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A B S T R A C T

The ultralow atmospheric partial pressure of CO2 (~40 Pa) presents a significant challenge for direct air capture 
(DAC). In this study, high-performance porous aerogel adsorbents are prepared using the unidirectional free-
zing–ice-templating method. The dispersion of the mixed solution is effectively improved by particle size 
modulation, and functionalized materials with abundant gas channels are constructed by the rapid cooling of 
liquid N2. The adsorbents feature a cross-structure comprising monolayer active components and nanoscale 
layered carriers. The unique micro/mesoporous composite structure of the adsorbents facilitates gas-phase 
transport. When the functional group efficiency is increased by 5.8 times, the prepared adsorbents demon-
strate excellent CO2 capture capacity (1.17 mmol/g and 148 mol/m3) and a low adsorption half-time (1.28 min). 
The unique cross-structure of the adsorbents renders them hydrophobic; thus, they show higher adsorption ca-
pacity at high humidity than other moisture swing adsorbents. At the molecular scale, quantum chemical cal-
culations show that appropriate coordination between the active components and carriers enhance the water 
vapor hindering ability of the adsorbents. The developed aerogel adsorbents significantly expand the application 
scenarios for moisture swing adsorbents and enhance the efficiency of DAC.

1. Introduction

Given the contribution of greenhouse gas emissions, particularly 
CO2, to global warming, efforts to reduce CO2 emissions cannot be 
delayed. The development of negative-emission technologies is neces-
sary to limit the global temperature rise to 1.5 ℃ [1,2]. Direct air cap-
ture (DAC) is important to effectively capture CO2 from mobile sources. 
DAC offers advantages such as low environmental risk, low land de-
mand, and substantial potential for emission reduction. The Intergov-
ernmental Panel on Climate Change report “Climate Change 2022 
Mitigation of Climate Change” stated that DAC has the potential to 
capture nearly 100 billion tons of CO2 by the end of this century [3]. 
Similarly, in 2022, the International Energy Agency released a special 
report on DAC, recognizing it as “a key technology for net-zero emis-
sions” [4].

The ultralow atmospheric partial pressure (P/P0) of CO2 (~40 Pa) 
poses a significant kinetic challenge in capturing CO2 directly from 
ambient air [5]. Natural processes, such as photosynthesis and ocean 
CO2 uptake, capture CO2 from the atmosphere at very low rates of 10− 6 

and 10− 8 mol/(m2 s1), respectively [6]. The kinetics of CO2 adsorption 
using artificial materials based on DAC technology can be hundreds of 
times higher than that of natural procedures. Earlier DAC materials, 
such as alkaline metal oxides [7], alkaline metal hydroxides [8], amine 
solutions [9], and solid amines [10–13], were usually used for flue gas 
capture. Alkaline metal-based absorbents have been widely imple-
mented in commercial applications. However, further research is needed 
to address the high temperatures required for the regeneration of these 
absorbents [14]. Recent studies have demonstrated that solid amines 
can be used for adsorption with lower exergy consumption, offering a 
potential alternative [15]. It is also crucial to prevent the oxidative 
degradation of solid amine adsorbents [16]. Both alkaline metal-based 
absorbents and solid amine adsorbents have high heat requirements. 
The moisture-swing adsorption (MSA) process, which utilizes quater-
nary ammonium (QA) adsorbents, presents a promising solution to the 
challenges of high heat demand and material instability [17,18]. In the 
MSA procedure, CO2 adsorption occurs under low humidity conditions, 
while desorption takes place in high humidity environments, typically at 
100 % RH.
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In recent years, interest in DAC materials with porous structures has 
grown, as such materials provide molecular transport channels that are 
essential for both the functionalization of the active substrate and the 
CO2 adsorption process [6,19,20]. Functionalization is commonly ach-
ieved through impregnation, grafting, and in situ polymerization. Pre-
vious studies revealed that amine molecules, owing to their high surface 
potential, tend to selectively occupy smaller pores (typically < 10 nm) 
during impregnation [21,22]. However, this phenomenon results in 
complete pore-filling, which hampers CO2 transport, particularly in 
adsorbents with predominantly microporous structures. The use of ad-
sorbents primarily composed of mesoporous and macroporous mate-
rials, such as aerogels, mesoporous alumina, and mesoporous silica, is 
recommended to overcome this limitation.

Aerogels are porous materials with a three-dimensional hierarchical 
network structure, including macropores, mesopores, and micropores 
[23]. Considering its low density, high specific surface area, controllable 
pore size, and good stability, aerogels have been used by some re-
searchers as backbone materials for porous DAC adsorbents. Shi et al. 
[24] proposed a chitosan-based aerogel adsorbent with a CO2 adsorption 
capacity of 0.18 mmol/g at 30 ℃, along with an adsorption half-time (t1/ 

2) of 7 min. As an active substrate for aerogel adsorbents, the quaternary 
ammonium functional group is characterized by low energy consump-
tion owing to its moisture swing adsorption ability; specifically, this 
functional group utilizes moisture swing instead of heat or electrical 
energy to achieve CO2 adsorption/desorption [25]. Previous studies on 
moisture swing adsorbents have focused more on enhancements in their 
CO2 adsorption capacity than on their kinetics [26]. Hou et al. [27]
prepared quaternized cellulose (QCL) with a CO2 t1/2 of 9.8 min at room 
temperature. Wang et al. [6] developed a predominantly mesoporous 
QA resin adsorbent and reported a t1/2 of 2.9 min, which was the lowest 
value reported at that time. Porous adsorbents for the removal of other 
acid gases are also of concern. Kan et al. [28] recently proposed a 
foamed Ce-MOF single crystals designed from a multiscale co-assembly. 
The adsorbent possessed well defined microporous tandem-ordered 
meso-macroporous foams. It delivered exceptional performance than 
many other adsorbents in terms of the high-temperature reversible 
adsorption and separation of SO2.

