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With the dramatic increase in CO2 emissions over the last few decades and the subsequent increase in

global temperatures leading to climate change, substantial efforts have been directed towards the

development of materials designed for the direct capture of CO2 from the atmosphere, a process known

as direct air capture (DAC). DAC stands out as one of the primary negative emission technologies (NETs)

expected to play a pivotal role in achieving negative CO2 emissions. However, most of the reported

sorbent performances have been focused on ambient temperatures (around 25 °C) or higher, specifically

under dry conditions, with very few exceptions. This limitation has posed a significant obstacle to the

widespread deployment of DAC, as a substantial portion of the world experiences sub-ambient

temperatures and non-zero humidity levels. In this study, we evaluate the in situ cationic ring-opening

polymerization of three different 2-oxazolines monomers initiated by CPTMS or IPTMS, which are

chemically tethered to mesoporous silica foam (MSF) and large-pore alumina-silica (LPAlSi) supports, and

their performance for CO2 capture under various conditions. Among all combinations of supports,

initiators, and monomers, the MSF–C–EtOX sorbent demonstrated exceptional utilization of the support,

initiator, and monomer properties, resulting in superior CO2 uptakes under various conditions. The

optimum adsorption temperature under dry conditions was found to be 40 °C, achieving a CO2 uptake

of 1.72 mmol g−1. Further testing under sub-ambient dry adsorption conditions at −20 °C showed a CO2

capacity of 0.80 mmol g−1. The introduction of moisture significantly enhanced CO2 uptakes, reaching

2.45 mmol g−1 at 20 °C. Under humid conditions, the sorbent exhibited robust performance at low

temperatures, with CO2 uptakes of 1.88 and 1.40 mmol g−1 at 0 °C and −20 °C, respectively.

Importantly, the sorbent demonstrated stable cycling capacity over 50 and 10 cycles under dry and

humid conditions, respectively. The findings presented in this study suggest that supported in situ

polymerized amines are promising materials for DAC under ambient-temperature and low-temperature

conditions. There are additional prospects for fine-tuning these materials to facilitate the large-scale

implementation of DAC facilities under diverse environmental conditions.
1. Introduction

Global warming is primarily fueled by the accumulation of
greenhouse gases (GHGs), with carbon dioxide (CO2) contrib-
uting to approximately 75% of GHGs.1,2 To put this into
perspective, in just the span of a few decades, we have witnessed
a drastic shi in atmospheric CO2 content. In 1958, the world-
wide CO2 emissions from industry and fossil fuels amounted to
less than 9 billion tons, with a CO2 concentration in the
atmosphere of 315 parts per million (ppm).3,4 However, the
scenario today is vastly different, with our current CO2
ineering, Schulich School of Engineering,

S4, Canada. E-mail: Nader.mahinpey@
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f Chemistry 2024
emissions exceeding 37 billion tons per year, not even
accounting for land use changes.4 This dramatic transformation
is attributed to a surging global population, increased energy
demands, evolving lifestyles, and the proliferation of fossil fuel-
based material consumption. Consequently, the CO2 level has
surged to 425 ppm, according to data from the National Aero-
nautics and Space Administration (NASA).3–5

This remarkable increase in GHGs has already had far-
reaching consequences around the world, manifesting as
widespread droughts on nearly every continent (excluding Ant-
arctica), an elevated risk of heatwaves in Europe, the retreat of
glaciers, a notable surge in wildres in the USA and Canada,
and signicant disruptions to marine ecosystems. These
include ocean acidication, destabilization of coastal ice sheets,
and increasing sea levels.1,6–8 According to the Intergovern-
mental Panel on Climate Change (IPCC), should mitigation
efforts falter, CO2 emissions could potentially soar to
J. Mater. Chem. A, 2024, 12, 10507–10527 | 10507
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a staggering 70 billion tons of CO2 per year in 2100, resulting in
an approximate 5 °C increase in the Earth's average temperature
from its current level.1,6 The climate-related consequences we've
already witnessed are expected to intensify if we fail to take
action.6

Numerous studies have proposed solutions to mitigate the
increase in the atmospheric CO2 concentration. These solutions
include reducing our reliance on fossil fuels, transitioning to
green and renewable energy sources, andminimizing CO2 point
source emissions through methods such as chemical looping,
oxy-combustion, amine absorption, or other CO2 capture tech-
niques before its release into the atmosphere.9–16 However, it's
important to note that these strategies primarily have the
potential to slow the rate of increase of CO2 in the atmosphere,
as they may not fully address non-point sources of CO2

emissions.17,18

To address the challenge of increasing CO2 concentrations
and work towards achieving the goal of limiting the increase in
Earth's average temperature to 1.5 °C or 2 °C by 2100, an alter-
native approach involves the use of negative emissions technol-
ogies (NETs).1 NETs focus on directly removing CO2 from the
atmosphere, offering a means of reversing CO2 concentrations.
Among various NETs, direct air capture of CO2 (DAC) stands out
as a highly promising option due to its location-independence
and possibility of upscaling.11,19 DAC facilities can be strategi-
cally located in areas with access to renewable energy sources
and in close proximity to CO2 utilization plants, eliminating the
need for extensive transportation.20,21

DAC has garnered signicant attention, with numerous
technologies proposed for practical deployment. Among these,
aqueous hydroxide and supported amine-based technologies
are the most frequently discussed and promising solu-
tions.11,22,23 Supported amine-based sorbents, in particular, have
gained favor due to their lower regeneration temperature, which
results in reduced energy consumption per ton of captured
CO2.24–26 Solid amine-based sorbents fall into different cate-
gories based on their preparation methods and bonds formed
between the amines and the support material.24,26 In class I,
amines are physically impregnated into supports via physical
bonding such as van der Waals. Class II sorbents are charac-
terized by the chemical bonding of supports and amine
compounds through silane linkages.24 Lastly, class III sorbents
are synthesized via an in situ polymerization route where
amines are covalently linked to supports. Even though class II
and class III are similar in terms of the covalent bonding
between the amines and the support, class III is focused on the
in situ polymerization of monomers while in class II, amine
compounds are already pre-synthesized.26 Each class has its
own set of pros and cons. Class I sorbents are the easiest to
prepare and offer higher amine loadings,2,27,28 but they suffer
from stability issues due to amine leaching.29 Class II sorbents
are more stable due to chemical tethering but have lower CO2

uptake and involve amore complex synthesis process.30 Class III
sorbents, a relatively recent addition, are characterized by both
high capacity and stability but entail the most complex
synthesis process.31
10508 | J. Mater. Chem. A, 2024, 12, 10507–10527
In class III, several factors play a signicant role in deter-
mining the properties of tethered amines, including the start-
ing monomer, initiator, support material, and mechanism of
polymerization. Most of the existing research focuses on
uncontrolled aziridine polymerization, resulting in branched
amines that can lead to diffusion limitations of CO2 within the
sorbent. There has been relatively little investigation into oxa-
zolone polymerization, which produces linear amines with
fewer diffusion limitations.24,32 Only 2-methyl-2-oxazoline as
a monomer initiated with 3-iodopropyltrimethoxysilane is re-
ported.17,25,33 This leaves room for many factors to be further
explored and understood.

An ideal DAC sorbent should possess several key character-
istics, including high capacity, selectivity for CO2 even at ultra-
low concentrations, rapid kinetics, appropriate binding energy
with CO2, and versatility to operate across a wide range of
adsorption conditions.34 However, the majority of reported
materials have primarily focused on adsorption at ambient and
above-ambient temperatures. Only a few exceptions have
exploredmaterials such as impregnatedMIL-101(Cr),11 zeolites,19

impregnated alumina,27 and amine impregnated MIL-101(Cr)
bers35 for DAC under sub-ambient conditions, with only two
studies considering the availability of moisture. This limited
focus has resulted in signicant knowledge gaps that hinder the
practical implementation of DAC on a global scale.36 Moreover,
many regions around the world experience average temperatures
below 25 °C, with some areas undergoing signicant tempera-
ture variations throughout the year as shown in Fig. 1 and S.1†.37

Therefore, it is essential to thoroughly investigate and under-
stand the behavior of sorbents under real-world adsorption
conditions, including temperature and relative humidity, to
facilitate the widespread deployment of DAC plants.

