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An ultra-fast synthesis of 13X@NaA composites through the 

plasma treatment for high selective carbon capture 

Jiali Huang,a Jun Hu*a, Wenli Dub, Honglai Liua, Feng Qianb, Meilong Wang*c, 

The primary challenge in material design and fabrication is achieving excellent performance, economical substances, fast 

and convenient synthesis for real world applications. We tackle this challenge by an ultra-fast synthesis of core-shell 

13X@NaA zeolite composites within only 30 min. By using the plasma treatment, more silanol groups on the surface of 13X 

powders and hydroxyl radicals in NaA precursor gel result in the accelerated formation of NaA crystal shell. After the 

potassium ion exchange in different degrees, the obtained 13X@NaKA composites exhibit extremely high selectivity of CO2 

over N2 of 149~380 and maintain good capacity of 3.41~1.84 mmol·g-1. Our work provides a promising approach for synthesis 

of core-shell zeolite composites as economic materials for further multiple applications. 

 

Introduction 

Carbon capture is not optional if the world hopes to limit future 

temperature increases. Currently, the adsorption technology is one 

of promising approaches for CO2 capture, in which zeolites are the 

most practicable commercial adsorbents.1,2 However, their low 

selectivity of CO2 over other gases such as N2 and H2O becomes a 

bottleneck of the wide applications in reality. Zeolite composites 

have spurred great research interest since they can combine unique 

properties of the each component zeolite simultaneously.3,4 We can 

anticipate zeolite composites with the core-shell structure by 

carefully designing the shell structure could significantly improve CO2 

selectivity, and preserve the good adsorption capacity of the core 

zeolites, simultaneously. However, the common nucleation and 

crystal growth of the core-shell zeolite composites are usually time-

consuming, such as 48 h or more, and difficult to control.5-7 Even 

worse, the crystal structure of core zeolites might collapse in the 

concentrated basic medium during the long-time and high-

temperature crystallization of zeolite shell.8 Understanding the 

crystallization mechanism and increasing the formation rate of 

zeolites are still great challenges for the successful formation of core-

shell zeolite composites.9-11 

The hydroxyl group presented at the surface of the core zeolite 

is crucial for the formation of the shell zeolite. Some physical or 

chemical methods, such as microwave waves12 and sonochemical 

method13 have been used to increase the amount of active hydroxyl 

groups. Meanwhile, free radicals produced in the precursor solutions 

of the shell zeolite can also effectively accelerate its crystallization 

ƌĂƚĞ͘ VĞƌǇ ƌĞĐĞŶƚůǇ͕ YƵ͛Ɛ ŐƌŽƵƉ ĚĞŵŽŶƐƚƌĂƚĞĚ ƚŚĂƚ ƚŚĞ ŶƵĐůĞĂƚŝŽŶ 
process of zeolites, such as NaA, NaX and silicalite-1, can be 

successfully accelerated by introducing hydroxyl free radicals (·OH) 

ƚŚƌŽƵŐŚ ƚŚĞ ƵůƚƌĂǀŝŽůĞƚ ;UVͿ ŝƌƌĂĚŝĂƚŝŽŶ Žƌ FĞŶƚŽŶ͛Ɛ ƌĞĂŐent.14 Among 

various activation methods, the plasma technology can produce 

energetic electrons and activated radicals15,16 to realize rapid and 

uniform surface modification.17,18 As a non-thermal gas discharge 

plasma technology, the dielectric-barrier discharge (DBD) is of the 

most successful method. Currently the plasma treatment is mostly 

applied for polymer materials,19,20 only a few studies explored its 

applications for zeolite-type molecular sieves.21,22 We previously 

developed a convenient DBD plasma treatment method to modify 

the internal surface of the mesoporous silica, such as SBA-15 and 

MCF23,24. By this method, the amount of surface silanol groups were 

increased, accordingly, the surface grafting rate of amine was 

significantly accelerated, with the reaction time shortened from 

general 18 h to 2 h. In fact, the plasma-induced radicals not only can 

produce new functional groups on the material surface, but also can 

generate free radicals in reactant solution. Acting as the reaction 

active sites, those functional groups and free radicals can effectively 

accelerate the solid-liquid interfacial reactions.25,26 So far, very few 

works about using the plasma treatment for core zeolite powder and 

(or) shell zeolite precursor solution have been reported, although it 

is anticipated the formation rate of the core-shell zeolite composites 

would be  significantly accelerated.  

Herein, we applied the DBD plasma method to accelerate the 

synthesis of coreʹshell zeolite composite, in which 13X zeolite 
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(framework type code FAU) powders were chosen as the core and 

NaA zeolite (framework type code LTA) as the shell. 13X powders or 

the mixture of NaA precursor gel and 13X powders were treated 

under oxygen plasma, and the limitation of the crystallization time 

for the formation of uniform NaA shell was determined. The 

accelerating mechanism of the plasma treatments was illustrated by 

detecting the produced silanol groups and the hydroxyl radicals. 

After formation a thin shell of NaA on 13X core, the window size of 

NaA was adjusted by the potassium ion exchange. By significantly 

shortening the crystallization time to only 30 min and with the 

degree of 18% potassium ion exchange, the thickness of NaA shell 

and the pore sized of the resultant 13X@NaKA composites were 

rationally controlled, in turn, high selectivity, high adsorption 

capacity and high rate for CO2 adsorption were simultaneously 

obtained. This approach demonstrated a promising way for synthesis 

of core-shell zeolite composites for the specific task application. 