This study addresses the kinetic challenges of DAC adsorbents 
brought about by ultralow CO2 P/P0 by preparing aerogel adsorbents 
using the freezing–ice-templating method with QCL and macroporous 
ion-exchange resin (IRA) powder as active substrates. We explored the 
synthesis of QCL and analyzed the effects of the etherizer dosage and 
reaction time. The effect of substrate dosage on the aerogel adsorbents as 
well as their CO2 adsorption capacity at 400 ppm CO2 and different 
relative humidities (RHs) were also explored. The peak adsorption ca-
pacity of the adsorbents demonstrated a unique phenomenon in the 
medium-humidity range. Variations in the water vapor hindering ability 
of the different aerogel adsorbents were compared using macroscopic 
and microscopic simulations. In addition, the mechanism of the H2O 
effect during CO2 adsorption was proposed. The QCL- and IRA-based 
aerogel adsorbents were characterized using Fourier transform 
infrared spectrometry (FTIR), scanning electron microscopy (SEM), N2 
adsorption–desorption (Brunauer–Emmett–Teller [BET]) analysis, static 
H2O contact angle tests, and H2O isothermal adsorption analysis. The 
aerogel adsorbents synthesized in this study provide an effective strat-
egy for CO2 capture in wet environments (50 %–80 % RH) while 
maintaining high CO2 adsorption capacity and kinetics.

2. Materials and methods

2.1. Materials

QA cross-linked polystyrene (PS) resin was purchased from Rhawn 
Reagent Co., Ltd. Polyvinyl alcohol (PVA) was purchased from National 
Pharmaceutical Group Chemical Reagent Co., Ltd. The alcoholysis de-
gree of PVA was 99 % and the degree of polymerization was 1700. The 

resins were purified according to standard procedures and then dried at 
70 ℃ for 8 h. The pretreated IRA particles were pulverized by me-
chanical stirring and sorted using a 200-mesh (d=75 μm) sieve tray. 
Liquid N2, high-purity N2, and CO2 were obtained from Jingong Special 
Gas Company. The deionized (DI) water used in the experiments was 
prepared in the laboratory.

Glycidyl trimethyl ammonium chloride (GTMAC) was purchased 
from Aladdin. Sodium chlorite was purchased from Macklin. Cellulose 
was obtained from poplar wood as the biomass raw material, purified, 
crushed, sieved to 80–100 mesh, and dried overnight at 105 ℃. The 
method of Hu et al. [29,30] was used to purify the cellulose and suc-
cessively remove lignin and hemicellulose from the biomass raw mate-
rials; Fig. S1 shows the steps for this process.

2.2. Fabrication of QCL or IRA aerogels

Material preparation. IRA powder was dipped in a 1 M Na2CO3 
aqueous solution for 2 d for complete ion exchange and then dried at 40 
℃. Cellulose was quaternized according to the method of Marc et al. 
[31]. Specifically, 5 g of purified cellulose was placed in 100 mL of 4 wt 
% NaOH and left to rest overnight. A certain amount of GTMAC (2.9, 
5.8, or 8.7 g/g CL) as the etherizer was added to the mixture and reacted 
at 65 ℃ for 9, 18, or 27 h (Fig. 1a). The reaction product was pumped 
and filtered, ion-exchanged using the same procedure as that for IRA 
powder, and dried at 40 ℃ for further use [32]. A certain amount of PVA 
was added to DI H2O at 95 ℃ to prepare a 1 wt% solution.

Aerogel fabrication. The aerogels were fabricated as shown in 
Fig. 1b. The solid content of the active component was 2 %. QCL or IRA 
and DI H2O were added to a beaker, followed by 1 wt% PVA solution, 
which was added according to the required ratio (active component 
weight = 50, 70, and 90 wt%), and mixed. The mixture was evenly 
dispersed by ultrasonication for 15 min and transferred a polytetra-
fluoroethylene (PTFE) mold. The PTFE mold was placed on a Cu plate in 
a stainless-steel container. Liquid N2 was poured into the container until 
the solution in the mold was completely frozen, and the mold was 
transferred to a freeze-dryer. Lyophilization was performed for 72 h to 
obtain the aerogels.

2.3. Characterization methods

The cellulose content of poplar wood was measured using the 
Van–Soest method. A vario EL cube elemental analyzer was used to 
determine the C, H, and N contents of the samples. SEM images were 
acquired using a Hitachi SU8010 instrument. Elemental distributions 
were analyzed using an X-Max 80 energy dispersive spectrometer (EDS, 
Oxford Diffraction, Co., Ltd., England). N2 physisorption experiments 
were performed on a Micrometrics ASAP2460 instrument at 77 K. Sur-
face areas were estimated using the BET method, and the data were 
obtained at P/P0 ranging from 0.05 to 0.3. Pore volumes were estimated 
from the total N2 sorption at a P/P0 of 0.99. Pore size distributions were 
estimated using the nonlocal density functional theory (NLDFT) model. 
A Nicolet iS20 FTIR spectrometer (Thermo Scientific) equipped with an 
attenuated total reflectance (ATR) accessory was used to collect FTIR 
spectra. Densities were measured using a DMA 4200 M density meter 
(Anton Paar). The static H2O contact angles of the materials were 
measured using a Dataphysics OCA20 instrument. This test was repeated 
three times to obtain the average contact angle⋅H2O equilibrium 
adsorption capacities were measured using a BELSORP Max II instru-
ment (Japan) based on gravimetric analysis. Calorimetric curve was 
measured by Differential Scanning Calorimetry (DSC, TA Q2000- 
DSC2500, Co., Ltd., USA).

2.4. CO2 adsorption/desorption measurements

The CO2 adsorption/desorption tests were performed in a fixed-bed 
reactor (Fig. S2). First, the airtightness of the reaction device was 
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tested, and the gas leakage error was determined to be neglectable. The 
CO2 P/P0 was maintained at 400 ppm, and the RH in the system was 
maintained using a laboratory-made humidity control device. The CO2 
and H2O concentrations were measured using a high-precision gas 
analyzer (Li-840A). The H2O concentrations were 5, 10, 15, and 20 parts 
per thousand (ppt), corresponding to RH values of 21.2 %, 42.3 %, 63.5 
%, and 84.7 %, respectively, at 20 ℃. All other specific steps were 
consistent with those described in our previous study [33].

