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13X zeolite shows potential for CO, capture, but its performance is
diminished by the steam present in real-world flue gas. To over-
come this limitation, a facile and efficient approach is to graft
straight-chain alkyl groups to the 13X structure. Adsorbents with
anchored alkyl groups exhibit both high CO, uptake and excellent
resistance to humidity.

Anthropogenic CO, emissions pose a significant threat to
global climate stability." To address this issue, the following
technical routes have been proposed: (1) direct air capture
(DAC),> which extracts CO, directly from the atmosphere
(420 ppm CO,); and (2) point-source carbon capture,® primarily
applied in industrial sectors with high-concentration CO, emis-
sions. Nowadays, industrial sectors, such as power plants and
petrochemical industries, contribute to over 25% of global
carbon emissions.* Therefore, it is essential to develop high-
performance adsorbents for CO, removal from flue gas. How-
ever, efficient CO, capture remains challenging, mainly due to
the negative impact of the water vapor in flue gas (~ 10 vol%)
on CO, adsorption.” Physical adsorption generally describes
the adherence of an adsorbate to the surface of an adsorbent
through weak interactions, such as van der Waals forces and
electrostatic forces, without involving the making or breaking
of chemical bonds, and typically occurs in a reversible fashion.
Physical adsorbents typically exhibit stronger affinity for H,O,
due to its dipole moment, compared to CO,, which relies on
weaker quadrupolar interactions.® Thus, water vapor competi-
tively adsorbs with CO,, reducing overall CO, uptake. For
example, at 90% relative humidity (3.4 vol%), the CO, capture
capacity of 13X zeolite is reduced by 18.5% after multiple
vacuum swing adsorption cycles.” Similarly, the static CO,
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adsorption capacity of Na-LSX zeolite was reduced by 50%
following exposure to moisture pretreatment conditions.®

To mitigate the impact of humidity, pure silica materials®
and carbon materials with a hydrophobic nature'®'!
previously used as CO, adsorbents because of their low affinity
for H,O molecules. However, this improved resistance to
humidity was normally achieved by sacrificing CO,/N, selectiv-
ity. Zeolites, 3-dimensional crystalline structures constructed
from Si0,*” tetrahedra bridged by O atoms, offer an alternative.
Although substituting Si atoms with elements like Al generates
an overall negatively charged framework that attracts neutraliz-
ing cations (e.g., H", Na*, Ca®*, and La**) and enhances hydro-
philicity, zeolites remain highly promising for CO, capture, as
these incorporated cations can promote strong interactions
with CO, and lead to high CO,/N, selectivity.""*>

To prohibit water vapor access, several feasible strategies have
been proposed to modify zeolite surfaces: (1) polymerizing poly-
ethylene terephthalate (PET) films on the zeolite surface, (2)
combining ZIF materials with zeolites via a glass transition,'* (3)
utilizing azide reagents as binders for composites,"” etc. However,
these methods are complicated and may not be suitable for large-
scale applications.

In this work, an efficient approach was introduced by
grafting different alkyl molecules onto 13X zeolite via methanol
condensation between hydroxyl groups of zeolite and methoxy
groups of silanes (Fig. 1a and b).'® Alkyl chains with different
carbon numbers were tested, i.e. trimethoxy(propyl)silane (3C),
hexyltrimethoxysilane (6C), and dodecyltrimethoxysilane (12C).
It is important to note that the kinetic diameter of hexyltri-
methoxysilane (~1.1 nm) fits the largest pore opening of 13X
zeolite. The influence of alkyl-modified zeolites on the CO,
adsorption performance has been investigated under humid
flue gas conditions. The modified pore structure endows the
material with remarkable CO, adsorption capacity, water resis-
tance and excellent cycling stability, suggesting potential appli-
cations for post-combustion CO, capture.

According to the sol-gel poisoned Eden model, the three
methoxy groups from the grafting agent can undergo two

were
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Fig.1 (a) A schematic diagram of the formation of alkyl-chain-grafted
zeolite. (b) The condensation reaction of silanol with methoxy groups.
Solid-state *C NMR spectra of 13X-3C and trimethoxy(propylsilane (c),
13X-6C and hexyltrimethoxysilane (d), and 13X-12C and dodecyltri-
methoxysilane (e). SEM images of 13X-3C (f), 13X-6C (g), and 13X-12C (h).

competing reactions: (1) condensation with surface hydroxy
groups of zeolite or (2) self-condensation to form a low-fractal
dimension"® and loosely structured carbon layer. The presence
of hydroxyl groups in the zeolite can be confirmed by the broad
Fourier transform infrared spectroscopy absorption peaks
within the range of 3500-3100 cm™ ' and 'H NMR peaks at
1.2 ppm (silanol groups) and 3.6 ppm (bridging oxygen hydro-
xyl groups) (Fig. S5 and S13). Compared with the C
NMR spectra of the pure grafting agents (Fig. 1c-e), the
disappearance of the methoxy signal (50 ppm; @) from mod-
ified zeolite indicated condensation between the methoxy and
surface hydroxyl groups. In addition, the attenuated signals at
9.3 ppm (® and (3) for 13X-6C and 13X-12C after grafting
suggest a significant change in the local chemical environment
for carbons adjacent to silicon atoms. To see the effect of the
grafted groups, the crystalline structures of modified zeolites
were compared with their parent materials (Fig. S2), and this
shows that the introduction of alkyl molecules has no effect on
the crystallinity, but the diffraction peaks shift slightly towards
higher angles, which has a certain impact on the periodicity of
the material.