In this study, we explore the impact of novel in situ cationic
ring-opening polymerization using different monomers (MeOX,
EtOX, and PhOX) and different initiators (IPTMS and CPTMS)
onto two supports, MSF and LPAlSi. We examine the resulting
amine loadings and the performance of the various nal
sorbents under diverse adsorption conditions that mimic
practical DAC operations, encompassing temperatures ranging
from −20 to 60 °C and relative humidity levels from 0% to 83%,
where there is a huge knowledge gap in the literature. We
conrm the properties of the supports and the functionalized
materials using various characterization techniques. This work
offers a comprehensive analysis of CO2 adsorption kinetics,
isotherms, thermodynamics, and cyclic adsorption–desorption
behavior under different adsorption conditions.

Notably, the use of CPTMS as an initiator and EtOX as
a monomer in MSF resulted in the highest CO2 adsorption
capacity with exceptional selectivity. We found that 40 °C was
the optimal temperature for dry adsorption, while 20 °C
showed superior performance under humid conditions, with
an optimal humidity level of 62%. In addition, the sorbent was
capable of capturing 1.40 mmol g−1 at −20 °C and 62 RH%.
Importantly, the sorbent demonstrated remarkable stability
during long-term cyclic temperature swing adsorption–
desorption. These results, for the rst time, highlight the great
promise of in situ polymerization-based sorbents and their
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Global distribution of annual mean temperature (°C). Copyright 2016 Elsevier.37
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high potential for deployment in DAC under various relevant
operating conditions.

2. Results and discussion
2.1 Characterization

The nitrogen isotherms of both the support (LPAlSi) and the
nal sorbents are depicted in Fig. 2a. They all exhibit a type IV
Fig. 2 (a) and (b) N2 adsorption–desorption isotherms at −195.8 °C of th
clarity and isotherms with the Y-axis are provided in Fig. S.2;† (c) and (d)

This journal is © The Royal Society of Chemistry 2024
isotherm (IUPAC classication) with hysteresis between the
adsorption and desorption branches, a characteristic of meso-
porous solids.38,39 As detailed in Table 1, the surface area and
pore volume of LPAlSi were measured at 959 m2 g−1 and 2.13
cm3 g−1, respectively, surpassing values reported in the litera-
ture (716 m2 g−1 and 1.56 cm3 g−1).39 Likewise, the MSF support
exhibited a type IV isotherm, as previously reported in our
earlier publication,17 with around a 20% increase in surface area
e supports and the final sorbents. Note that isotherms are separated for
BJH pore size distributions of the supports and the final sorbents.

J. Mater. Chem. A, 2024, 12, 10507–10527 | 10509
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Table 1 Textural properties of the supports and final sorbents

Material SBET (m2 g−1) VP (cm3 g−1) DP (nm)

LPAlSi-15 (13.1)a 959 2.13 8.82
LPAlSi–C–MeOX 126 0.43 12.71
LPAlSi–I–MeOX 152 0.63 9.60
LPAlSi–C–EtOX 131 0.49 11.30
LPAlSi–I–EtOX 232 0.86 9.23
LPAlSi–C–PhOX 480 1.23 8.67
LPAlSi–I–PhOX 489 1.28 8.82
MSF 522 2.93 30.13
MSF–C–MeOX 93 0.76 30.38
MSF–I–MeOX 140 1.13 31.13
MSF–C–EtOX 118 0.90 27.12
MSF–I–EtOX 195 1.28 29.29
MSF–C–PhOX 290 2.12 29.06
MSF–I–PhOX 302 2.23 27.15

a Number in parentheses obtained via XRF (X-ray uorescence) analysis.
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(attributed to differences in the aging process) compared to the
previous support. The pore size distribution of LPAlSi was
narrow, centered at around 9 nm, while MSF had a distribution
peaking at 30 nm, as displayed in Fig. 2c and d.

Following the functionalization and in situ polymerization of
both supports, there was a noticeable and consistent decrease
in surface area and pore volume for all the nal sorbents,
indicating pore lling by amines with different loadings. In
general, functionalization with chlorine “C” resulted in higher
amine loadings and greater reductions in surface area and pore
volume (Table 1) than that with iodine “I” while using the same
monomer. This difference in loadings can be attributed to
variations in electrophilicity indices, which measure a mole-
cule's ability to attract electrons. Chlorine, with an electrophi-
licity index of 3.67, exhibits higher electrophilicity compared to
iodine, which has an index of 3.09.40,41 The enhanced electro-
philicity of chlorine facilitates the initiation of the polymeriza-
tion reaction. In this reaction, the nucleophilic attack originates
from the lone pair of nitrogen in the 2-oxazoline monomer,
targeting the electrophilic initiator (chlorine in this instance).
This interaction results in the formation of an oxazolinium
cation, which serves as the starting point for the polymerization
reaction. Subsequently, during the propagation phase, the 2-
oxazoline monomer engages with the cationic oxazolinium
intermediate, leading to the formation of the polyoxazoline
backbone through ring-opening and the creation of an amide,
while the living oxazolinium chain-end remains.42

Another crucial observation from Table 1 pertains to the
inuence of different monomers on the surface area and pore
volume of the resulting sorbents, which corresponds to the amine
loadings. MeOX had the most signicant impact, resulting in the
greatest reduction in porosity of the supports. Following this,
EtOX had a milder effect, and PhOX had the least impact on
porosity. As illustrated in Fig. 12, MeOX is characterized by its
small molecule size, leading to fewer diffusion limitations during
the in situ polymerization process within the pores of the
supports. Consequently, it exhibits a higher degree of polymeri-
zation and a greater amine loading. PhOX, with its larger benzene
10510 | J. Mater. Chem. A, 2024, 12, 10507–10527
side group, limits the number of monomers available for in situ
polymerization within the pores, resulting in the lowest amine
loadings among the monomers. EtOX demonstrated an inter-
mediate behavior compared to MeOX and PhOX. Furthermore,
during the hydrolysis of EtOX-based sorbents, the removal of side
amide chains created a favorable diffusion pathway for CO2

molecules into the inner adsorption sites, reducing resistance in
comparison to MeOX-based sorbents.

The FTIR spectra, as shown in Fig. 3, for both supports
(LPAlSi and MSF) exhibit characteristic peaks typical of silica-
based materials, including the asymmetric stretching of Si–O–
Si at 1095 cm−1 and the symmetric stretching of the same
functional group at 808 cm−1. In Fig. 3, it is evident that all nal
sorbents, irrespective of the support, initiator, or monomer
used, exhibited PEI chemically tethered structure to the support
aer undergoing the necessary washing steps and the nal
harsh hydrolysis reaction. This is corroborated by the presence
of characteristic peaks, including N–H2 vibration (1553 cm−1),
N–H bending vibration (1650 cm−1), C–H stretching vibration
(1470 cm−1 and 2950 cm−1), and C–H2 bending vibration
(1410 cm−1 and 2850 cm−1). Other functional groups of PEI
were challenging to identify due to overlapping with the
support's peak signals, such as N–H stretching vibrations
(3430 cm−1), C–N stretching vibrations (1095 cm−1), and C–N
stretching (1250–1020 cm−1).17,25,33,43–46

The stability of thematerials and the resulting amine loadings,
determined based on mass changes, were assessed using TGA
thermal decomposition. As seen in Fig. 4a and b, the LPAlSi and
MSF supports exhibited remarkable stability against elevated
temperatures, with LPAlSi showing minimal weight loss and MSF
experiencing a relatively higher loss due to pre-adsorbed water.17

This stability is also an indicator of the complete removal of
structuring agents, P123 and CTAB, used during synthesis.
Functionalized supports displayed two signicant drops in weight
during decomposition. The rst, occurring at low temperatures, is
mainly caused by the moisture and pre-adsorbed gases. The
second one, more pronounced, is linked to the amine's decom-
position, commencing at 150 °C, as depicted in Fig. 4. It is crucial
to note the temperature at which the tethered amines begin to
decompose in order to regenerate the sorbent at a lower temper-
ature, thus avoiding a permanent loss of adsorption sites.

