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A B S T R A C T   

Direct air capture (DAC) of CO2 complements traditional carbon capture technologies to achieve zero- or 
negative-carbon emissions. One of the most promising DAC technologies is moisture-swing adsorption due to its 
low regeneration costs and easiness of operation, particularly when using amine-based anion-exchange resins 
(AER) as sorbents, but the limited CO2 sorption capacity and desorption efficiency of current AERs are still 
critical challenges hindering the large-scale implementation of DAC. For the first time, this work developed a 
novel diamine-based double quaternary ammonium anion-exchange resins (Diamine-DQ-AER) by modifying 
commercial resins with tertiary diamines. The significantly improved quaternary ammonium content in Diamine- 
DQ-AER (68–81 %) compared to diamine-based single quaternary ammonium anion-exchange resins (Diamine- 
SQ-AER) resulted in an unprecedented moisture-swing DAC capacity of 3.41 mmol/g under DAC conditions, 
nearly doubled that of Diamine-SQ-AER. Diamine-DQ-AER also showed a stable capacity in the 6-cycle test, 
outperforming most moisture-swing DAC sorbents reported in the literature. Moreover, a complete desorption 
kinetic curve was obtained using an optimized testing protocol. It found that the CO2 adsorption/desorption 
process involves two stages, and the material exhibited fast desorption kinetics in the 1st stage.   

1. Introduction 

The use of fossil fuels for power generation and the consequent 
emission of a large amount of carbon dioxide into the atmosphere is 
considered the primary cause of global warming, today’s major chal-
lenge for humankind [1]. The summary for policymakers of the IPCC 
Sixth Assessment Report (AR6) [2] has reaffirmed that the global surface 
temperature will continue to increase unless deep reduction actions are 
taken worldwide. Carbon capture, utilization, and storage technologies 
(CCUS) have been implemented globally as the immediate solution to 
mitigate climate change [3,4], which are, however, currently concen-
trating primarily on large point-source capture of CO2 and use mostly 
traditional absorption or adsorption technologies that require high 
regeneration energy input with unavoidable solvent loss, amine vola-
tilization, and are limited by locations [5,6]. 

Direct air capture (DAC), capturing CO2 directly from ambient air, is 
an emerging technology with the potential to deal with distributed and 

mobile carbon emission sources and compensate for the escaped and 
residual emissions outside of the centralized large point-source capture 
processes without being restricted by storage sites and CO2 trans-
portation [7,8]. DAC has now been considered a promising approach 
and a necessary complement to traditional CCUS pathways. A wide 
range of sorbent materials for DAC has been extensively studied [9,10]. 
The CO2 adsorption capacity of physisorption materials (such as MOFs 
and zeolite) is usually in the range of 0.02–1.3 mmol/g [11-14], but the 
sorption competition and reaction with atmospheric moisture signifi-
cantly reduced their DAC performance. Strong alkaline materials, 
including metal hydroxides or oxides [15,16] and alkaline salts [17,18], 
can easily absorb CO2 from the air and convert it to metal carbonates via 
chemisorption with a capacity of 4.5 mmol/g (CaO) and 11 mmol/g (Ca 
(OH)2) [19]. However, releasing CO2 requires heating the material to 
high temperatures, which makes DAC using strong alkaline materials 
technically and economically challenging. Amine-modified sorbents, 
exhibiting CO2 adsorption capacity under DAC conditions in the range of 
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0.17–6.85 mmol/g [20-23], but their regeneration is also energy- 
intensive even though they have long been practiced in commercial- 
scale CO2 separation from flue gas. Other materials such as amino acid 
and guanidine compound sorbents [24-27], electrochemical/PH swing 
CO2 sorbents [28-31], and moisture swing CO2 sorbents [32-39] are 
emerging in the field of DAC with the highest CO2 adsorption capacity 
reported to be 1.61 mmol/g [26], 1.76 mmol/g [31] and 1.02 mmol/g 
[40], respectively. Nevertheless, the adsorption performance, influ-
encing factors, material stability, testing, and application of these DAC 
sorbents still require extensive research and optimization before they 
can be commercialized for DAC applications. 

Among the reported DAC sorbents, the moisture-swing direct air 
capture sorbents (MSDACS) have shown great potential to capture CO2 
with low costs[9,15,16]. The MSDACS is usually functionalized with 
ammonium groups (-N+(CH3)3) and carbonate ions (CO3

2–). Based on the 
water-driven reversible reaction mechanism, as shown in Eq. (1), the 
MSDACS can absorb CO2 spontaneously from ambient air when it is dry 
and release CO2 when it is wet [33]. The moisture-swing process be-
tween adsorption and desorption is triggered by the change of humidity 
instead of changing temperature or pressure.   

Researchers have developed a series of MSDACS, among which the 
amine-based AER has become the most studied because of its stable 
chemical structure and good ion exchange capacity [34-37]. In addition 
to AER, other functional porous materials [41], such as modified carbon 
black [42], colloidal crystals [43], high internal phase emulsion (HIPE) 
polymers [44], mesoporous polymers [45], and inexpensive biomass 
materials, such as quaternized cellulose [38] and chitosan/PVA aerogels 
[39], have greatly extended the family of MSDACS. However, the CO2 
ad-/desorption capacity of the above MSDACS is only 0.1–1.02 mmol/g 
[40,41], which is far less than that of other DAC sorbents. Thus, low CO2 
sorption capacity in MSDACS has become the main bottleneck for the 
implementation of moisture swing technology in commercial 
applications. 