SEM confirmed that the grafting of alkyl molecules can form
a carbon layer on the zeolite surface (Fig. 1f-h). In addition,
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Fig. 2 The aperture distributions of (a) 13X, (b) 13X-3C, (c) 13X-6C, and (d)
13X-12C, and (e) a schematic diagram of the structure of modified 13X.
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prominent interparticle adhesion of carbon layers can be
detected on 13X-12C, which is a consequence of the dispersion
of longer chain molecules combined with silane condensation
among methoxy groups (Fig. S3h). N, adsorption isotherms
(at 77 K) exhibited a slight reduction in pore volume for
modified zeolites, possibly due to the relatively small mass
contribution of the alkyl groups (Fig. S6). The NLDFT model
was applied to analyze the pore size distribution within the
structure.”” Notably, both 13X-3C and 13X-6C displayed addi-
tional apertures of around 1 nm and 30 nm (Fig. 2). The
presence of these apertures can be tentatively attributed to
the entanglement of alkyl groups fixed on the zeolite surface.
Depending on the locations of alkyl groups, the small aperture
(13X-3C: 0.6 nm) was probably created within the zeolite pores,
while the large aperture (30 nm) was formed by grafted alkyl
molecules on the outer surface. In contrast, 13X-dodecyl only
exhibited the large aperture (30-40 nm). This can be explained
by the reduced pore aperture with long-chain alkyl groups,
which cause severe pore blockages and hinder nitrogen diffu-
sion in the low-pressure range. Thus, its micropore character-
istics are masked by mesoporous pores.

The relevant contact angle measurements also verified the
modification of the material surface with alkyl groups (Fig. S4).
Upon increasing the length of alkyl chains, the resistance of
the carbon layer to water molecules was more pronounced, as
indicated by the higher contact angle for the zeolites 13X-hexyl
(158.2°) and 13X-dodecyl (145.5°). The thermal decomposition
behaviour of the modified alkyl groups was characterized using
DSC (Fig. 3a). The peaks at 360 °C and 416 °C were assigned to
the loss of alkyl groups. Due to the Brgnsted acidity of zeolite'®
and the confinement effect on alkyl groups,' the thermal
decomposition temperature of the modified alkyl groups in
the zeolite phase is lower than that of the alkyl groups them-
selves. Therefore, the peak at 360 °C originated from the
modified alkyl groups in the zeolite phase,'® while the peak
at 416 °C was related to the outer carbon layer structure on the
zeolite surface originating from the self-condensation of
the grafted silanes. For small-sized groups, such as propyl,
the exothermic peak (360 °C) indicates that the modified alkyl

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) DSC curves of modified zeolites under an oxygen atmosphere
compared to pristine 13X. (b) A comparison between CO, uptake under dry
and humid conditions at 41 °C; the water vapor content is 7.2%. The
variation in the CO, adsorption capacity of 13X (c) and 13X-6C (d) at
different levels of relative humidity (RH) compared to dry conditions.

groups are largely present in the zeolite phase, while 13X-6C
and 13X-12C maintain a relatively high exothermic peak at
416 °C, indicating the presence of abundant silane-based
carbon layer structures on the zeolite surface.

The performance of zeolite adsorbents was assessed by
measuring CO, adsorption in a fixed-bed reactor (Fig. S1).
Fig. 3b shows the CO, uptake from dynamic column break-
through experiments at 41 °C using standard feed gas simulat-
ing real-world flue gas (7.2% H,0, 13.92% CO, and 78.88% N,
vs 15% CO, and 85% N,). Under dry conditions, the CO, uptake
of 13X-3C was reduced compared to its counterparts. This can
be attributed to the higher content of alkyl groups in the zeolite
pores. As such, CO, transport will be affected, resulting in lower
uptake. In contrast, the bulkier hexyl and dodecyl groups were
partially or even largely fixed on the outer surface, resulting in a
slight change in CO, uptake. However, under humid condi-
tions, the adsorbent with dodecyl groups displayed a significant
drop in CO, uptake, similar to 13X. In contrast, the CO, uptake
of 13X-3C and 13X-6C increased, suggesting the enhancing
effect of water vapor on CO, uptake in the presence of such
alkyl groups in the pore structure. This could be related to the
improved water resistance of zeolites, by which the adsorbed
amount of water vapor was reduced. In general, the smaller
propyl and hexyl groups have a more pronounced effect on the
water resistance of zeolite adsorbents compared to dodecyl
groups, but propyl molecules can easily access the pore struc-
ture, hindering CO, diffusion. In this context, 13X-6C was
optimum for application in flue gas treatment due to its stable
CO, adsorption performance under both dry and humid con-
ditions. Therefore, only 13X-6C is discussed in terms of further
investigations.