As shown in Fig. 4, the initiation temperature for amine
decomposition varies based on the initiator (“C” or “I”) and the
starting monomer (“MeOX,” “EtOX,” or “PhOX”). These differ-
ences are attributed to the variation in the molecular weight of
the tethered amines; lower molecular weight corresponds to
a lower decomposition temperature. Different supports, initia-
tors, and monomers yield different degrees of polymerization
due to the electrophilicity index of “C” and “I” and the conned
pore space (pore volume) within the support, as explained
previously. Further elevation in temperature results in the
complete removal of amines. Table 2 presents the calculated
amine loading based on the TGA decomposition weight
percentages measured. A comparison of the same initiator and
monomer reveals that MSF leads to higher loadings due to its
greater pore volume than LPAlSi, as indicated in Table 2. This
difference also leads to a shi in decomposition temperature to
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 FTIR spectra of the supports and the final sorbents.

Fig. 4 TGA thermal decomposition of the supports and the final sorbents for LPAlSi (a) and MSF (b).
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higher values due to the higher molecular weights of the
amines.17,33 The total amine loadings, calculated based on TGA,
were corroborated by CHN elemental analysis, with values
closely matching. MeOX-based sorbents demonstrated the
This journal is © The Royal Society of Chemistry 2024
highest nitrogen content, reaching 13.31 mmol N per g sorbent,
one of the highest reported values in the literature,24,47,48 fol-
lowed by EtOX-based materials and PhOX, as shown in Table 2.
J. Mater. Chem. A, 2024, 12, 10507–10527 | 10511
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Table 2 CHN elemental analysis and TGA decomposition of the supports and the sorbents

Sorbent C H N Total aOrganic content% Amine loadingb

LPAlSi 0 0.84 0.02 0.86 2.74 � 0.03 0.01
LPAlSi–I–PhOX 14.02 3.77 7.65 25.43 25.93 � 0.29 5.46
LPAlSi–C–PhOX 14.36 3.89 7.58 25.82 26.14 � 0.33 5.41
LPAlSi–I–EtOX 24.45 6.37 14.39 45.21 46.03 � 0.53 10.28
LPAlSi–C–EtOX 25.66 7.33 14.98 47.96 48.81 � 0.59 10.70
LPAlSi–I–MeOX 27.66 7.28 15.71 50.65 51.46 � 0.61 11.22
LPAlSi–C–MeOX 27.97 7.78 16.23 51.98 53.00 � 0.63 11.59
MSF 0 0.34 0 0.34 8.37 � 0.09 0
MSF–I–PhOX 17.41 4.19 7.23 28.83 28.41 � 0.29 5.16
MSF–C–PhOX 18.09 5.04 8.84 31.97 32.45 � 0.33 6.31
MSF–I–EtOX 28.90 7.52 14.83 51.25 52.25 � 0.53 10.59
MSF–C–EtOX 31.83 8.37 16.37 56.57 57.70 � 0.59 11.69
MSF–I–MeOX 33.20 8.89 16.93 59.01 60.11 � 0.61 12.09
MSF–C–MeOX 33.45 8.41 18.64 60.50 61.53 � 0.63 13.31

a Calculated based on the difference between 150 °C and 800 °C from TGA. b mmol N per g sorbent.

Fig. 5 SEM/EDX elemental mapping of (a) MSF, (b) MSF–C–EtOX, (c), LPAlSi, and (d) LPAlSi–C–EtOX. The EDX elemental maps correspond to the
SEM images above them with the 3 mm scale bar; yellow is Si and blue is Al.

10512 | J. Mater. Chem. A, 2024, 12, 10507–10527 This journal is © The Royal Society of Chemistry 2024
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As shown in Fig. 5, the comparison between the surface
structures of the supports and nal sorbents (MSF–C–EtOX and
LPAlSi–C–EtOX are shown as examples) indicates successful
functionalization of the support with amines, consistent with the
ndings of other characterization techniques. However, it is
evident that a few areas within the EtOX-based sorbents remain
unfunctionalized with amines, a behavior consistent with
previous reports following the functionalization of
supports.17,25,49,50 The surface of the material was not fully func-
tionalized due to a limited amount of initiators, which were not
expected to react with all the available OH groups (see Fig. 12).
These initiators are necessary to initiate the in situ polymeriza-
tion process. Furthermore, this was evidenced by the surface area
and porosity results, indicating incomplete lling of the support
pores. Furthermore, the elemental mapping images reveal
a uniform distribution of elements across the samples, with
silicon “Si” detected in MSF-based samples and both silicon “Si”
and aluminum “Al” observed in LPAlSi-based samples.
Fig. 6 Effect of adsorption conditions on CO2 uptakes: (a) effect of temp
effect of relative humidity breakthrough curves while keeping the tempe
temperatures, and (d) final CO2 uptakes at different relative humidities.

This journal is © The Royal Society of Chemistry 2024
2.2 Effect of adsorption conditions

The adsorption temperature is a critical factor that signicantly
affects CO2 adsorption capacity. To study its impact, the relative
humidity was held constant at 62%. Within the specied range
(−20–80 °C), the quantity of adsorbed CO2 exhibited a propor-
tional relationship with increasing temperature up to a certain
point, as shown in Fig. 6a and c. The adsorption capacity versus
temperature showed an optimum point at 20 °C with a CO2

capacity of 2.45 mmol g−1, and then it dropped to 0.3 mmol g−1

at 80 °C. This observation implies that CO2 adsorption for DAC
applications under humid conditions is unfavorable at elevated
temperatures. Adsorption at sub-ambient temperatures showed
signicant CO2 uptakes of 1.4 and 1.88 mmol g−1 at−20 and 0 °
C, respectively. To the best of our knowledge, the only previ-
ously reported values for CO2 uptakes under humid conditions
at −20 °C were with amines impregnated into alumina, with
1.80 and 1.88 mmol g−1 on 40 wt% PEI–Al2O3 and 20 wt%
TEPA–Al2O3, respectively,27 indicating that our materials are
erature breakthrough curves while keeping the RH constant at 62%, (b)
rature constant at 20 °C, (c) final CO2 uptakes at different adsorption

J. Mater. Chem. A, 2024, 12, 10507–10527 | 10513
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comparable to the impregnated sorbents. However, the same
materials adsorption capacities at 25 °C were 2.0 and 1.5 mmol
g−1, respectively,27 making the MSF–C–EtOX sorbent in general
better due to the chemical bonding of the amine versus
impregnation and the improved performance in a wide range of
adsorption conditions. In general, temperature has two
opposing effects on the adsorption of CO2 in amine-based
materials. The rst effect reduces the adsorption rate at
higher temperatures due to the exothermic nature of the
adsorption reaction. Conversely, temperature can enhance
adsorption up to an optimum point before it starts to decrease.
This is caused by the positive effect of temperature on the
adsorption rate, the activated chemisorption effect, and the
reduction in diffusion limitations. The diffusion of CO2 is
inuenced by the increased kinetic energy of CO2 molecules
entering the pores of the support, as well as the increased
exibility of the long amine chains at higher temperatures. This
results in more available adsorption sites within the support's
pores.17,33,51–55