In this work, tertiary diamines were introduced to a commercial resin 
(Merrifield resin) to enhance the DAC capacity of the amine-based 
anion-exchange resins (AER) and develop novel diamine-based double 
quaternary ammonium AER (Diamine-DQ-AER). Thanks to the 
improved content of quaternary ammonium, the as-prepared Diamine- 
DQ-AER exhibited superior DAC performance of ~3.41 mmol/g as 
moisture-swing CO2 sorbents at room temperature and atmospheric 
conditions, which is ~1.94 times that of diamine-based single quater-
nary ammonium AER (Diamine-SQ-AER). Moreover, Diamine-DQ-AERs 
showed stable DAC capacity in the 6-cycle tests. We have also optimized 
the test method to measure the complete desorption kinetic curve, 
revealing a two-stage desorption process, and the material displayed fast 
desorption kinetics in the first stage. 

2. Materials and methods 

2.1. Material 

Divinylbenzene-crosslinked chloromethyl polystyrene (Merrifield 
resin with different chlorine content) was purchased from Tianjin 
Nankai Hecheng Science & Technology Co. Ltd., China. IRA-900 resins 
were purchased from Rohm and Haas, Inc., American. Diamines, 
including N,N,N’N’-tetramethylethylenediamine (TEMED), 1,4- 

dimethylpiperazine (DMP), and 1,4-diazabicyclo[2,2,2]octane 
(DABCO), were purchased from Sigma-Aldrich, Norway. Iodomethane 
(CH3I), tetrabutylammonium bromide, N,N-Dimethylformamide (DMF), 
hydrochloric acid solution (HCl 37 % wt.%), sodium hydroxide (NaOH), 
sodium chloride (NaCl), and sodium carbonate (Na2CO3) were also 
purchased from Sigma-Aldrich, Norway. All chemicals were used as- 
received without further purification. The chemical structures of the 
key chemicals are depicted in Fig. 1. 

2.2. Preparation of Diamine-SQ/DQ-AER 

2.2.1. Preprocessing of Merrifield resin 
The Merrifield resin used in this study were pale-yellow beads with a 

particle size of >50 mesh (270 μm). The Merrifield resin belongs to the 
macro-porous/microporous type of beads commonly used for the solid- 
phase synthesis of peptides and small organic molecules. They exhibited 
good swelling properties in CH2Cl2, DMF, THF, dioxane, and TFA [46]. 
The reactive functional group in the resin gains maximum accessibility 
to the reactants only when the polymer matrix swells extensively in the 
solvating medium. To prepare the resins, we grind Merrifield resin into 

particles with a particle size of 200–400 mesh (38–75 μm), then immerse 
1 g of Merrifield resin in deionized water with stirring for 1 h and 
remove the resins from the water and dry the surface moisture. Next, the 
resins were soaked in DMF for 24 h to ensure full swelling and obtain a 
mixed solution of Merrifield resin and DMF for later use. 

2.2.2. Preparation of Diamine-SQ-AER 
The Diamine-SQ-AER was prepared by immobilizing diamine on 

Merrifield resin, as shown in Fig. 2a, and the structures of three types of 
Diamine-SQ-AER were presented in Fig. 2b. 

Initially, the Merrifield resin/DMF mixture was allowed to settle for 
1 h to eliminate excess organic solvents from the upper layer. Thereafter, 
three times the molar amount of diamine, specifically TEMED, DMP, or 
DABCO, were added to the mixture, and the resulting reaction was 
conducted at 60 ◦C with vigorous stirring for 6 h. This process led to the 
formation of Diamine-SQ-AER (TEMED-SQ-Cl− , DMP-SQ-Cl− , DABCO- 
SQ-Cl− ) balanced with chloride anions. During the reaction, the diamine 
was immobilized onto the Merrifield resin. 

The excess diamine was removed from the resins through filtering 
and rinsing with deionized water. Subsequently, the resins were treated 
with 1.0 mol/L HCl and 1.0 mol/L NaOH aqueous solutions for 1 h each 
under constant stirring. During this process, the -N+(CH3)2H group 
reacted with OH– to form a tertiary amine group (-N(CH3)2) along with 
H2O. Furthermore, the chloride anions present in the resulting resins 
were exchanged by hydroxide ions. The resins were then rinsed again 
with a significant amount of deionized water until the solution attained 
neutrality. Finally, the resins were dried in an oven at 40–50 ◦C, and 
their mass was determined to calculate the yield. The current investi-
gation yielded three distinct varieties of Diamine-SQ-AER (TEMED-SQ- 
OH− , DMP-SQ-OH− , and DABCO-SQ-OH− ) with the yields of 96 %, 93 
%, and 94 %, respectively. 

The synthesized resins were divided into three parts for further ex-
periments. The first part was immersed in a 0.5 mol/L NaCl solution for 
3 h under stirring conditions to facilitate ion exchange. This process was 
repeated six times to achieve sufficient replacement of hydroxide ions in 
the resin with chloride ions. The resulting resins were designated as 
Diamine-SQ-Cl− resins and stored for further characterization. Similarly, 
the second part of the resins underwent ion exchange in a 0.5 mol/L 

2
[
-N+(CH3)3

]
-CO2-

3 ⋅nH2O
↔ [-N+(CH3)3]-HCO-

3⋅m1H2O + [-N+(CH3)3]-OH-⋅m2H2O + (n-m1-m2-1)H2O
(1)   
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Na2CO3 solution for 3 h, with the process being repeated six times to 
replace hydroxide ions with carbonate ions in the resin. The resultant 
resins were designated as Diamine-SQ-CO3

2− resins and were stored for 
use in assessing the DAC performance. Finally, the third part of the 
Diamine-SQ-AER resins was used to prepare Diamine-DQ-AER. 

