing a
larger enhancement effect for the TRI samples compared to APTMS. The points denote the measured values for each individual sample, and the
error bars denote the standard deviation.
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amine types when switching from dry to 50% RH conditions. How-
ever, the magnitude of the increase in uptake in the presence of
humidity depends distinctly on the amine type: The APTMS-functio-
nalized samples take up 30% more CO,, while the TRI-functionalized
samples show a much larger increase of 70%. The increased uptake
measured in this study is in line with observations on TRI samples by
Grossmann et al.*® The observed cooperative effect of water and
CO; is explained by many different mechanisms in the literature: On
the one hand, the increase in uptake is attributed to the formation of
new adsorbate species, which possess a higher theoretical amine effi-
ciency compared to the carbamate pathway prevalent in dry

conditions,*&>*

which would affect both amine types the same way. On
the other hand, the increase in uptake is explained by considering the
accessibility of the adsorption site. The co-adsorption of water can

cause polymeric structures to swell*>?

enhancing sorption or catalyti-
cally enhance the dry adsorbates.® As discussed in the previous sec-
tion, the TRI-functionalized samples showed a lower amine efficiency
compared to APTMS-functionalized samples, suggesting reduced steric
accessibility. Thus, the effect of the increase in accessibility is much
more pronounced for the TRI samples. The average amine efficiency of
the TRI samples increases from 7y =0.2 under dry conditions to
nn = 0.32 under humid conditions.

The second observation is made from the breakthrough curves,
which provide information on mass transfer kinetics (Figure 8, left
panel). Note that to highlight the breakthrough kinetics, the cumula-
tive CO; inflow, nco,,in, is shifted by the halfway value, nso, such that
the curves intersect when the outlet concentration reaches 50% of
the inlet concentration. In dry conditions, both APTMS and TRI break-
through curves exhibit a noticeable long tail. both the APTMS and TRI
curve begin to flatten when nco,,in —nso = 3 mmol. This long tail indi-
cates resistance to mass transfer within the amine layer.*>6142 A key
kinetic observation is that the presence of humidity eliminates this
long tail, in particular, in the case of APTMS. The change in the shape
of the breakthrough curves suggests that water does not only aid the
thermodynamics of the process but also facilitates the adsorption
kinetics, likely by increasing the driving force and enhancing molecular
mobility within the amine layer or promoting faster reaction
pathways.

4 | CONCLUSION

This work validates a robust and scalable functionalization procedure
to immobilize amines onto alumina by applying the procedure to
structured sorbents, consisting of an inert ceramic substrate, a micro-
porous alumina coating, and covalently grafted amines. The functiona-
lization procedure was used to systematically investigate the isolated
effect of three independent material components: substrate type, alu-
mina loading, and amine type for DAC applications, thereby providing
a versatile platform for material and process design.

X-ray computed tomography and gravimetric analysis demon-
strated that the proposed functionalization protocol yields a homoge-

neous distribution of amines relative to the alumina coating for

different substrate types, alumina loadings, and types of amines. In
particular, the amount of immobilized amine and CO, adsorption
capacity were shown to scale linearly with the alumina mass, indepen-
dent of the substrate morphology. This result indicates that the total
amount of the active phase is primarily governed by the amount of
alumina support available.

From a process perspective, the comparison between the sub-
strate materials revealed that the lower bulk density of cordierite
allows for higher CO, uptake per total mass of sorbent compared to
mullite. This finding suggests that low-density substrates are highly
desirable for reducing the thermal energy required to heat the inert
mass of the contactor during the regeneration phase of DAC cycles.
As an extension, pure alumina monoliths could be considered as an
alternative architecture to reduce the amount of inert material while
maximizing the available alumina surface for amine grafting. However,
concerns regarding the mechanical and structural stability of pure alu-
mina substrates motivated the design choice in this work to retain a
mechanically robust ceramic substrate.

Finally, the characterization of these materials under representa-
tive humid DAC conditions highlighted the profound influence of
humidity on capture performance: the presence of water was found
to enhance process performance regarding both adsorption thermo-
dynamics and kinetics for all investigated materials. In particular,
humidity was found to eliminate the characteristic long mass-transfer
tails in breakthrough curves for APTMS experiments, suggesting that
water facilitates molecular mobility and enables faster reaction path-
ways within the amine layer. The effects of humidity also depend on
the amine type, with TRI-functionalized samples exhibiting a substan-
tially larger increase in CO, uptake in the presence of humidity com-
pared to APTMS-functionalized samples, underlining the importance
of characterizing sorbents in realistic operating environments.

Overall, this study establishes clear material performance relation-
ships for amine-grafted monolithic sorbents under direct air capture
conditions. The presented data set provides a quantitative foundation
for cycle modeling, process design, and contactor optimization. More
broadly, the results demonstrate that structured sorbents with high
alumina loadings on lightweight substrates represent a promising
material configuration within current manufacturing constraints,
thereby offering a realistic pathway toward efficient and scalable
DAC contactors.

NOMENCLATURE
a alumina loading (mass fraction of alumina to substrate) -

ACT CT number difference HU
Ah,gs absolute value of the isosteric enthalpy of adsorption J g1

7N amine efficiency -

AT temperature difference between adsorption and desorp-
tion K

Q specific heat demand per unit mass of CO, J g1

Qi specific sensible heat of alumina J g1

Qumine  Specific sensible heat of the amine layer J g=1

Qdes specific latent heat required for CO,desorption J g1
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qub specific sensible heat of the substrate J g1
Cp specific heat capacity J g~ K1

M molar mass g mol~1

m total mass of sorbent sample g

my mass of alumina g

Mamine  Mass of amines g

Msub mass of ceramic substrate g

Mco, amount of CO,produced per cycle g

N molar flowrate mol s—1

nn number of amine groups per moluecule -
Q total heat demand J

q total adsorbed amount mol

teo duration of breaktrough experiments s
Wamine  amine loading on alumina coating -

Wco, CO,uptake per unit alumina g g !

y molar concentration -
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