The presence of moisture is a critical factor that must be
carefully considered in the design of practical DAC sorbents and
the selection of DAC plant locations, as atmospheric moisture is
inevitable. Consequently, the CO2 adsorption performance of
MSF–C–EtOX was evaluated at various relative humidities (0–
83%) while maintaining a constant temperature of 20 °C. As
depicted in Fig. 6b and d, compared to dry adsorption condi-
tions (0% RH), the presence of moisture considerably improved
the adsorption uptake, increasing from 1.46 to 2.45 mmol g−1 at
62% RH. The availability of moisture in the air can lead to two
main positive effects on the adsorption capacity. First and
foremost is the alteration of the reaction mechanism between
the amino groups and CO2 molecules. Under dry conditions
(eqn (1) and (2)), both primary and secondary amines require
two amine groups to produce ammonium carbamate from one
CO2 molecule. In contrast, in the presence of moisture (eqn (3)
and (4)), ammonium bicarbonate is produced, utilizing only
one amine group per CO2 molecule.56–58 This theoretically
doubles the efficiency compared to the reaction under dry
conditions. Several research groups have reported the same
behavior, highlighting the improved utilization of amine
groups under humid conditions versus dry conditions.51,59–61 The
second effect of moisture is that water may facilitate the
movement of amine chains, resulting in improved diffusion of
CO2 molecules into inner adsorption sites.28 However, an
excessive amount of humidity can negatively impact adsorp-
tion, as water can block access to adsorption sites by
condensing in the pores, as demonstrated by a further increase
in RH to 83% (Fig. 6b and d).28,58

CO2 + 2RNH2 4 RNH3
+ + RNHCOO− (1)

CO2 + 2R1R2NH 4 R1R2NH2
+ + R1R2NHCOO− (2)

CO2 + RNH2 + H2O 4 RNH3
+HCO3

− (3)

CO2 + R1R2NH + H2O 4 R1R2NH2
+HCO3

− (4)
10514 | J. Mater. Chem. A, 2024, 12, 10507–10527
The breakthrough time and shape were notably inuenced
by temperature and relative humidity. As depicted in Fig. 6a, the
breakthrough time was signicantly reduced at higher
temperatures due to the increased rate of desorption and
a decrease in adsorption capacity. Moreover, at elevated
temperatures, the breakthrough curves exhibited sharper
proles compared to lower temperatures, attributed to the
positive impact of temperature on the reaction rate, resulting in
faster saturation of the sorbent. The effect of relative humidity
on the breakthrough time initially showed a positive trend,
which then declined at 83%, consistent with the behavior of
adsorption capacity, which peaked at 62% before decreasing.
2.3 Adsorption kinetics

Adsorption kinetics is a crucial aspect of sorbents. The kinetics
of adsorption and desorption reveal the speed of the CO2

capture process, inuenced by various factors, such as the type,
branching, and density of the amine, the pore size and volume
of the support, boundary layer diffusion, intrinsic chemical
reaction rates, and mass transfer in and out of the pores.32,62

Sorbents with rapid kinetics are preferred because they can
reduce cycle times, subsequently lowering overall process costs.
Several kinetic models are used to calculate the adsorption
capacity over time, such as the pseudo-rst order (eqn (5)),
pseudo-second order (eqn (6)), and Avrami (eqn (7)) models.33,63

The Avrami fractional order kinetic model posits that the rate of
CO2 adsorption is directly proportional to the available surface
of the sorbent, indicating that the rate of adsorption is directly
linked to the quantity of active sites on the adsorbent's surface
and not limited by diffusion. This model further suggests that
CO2 adsorption follows a nucleation and growth process, where
small clusters of CO2 molecules initiate on the adsorbent's
surface and subsequently expand into larger clusters until they
eventually cover the entire surface.55,64

dqt

dt
¼ k1ðqe � qtÞ (5)

dqt

dt
¼ k2ðqe � qtÞ2 (6)

dqt

dt
¼ ðkAtÞnAðqe � qtÞ (7)

where ‘qe’ and ‘qt’ represent the CO2 adsorption capacity (mmol
g−1) at equilibrium and at time t (min), respectively. The rate
constants for each model are represented by ‘kA’, ‘k1’, and ‘k2’.
‘nA’, the Avrami exponent, shows changes in the adsorption
mechanism that occur during the adsorption process.65 For an
nA value of 1, the adsorption is homogeneous, and at any given
moment, any adsorption site has the same probability of CO2

adsorption. With an nA value of 2, the adsorption sites consis-
tently form at a uniform rate.55The quantitative assessment of
the t quality for both kinetic models and isotherms involved
the use of three distinct error functions: the nonlinear coeffi-
cient of determination (R2), the average relative error (ARE), and
the residual sum of squares (RSS).65,66
This journal is © The Royal Society of Chemistry 2024
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R2 ¼ 1�

0
BB@
Pn
i¼1

�
qtðexpÞ � qtðmodelÞ

�2

Pn
i¼1

�
qtðexpÞ � qtðexpÞ

�2

1
CCA
�
n� 1

n� p

�
(8)

ARE ð%Þ ¼ 100

n

Xn

i¼1

�����
qtðexpÞ � qtðmodelÞ

qtðexpÞ

����� (9)

RSS ð%Þ ¼ 100�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

�
qtðexpÞ � qtðmodelÞ

�2

n� 1

vuuut
(10)

where ‘qt(exp)’ and ‘qt(model)’ are the CO2 uptakes obtained from
experimental data and the kinetic models, respectively, ‘p’ and
‘n’ account for the number of parameters in the model and the
number of experimental points respectively, and the average of
experimental CO2 uptake is represented by ‘qtðexpÞ’:

As shown in Fig. S.3 and Table S.1,† neither the pseudo-rst-
order nor the pseudo-second-order kinetic models were able to
t the experimental data for the adsorption of CO2 ontoMSF–C–
EtOX under different adsorption conditions. Despite the R2
Fig. 7 Experimental CO2 adsorption data versus the Avrami kinetics mod

Table 3 Kinetic parameters for the Avrami model for CO2 adsorption un

Adsorption conditions kA
b (min−1) qe

a m

20 °C, 0% RH 0.0065 1.47 1.51
20 °C, 29% RH 0.0049 1.96 1.54
20 °C, 62% RH 0.0036 2.58 1.43
20 °C, 83% RH 0.0044 2.14 1.46
−20 °C, 62% RH 0.0057 1.39 1.14
0 °C, 62% RH 0.0048 1.89 1.35
40 °C, 62% RH 0.0049 1.91 1.47
60 °C, 62% RH 0.0106 0.83 1.37
80 °C, 62% RH 0.0319 0.30 1.52

a mmol CO2 per g.
b g per mmol CO2 per min.

This journal is © The Royal Society of Chemistry 2024
values indicating a good t, other factors such as ARE, RSS, the
error in equilibrium capacity, and plotting the experimental
data against the models showed that these models did not
match the experimental data effectively.