2.2.3. Preparation of Diamine-DQ-AER 
The Diamine-DQ-AER was prepared via quaternization of the tertiary 

amine as the 2nd step reaction after the immobilization of diamine on 
Merrifield resin (Fig. 2a), as shown in Fig. 3a. The structures of the 
prepared three types of Diamine-DQ-AER were depicted in Fig. 3b. 

In this step, the tertiary amine groups on diamine were quaternized 
to form the second quaternary ammonium to produce Diamine-DQ-AER 
(TEMED-DQ-CO3

2− , DMP-DQ-CO3
2− , and DABCO-DQ-CO3

2− ) as depicted 
in Fig. 3a. The Diamine-SQ-OH− resins (0.5 g) were mixed in 5 ml DMF, 
and then twice the molar amount of iodomethane, 0.05 g tetrabuty-
lammonium bromide, and 5 ml of 1 mol/L NaOH aqueous solution were 

added into the resin/DMF mixture to react with Diamine-SQ-OH− resins 
at 40 ◦C for 6 h. Afterward, the resins were filtered, washed with 
deionized water, and soaked in 1 mol/L HCl solution for 1 h and then in 
1 mol/L NaOH aqueous solution for 1 h. Ion exchange was carried out by 
soaking and stirring part of the resins in 0.5 mol/L NaCl solution to 
obtain Diamine-DQ-Cl− resins, while the rest were soaked and stirred in 
Na2CO3 solution to obtain Diamine-DQ-CO3

2− resins. The resulting 
Diamine-DQ-Cl− and Diamine-DQ-CO3

2− resins were dried in an oven at 
40–50 ◦C and stored for further characterization and testing. 

2.3. Characterization of anion-exchange resins 

The morphologies of the resins were analyzed using SEM (Zeiss- 
Supra 55VP-FEG-SEM). The samples were dried and ground, then 
mounted in a sample holder and coated with a thin gold layer to make 
the samples electronically conductive. The measurement of element 
content was performed on EDS (EDAX OCTANE PRO-A EDS detector) to 

Fig. 1. Chemical structures of the Merrifield resin and diamines TEMED, DMP, and DABCO.  

Fig. 2. (a) Preparation process of Diamine-SQ-AER (immobilization of diamine on Merrifield resin) and (b) the structure of three types of Diamine-SQ-AER.  

Fig. 3. (a) Preparation process of Diamine-DQ-AER (quaternization of the tertiary amine) and (b) the structure of three types of Diamine-DQ-AER.  
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analyze the elemental chlorine of Merrifield resins and Diamine-SQ/DQ- 
Cl− resins. Thermal stability tests for the Merrifield resins and the 
Diamine-DQ-CO3

2− resins were performed by TGA (TG 209F1 Libre, 
Netzsch). Samples with a weight of 5–10 mg were placed in a porcelain 
crucible and heated from room temperature to 800 ◦C with a heating 
rate of 5 ◦C/min. Nitrogen was used as both protective and sweep gas. 
The FT-IR spectroscopy was performed for all chemicals and resultant 
resins by using a Thermo Nicolet Nexus spectrometer with a smart 
endurance reflection cell. The obtained spectra of all samples were in the 
mid-IR region with wavenumber ranging from 550 cm− 1 to 4000 cm− 1. 

2.4. CO2 adsorption/desorption test 

Fig. 4 depicts the experimental setup used to measure the CO2 
adsorption–desorption performance of the Diamine-SQ/DQ-AER. The 
system consists of a closed, temperature and humidity-controlled sample 
chamber with a volume of 2.68 L. A CO2 detector (MI70 Measurement 
Indicator, Vaisala, 0–5000 ppm) is used to monitor CO2 concentration in 
real-time and record data automatically. The chamber is connected to a 
dry air tank (controlled by valve 1), and deionized water can be pumped 
into the bottom of the sample chamber (controlled by valve 2). Gas 
outlet valve 3 is used when dry air or deionized water flows into the 
chamber. A rotor, located at the bottom of the chamber, is used in 
conjunction with a heating stirring platform to accelerate the humidi-
fication process, ensure uniform gas diffusion, and maintain the desired 
temperature. 

CO2 adsorption was enabled by introducing the dry air flow 
controlled by valves 1 and 3. The adsorption environment contained 
400 ppm CO2 with a temperature of 25 ◦C and relative humidity of <0.5 
% under atmospheric pressure. The adsorption process lasts over 12 h to 
ensure sufficient loading/adsorption of CO2 to the sample. Desorption 
was triggered by evaporation humidification (25 ◦C) when deionized 
water (already at equilibrium with 400 ppm CO2) was pumped into the 
bottom of the sample chamber (controlled by valve 2). Then the detector 
records the concentration data in the chamber every 30 s with a reso-
lution of 10 ppm, and the obtained data is processed into desorption 
kinetics curves by the moving average method. 