The CO2 adsorption capacity qad (mmol/g) was calculated as follows: 

qad =
qinj - ceV0 × 10− 3

mVm
, (1) 

where qinj (ml) is the total volume of CO2 injected into the system, ce 
(ppm) is the CO2 concentration at equilibrium, V0 (L) is the reactor 
volume, m (g) is the mass of the resin or cellulose, and Vm (L/mol) is the 
molar volume.

The CO2 desorption capacity qde (mmol/g) was calculated as follows: 

qde =

∫ tde

0

QN2 c
60 × 103mVm

dt, (2) 

where QN2 (L/min) is the N2 purge flow rate, c (ppm) is the outlet CO2 
concentration, and tde (s) is the desorption time.

To better describe the CO2 capture conditions in a real adsorption 
reactor, we defined the CO2 spatial capture capacity qm

3 (mol/m3) using 
the following expression: 

qm3 = f ⋅ρ⋅qsa, (3) 

where f is the filling rate of the adsorbents in the reactor, ρ is the density 
of the adsorbent material, and qsa is the CO2 adsorption capacity of the 
adsorbent. Because the adsorbents developed in this study can be filled 

directly into the reactor, f is related to the actual space occupied by the 
adsorbents inside the reactor; in this work, f was selected as 0.19–0.22.

For the adsorbent adsorption–desorption cycle in the real process, 
driving the adsorbent adsorption process using continuous purge with 
400 ppm CO2 (air flow) in the adsorption process. The desorption pro-
cess is driven by spraying water to wet the adsorbent to desorb the CO2. 
The desorbed CO2 can then be further purified by vacuum, distillation 
and other means of concentration.

2.5. H2O adsorption and CO2 adsorption kinetics models

The Guggenheim − Anderson − de Boer (GAB) model, which has 
been widely used in H2O sorption studies, was applied to fit the exper-
imental data. The GAB model is expressed as: 

qH2O = Cm
CGKadshr

(1 − Kadshr)(1 + (CG − 1)Kadshr)
, (4) 

where qH2O is the H2O adsorption capacity measured in the experiment, 
Cm (mmol/g) is the H2O adsorption capacity of the monolayer, CG and 
Kads are temperature-dependent parameters, and hr is the RH.

The pseudo-first-order (PFO), pseudo-second-order (PSO), mixed- 
order (MO) and Linear models were used to describe the CO2 adsorp-
tion kinetics. The PFO, PSO, and Linear models can be expressed as in 
Eq. S1, S2 and S3, respectively. The MO model is a comprehensive 
model based on the PFO and PSO models. This model can be written as: 

qad =
(qek1 + q2

ek2)e− tk1 − qek1 − q2
ek2

qek2e− tk1 − k1 − qek2
, (5) 

where qe is the saturation capacity for CO2 adsorption, t (min) is the 
adsorption time, and k1 and k2 (min− 1) are mixed-order kinetic 

Fig. 1. Schematic of the aerogel adsorbents. (a) Quaternization process of cellulose. (b) Fabrication procedure of the QCL/IRA aerogels.
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constants.

2.6. Quantum chemistry simulations

All quantum chemical simulations were performed using Gaussian 
16 based on density functional theory (DFT). B3LYP++G (d, p) was 
selected as the basis set. For comparison, M062X/def2TZVP and CCSD 
(T)/cc-pVTZ were also selected as basis sets for parallel calculations. 
The single-point energy of a specific molecule and the transition state of 
the reaction between the QA functional group and a CO2 molecule was 
simulated. The Mathers hydrophobicity parameter (MHP), which can be 
written as log P⋅SA− 1, was calculated to analyze the water vapor hin-
dering ability of the adsorbents [34]. The octanol–H2O partition con-
stant (log P) of the molecules was calculated using ChemDraw [35]. The 
surface areas (SA) of the monomer molecules were calculated using 
Multiwfn [36].

3. Results and discussion

3.1. Optimization of the synthesis of QCL

In our previous study, we confirmed the importance of maintaining 
the correct alkali-to-cellulose ratio to facilitate quaternization [27]. 
Excess alkali can impede the quaternization reaction by engaging in side 
reactions with GTMAC and leach out QA cations, both of which 
contribute to declines in conversion. Therefore, based on our earlier 
work, we selected an alkali–CL ratio of 1.2 as the NaOH dosage in this 
study. We assessed the effects of the reaction time and GTMAC quantity 
on cellulose quaternization using three variable values based on the 
literature. To gauge the degree of cellulose quaternization, we intro-
duced the concept of functional group loading (FGL), which was 
calculated as 10 × N%/14, where N% represents the elemental N con-
tent measured by elemental analysis [37].

Fig. 2a shows notable differences in the FGL values of the different 
QCL samples. A reaction time of 9 h was insufficient for the quaterni-
zation reaction; although FGL increased with the GTMAC amount, this 
reaction time was not as effective as longer reaction times. A reaction 
time of 18 h appeared to be more suitable, as the FGL was maintained at 
an acceptable level for different amounts of GTMAC. Longer reaction 
times resulted in minimal gains or even negative effects, possibly 
because of the conversion of QA cations owing to the prolonged reaction 
time (for more details, see Table S1). Next, we assessed the quaterni-
zation effects of the GTMAC dosage under a reaction time of 18 h 

(Table 1). A low GTMAC dosage led to an insufficient reaction; that is, 
excess cellulose remained in the reaction system, leading to low con-
version. Conversely, a higher GTMAC dosage led to side reactions. In the 
FTIR spectra, the characteristic peak of the skeletal vibrations of the QA 
functional group can be detected at 1428 cm− 1 [38]. The use of a 
GTMAC dosage of 8.7 g/g CL resulted in the occurrence of side reactions, 
as evidenced by the appearance of the typical characteristic peak of 
primary amine C–N vibrations at 1160 cm− 1 [39] (Fig. 2b). Thus, 
considering the reaction conversion rate and time cost, a GTMAC dosage 
of 5.8 g/g CL and reaction time of 18 h were selected as the optimal 
synthesis conditions for QCL. The N% of the QCL obtained under these 
working conditions was 72 % higher than that in our previous work 
[27].