On the other hand, the Avrami model showed a good repre-
sentation of the experimental data under various adsorption
conditions, at different temperatures and relative humidities, as
shown in Fig. 7a and b. Table 3 reveals that the maximum error
in adsorption capacity was around 5.3%, all RSS values were less
than 5%, and the R2 values were very close to unity. The Avrami
rate constant, kA, represents a complex kinetic constant that
encompasses aspects of adsorption kinetics and the distribution
of adsorption sites.67 An increase in adsorption temperature at
a constant relative humidity led to a general increase in kA except
for −20 °C (Table 3), indicating a higher, faster, and easier rate
for the sorbent to reach saturation at elevated temperatures. On
the other hand the increase in relative humidity resulted in
a drop in kA values except at 83%. This behavior was also re-
ported by Shi et al.55 All values of nA fell within the range of 1.14–
1.54, indicating a combination of both adsorption mechanisms.
This conclusion has also been reported by a few researchers.17,55
el: (a) at different temperatures and (b) at different relative humidities.

der different conditions

R2 ARE% RSS% qexp
a Dqe (%)

0.9994 5.5 2.7 1.46 0.6
0.9989 8.0 4.9 1.92 2.1
0.9992 7.5 4.7 2.45 5.3
0.9992 7.0 4.2 2.08 3.0
0.9999 1.4 1.1 1.40 1.1
0.9998 3.9 1.8 1.88 0.6
0.9993 6.6 3.7 1.87 2.2
0.9999 2.0 0.7 0.83 0.3
0.9999 0.7 0.2 0.30 0.1

J. Mater. Chem. A, 2024, 12, 10507–10527 | 10515
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It's important to mention that the previously discussed
adsorption kinetics, as measured in the packed bed ow system,
do not represent true adsorption kinetics. Instead, they are
a result of a combination of process-related effects, including
intrinsic chemical reaction rates and internal mass transfer
effects, gas mixing, bypass etc. These ndings should be regar-
ded as dependent on experimental conditions and not neces-
sarily transferable to larger scales. Hence, it is not advisable to
employ them in the calculation of mass transfer coefficients.
Instead, they should be considered as indications of a kinetic
pattern, suggesting that, particularly in this simulated packed-
bed experiment, the adsorbents demonstrate Fickian transport
characteristics, and diffusion might be characterized using
a partial immobilization model. Nevertheless, a thorough
quantitative kinetic assessment will necessitate further experi-
mental investigations.11,68,69
2.4 Activation energy and thermodynamics

Typically, in addition to exceptional adsorption capacity and
kinetics, favorable thermodynamic performance is a critical
factor when evaluating the practical utility of adsorbents in
industrial applications. The activation energy of adsorbents
serves as a valuable indicator of the difficulty associated with
adsorption and desorption processes, thus playing a signicant
role in assessing the industrial feasibility of these adsorbents.70

Activation energy, denoted as Ea, represents the energy required
for a molecule to transition from an inert state to an active state
where chemical reactions readily occur, and its magnitude reects
the complexity of CO2 capture on a certain sorbent. The Arrhenius
equation can be employed to determine Ea:I

kA ¼ Ae�
Ea

RT (11)

n the equation, ‘kA’ represents the Avrami rate constant, ‘T’
denotes the absolute temperature, ‘R’ is the universal gas
constant, and ‘A’ corresponds to the pre-exponential factor.

The Arrhenius equation exhibited an outstanding t,
achieving an R2 value of 0.9925. The activation energy for CO2

adsorption at a relative humidity of 62% was determined to be
47.2 kJ mol−1, while the pre-exponential factor was found to be A
= 3.08 × 105. Notably, this activation energy closely aligns with
our prior study on CO2 adsorption in a long chain of polymers,
where we obtained a value of 40.0 kJ mol−1 at 25% RH.17

The thermodynamics of CO2 adsorption onto MSF–C–EtOX
were studied by solving the Van't Hoff equation (eqn (12)) and
the Gibbs free energy equation (eqn (13)).
Table 4 Standard Gibbs free energy, enthalpy, and entropy for
adsorption at 62% RH over MSF–C–EtOX

T
(°C)

DG°
(kJ mol−1)

DH°
(kJ mol−1)

DS°
(J mol−1 K)

20 19.0 −21.3 −64.8
40 20.3
60 21.6
80 22.9

10516 | J. Mater. Chem. A, 2024, 12, 10507–10527
Keq ¼ e�
DHo

RT
þ DSo

R (12)

DG˚ = DH˚ − TDS˚I (13)

n these equations, the thermodynamic equilibrium is repre-
sented by ‘Keq’ and the standard change of entropy, enthalpy
and Gibbs free energy are represented by ‘DS°’, ‘DH°’, and ‘DG°’,
respectively.

The Van't Hoff equation provided an excellent t for the
experimental data, with an R2 value of 0.9746. The standard
Fig. 8 Experimental adsorption isotherms for CO2 over the supports
and the sorbents at different temperatures.

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Effect of amine loadings on CO2 uptakes at 0.4 mbar and different temperatures into (a) LPAlSi-based sorbents and (b) MSF-based
sorbents; equilibrium CO2 adsorption uptakes at 0.4 mbar of (c) supported LPAlSi sorbents and (d) supported MSF sorbents; CO2 adsorption
isotherms for (e) LPAlSi, LPAlSi–C–POX and LPAlSi–C–EtOX and (f) MSF, MSF–C–POX and MSF–C–EtOX against the equilibrium adsorption
pressure at 20 °C.
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enthalpy was calculated to be −21.3 kJ mol−1 (Table 4). Negative
numbers of the standard enthalpy change represent the exother-
micity of adsorption.71 Increasing with temperature and positive
standard Gibbs free energy values suggest that adsorption
becomes less favorable at higher temperatures which is expected.72
2.5 Adsorption isotherms and selectivity

Volumetric single-component adsorption isotherms for CO2 or
N2 provide an alternative approach to assess sorbent perfor-
mance under various partial pressures. These isotherms yield
essential physical parameters, including selectivity, Henry's law
constants, and heat of adsorption.68

Fig. 8 displays CO2 adsorption isotherms over a temperature
range of −20 to 60 °C for both pristine and functionalized
supports, particularly in the low-pressure region (less than 10
mbar), which is crucial for direct air capture (DAC) applications.
Both the MSF and LPAlSi supports exhibited minimal CO2

uptakes, consistent with prior studies.17,33,39 Notably, signicant
increases in CO2 uptakes were observed following successful
support functionalization, indicating the attachment of primary
and secondary amines to the supports due to the reaction
mechanism with CO2 in the absence of humidity.

Fig. 8 and 9 clearly demonstrate that MSF-based sorbents
outperformed LPAlSI-based sorbents in terms of CO2 uptakes,
primarily due to their higher amine loadings, as previously
discussed in the TGA decomposition curves and CHN elemental
analysis. The higher pore volume of MSF allowed for greater
amine accommodation, consistent with ndings by other
researchers.73–75

As previously explained, temperature has two opposing
effects on CO2 uptakes, signicantly inuenced by the CO2

concentration, amine loading, amine chain length, and mois-
ture availability. Similar to humid conditions, where CO2

uptake went through a maximum versus temperature, dry
conditions had the same behavior but at a different tempera-
ture. Here, CO2 uptakes initially increased and reached
Table 5 Parameters of Langmuir dual-site isotherms for MSF–C–EtOX

Parameter

Temperature

−20 °C 0 °C

MSF–C–EtOX
nA 0.99 1.03
bA 20.02 19.98
nB 0.72 0.53
bB 8.66 × 10−4 3.87 × 10−3

RSS% 1.6 3.9
ARE% 0.6 2.7

LPAlSi–C–EtOX
nA 1.06 0.84
bA 0.50 6.19
nB 3.09 1.06
bB 4.53 × 10−4 5.81 × 10−4

RSS% 4.0 1.9
ARE% 2.8 1.4

10518 | J. Mater. Chem. A, 2024, 12, 10507–10527
a maximum around 40 °C before declining, as seen in Fig. 9a
and b. This divergence in behavior aligns with our earlier
research,17 where we explored adsorption at different tempera-
tures under both dry and humid conditions, highlighting
a substantial difference in activation energy (Ea). Specically, Ea
was 65.0 kJ mol−1 for dry adsorption and 40.0 kJ mol−1 for
humid adsorption.17 In other words, under dry conditions,
a higher energy barrier needs to be overcome for adsorption to
occur. This energy barrier is further enhanced at higher
temperatures, eventually reaching a point where the desorption
rate exceeds the adsorption rate due to the exothermic nature of
the process.33