It is worth noting that leak detection of the system was conducted 
before the experiment to ensure the reliability and accuracy of the 
experimental results. The results (see Figure S1) indicate that the CO2 
leakage rate of the experimental system was negligible for all initial CO2 
concentrations tested. More details can be found in the Supplementary 
Information (SI). In order to maintain a constant experimental condition 
for all CO2 adsorption–desorption performance tests, the initial CO2 
concentration in the system was kept at 400 ppm, similar to atmospheric 
CO2 concentration, and the initial relative humidity in the system was 
adjusted to <0.5 % at 25 ◦C through flow control of the dry air tank. 
After stabilizing for 1 h, 530 ml of deionized water was pumped into the 
chamber with all valves to the sample chamber closed and the rotor 
inside activated to increase the humidity and initiate the CO2 release 

process. The ad-/desorption capacity of the sample, denoted as “C,” was 
calculated using the following equation: 

C =
(Vt − Vw) × Δc

24.5 m
× 10-3 mmol/g (2) 

where Vt is the total volume of the system, Vw is the volume of water 
used during the test, Δc is the difference in CO2 concentration before and 
after the test, and m is the mass of the sample. All resin samples tested 
had a particle size of 200–400 mesh (38–75 μm). 

3. Results and discussions 

3.1. Optimization of testing conditions 

Two control experiments were conducted to optimize the testing 
conditions and procedure for all CO2 adsorption/desorption experi-
ments in this work. The first experiment examined the CO2 desorption 
performance of different masses of commercial resin IRA-900 at a CO2 
concentration of 500 ppm. Desorption equilibrium was considered 
achieved when the CO2 concentration remained stable for 10 min. 

Results in Fig. 5a show that the CO2 concentration to reach the 
desorption equilibrium in the chamber increases with the mass of the 
resin, while the CO2 desorption capacity decreases accordingly (Fig. 5b 
and solid purple line in Fig. 5c). Interestingly, the increase of sample 
mass did not result in a linear increase in CO2 concentration difference 
(ΔCO2), as seen in Fig. 5c. The red dotted line in the figure indicates the 
theoretical value of ΔCO2 under ideal desorption conditions, while the 
black line shows the test result of ΔCO2. A higher agreement between 
the red dotted line and the black solid line was observed when the ΔCO2 
was lower than 250 ppm (indicated by red dots). The actual concen-
tration of CO2 in the chamber is 750 ppm when the ΔCO2 is 250 ppm. 
When the ΔCO2 exceeded 250 ppm, the deviation between the test result 
and the theoretical value gradually increased (indicated by black dots), 
indicating that the released CO2 increased the partial pressure of CO2 in 
the chamber, which somewhat hindered the further desorption of the 
resin. The inhibitory effect became more prominent when the ΔCO2 
varied over 250 ppm. Thus, it is important to use the appropriate weight 
of materials (or effective functional group content) in CO2 test systems to 
avoid excessively high CO2 partial pressure that would inhibit the ma-
terial from fully desorbing CO2 so as to achieve the optimal performance 
and measure the real CO2 ad-/desorption capacity of materials. 

The desorption capacities of IRA-900 resin weighing 0.025 g were 
also investigated at varying initial CO2 concentrations. The resin dem-
onstrates the ability to desorb CO2 at various CO2 concentrations, as 
shown in Fig. 5d, albeit with a decreasing desorption capacity as the 
initial CO2 concentration increasing (Fig. 5e). Notably, the results pre-
sented in Fig. 5f reveal a sharp reduction in the CO2 desorption capacity 
of the resin when the initial CO2 concentration exceeds 1000 ppm. At a 
CO2 concentration of 2000 ppm, over 70 % of the CO2 desorption ca-
pacity was lost. Both the released CO2 during the test and the CO2 in the 
chamber at the outset of the experiment may create a high partial 
pressure of CO2 that inhibits the desorption process of the resin. To 
counteract this effect, a preliminary prediction of material properties 
based on effective functional group content should be made during 
testing. We suggest maintaining the CO2 concentration in the chamber at 
or below 750 ppm and selecting the appropriate weight of test material 
to reduce the inhibitory effect of CO2 partial pressure on the desorption 
process of the material, ultimately measuring the true CO2 desorption 
capacity of the material. The optimized test parameters are summarized 
in Table 1. 

3.2. Structural and chemical characteristics of the resins 

The surface and cross-section SEM images of TEMED-DQ-AER are 
presented in Fig. 6. The original morphology of the resin exhibits a 
smooth and spherical surface, as shown in Fig. 6a. Part of the resin was Fig. 4. CO2 adsorption-desorption experimental system.  
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ground to expose its internal structure, revealing a similar morphology 
and internal structure for other Diamine-SQ/DQ-AER and Merrifield 
resin, suggesting that the loading of functional groups and quaternari-
zation have little effect on the resin structure. The resin used in this 
study was the macro-porous resin [35], as observed from the cross- 
section at the scale of 1 μm in Fig. 6c, showing an evident pore structure. 

The chlorine content of Diamine-SQ/DQ-Cl− resins was estimated by 
conducting elemental analysis to evaluate the functional group loading 
and estimating the theoretical limit of CO2 adsorption capacity, which is 
approximately 16.73 %. The carbon, nitrogen, and chlorine content of 
Merrifield resin and Diamine-SQ/DQ-Cl− resins were presented in 
Table 2. Notably, the nitrogen content in Diamine-SQ-Cl− resins 

increased significantly from 0 to 5.80–8.06 % after diamine immobili-
zation, indicating the successful anchoring of diamine in the resin. 
Furthermore, the chlorine content of Diamine-DQ-Cl− resins (6.76–7.25 
mmol/g) was found to be substantially higher than that of the corre-
sponding Diamine-SQ-Cl− resins (3.75–4.11 mmol/g). This increase in 
chlorine content (68–81 %) suggests that the yield of Diamine-DQ-Cl−

resins reached 68–81 % during the quaternization process. Based on 

Fig. 5. (a) Change of CO2 concentration in test system with different material masses, (b) CO2 desorption kinetic curves of different material masses, (c) CO2 
concentration difference and CO2 desorption capacity change with material mass, (d) CO2 concentration change curve under different initial CO2 concentrations, (e) 
CO2 desorption kinetics curves under different initial CO2 concentrations, and (f) CO2 concentration difference and CO2 desorption capacity change with initial CO2 
concentration. 