3.2. Screening of QCL/IRA aerogels

To facilitate differentiation among the samples, we named the 
samples according to their type of active component (QCL or IRA) and 
the weight percentages of these components. For example, the aerogel 
(Ae) sample Ae-0.5QCL-0.01PVA was prepared with 50 wt% QCL and 1 
wt% PVA solution. Aerogel adsorbents were first screened at the pore- 
structure level. Fig. 3a–d show that all aerogel samples exhibit type-IV 
N2 isotherms and type-H3 hysteresis loops, indicating that they have 
typical mesoporous structures [38]. The pore volume distributions of 
different pore size ranges indicated that mesopores and macropores 
were the main components of the pore volume (Fig. 3e). As shown in 
Table 2, all aerogel samples were dominated by mesopores and macro-
pores, and the average pore size was concentrated in the range of 15–30 
nm. This result indicates that the aerogel structure has abundant gas 
channels for CO2 mass transfer. The characteristic FTIR spectra of the 
aerogels are shown in Fig. 3f. PVA exhibits characteristic peaks at 1423 
cm− 1 (bending vibrations of the hydroxyl structure) and 2928 cm− 1 

(asymmetric stretching vibrations of the CH2 group) [40]. The QA 

Fig. 2. Quaternization results. (a) Quaternization time and functional group loading (FGL). (b) FTIR spectra of raw cellulose and QCL.

Table 1 
Elemental analysis of cellulose samples with different GTMAC amounts.

GTMAC 
dosage

Quaternization time 
(h)

C (%) H (%) N (%)

Raw 
cellulose

/ / 41.407 6.354 0

Sample 1 2.9 g/g CL 18 h 37.398 6.244 0.895
Sample 2 5.8 g/g CL 18 h 40.696 6.952 1.326
Sample 3 8.7 g/g CL 18 h 39.862 6.644 0.982

H. Dong et al.                                                                                                                                                                                                                                    Separation and Puriϧcation Technology 355 (2025) 129588 

4 



functional group exhibits characteristic peaks at 1449 cm− 1 (skeletal 
vibrations), 1089 cm− 1 (C-N stretching), and 1728 cm− 1 (C=O stretch-
ing) [33], indicating that the active functional group was not modified 
or detached during the fabrication of the aerogel adsorbents.

The BET surface area and pore volume the QCL aerogels decreased 
with increasing QCL dosage because PVA, when prepared into an aer-
ogel, tends to become more porous than cellulose, which has pores at the 
micrometer level and lacks inherent pores. Consequently, the pore 

Fig. 3. Pore structure characterization. (a) N2 physisorption isotherms of the QCL aerogels. (b) Pore size distributions of the QCL aerogels calculated using the NLDFT 
model. (c) N2 physisorption isotherms of the IRA aerogels. (d) Pore size distributions of the IRA aerogels calculated using the NLDFT model. (e) Pore volumes of QCL 
and IRA aerogels with different pore size ranges. (f) FTIR spectra of the aerogels.

H. Dong et al.                                                                                                                                                                                                                                    Separation and Puriϧcation Technology 355 (2025) 129588 

5 



structures of QCL aerogels prepared with higher QCL dosages were 
nonideal for their intended purpose. By contrast, the IRA aerogels 
showed improved BET SA and pore volumes compared with the QCL 
aerogels at different IRA dosages owing to the abundant pores present in 
the IRA powder. However, aerogels prepared with higher IRA dosages 
are easily loosened and exhibit poor mechanical strength. Therefore, 
from the perspective of pore structure, moderate dosages of both QCL 
and IRA are recommended. In summary, aerogel materials produced 
through the freezing–ice-templating method demonstrated significant 
improvements in pore space compared with the earlier adsorbents QAR- 
CA [33]. The enriched pore structure of the aerogels prepared in this 
work plays a crucial role in enhancing CO2 mass transfer and acceler-
ating the CO2 adsorption process.

The unidirectional freezing–ice-templating method plays a signifi-
cant role in the creation of numerous laminar pores, as depicted in the 
SEM images of the aerogel adsorbents in Fig. 4. The overviews of the 
QCL and IRA aerogels revealed CL fibers blended with PVA, creating a 
virtually indistinguishable mixture. The IRA powder was enclosed 
within the laminar structure of the PVA. Notably, aerogels with different 
dosages of the active component exhibited variations in pore structure. 
For the QCL aerogels, a distinct layer-like aerogel structure with evenly 
distributed pores within and between layers was observed; this structure 
is a characteristic of materials prepared using the freezing–ice-tem-
plating method [41]. The EDS profiles of the IRA aerogels revealed a 
uniform IRA powder distribution (Fig. S3). The IRA aerogels exhibited a 
heterogeneous structure. Aerogels prepared with 50 and 70 wt% IRA 
showed a hierarchical structure, while that prepared with 90 wt% IRA 
revealed no regularity. Differences in plasticity between IRA powder and 

QCL could result in a pore structure that may contain dead pores in the 
IRA aerogels, which would impede gas-phase mass transfer. By contrast, 
CO2 transport within the pores of the QCL aerogels may occur smoothly.

After the initial screening of the aerogel adsorbents based on their 
pore structure, their CO2 capture performance was screened using CO2 
adsorption tests. The same RH (21.2 % RH) was maintained in all tests, 
and the CO2 concentration was maintained at 400 ppm to assess the 
adsorption performance of the materials at ultralow CO2 concentrations; 
the CO2 t1/2 was used as the kinetic index for material evaluation. The 
CO2 adsorption capacity of the QCL aerogels increased with increasing 
QCL dosage, and t1/2 was slowest at 90 wt% QCL, which could be 
attributed to the poor pore structure and slow gas-phase mass transfer 
rate of the material resulting from high QCL dosage used (Fig. 5a). Both 
the CO2 adsorption capacity and t1/2 of the IRA aerogels showed optimal 
values at a 70 wt% dosage. However, all IRA aerogel adsorbents 
exhibited low CO2 adsorption performance (Fig. 5b).