The effect of the initiator (“C” or “I”) andmonomer (“MeOX,”
“EtOX,” or “PhOX”) on adsorption performance could be
directly linked to the corresponding amine loadings. Generally,
increased amine loading led to higher CO2 uptakes, as it
provided more amine sites for CO2 adsorption. However,
beyond a certain loading point, excessive amine loading resul-
ted in pore blockage, leading to reduced CO2 uptakes. Fig. 9c
and d display CO2 uptakes as a function of amine loadings
based on CHN elemental analysis. For the LPAlSi-based sorbent,
the optimal loading was approximately 48 wt% (LPAlSi–C–
EtOX), while the MSF-based sorbent performed best at around
57 wt% (MSF–C–EtOX). The higher amine loading for the MSF
support can be attributed to its larger pore volume in compar-
ison to LPAlSi. This phenomenon is consistent with the effect of
amine loadings on adsorption capacity, which has been exten-
sively studied within the impregnated-amine-based sorbents
due to their simple preparation.11,76–80

It is worth mentioning that before the nal step of sorbent
synthesis, which involved acid hydrolysis (as shown in Fig. 12),
polyoxazolines were tethered to the supports. These poly-
oxazolines had tertiary amines, which do not react with CO2

under dry conditions, and side chains of amides. CO2 adsorp-
tion isotherm experiments were conducted, as seen in Fig. 9c
and d. The materials without HCl hydrolysis (LPAlSi–C–POX
and MSF–C–POX) did not adsorb any CO2, unlike the nal
and LPAlSi–C–EtOX at various temperatures

20 °C 40 °C 60 °C

1.60 2.31 1.84
8.93 6.53 1.80
0.54 0.39 0.46
2.30 × 10−3 2.78 × 10−3 1.57 × 10−3

3.8 2.9 4.4
2.6 1.0 4.3

1.40 2.30 1.93
10.01 7.03 0.70
2.18 0.56 0.73
4.80 × 10−4 2.72 × 10−3 7.95 × 10−3

2.0 2.6 2.5
0.7 0.9 1.7

This journal is © The Royal Society of Chemistry 2024
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sorbents. This conrms the success of the hydrolysis step in
removing the amide side groups and creating primary and
secondary amines, which play a signicant role in CO2

adsorption. The pure supports exhibited higher CO2 uptakes at
elevated pressures compared to the unhydrolyzed materials.
This can be attributed to the high surface area, with LPAlSi
having a larger surface area than MSF, and the surface
condensation of CO2 (physisorption). Another potential expla-
nation might involve the formation of non-covalent complexes
between CO2 molecules and the –OH groups present on the
surface of the support.81

Adsorption isotherm modeling is a crucial facet of adsorp-
tion research because it enables the mathematical interpreta-
tion of experimental data. This representation is valuable for
determining the sorbent CO2 capacity under varying conditions.
Identifying the best model for experimental data is of
Fig. 10 N2 and CO2 adsorption isotherms for (a) LPAlSi and LPAlSi–C–E
pressures at 20 °C.

Fig. 11 Long-term cycling stability of MSF–C–EtOX, (a) breakthrough re

This journal is © The Royal Society of Chemistry 2024
paramount importance in order to enhance the efficiency of the
adsorption process's design.82 The experimental results for
MSF–C–EtOX and LPAlSi–C–EtOX, the best performing sorbent
for each support as an example, were tted with three models:
Freundlich (eqn (14)), Langmuir (eqn (15)), and Langmuir dual
site (LDS, eqn (16)). The detailed description and theories
behind every model are given else were.63,72,83

qe ¼ KFPe

1
n (14)

qe ¼ qmKLPe

ð1þ KLPeÞ (15)

qe ¼ qAbAPe

1þ bAPe

þ qBbBPe

1þ bBPe

(16)
tOX and (b) MSF and MSF–C–EtOX at various equilibrium adsorption

sults at 20 °C and 62% RH and (b) TGA results at 30 °C and 0% RH.
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where ‘qm’ and ‘qe’ denote the maximum and equilibrium
capacities, Pe represents the equilibrium partial pressure, and
the constants ‘KL’, and ‘KF’ correspond to isotherm constants
for Langmuir and Freundlich models, respectively. The
parameter ‘n’ in the Freundlich model signies the heteroge-
neity factor, that characterizes the intensity of adsorption and
the heterogeneity of site energies. The parameters ‘qA’, ‘bA’, ‘qB’,
and ‘bB’ are tting parameters for the LDS model. MATLAB©
soware was used to determine all these parameters, and their
values are presented in Table 5 for the LDS model and Table
S.2† for Langmuir and Freundlich models, along with the cor-
responding RSS (residual sum of squares) and ARE (average
relative error).

The Langmuir model was unable to accurately represent the
isotherms, resulting in RSS values ranging between 8.7% and
13.1% for MSF–C–EtOX and 11.6% to 20.2% for LPAlSi–C–EtOX.
A similar trend was observed for the ARE, as shown in Table S.2.†
A better agreement with experimental data was noticed with the
use of the Freundlich model at lower temperatures. However, as
the temperature increased, there was a signicant increase in the
RSS, reaching 20.8% at 60 °C for MSF–C–EtOX. LDS modeling
parameters are presented in Table 5. As indicated in the table, the
LDS model provided the best representation of the CO2 adsorp-
tion isotherms with the lowest RSS and ARE. This outstanding
agreement with the experimental data could be attributed to the
model's ability to describe adsorption at two distinct sites, rep-
resented by nA and nB.66 These sites can represent the adsorption
at the primary (NH3) and secondary amines (NH2).17

Due to the ultra-low concentration of CO2 in the atmosphere,
the selectivity of sorbents toward CO2 is one of the most crucial
characteristics when determining the suitability of a sorbent for
large-scale use. As an example, N2 and CO2 adsorption
isotherms were obtained at 20 °C for the supports, MSF and
LPAlSi, as well as for the nal sorbents, MSF–C–EtOX and
LPAlSi–C–EtOX.

As shown in Fig. 10, the sorbent exhibited a signicant
preference for adsorbing CO2 over N2, especially at low pres-
sures. The notable selectivity arises from the robust chemical
reaction between the amines present in the sorbent and CO2. To
quantify the selectivity, the adsorption capacity of CO2 at 0.4
mbar was compared to the N2 adsorption capacity at approxi-
mately 1013 mbar, representing a similar concentration of CO2

while neglecting the presence of oxygen. Both LPAlSi–C–EtOX
and MSF–C–EtOX demonstrated remarkably high selectivities
for CO2, with values of 393 and 266, respectively. Functionalized
amine sorbents are widely recognized for their selectivity for
CO2 over N2 and O2 in numerous publications.33,84,85

While oxygen is a signicant component of the air, our
equipment did not allow us to study the selectivity of the
sorbents for oxygen. However, a study by Belmabkhout et al.59

demonstrated that the adsorption of oxygen onto amine-
functionalized silica was very similar to that of nitrogen.
Therefore, we can reasonably conclude that the sorbents re-
ported in this study will exhibit good selectivity for CO2

compared to other gases present in the air, namely nitrogen and
oxygen.
This journal is © The Royal Society of Chemistry 2024
2.6 Adsorption long-term cyclic stability

The long-term cyclic stability of sorbents and catalysts is
a crucial factor in evaluating materials for industrial applica-
tions.70 To assess the performance of the designed sorbents,
cyclic tests were conducted under both humid and dry condi-
tions using a simple temperature swing adsorption (TSA)
approach. Dry adsorption–desorption experiments were per-
formed using TGA for the convenience of automated operation,
enabling 50 cycles at 0% RH and a 30 °C adsorption tempera-
ture. In contrast, humid adsorption–desorption cyclic testing
was conducted in the breakthrough setup, allowing up to 10
cycles, due to the manual operation mode. Under both condi-
tions, the sorbent, MSF–C–EtOX, demonstrated highly stable
adsorption capacity with minor uctuations, as depicted in
Fig. 11a and b. Notably, the adsorption capacity under humid
conditions exhibited relatively higher uctuations, mainly due
to differences in equipment design, operation mode, and
calculation methods, hence the resulting percentage error.

The sustained cycling stability is credited to the chemical
bonding of the amines to the support. This stability is main-
tained even at elevated regeneration temperatures, such as 100 °
C, as noticed from the TGA decomposition graphs, which
indicated that amine thermal decomposition begins at
temperatures exceeding 200 °C.