Table 1 
Summary of the optimized testing parameters.  

Temperature Pressure Relative humidity CO2 concentration 

25 ◦C Atmospheric condition <0.5 % (initial) 
>99 % (test) 

~400 ppm (initial) 
<750 ppm (test)  

Table 2 
Elemental contents of the Merrifield resin and Diamine-SQ/DQ-Cl− resins.  

Resin C 
(wt%) 

N 
(wt%) 

Cl 
(wt%) 

Cl 
(mmol/g) 

Merrifield resin  83.27  0.00  16.73  4.71 
TEMED-SQ-Cl− 79.62  5.80  14.57  4.11 
TEMED-DQ-Cl− 69.99  5.37  24.64  6.94 
DMP-SQ-Cl− 79.76  6.92  13.32  3.75 
DMP-DQ-Cl− 70.25  5.74  24.01  6.76 
DABCO-SQ-Cl− 77.74  8.06  14.20  4.00 
DABCO-DQ-Cl− 66.72  7.54  25.73  7.25  

Fig. 6. SEM images of the TEMED-DQ-AER at different scales: (a) the original resin, (b) the resin after grounding, and (c) an enlarged view of the cross-section.  
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these findings, the ion exchange capacity of Diamine-DQ-AER is 
approximately 1.68–1.81 times that of Diamine-SQ-AER, which also 
implies that Diamine-DQ-AER has higher functional group content and 
CO2 adsorption capacity. 

The thermal behavior of the Merrifield resin and Diamine-SQ/DQ- 
CO3

2− resins were analyzed using TGA, as shown in Fig. 7. The results 
show that the weight loss observed before the temperature reached 
100 ◦C in all Diamine-SQ/DQ-CO3

2− resins due to the presence of hy-
drophilic tertiary amine and quaternary ammonium groups in the resin, 

which absorb water molecules, whereas Merrifield resin does not show 
significant weight loss until ~270 ◦C, indicating the absence of hydro-
philic groups in Merrifield resin. Previous studies have demonstrated 
that weight loss at around 200 ◦C in anion-exchange resins is due to the 
loss of decomposition products associated with the quaternary ammo-
nium functional groups of the resin, and carbonaceous species are 
liberated at around 350 ◦C [47,48]. Therefore, the weight loss of the 
Diamine-SQ/DQ-CO3

2− resins in the range of 70–350 ◦C is due to the 
degradation of functional groups. Specifically, the quaternary 
ammonium-tertiary amine groups of Diamine-SQ-CO3

2− resin starts to 
degrade at around 95 ◦C, with a significant amount of degradation 
occurring between 110 and 200 ◦C. The degradation rate gradually 
decreases until ~270 ◦C. While Diamine-DQ-CO3

2− resins show two 
large-scale weight loss processes due to the degraded functional groups, 
including the same quaternary ammonium groups as Diamine-SQ-CO3

2−

resins and new quaternary ammonium groups generated by quaterni-
zation of tertiary amines. Notably, the first degradation process of 
Diamine-DQ-CO3

2− resin began at 70–80 ◦C with the highest degradation 
rate around 100 ◦C, indicating poor thermal stability of the second 
formed quaternary ammonium groups. The degradation temperature of 
Diamine-SQ/DQ-CO3

2− resin is relatively low compared with Merrifield 
resin, which further indicates that a high degree of quaternization can 
lead to a decrease in the thermal stability of the resin. Based on the 
tested TGA results, we suggest that the working temperature of Diamine- 
SQ/DQ-CO3

2− resin should be below 70 ◦C, which is not a problem for 
applications in DAC as it usually operates at room temperature. 

The weight loss of each stage is summarized in Table S1 to provide 
more detailed information on the thermal behavior of Merrifield resin 
and Diamine-SQ/DQ-CO3

2− resins. The data show that the initial chlorine 
content of Merrifield resin was 4.71 mmol/g, with the mass of chlor-
omethyl (–CH2-Cl) equivalent to 23.3 % of the resin mass, which cor-
responds to 30.8 % weight loss of Merrifield resin in the temperature 

Fig. 7. Thermal stabilities of Merrifield resin and Diamine-SQ/DQ-CO3
2− resins.  

Fig. 8. FT-IR spectra comparison among the diamine, Diamine-SQ/DQ-CO3
2− , and Merrifield resin. (a), (b) and (c) are the enlarged view of (d), (e), and (f), 

respectively, with the wavenumber in the range of 600–1800 cm− 1. 
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range of 270–365 ◦C attributed to in the degradation of chloromethyl. 
Moreover, Diamine-DQ-CO3

2− resins exhibited a higher percentage of 
functional group weight loss than Diamine-SQ-CO3

2− resins, indicating 
successful implementation of the quaternization reaction and increased 
loading of functional groups. 