3.3. Optimization of the pore structure of the IRA aerogel adsorbents

In the preceding section, we observed the absence of a regular 
interlayer pore structure in the IRA aerogels, which raises concerns on 
the potential presence of dead or poorly connected pores that could 
impede CO2 gas-phase mass transfer. Thus, we sought to enhance the 
pore structure of the IRA aerogels. As shown in Fig. 4, the interlayer pore 
spacing of the PVA-containing aerogels is only a few micrometers. Our 
attempt to effectively encapsulate IRA powder with a particle size of 75 
μm within these interlayer pores proved to be challenging, leading to the 
unfortunate loss of active components. Owing to the robust plastic 
toughness of the resin particles, conventional ball milling was ineffec-
tive in further reducing the particle size. Thus, we employed mechanical 
pulverization to control the IRA powder particle size to 50 and 40 μm. 
Adjustments to the concentration of the PVA solution also played a 
crucial role in optimizing the dispersion of the IRA powder within the 
solution by preventing powder settling.

Fig. 6a shows the apparent morphology of Ae-0.7IRA (40 μm)- 
0.01PVA. The predominant feature along the longitudinal axis of the 
aerogel was the encapsulation of the IRA powder within the PVA 
lamellar structures. A more regular lamellar pore structure can be 
observed in the radial direction. Smaller particle sizes facilitated better 
integration of the IRA powder into the PVA lamellar structure, simul-
taneously serving as pore expanders and increasing the interlayer pore 
spacing from a few micrometers to 10 μm or larger. The pore structure 
appeared as a cross-structure comprising monolayer active components 
and nanoscale layered carriers. Larger particle sizes (75 μm) are corre-
lated with increased density, leading to the settling of the IRA powder in 

Table 2 
BET surface areas, pore volumes, and pore diameters of all aerogel samples.

SBET 

(m2/g)
Pore 

volume 
(cm3/g)

Nonmicropore pore 
volume (cm3/g)

Average pore 
diameter (nm)

Ae-0.5QCL- 
0.01PVA

14.37 0.106 0.105 21.76

Ae-0.7QCL- 
0.01PVA

10.72 0.087 0.085 29.85

Ae-0.9QCL- 
0.01PVA

9.84 0.068 0.067 24.71

Ae-0.5IRA- 
0.01PVA

17.43 0.117 0.115 19.71

Ae-0.7IRA- 
0.01PVA

20.75 0.162 0.160 26.17

Ae-0.9IRA- 
0.01PVA

20.47 0.083 0.081 16.27

Fig. 4. SEM images of the (a) QCL and (b) IRA aerogels.
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the PVA solution (Fig. 6b and Table S2). Smaller particle sizes enabled 
the uniform dispersion of the IRA powder in the PVA solution and pre-
vented pore discontinuities caused by powder buildup, which would 
otherwise impede gas-phase mass transfer (Fig. S4). According to the 
pore structural parameters detailed in Table 3, Ae-0.7IRA (40 μm)- 
0.01PVA exhibits the highest pore volume among the IRA aerogels. The 
CO2 adsorption capacity of this aerogel aligned with the optimization of 
its pore structure (Fig. 6c). Specifically, Ae-0.7IRA (40 μm)-0.01PVA 
demonstrated a CO2 capacity of 0.99 mmol/g at 20 ◦C and 21.2 % RH.

Interestingly, reducing the particle size of the resin powder actually 
decreased the specific surface area of the aerogels. The specific surface 
area originates from both the pores within the resin particles and those 
formed in the resin–PVA connections. The use of smaller particles fa-
cilitates greater exposure of the resin particles, incorporating the pores 
within the resin into the specific surface area measurements. Conse-
quently, the overall specific surface area of the aerogel decreased owing 
to the smaller specific surface area of the resin particles, as evidenced by 
the SEM images illustrating the effective exposure of the resin particles 

Fig. 5. CO2 adsorption capacity, t1/2, and ηQA at 400 ppm and 21.2 % RH of the (a) QCL and (b) IRA aerogels.

Fig. 6. Optimization results of the IRA aerogel adsorbents. (a) SEM images of Ae-0.7IRA (d=40 μm)-0.01PVA. (b) Photograph of the IRA aerogel dispersion. (c) CO2 
adsorption capacity at 400 ppm and 21.2 % RH of aerogels with different IRA powder sizes and PVA concentrations.
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(Fig. S4). Therefore, the freezing–ice-templating method is instrumental 
in generating a higher number of active resin particles within the same 
aerogel mass, thereby enhancing the exposure of the resin particles 
previously encapsulated in PVA and contributing to a better pore 
structure. The unique micro/mesoporous composite structure of the 
adsorbents is conducive to gas-phase transport. Overall, given their 
excellent pore structure and good CO2 capture performance, Ae-0.7QCL- 
0.01PVA and Ae-0.7IRA (d=40 μm)-0.01PVA were selected as high- 
quality aerogel adsorbents, and their moisture swing adsorption/ 
desorption performance was further investigated.

3.4. CO2 capture performance of the high-quality aerogels

The regularity of the CO2 capture performance of the high-quality 
aerogel adsorbents for moisture swing was tested (Fig. 7a-b). The CO2 
adsorption performance of the aerogel adsorbents varied with the 
moisture swing over a wide range of RHs (Table S3). Interestingly, un-
like previous moisture swing adsorbents, we found that the CO2 
adsorption capacity of both Ae-0.7QCL-0.01PVA and Ae-0.7IRA (d=40 
μm)-0.01PVA tended to increase and then decrease with the change in 
RH. Under the experimental conditions adopted in this study, both ad-
sorbents achieved maximum CO2 adsorption capacities at 63.5 % RH. 

Table 3 
BET surface areas, pore volumes, and pore diameters of the IRA aerogel 
adsorbents.