Table 6 summarizes the adsorption performance of MSF–C–
EtOX in comparison to that of reported materials. The CO2

uptakes of the synthesized sorbent not only exceeded the re-
ported values in the same class of materials (in situ polymeri-
zation) and the graed class but also equaled the value of
impregnated PEI, which is 2.44 mmol CO2 per g sorbent into
fumed silica.79
3. Experimental
3.1 Materials

Pluronic® P-123, sodium metasilicate (Na2SiO3), ammonium
uoride (NH4F, $98.0%), sodium aluminate (anhydrous,
NaAlO2), hexadecyltrimethylammonium bromide (CTAB,
$98%), mesitylene (98%), tetramethylammonium hydroxide
solution (TMAOH, ∼40% in H2O (∼1.5 M), N,N-dimethylhex-
adecylamine (DMHA, $95%), 2-ethyl-2-oxazoline (EtOX,
$99%), 2-methyl-2-oxazoline (MeOX, 98%), 2-phenyl-2-
oxazoline (PhOX, 99%), 3-iodopropyltrimethoxysilane (IPTMS,
$95.0%, 3-chloropropyltrimethoxysilane (CPTMS, $97.0%),
sodium hydroxide ($97.0%, pellets), hydrochloric acid (HCl,
37%), acetone ($99.5%), diethyl ether ($99.0%), benzonitrile
(anhydrous, $99%), and xylenes ($98.5% xylenes) were
purchased from Sigma Aldrich. Fumed silica (Cab-O-Sil M-5,
scintillation grade) was purchased from Fisher. All chemicals
were used as received.
3.2 Materials synthesis

Mesoporous silica foam (MSF), one of the supports used in this
study, was synthesized using a slightly different procedure from
that in our previously published work.17 To summarize the
synthesis process, 10.10 g of P123 was dissolved in 180 ml of
J. Mater. Chem. A, 2024, 12, 10507–10527 | 10521

https://doi.org/10.1039/d3ta07909k


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 2
7 

m
ar

s 
20

24
. D

ow
nl

oa
de

d 
on

 2
02

5-
01

-2
4 

19
:5

9:
05

. 
View Article Online
1.6 M HCl in a 1.0 l round-bottom ask. Subsequently, 0.21 g of
NH4F and 13.33 g of mesitylene were added. In another beaker,
10.41 g of sodium metasilicate was dissolved in 135.67 g of
distilled water. Both solutions were heated to 47 °C. Aer 30
Fig. 12 The general experimental synthesis procedure for supported LP

10522 | J. Mater. Chem. A, 2024, 12, 10507–10527
minutes of stirring, the contents of the rst beaker were added
to the round-bottom ask and stirred for an additional 10
minutes. Subsequently, the ask was le unstirred under reux
for 24 hours before transferring the contents to a PTFE
AlSi sorbents.

This journal is © The Royal Society of Chemistry 2024
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autoclave, which was then placed in an oven at 100 °C for
another 24 hours. The synthesis was completed by ltration, air
drying, and calcination for 6 hours at 580 °C.

Large-pore AlMCM-41 aluminosilicate (LPAlSi) was synthe-
sized following the procedure published by Ziaei-Azad et al.92 In
brief, 1.25 g of CAB-O-Sil was added to a beaker containing
a solution of 15.6 g of TMAOH and 34.6 g of distilled water. In
another beaker, 15 g of CTAB was dissolved in 125 g of distilled
water along with 5.0 g of ammonia. Aer one hour of mixing,
the desired amount of NaAlO2 was added (1.14 g for a 15 Si/Al
molar ratio). Subsequently, 11.25 g of CAB-O-Sil was slowly
introduced to the mixture and stirred for 30 minutes. Then,
11.25 g of DMHA was added as a pore-expanding agent, and the
mixture was stirred for an additional 30 minutes. The resulting
mixture was transferred to a PTFE autoclave and placed in
a preheated oven at 70 °C for 72 hours. Finally, the material was
ltered, air-dried, and calcined for 6 hours at 580 °C.

The supports were functionalized with IPTMS or CPTMS to
act as an initiator for the in situ polymerization of MeOX, EtOX,
and PhOX.17 To do this, 2.0 grams of the dried support were
mixed with 3.0 grams of the initiator (IPTMS or CPTMS) in 50ml
of xylenes. The mixture was kept under stirring at room
temperature for one hour under a nitrogen atmosphere, and
then the temperature was raised to 90 °C, where it was main-
tained for 24 hours. Subsequently, 0.10 ml of distilled water was
added, and the mixture was le for an additional 24 hours. The
resulting material was ltered, washed with xylene and diethyl
ether, and then dried in a vacuum oven at 80 °C.

The cationic ring-opening polymerization (CROP) of EtOX,
MeOX, and PhOX to produce poly(2-ethyl-2-oxazoline), poly(2-
methyl-2-oxazoline), and poly(2-phenyl-2-oxazoline), respec-
tively, was conducted as follows.17 Initially, 5.0 grams of the
monomer (MeOX, EtOX, or PhOX) were mixed with 0.5 grams of
the dried functionalized support and 10.0 grams of benzonitrile
at room temperature under a nitrogen atmosphere for one hour.
Subsequently, the temperature of the mixture was increased to
90 °C and maintained for 48 hours or until the material solid-
ied. The solid material was then dispersed in 50 ml of distilled
water, followed by ltration and washing with water and
acetone.

To hydrolyze poly(2-ethyl-2-oxazoline), poly(2-methyl-2-
oxazoline), and poly(2-phenyl-2-oxazoline) in order to remove
the amide functional groups and obtain linear poly-
ethylenimine (LPEI), the materials were mixed with 5 M HCl
and heated under reux for 24 hours at 90 °C. This was followed
by ltration, redispersion in 50 ml of distilled water, adjusting
the pH to 10 with 1 M NaOH, another round of ltration,
washing with acetone, and nal drying in a vacuum oven at
40 °C. Fig. 12 illustrates a schematic diagram of the function-
alization process starting with LPAlSi as the support.
3.3 Characterization

Various techniques and machines were used to characterize the
synthesized materials. Porosimetry analysis was conducted
using an ASAP 2020 analyzer from the USA, which utilized
nitrogen adsorption isotherms at −195.8 °C. Approximately
This journal is © The Royal Society of Chemistry 2024
100 mg of the material was degassed in stages under vacuum,
with the rst stage held at 40 °C for one hour, followed by
a gradual temperature increase (2 °C min−1) to 130 °C for the
supports and 100 °C for the sorbents for 6 hours. Subsequently,
the sample tube was placed at the analysis port, and different
amounts of N2 were dosed, allowing the sample to reach equi-
librium at each partial pressure. The surface area was calculated
based on the linear section of the BET equation within the 0.05
to 0.25 relative pressure range. Pore size and pore volume were
determined using the BJH (Barrett, Joyner, Halenda) method.
Furthermore, the stability of the supports and the decomposi-
tion of the sorbent to determine the organic content were tested
using a thermogravimetric analyzer (TGA) 8000 from Perki-
nElmer, USA. In each run, approximately 10 mg of the material
was placed in a ceramic crucible and heated to 800 °C under
nitrogen, with a heating rate of 5 °C min−1. Organic elemental
CHN content of the materials was measured using a Unicube
CHNS elemental analyzer. In a typical analysis, approximately
2 mg of the materials were combusted in nitrogen. To gain
insight into the available functional groups, the FTIR spectrum
between 400 and 4000 cm−1 of the materials was recorded using
a Spectrum Two FTIR spectrometer from PerkinElmer, USA.
This was achieved by grinding the sample with KBr. Bulk
chemical analysis of powdered samples was performed using
a Bruker S2 PUMA ED-X-ray uorescence spectrometer, USA,
equipped with an Ag X-ray source and He-assist for quantitative
light element analysis. Lastly, the morphology and surface
structure of the prepared materials were examined using
a scanning electron microscope (SEM) Quanta FEG 250, which
was equipped with an EDX analyzer for elemental mapping,
manufactured by the FEI Company in the USA.
3.4 Adsorption measurements