FT-IR spectral analysis of Merrifield resin and Diamine-SQ/DQ-CO3
2−

were performed to further elucidate the structure of the diamines, and 
the results are shown in Fig. 8. The FT-IR spectrum of Merrifield resin 
shows peaks in the region of 650–700 cm− 1, which can be attributed to 
C–Cl stretching, while the peak at 1265 cm− 1 corresponds to C–H 
wagging in the CH2–Cl group [48]. Additionally, the appearance of the 
peak at around 1615 cm− 1 is due to aromatic C––C stretching [49]. The 
C–Cl stretching and CH2–Cl wagging peaks observed in Merrifield 
resin disappear completely for the Diamine-SQ/DQ-CO3

2− resins, and, 
instead, a new peak emerges at around 1000 cm− 1, corresponding to the 
asymmetric stretching of C–N in the Diamine-SQ/DQ-CO3

2− resins [50]. 
This confirms the complete quaternization of the CH2–Cl group during 
the process of the immobilization of diamine on Merrifield resin. 
Additionally, the peak at around 1370 cm− 1 in the spectrum of Diamine- 
SQ/DQ-CO3

2− resins is due to the asymmetrical in-plane stretch of the 
carbonate ion [51]. Furthermore, the broad peak at 3100–3500 cm− 1 

can be attributed to the O–H vibration of water, which is favored by the 
hydrophilic quaternary ammonium groups in Diamine-SQ/DQ-CO3

2−

resins. Conversely, Merrifield resin does not contain carbonate ions or 
hydrophilic groups, and no peak was detected in this range. 

3.3. Optimization of resin material synthesis conditions 

The effects of synthesis conditions were studied to optimize the 
synthesis process of resin materials. The chlorine content of the Merri-
field resin used in this experiment was approximately 11.33 %, and the 
reaction time, reaction temperature, and drying temperature were set as 
6 h, 30–80 ◦C, and 40 ◦C, respectively. The effects of temperatures on the 
efficiency of immobilization of diamine on Merrifield resin in the first 
step (to make Diamine-SQ-Cl− resins) and of quaternization of the ter-
tiary amine in the second step (to make Diamine-DQ-Cl− resins) are 
shown in Fig. 9 by analyzing the chlorine content of resins in each pair of 
the experiments. 

As shown by the dotted line in Fig. 8a, the chlorine content of the 
TEMED-based Diamine-SQ-Cl− resins shows a slight increase as the first 
reaction temperature rises from 30 ◦C to 60 ◦C. Upon further tempera-
ture increase to 80 ◦C, the chlorine content remains relatively stable, 
indicating that the yield of the first reaction stabilizes from 60 ◦C on-
wards. This increase in chlorine content before 60 ◦C may be attributed 
to the favorable effects of temperature on resin swelling, diffusion and 
flow of reactant molecules, compatibility of reactants with organic sol-
vents, and collisions with the resin. With regard to the second reaction 
(solid line in Fig. 8a), the chlorine content of the TEMED-based Diamine- 
DQ-Cl− resins increases and reaches its maximum when the temperature 
rises from 30 ◦C to 40 ◦C, indicating the maximum quaternization 

efficiency. However, as the temperature continues to increase, the 
chlorine content decreases significantly and then stabilizes at 70 ◦C and 
onwards because that at temperatures exceeding 40 ◦C, the temperature 
reaches the boiling point of the iodomethane solution (41–43 ◦C), 
leading to the evaporation of reactants in the system, which reduces the 
reaction rate, causing incomplete reactions and a significant decrease in 
the efficiency of quaternization, and resulting in lower yields. The DMP 
and DABCO-based Diamine-DQ-Cl− resins exhibit a similar trend, sug-
gesting that the reaction temperature has a significant effect on the 
synthesis of the desired materials. Overall, the optimal results in terms of 
chlorine content, quaternization efficiency, and yield were obtained 
when the first reaction was carried out at 60 ◦C and the second reaction 
at 40 ◦C. 

3.4. Direct air capture performance 

Cyclic CO2 adsorption–desorption tests were conducted in the sam-
ple chamber presented in Fig. 4. A group of the recorded CO2 desorption 
kinetic curves within 4.5 days of the 6 types of as-prepared resins is 
shown in Fig. 10a. The solid and dashed lines represent the desorption 
kinetic curves of Diamine-DQ-CO3

2− and Diamine-SQ-CO3
2− , respec-

tively. The pink, green, and blue colors indicate that the resin is formed 
by the treatment of three chemicals, namely TEMED, DMP, and DABCO, 
which are referred to as TEMED-based, DMP-based, and DABCO-based 
resins, respectively. Fig. 10b, 11, and 12 also adopt the same represen-
tation method. 

The CO2 desorption process exhibited a similar pattern for all sam-
ples, which can be divided into two distinct stages. To obtain the time- 
CO2 desorption rate curve, we took the first derivative of the CO2 
desorption kinetic curve with respect to time, as shown in Fig. 10b, 
where the desorption rate change within 0–500 min is presented. At 
around 120 min, the desorption rate of all samples decreased sharply to 
a small value (<0.0025 mmol/(g⋅min)). Therefore, we defined the 
desorption process before 120 min as the first stage of CO2 desorption, 
and the part after 120 min as the second stage of CO2 desorption. The 
complete desorption rate change for 4.5 days is shown in Figure S2. The 
orange-shaded part in Fig. 10a represents the first stage of CO2 
desorption, during which CO2 was rapidly released from the material 
when moisture quickly diffuses to the surface of the sample. In the 
second stage, the CO2 desorption rate decreased significantly, probably 
because it is much more difficult for moisture to diffuse into the resin’s 
core and its interior small pores. The slow desorption process was 
allowed for a long time of up to 114 h (6840 min) to measure the resin’s 
final desorption capacity. 