IRA aerogel SBET (m2/ 
g)

Pore volume 
(cm3/g)

Average pore 
diameter (nm)

Ae-0.7IRA (d = 75 μm)- 
0.01PVA

20.75 0.162 26.17

Ae-0.7IRA (d = 75 μm)- 
0.02PVA

30.69 0.161 21.21

Ae-0.7IRA (d = 75 μm)- 
0.03PVA

32.71 0.152 23.08

Ae-0.7IRA (d = 50 μm)- 
0.01PVA

29.49 0.204 29.78

Ae-0.7IRA (d = 50 μm)- 
0.02PVA

31.15 0.174 23.22

Ae-0.7IRA (d = 50 μm)- 
0.03PVA

32.33 0.148 23.90

Ae-0.7IRA (d = 40 μm)- 
0.01PVA

19.18 0.227 33.08

Ae-0.7IRA (d = 40 μm)- 
0.02PVA

18.32 0.210 34.97

Ae-0.7IRA (d = 40 μm)- 
0.03PVA

18.27 0.184 35.70

Fig. 7. Comparison of the CO2 capture performance of Ae-0.7QCL-0.01PVA and Ae-0.7IRA (d=40 μm)-0.01PVA. (a) CO2 adsorption capacity at different relative 
humidities (RHs). (b) t1/2 and ηQA at different RHs. (c) CO2 adsorption capacity at high RH. (d) Kinetic model fitting.
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The performance of adsorbents under sub-ambient conditions should 
also be of concern [10]. Then, we tested the CO2 adsorption performance 
of adsorbents at higher and lower temperature/humidity conditions 
(Fig. S5). Temperature mainly affected the CO2 adsorption rate, and sub- 
ambient temperatures caused ice to clog partial pores of the adsorbent, 
resulting in attenuation of CO2 adsorption capacity and rate. The 
adsorbent maintained high CO2 adsorption capacity over a wide range of 
humidity (<80 % RH), and higher relative humidity exacerbated the 
competing adsorption of water vapor, affecting the adsorption reaction 
equilibrium.

Functional group efficiency was defined as ηQA=qCO2/qN, where qCO2 
is the CO2 adsorption capacity of an adsorbent at a specific humidity 
level (measured at 20 ◦C and CO2 P/P0 of 40 Pa). The ηQA of Ae-0.7QCL- 
0.01PVA was 0.52–0.85, while that of Ae-0.7IRA (d=40 μm)-0.01PVA 
was 0.59–0.80. When ηQA was increased by 5.8 times, the IRA adsorbent 
demonstrated excellent CO2 qm3 (148 mol/m3) and a short t1/2 (1.28 
min). However, a high qm3 value is not always optimal. The negative 
effects of high filling rates or material densities on adsorbent-filled de-
vices such as zeolites [42], silica [43,44], and MOFs [45] have been 
reported in previous simulation studies. Excessive filling rates lead to a 
sharp increase in pressure drop and significant energy consumption. A 
high material density indicates a lack of porosity, leading to poor CO2 
adsorption kinetics and reductions in the operating efficiency of the 
device. Ae-0.7IRA (d=40 μm)-0.01PVA is a suitable choice as an 
adsorbent because it exhibits both excellent qm3 and kinetics. Even at a 
high RH, Ae-0.7IRA (d=40 μm)-0.01PVA exhibited high CO2 adsorption 
capacity compared with other moisture swing adsorbents [33,38,46]
(Fig. 7c).

The CO2 adsorption rates of the two aerogel adsorbents were 
analyzed at different humidity levels. The adsorption behavior of the 
aerogels was first fitted using three adsorption kinetic models (Fig. 7d 
and Fig. S6), namely, the PFO [47], PSO [48], MO [6] and Linear [49]
models, and the corresponding fitting parameters and R2 are given in 
Table 4 and Table S4. Among the three models, the MO model showed 
the best fit, followed by the PSO and PFO models, likely because the PSO 
model is more suitable for describing chemical adsorption while the PFO 
model is more suitable for describing physisorption. The MO model 
combines the features of both the PSO and PFO models, and yielded 
results that were more consistent with the CO2 adsorption procedure at 
400 ppm. We believe that the adsorption process at ultralow CO2 con-
centrations is characterized by weak chemical interactions; thus, the MO 
model best describes the CO2 adsorption process of the adsorbents in this 
study. Fig. S7 shows the dimensionless CO2 adsorption rate, which 
varies with the adsorption saturation. Compared with the QAR-CA 
adsorbent prepared in a previous study, the high-quality aerogel ad-
sorbents synthesized in this study had better CO2 adsorption rates, thus 
reflecting the advantages of the freezing–ice-templating method for 
forming excellent pore structures [33]. If using continuous purge with 
400 ppm CO2 (air flow) in the real process, the adsorbent required ~ 30 
min to reach 90 % adsorption saturation (Fig. S8).

Moisture swing adsorbents usually exhibit high sensitivity to hu-
midity changes, which restricts their applications [25]. These adsor-
bents typically perform well at RH values below 30 %; however, real- 
world environments often maintain moderate levels of humidity (50 
%–60 % RH). The CO2 adsorption capacity of the high-quality aerogel 
adsorbents initially increased and then decreased in response to changes 
in RH. This behavior differs from that of conventional moisture swing 

adsorbents. PVA with high alcoholysis degree (99 %) had poor water 
solubility, because the intermolecular hydrogen bonding strength of 
PVA with high alcoholysis degree increased, preventing the formation of 
hydrogen bonds between PVA and water molecules. We hypothesized 
that the water vapor hindering ability of the aerogels (compared with 
that of conventional adsorbents) caused this difference. The results of 
the H2O vapor adsorption tests and static H2O contact angles of our 
aerogels support our viewpoint. Fig. 8a shows the difference in H2O 
vapor adsorption at different RHs, which were fitted using the GAB 
model. A substrate-free pure PVA aerogel was used for comparison. 
Compared with this aerogel, Ae-0.7IRA (d=40 μm)-0.01PVA had higher 
H2O vapor adsorption whereas Ae-0.7QCL-0.01PVA had slightly lower 
H2O adsorption, indicating their hydrophilicity at the macroscopic level. 
The pure PVA aerogel exhibited an overall lower H2O adsorption ca-
pacity, indicating its water vapor hindering ability. The GAB model 
assumes the occurrence of multilayered adsorption, and the fitting pa-
rameters obtained reflect the monolayer H2O adsorption of each aerogel 
(see Cm in Table S5). Cm is more indicative of the difference in the hy-
drophilicity of the materials than the macroscopic H2O vapor adsorption 
results. The monolayer adsorption of H2O by Ae-0.7IRA (d=40 μm)- 
0.01PVA was 3.327 mmol/g, which reflects strong hydrophilicity. This 
result agrees with the results of the macro-level experiment and is 
corroborated by the results of the static H2O contact angle tests (Fig. 8c).