The gravimetric absorption of CO2 under dry conditions was
assessed using a TGA 8000 at a concentration of 400 ppm. This
test aimed to simulate 50 cycles of adsorption/desorption
stability due to the easier automotive operation compared to
the manual breakthrough set-up. In a typical experiment,
approximately 10 mg of the sorbent was loaded into a ceramic
crucible, followed by degassing at 100 °C under nitrogen to
remove any solvents or pre-adsorbed gases. Subsequently, the
temperature was lowered to the desired adsorption temperature
(30 °C), and equilibrium was established with nitrogen for 20
minutes before switching the gas to 80 ml min−1 of 400 ppm
CO2 for four hours. The CO2 uptake by TGA can be calculated as:

q ¼ 1000

MWCO2

ðN
0

�ðmt �m0Þ
mdeg

�
dt (17)

where ‘q’ stands for the CO2 uptake, ‘m’ is the mass of the
sorbent, and subscripts t, 0, and deg represent the sample mass
at time t, at zero time (when gas is switched to CO2), and at the
end of degassing. MWCO2

is CO2 molecular weight which is 44 g
mol−1.

Volumetric CO2 and N2 isotherms were measured using
a TriStar II Plus analyzer. Aer repeating the same degassing
step conducted for porosity analysis, the sample was exposed to
J. Mater. Chem. A, 2024, 12, 10507–10527 | 10523
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a specic amount of gas (CO2 or N2) and allowed to reach
equilibrium. This process was repeated at various pressures,
ranging from 0.04 mbar to 1000 mbar.17

Breakthrough adsorption experiments were conducted with
varying humidity and temperatures using our in-house-built
laboratory setup, as depicted in Fig. 13. About 0.1 g of the
degassed sample was placed between glass wool layers in
a double-pipe glass column with dimensions of 5.5 inches in
length and a 0.5 inch internal diameter. The experiment began
by performing a leak test by monitoring the pressure gauge aer
the system was pressurized with helium. Once the leak check
was successfully completed, the mass spectrometer, Cirrus 2
from MKS Instruments, Inc. was calibrated via the bypass line.
Next, adsorption conditions were set by adjusting the temper-
ature of an oil bath circulating oil on the shell side of the
adsorber and the relative humidity was adjusted by controlling
the gas owrate through a bubbler and the bypass line con-
nected to the bubbler. A SensorPush HT1 was used to record the
relative humidity while the bed temperature was recorded using
a wireless sensor. The sample was then equilibrated with
a nitrogen ow of 80 ml min−1 for 30 minutes, with ow rates
regulated by mass ow controllers (MFCs). Subsequently, the
gas was changed to 400 ppm of CO2, balanced with nitrogen. To
regenerate the sorbent, the oil bath set point was raised to 100 °
C and held there for 30 minutes under a nitrogen atmosphere.

The CO2 uptake can be calculated using a mass balance
approach, which involves determining the accumulation term:

nacc = nin − nout (18)
10524 | J. Mater. Chem. A, 2024, 12, 10507–10527
Here, ‘nacc’ represents the accumulatedmoles of CO2, ‘nin’ refers
to the entering moles, and ‘nout’ accounts for the moles of CO2

leaving the bed. The accumulated CO2 molecules consist of the
sum of adsorbed CO2 and the CO2 molecules in the dead
volume. We determined the dead volume by passing helium
through the bypass line (Fig. 13) and then switching to 400 ppm
CO2, measuring the time taken for the signal to be detected by
the QMS, which corresponds to the time the gas ows through
the system. Solving eqn (18) with the ideal gas equation yields:IðN

0

�
finPavgyCO2 ;in

RTin

�
dt�

ðN
0

�
foutPavgyCO2 ;out

RTout

�
dt

¼ q�msorbent þ Pavgyi;in

RTbed

Vd (19)

n the provided context, ‘fin’ and ‘fout’ represent the entering and
leaving ow rates, respectively. ‘Pavg’ denotes the average pres-
sure, which is maintained at a low level below 150 mbar, given
the minimal drop in pressure through the bed. ‘yCO2,in’ and
‘yCO2,out’ stand for the CO2 mole fraction at the inlet and the
outlet, respectively. ‘q’ represents the CO2 adsorption capacity,
‘msorbent’ is the mass of the sorbent, and ‘Vd’ indicates the dead
volume. The calculation of CO2 uptake involves solving eqn (19)
for ‘q’ as detailed in ref. 17 and 93–97.

4. Conclusions

In this research, we achieved different amine loadings by
employing various initiators and monomers in the in situ
cationic ring-opening polymerization of 2-oxazolines onto two
This journal is © The Royal Society of Chemistry 2024
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distinct supports, MSF and LPAlSi. We evaluated the CO2

capture performance of these custom-made sorbents across
a wide range of adsorption conditions, spanning temperatures
from −20 °C to 60 °C and relative humidity (RH) levels from 0%
to 83%, which accurately represent a realistic direct air capture
(DAC) concept. CO2 uptake followed a specic trend based on
the amine loadings. The higher the amine content, the greater
the CO2 uptake, up to a certain point. Beyond this point, any
additional increase in amine loadings resulted in a decline in
CO2 uptakes. Several factors affected the amine loadings:

The pore volume and pore size of the supports: MSF, with
a pore volume of 2.93 cm3 g−1 and a pore size of 30 nm,
exhibited higher loadings compared to the LPAlSI support,
which had a pore volume of 2.13 cm3 g−1 and a pore size of
9 nm.

The choice of initiator: samples with CPTMS displayed
higher loadings due to the greater degree of polymerization
caused by the higher electrophilicity index of chlorine
compared to iodine in IPTMS.

The size and branching of the monomer: increased
branching led to less polymerization due to diffusion limita-
tions and conned space within the pores of the supports, as
well as the size of the amide side chain, which is cleaved during
hydrolysis.

Taking these factors into account, the MSF–C–EtOX sorbent
exhibited the highest CO2 uptakes among the other sorbents.
The temperature's effect on adsorption was signicant, result-
ing in an increase in CO2 uptake up to a certain temperature,
aer which it began to decrease. Under dry conditions, the
volumetric CO2 uptakes were highest at 40 °C, with MSF–C–
EtOX reaching 1.72 mmol g−1 at 0.4 mbar. Conversely, the
presence of moisture affected the reaction mechanism, result-
ing in a different optimum adsorption temperature of 20 °C and
a CO2 uptake of 2.45 mmol g−1 with signicant uptakes at 0 and
−20 °C of 1.88 and 1.40 mmol g−1, respectively. Relative
humidity displayed a similar behavior, with CO2 uptakes
enhanced up to an optimum adsorption relative humidity of
62%, aer which they declined due to pore blockage by water
molecules. The Avrami kinetic model and Langmuir dual site
adsorption isotherm proved to be the best models for repre-
senting the experimental data under different adsorption
conditions, with the lowest residual sum of squares (RSS%) and
average relative error (ARE%) values and R2 values close to
unity. Finally, due to the chemical bonding between the amines
and the supports, the sorbent exhibited excellent stability
during long-term cyclic operation, with 50 cycles under dry
conditions and 10 cycles under humid conditions showing only
minor uctuations. These results indicate that in situ poly-
merized amines within silica and silica-alumina have high
potential as DAC sorbents across a broad range of adsorption
conditions that represent atmospheric conditions worldwide.
While further investigation is required to optimize the sorbents
and their shaping, rather than using them in powder form, to
make them more industrially viable, these ndings contribute
to expanding the scope of DAC operating conditions, which is
crucial for negative emission technologies.
This journal is © The Royal Society of Chemistry 2024
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