The CO2 adsorption capacities of the as-prepared sorbents and a CO2 
sorbent with the highest moisture-swing adsorption capacity reported in 
the literature (QCPS-2/PES) [40] are presented in Fig. 11. In this work, 
each sample was tested for at least 3 adsorption–desorption cycles to 
obtain the average adsorption capacity. The capacity of the as-prepared 
TEMED-DQ-AER, DMP-DQ-AER, and DABCO-DQ-AER reached 3.41, 

Fig. 9. Chlorine content of Diamine-SQ/DQ-Cl− resins synthesized at different temperatures. (a), (b), and (c) represent the test results of TEMED-based, DMP-based, 
and DABCO-based AER, respectively. 
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3.26, and 3.23 mmol/g at 25 ◦C and atmospheric pressure, which were, 
respectively, 1.94, 1.78, and 1.88 times that of the corresponding 
Diamine-SQ-AER (1.76, 1.83, and 1.71 mmol/g), owing to the increased 
quaternary ammonium content in Diamine-DQ-CO3

2− resins. The theo-
retical limit of CO2 adsorption capacity and the responding chlorine 
content and carbonate content, and the measured capacity of various 
types of resins are listed in Table 3. As expected, the measured sorption 
capacity of the resin is close to the theoretical limit, which is due to the 
optimized testing conditions with good sealing and our improved 
method that avoids the influence of CO2 partial pressure on the test 
results. 

Fig. 12a compares the CO2 sorption capacity of the MSDACS in this 
work with those reported in the literature, including commercial single 
quaternary ammonium resins (indicated by purple dots) and other 
MSDACS (indicated by black dots). The desorption half-time (the time to 
reach half of the capacity) has been used as an empirical index of the 
desorption kinetics [52]. As the adsorption and desorption half-time are 
usually close [35,41], we consider that it is reasonable to present and 
compare the adsorption and desorption half-time together, as also 
shown in Fig. 12. The Diamine-DQ-CO3

2− resin developed in this work 
exhibits the highest CO2 sorption capacity (~3.41 mmol/g of TEMED- 
DQ-AER). However, the Diamine-DQ-CO3

2− resin also shows the slow-
est kinetics as its desorption half-time is the longest (607 min of TEMED- 
DQ-AER). It is worth noting that adsorption/desorption kinetics can be 
influenced by the scale and flow rate of the testing system. For example, 
in Armstrong et al.’s work [53], where a closed circulation system with a 
volume of 0.175 L and an airflow rate of 1 L/min (enable by a circulation 
pump) was used, in merely 1 min, the gas inside the testing system was 
circulated over 5 times, which strongly promoted the diffusion, hu-
midification, and adsorption/desorption processes. Since we used a 
static desorption system (almost zero air flow rate) with a volume of 
2.68 L and the humidification process was realized only by water 
evaporation from the deionized water surface in the sample chamber at 
room temperature, it is understandable that it took longer time for 
desorption to reach equilibrium. As at this moment, we are focused more 
on improving the CO2 sorption capacity of DAC sorbents, no other 
measures were taken to increase the desorption rate. 

Upon analyzing the data of each material presented in Fig. 12b, it 
was observed that the CO2 sorption capacity of commercial resins and 
other MSDACS could reach up to 1.02 mmol/g, with a half-time that 
usually does not exceed 80 min. This indicates a significant advantage in 
ad-/desorption kinetics compared to the half-time presented of TEMED- 
DQ-CO3

2− resin in this work. However, this advantage can be attributed 
to different definitions of ad-/desorption equilibrium time researchers 
use. For instance, Wang et al. [35] defined the desorption equilibrium as 

Fig. 10. (a) CO2 desorption kinetics curves of Diamine-SQ/DQ-CO3
2− resins, (b) the desorption rate change within 0–500 min of Diamine-SQ/DQ-CO3

2− resins.  

Fig. 11. The CO2 sorption capacity of Diamine-SQ/DQ-CO3
2− resins and a CO2 

sorbent reported in the literature. 

Table 3 
The anion content and the DAC performance of the resins used in the present work.  

Sample Cl− content after ion exchange 
(mmol/g) 

CO3
2– content after ion exchange 

(mmol/g) 
The theoretical limit of CO2 ad-/desorption capacity 
(mmol/g) 

CO2 desorption capacity as measured 
(mmol/g) 

TEMED-SQ  4.11  2.055  2.055  1.76 
TEMED- 

DQ  
6.94  3.470  3.470  3.41 

DMP-SQ  3.75  1.875  1.875  1.83 
DMP-DQ  6.76  3.380  3.380  3.26 
DABCO-SQ  4.00  2.000  2.000  1.71 
DABCO-DQ  7.25  3.625  3.625  3.23  
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the point where CO2 concentration in the system does not change 
significantly within 20 min, which greatly shortens the test time and 
yields a smaller half-time and better kinetic results. Nevertheless, the 
CO2 desorption kinetic curve in Fig. 10a indicates that a large amount of 
ad-/desorption capacity remained undetected due to the test time of the 
previous studies being mainly concentrated in the first stage of the 
process. Therefore, the ad-/desorption capacity measured in the exper-
iment was lower than the theoretical ad-/desorption capacity. For 
instance, the test adsorption capacity of commercial resin IRA-900 was 
only 45 % of the theoretical adsorption capacity of 1.85 mmol/g [35]. 
The second stage of the process has not yet been investigated in terms of 
performance testing. The desorption kinetics data presented in the 
orange-shaded part in Fig. 10a demonstrate the rapid CO2 desorption 
process of the Diamine-SQ/DQ-CO3