Although the high-quality aerogel adsorbent generally exhibited 
macroscopic hydrophilicity, the addition of PVA increased its water 
vapor hindering ability. This enhancement resulted in a backward shift 
in their CO2 adsorption peak against changes in humidity. The H2O and 
CO2 adsorption rates of Ae-0.7QCL-0.01PVA and Ae-0.7IRA (d=40 μm)- 
0.01PVA were compared from the perspective of kinetics, as shown in 
Fig. 8b and Table 5. Fig. 8b shows that CO2 adsorption by the adsorbents 
reaches completion within approximately 0.4 h, while H2O adsorption 
reaches completion after nearly 6 h. This observation indicates the high 
selectivity of the aerogel adsorbents for CO2. The dashed line in Fig. 8b 
indicates that dynamic equilibrium is maintained after reaching CO2 
adsorption saturation, and only the H2O adsorption process continues. 
Using the dimensionless adsorption rates at the same CO2 (θ) and H2O 
(θ’) adsorption saturation, we can analyze the difference in adsorption 
rates even if the same level of saturation is not reached at the same time. 
When θ and θ’ are 0.6, both Ae-0.7QCL-0.01PVA and Ae-0.7IRA (d=40 
μm)-0.01PVA have CO2 adsorption rates that were approximately six 
times higher than their H2O adsorption rates. As saturation increased, 
the gap between the two rates widened by an order of magnitude, 
indicating faster CO2 adsorption. Although the H2O adsorption rate of 
the pure PVA aerogel is lower than that of the QCL/IRA aerogel, the 
difference is not substantial. This finding suggests that the QCL/IRA 
aerogels have improved the water vapor hindering ability compared 
with the substrate alone because of the presence of PVA as the skeleton 
support material for the aerogel. This enhancement leads to variations in 
the H2O/CO2 adsorption rates and adsorption selectivity of the prepared 
aerogels.

The moisture swing regeneration procedure for the aerogel adsor-
bents was driven by 100 % RH moisture–N2 purging under 20 ◦C. 
Although the water vapor hindering ability of the aerogel adsorbents 
was high, they retained their moisture swing regeneration properties. In 
fact, both adsorbents only demonstrated a change in their peak CO2 
adsorption capacity (at 63.5 % RH), and this peak did not affect the 
decrease in their adsorption capacity at higher humidity (e.g., at 84.7 % 
RH). Thus, they can still achieve low-energy CO2 regeneration via 
moisture swing. The differences between the two aerogel adsorbents 
during CO2 desorption are shown in Fig. 9a. Ae-0.7IRA (d=40 μm)- 
0.01PVA had higher CO2 desorption capacity (0.52 mmol/g) and a faster 
desorption rate (~11.5 min to reach equilibrium) than Ae-0.7QCL- 
0.01PVA (at 0.24 mmol/g and ~ 31 min, respectively). The difference 
in the CO2 desorption capacity of these adsorbents is due to differences 
in their CO2 adsorption capacity. Although the higher adsorption ca-
pacity of Ae-0.7IRA (d=40 μm)-0.01PVA leads to increased desorption, 

Table 4 
Kinetic parameters of the MO model for the high-quality aerogels.

Adsorption condition MO model fit
k1 k2 R2

Ae-0.7QCL-0.01PVA 400 ppm, 20℃, 63.5 % 
RH

0.163 1.475 0.966
Ae-0.7IRA (d = 40 μm)- 

0.01PVA
0.149 0.589 0.989
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its desorption ratio (qde/qad) is also high. Specifically, the discrepancy in 
the desorption ratio directly influences the desorption rate. Overall, the 
desorption times of the two high-quality aerogel adsorbents were faster 
than those reported in previous studies. In addition, the ability of these 
adsorbents to retain their moisture swing regeneration property enabled 
them to capture and regenerate CO2 in a highly kinetic (either adsorp-
tion or desorption) form without requiring high energy consumption. 
There was no temperature change in the regeneration process, the 
regeneration energy consumption was approximately equal to the heat 
of adsorption. The CO2 adsorption heat of the adsorbent at 20 ℃ and 60 
% RH was 25.69 KJ/mol (Fig. S9). This value was affected by the 
ambient humidity, presenting an interesting phenomenon of sponta-
neous cooling absorption [50].

Considering the reusability of this adsorbent, the working capacity of 
Ae-0.7IRA (d=40 μm)-0.01PVA was tested in a cycle at 400 ppm, 20 ℃, 
as shown in Fig. 9b. The results showed that no obvious decrease of CO2 

saturation capacity was found in 20 times tests, which meant the cycling 
stability. The adsorbent did not degrade under high humidity condi-
tions. The degree of regeneration (qi/q1st) was above 90 % in all 10 
cycles, indicating that the adsorbent was almost fully regenerated. The 
cyclic capacity of shaped adsorbent was ~ 0.52 mmol/g. Meanwhile, the 
adsorbent was supplemented with a 180-day long-term adsorbent 
degradation tests at ambient temperature (Fig. S10). The results showed 
that the capacity of the adsorbent only decreased by ~ 4 % after 180 
days at ambient conditions, which reflected its good stability. Since 
cross-linked polystyrene is basically very stable, the quaternary 
ammonium modification product has significantly better anti- 
degradation performance than its cellulose-based counterpart. The 
major challenge facing the amine adsorbents is the severe oxidative 
degradation during regeneration at high temperatures, while the qua-
ternary ammonium polymers have a clear advantage in terms of long- 
term operational stability.

3.5. Calculation of water vapor hindering parameters

In Section 3.4, the hydrophilicity of the aerogel adsorbents was 
described thermodynamically and kinetically through H2O vapor 
adsorption tests and static H2O contact angle tests; however, these an-
alyses are limited to the macroscopic level. In this section, a description 
of water vapor hindering ability at the microscopic level and the hy-
pothetical mechanism of the H2O effect on the adsorbents upon reaching 
peak adsorption capacity at medium RH are provided (Fig. 10). First, we 
examined the water vapor hindering ability of three bases, namely, PS, 
CL, and PVA; the first two bases do not carry QA functional groups 
because QA cations are strongly hydrophilic. Surface area cloud plots of 
the three bases are shown in Fig. S11. The MHP values used to quantify 
the water vapor hindering ability of the materials are given in Fig. 10a, 

Fig. 8. Water vapor characterization of aerogel adsorbents. (a) H2O adsorption capacity and GAB model fitting of the QCL/IRA aerogels. (b) H2O/CO2 adsorption 
kinetics of Ae-0.7IRA (d=40 μm)-0.01PVA at 20 ℃ and 63.5 % RH. (c) Static H2O contact angles of the QCL, IRA, and pure PVA aerogels.