The influence of water vapor on CO, adsorption was studied.
Fig. 3c and d compares the CO, adsorption capacities of zeolite
adsorbents at varying relative humidity levels. Different scenar-
ios are shown for the original 13X and modified 13X-6C
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adsorbents. At lower humidity (<20%), the presence of water
had a negligible effect on the CO, uptake by both materials.
However, at a higher water content, an increase in CO, uptake
was detected for 13X, which could be related to the formation of
carbonates according to previous studies,>®*' while the CO,
adsorption of 13X-6C remained nearly constant. When the
relative humidity exceeded 80%, the CO, uptake from 13X
experienced a dramatic drop, whereas 13X-6C showcased an
appreciable increase in CO, uptake. A possible explanation is
that water molecules easily cluster into the pore structure of
unmodified 13X, reducing the available space. However, the
inclusion of alkyl groups hindered the transport of water
molecules and prohibited the formation of water clusters.?*??
Water vapor adsorption was measured (Fig. S12), and this
indicated that grafting alkyl groups can reduce the saturated
adsorption capacity of H,O. In addition, the heat of H,O
adsorption from 13X and 13X-6C was estimated using two-
cycle DSC measurements by integrating the desolvation peak
(Fig. S10). Compared with 13X, the heat of water vapor adsorp-
tion for 13X-6C shows a slight decrease, but its desorption
temperature does not change significantly, indicating that the
alkyl groups do not alter the adsorption characteristics of the
zeolite towards water.

To further explore the influence of alkyl groups on the water
vapor adsorption dynamics, the mutual diffusion and self-
diffusion of H,O molecules were studied. For mutual diffusion,
the radial diffusion model®* is used to determine the initial-
stage diffusion coefficient (D) of H,O molecules, and the
intraparticle diffusion model* is employed to measure the
adsorption rate constant of H,O molecules (k) in the final
stage of adsorption. At low water vapor pressure (50.7 Pa,
Fig. 4a), D values for 13X-6C are significantly smaller than
those for pristine 13X, indicating that hexyl grafting effectively
inhibits the diffusion of H,O molecules in the initial stage
(Fig. 4a); and in the final stages, the smaller differences in the
ky values of the two suggest a reduced variation in the adsorp-
tion rate. At low vapor pressure, two models are required to
represent the diffusion patterns in different time periods,
indicating a change in the diffusion mechanism: the dominant
diffusion mode seems to shift from molecular diffusion at low
vapor loading to intracrystalline diffusion at higher vapor
loading (Fig. 4a).>® However, the alkyl-group inhibition effect
becomes less pronounced at elevated vapor loadings (approxi-
mately 82.3%, Fig. 4b), where the diffusion coefficients for both
initial and final stages converge. This convergence indicates
that alkyl modification primarily influences H,O molecule
diffusion under low-loading conditions, while its impact
diminishes appreciably when approaching saturation.

For the self-diffusion of molecules, the adsorption and
equilibrium diffusion of water vapor on 13X and 13X-6C were
simulated using grand canonical Monte Carlo (GCMC) and
molecular dynamics (MD) methods.?” The randomly selected
diffusion paths of water molecules in the MD simulations are
shown in Fig. S14. The probability of H,O molecules passing
through the zeolite cavity after alkyl modification decreased.
Moreover, the self-diffusion coefficient of water molecules
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Fig. 4 The relationship between time and water vapor adsorption capa-
city for 13X and 13X-6C at 50.9 Pa (a) and 480 Pa (b) (solid lines: theoretical
values using the radial diffusion model, dashed lines: theoretical values
using the intraparticle diffusion model, black squares: experimental data
from 13X, black circles: experimental data from 13X-6C); the saturated
vapor pressure at 41 °C is 7778 Pa. (c) The CO, breakthrough curves of
13X-6C tested using simulated flue gas feed (7.2 wt% H,O) over seven
cycles.

decreased for alkyl-modified zeolites (Table S1). Finally, the
cycling stability of modified 13X-6C was evaluated (Fig. 4c).
During the measurements, the same batch of 13X-6C was tested
7 times using CO,/N,/H,0 mixed gas (13.89/78.88/7.2 v/v/v). Its
adsorption capacity remained at around 3.46 mmol g, and
the performance did not decline.

In conclusion, hydrophobic alkyl molecules can anchor
either within pores or on the surface of zeolites, depending
on their molecular size. This differential anchoring manner
creates micropores (for smaller molecules) or mesopores (for
larger ones). The resulting alkyl-modified zeolite shows
improved water vapor resistance, which is favourable for post-
combustion CO, capture. Breakthrough experiments under
simulated flue gas conditions indicate that the CO, adsorption
capacity of 13X zeolite shows the phenomenon of first increas-
ing and then decreasing with an increase in humidity. More-
over, zeolite with appropriate alkyl modification has lower
sensitivity to humidity changes. Furthermore, through a study
of water diffusion, it was found that alkyl inhibition of water
diffusion occurs when the water loading is low, which is a key
point. This provides a new perspective relating to the bed layer
diffusion kinetics of the actual adsorption process.
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