2− resins in the first stage. Specif-
ically, after 120 min, the desorption capacity for the three Diamine-DQ- 
CO3

2− resins were 1.29 mmol/g, 1.07 mmol/g, and 0.97 mmol/g, cor-
responding to approximately 38 %, 33 %, and 30 % of the total 
desorption capacity. These findings suggest that the amount of CO2 
desorbed by the three resins in the second stage reached approximately 
62 %, 67 %, and 70 % of the total adsorption capacity, respectively. 
Thus, the performance test conducted in the second stage plays a crucial 
role in determining the actual total ad-/desorption capacity of the 
material. 

In assessing the desorption efficiency of a material, reliance on half- 
time measurements can be problematic as it fails to account for differ-
ences in total test time. To address this, we marked the half-time of the 
resin when the ad-/desorption capacity reached specific values and 
connected them with correspondingly colored lines in Fig. 12. The 
relationship between ad-/desorption half-time and capacity displays 
two distinct stages, with a sharp increase in half-time occurring after the 
ad-/desorption capacity reaches 2.50 mmol/g. Fig. 12b, which shows 
the data distribution diagram of the material within the half-time range 
of 120 min, illustrates that the desorption efficiency of TEMED-DQ-AER 
improves markedly when the desorption capacity is between 0 and 2.50 
mmol/g, with a maximum half-time of 106 min. At a desorption capacity 
of 2.00 mmol/g, the half-time is only 58 min, which is comparable to 
that of other materials although the sorption capacity is much higher. 
Despite not reaching desorption equilibrium, the desorption capacity of 
TEMED-DQ-AER at this point still presents a substantial advantage over 
other materials, being more than twice that of other materials. To ach-
ieve optimal material utilization, it is necessary to further evaluate the 
use efficiency of materials at various stages in real-work scenarios. 
Detailed data on the ad-/desorption capacity and half-time of all ma-
terials can be found in Table S2. 

The cyclic DAC performance of TEMED-DQ-CO3
2− resins was 

evaluated through six consecutive CO2 desorption-adsorption tests at 
room temperature and pressure, as shown in Fig. 13. The cycle number 
of six was determined based on the literature [26,36,40], which is a 
common practice in the field of DAC sorbent research and development. 
For example, Sun et al. conducted cycle tests on commercial single 
quaternary ammonium resins for 20 cycles without significant perfor-
mance degradation [54]. Considering that the double quaternary 
ammonium resin developed in our work represents an improvement 
upon anion exchange resin and exhibits similar chemical structure sta-
bility to commercial single quaternary ammonium resin, it is reasonable 
to expect it to exhibit similar cyclic performance. Furthermore, 
moisture-swing adsorbents operate under normal temperature and 
pressure conditions, where the microstructure and chemical structure 
are minimally affected by temperature and pressure variations. Hence, a 
larger cycle number is not necessary or expected to provide additional 
information in this study. 

The results indicate that the desorption capacity of the resin 
remained stable between 3.15 and 3.63 mmol/g throughout the six 
cycles of desorption-absorption process by moisture-swing. No signifi-
cant performance degradation was observed. These findings highlight 
the potential of TEMED-DQ-CO3

2− resins as a promising candidate for 
practical applications in carbon capture and storage, providing an 
effective and sustainable solution to mitigate CO2 emissions. 

Fig. 12. (a) The ad-/desorption half-time and capacity of the Diamine-SQ/DQ-CO3
2− resins developed in this work and other MSDACS reported in the literature. (b) 

Enlarged view of the yellow-shaded part in Fig. 12a within the half-time range of 120 min. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 13. Six CO2 desorption-adsorption cycles of the TEMED-DQ-CO3
2− .  
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4. Conclusion 

In this study, the double quaternary ammonium strategy was applied 
and proven as an effective solution for enhancing the CO2 sorption ca-
pacity of DAC sorbents. Diamine-DQ-AER was developed by modifying 
Merrifield resin with tertiary diamines such as TEMED, DMP, and 
DABCO, exhibiting significantly enhanced DAC capacity, i.e., a CO2 
capacity of ~3.41 mmol/g at room temperature and atmospheric con-
ditions, ~1.94 times higher than that of Diamine-SQ-AER. Moreover, 
Diamine-DQ-AER shows a stable DAC capacity in the 6-cycle test, tripled 
that of MSDACS reported in the literature (up to 1.02 mmol/g). We have 
also optimized the testing conditions and procedure, and measured the 
real CO2 desorption capacity of the sorbents and the complete desorp-
tion kinetic curve more precisely, revealing a two-stage desorption 
process, where the material displayed good desorption kinetics in the 
first stage. The performance proves that incorporating multiple active 
sites has the potential to develop high-capacity moisture-swing sorbents, 
providing a promising solution for enhancing DAC performance. In the 
future, we will further optimize the operating parameters and study the 
CO2 adsorption/desorption kinetics to improve the efficiency of the 
material and promote the practical application of MSDACS in the field of 
DAC. 
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