Table 5 
Comparison of the H2O/CO2 adsorption rates of different aerogels.

Conditions Saturation H2O 
adsorption 
rate (1/s)

CO2 

adsorption 
rate (1/s)

Ae-0.7QCL- 
0.01PVA

400 ppm, 
20 ◦C 63.5 % 

RH

θ, θ’=0.6 1.3 × 10− 3 7.8 × 10− 3

θ, θ’=0.8 4.5 × 10− 4 4.1 × 10− 3

θ, θ’=0.9 1.5 × 10− 4 2.8 × 10− 3

Ae-0.7IRA (d 
= 40 μm)- 
0.01PVA

θ, θ’=0.6 1.1 × 10− 3 6.6 × 10− 3

θ, θ’=0.8 3.1 × 10− 4 5.0 × 10− 3

θ, θ’=0.9 1.3 × 10− 4 3.6 × 10− 3

Pure PVA 
aerogel

θ’=0.6 1.0 × 10− 3 /
θ’=0.8 2.7 × 10− 4 /
θ’=0.9 1.3 × 10− 4 /
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with PVA showing stronger water hindering ability than PS and CL. PS 
was more hydrophilic than CL. The water vapor hindering ability of 
these bases was significantly improved when prepared as aerogel ad-
sorbents, as depicted in the embedded plots in Fig. 10a. The differences 

in the binding energies of the three bases with respect to H2O are shown 
in Fig. 10b. The binding energies were calculated using Gaussian with 
three different sets of computational bases [51]. The B3LYP/6-311++G 
(d, p) basis set is not informative because of its low computational 

Fig. 9. The aerogel adsorbents assessment. (a) Desorption capacity of the QCL or IRA aerogel adsorbents at 100% RH. (b) The working capacity of IRA aerogel 
adsorbent during 20 consecutive cycles.

Fig. 10. Molecular scale calculations results. (a) MHP values. (b) Binding energies of different bases. (c) Transition-state calculations at different RH conditions.
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accuracy, and the difference between the calculated results of the two 
other basis sets reflected higher accuracy. Taking the results of the CCSD 
(T)/cc-pVTZ basis group as an example, the binding energies of the three 
bases did not differ significantly; however, the hydrophilicity of the QA 
cation led to the aerogel adsorbent exhibiting stronger hydrophilicity 
than the pure PVA aerogel, which was consistent with our macro-level 
analysis.

To better analyze the effect of H2O on CO2 adsorption, we repre-
sented low, medium, and high RHs by simulating different numbers of 
H2O molecules. The reaction equation for CO2 adsorption is as follows 
[52]: 

CO2 -
3 + H2O + CO2→2HCO -

3 (6) 

For QA cations with CO3
2– as the counter anion, H2O is necessary for 

CO2 adsorption [50]. Fig. 10c shows the transition states of the reaction 
for different numbers of H2O molecules, corresponding to different RH 
conditions. The CO2 active adsorption sites of the aerogel adsorbents 
had poor access to the H2O molecules at low RH, resulting in a lag or 
cessation of CO2 adsorption. As the RH increased, however, the number 
of accessible H2O molecules increased and the CO2 adsorption capacity 
of the adsorbents increased. When the RH was further increased, the 
presence of redundant H2O hindered the continuation of the CO2 
adsorption, causing the reaction equilibrium to move toward the di-
rection of desorption, and the CO2 adsorption capacity of the adsorbents 
decreased. This mechanism of the H2O effect at high humidity is similar 
to that observed in previous resin adsorbents, thus supporting the idea 
that the aerogel adsorbents have moisture swing regeneration ability. 
The change in activation energy also confirmed the mechanism of the 
H2O effect (Fig. S12).

4. Conclusion

In summary, a method based on unidirectional freezing–ice-tem-
plating was proposed to fabricate aerogel adsorbents oriented toward 
moisture swing adsorbents. The synthesized aerogel adsorbents exhibi-
ted ultrahigh CO2 adsorption kinetics. Two substrate materials, QCL and 
IRA, were used to prepare the aerogel adsorbents. A GTMAC dosage of 
5.8 g/g CL and reaction time of 18 h were found to be optimal conditions 
for cellulose quaternization. The optimal amounts of the substrates for 
aerogel adsorbent preparation were screened via pore structure and CO2 
adsorption capacity analyses. The pore structure of the IRA aerogel 
adsorbents was optimized by controlling the powder size and PVA 
concentration. Interestingly, the CO2 adsorption capacity of the two 
best-quality aerogel adsorbents, Ae-0.7QCL-0.01PVA and Ae-0.7IRA 
(d=40 μm)-0.01PVA, tended to first increase and then decrease in 
response to RH changes, with their adsorption capacity peaking at ~ 60 
% RH. The macroscopic tests and microscopic simulations revealed an 
interesting phenomenon. At the macroscopic level, both H2O vapor 
adsorption and static H2O contact angle tests demonstrated the good 
water vapor hindering ability of the aerogel adsorbents. Comparison of 
the H2O/CO2 selectivity indicated that CO2 was captured at a faster and 
more selective rate. The water vapor hindering ability of the aerogel 
adsorbents was demonstrated at the microscopic level using quantum 
chemical simulations⋅H2O molecules are necessary for CO2 adsorption; 
an appropriate amount of H2O molecules promotes CO2 adsorption, 
whereas excess H2O hinders CO2 adsorption. In summary, the aerogel 
adsorbents prepared by the freezing–ice-templating method were rich in 
pores, which provided CO2 gas-phase mass transfer channels. The ul-
trahigh CO2 adsorption kinetics of the adsorbents facilitated efficient 
CO2 capture from ambient air. In addition, the aerogel adsorbents could 
be operated at medium humidity (50 %–80 % RH), which greatly 
broadens the scenarios and application conditions of moisture swing 
adsorbents and provides a strategy for CO2 capture in humid 
environments.
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