Experimental 

Materials 

13X zeolite powders and Methylene bue(MB) were purchased 

from Shanghai Jiuzhou Chemicals Co., Ltd. Sodium hydroxide(NaOH) 

and Sodium silicate(NaSiO39H2O) were purchased from Shanghai 

Lingfeng Chemicals Co., Ltd. Sodium aluminate(NaAlO2) was 

purchased from Taitan Chemicals Co., Ltd. 

Synthesis of coreʹshell 13X@NaA composites 

Without the plasma treatment 13X powders were activated by 

heating at 500 oC for 2 h before usage. Based on the common 

crystallization method, 13X@NaA composites were synthesized for 

comparison. Typically, 1 g activated 13X powders were dispersed into 

a certain amount of NaA precursor gels (1.9NaOH/1.5NaAlO2/ 

3.5NaSiO39H2O/43H2O). After stirring for 30 min at 333 K, the 

mixture slurry was transferred into an autoclave and aged at 373 K 

for specific time. Thereafter the sample was filtered, washed with 

distilled water and dried at 383 K. The obtained solid powders were 

denoted as 13X@NaA-N-t. (N means without the plasma treatment; 

t is the aging time, t =15, 30, 60, 120 min, respectively.) 

With the plasma treatment The synthesis process and the ratio of 

precursor mixture of NaA gel were the same as above, except the 

plasma treatments were applied for the 13X powders and the 

precursor mixture respectively before the synthesis.     

We adopted dielectric barrier discharge (DBD) method under 

the oxygen flow at room temperature and normal pressure (Scheme 

S1). Typically, 1 g activated 13X powders were added in the quartz 

reaction chamber and treated by DBD plasma for 10 min with 

different input powers, which were denoted as 13X-P-n (P means the 

plasma treatment for 13X powders; n is the input power, n = 80, 90, 

100 W respectively). As shown in Scheme S2, after the plasma 

treatment, 13X-P-n powders were immediately put into NaA 

precursor gel to synthesize the composite. The finally resulted solid 

powders were denoted as 13X@NaA-P-t. 

Alternatively, after the DBD plasma treatment for 13X 

powders, a certain amount of NaA precursor gels were added 

immediately into the quartz reaction chamber. After stirring for 30 

min, the whole mixture slurry was subjected to the plasma treatment 

with different input powers for 10 min again. Then, after the same 

synthesis, the finally obtained samples were denoted as 13X@NaA-

S-t (S means the plasma treatment for the whole slurry). 

Potassium ion exchange 

As illustrated in Scheme S2, 1 g obtained 13X@NaA-S-30 or 

13X@NaA-S-120 powders were added into 100 ml KCl aqueous 

solution (with different concentrations). After stirring for 60 min at 

298 K, the sample was filtered, washed with distilled water, and dried 

at 383 K. The obtained powders with different degrees of potassium 

ion exchange were denoted as 13X@NaKA-S-t-m (m is the molar 

ratio of K+ to Na+, m =8, 18, 30 %, respectively). 

Characterizations 

X-ray diffraction (XRD) patterns were collected on a 

RigakuD/MAX-ϮϱϬϬ VͬPC ƵƐŝŶŐ CƵ Kɲ RĂĚŝĂƚŝŽŶ Ăƚ ϰϬ ŬV ĂŶĚ ϭϬϬ ŵA͘ 
Field-emission scanning electron microscopy (FESEM) images were 

taken using a Nova NanoSEM 450. The infrared spectra were carried 

out on a Nicolet iS10 Fourier Transform infrared spectroscopy (FTIR) 

with the KBr pellet technique. The ultra-violet spectrum (UV) is 

measured by Shimadzu, UV-2550 spectrophotometer. Nitrogen 

adsorptionʹdesorption isotherms were measured at 77.4 K on a 

Micrometrics ASAP 2020 analyzer. The BrunauerʹEmmettʹTeller 

(BET) method was employed to calculate the specific surface areas. 

Thermo gravimetric (TG) analyze the quantity of functional groups by 

NETZSCH STA 499 F3. Inductively coupled plasma optical emission 

spectrometry (ICP-AES, Agilent 725ES) was employed to determine 

the K content in the samples with different degrees of potassium ion 

exchange. 

Hydroxyl Radical Detection 

We chose methylene blue (MB) as the trapping agent of free 

radicals. 5 ml 1mol·L-1 NaOH was added into the quartz reaction 

chamber and was treated by DBD plasma under the oxygen flow for 

10 min with the input power of 90 W. Then, 5 ml MB aqueous 

solution (with a concentration of 0.016 mmol·L-1) was added 

immediately. The UV absorbance value Ai of the mixture was 

measured at ʄ=664 nm, with the deionized water as the reference. 

Then the apparent amount of free radicals such as hydroxyl free 

ƌĂĚŝĐĂů ;ͻOHͿ ƉƌŽĚƵĐĞĚ ďǇ ƚŚĞ ƉůĂƐŵĂ ƚƌĞĂƚŵĞŶƚ ŝŶ ƚŚĞ ƐǇƐƚĞŵ ĐĂŶ 
be calculated as Eq. 1 

Apparent yield of free radicals (%) = ((A0 -Ai)/A0) × 100%     (1) 

where A0 is the absorbance value of the mixture of 5 ml MB and 5 ml 

NaOH without the plasma treatment.  

Gas adsorption measurement 

CO2 and N2 static adsorption capacities of the samples were 

determined by a Micrometrics ASAP 2020 at 298 K. All the samples 

were degassed for 6 h at 393 K under vacuum before the 

measurement. The selectivity of CO2 to N2 (SCO2/N2) was calculated by 

the ideal adsorbed solution theory (IAST) as Eq. 2,  
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where qi is the adsorption capacity of i component at its partial 

pressure of pi. Here, to simulate the flue gas (15% CO2, 85% N2), we 

estimated SCO2/N2 from the relative adsorption capacity of pure CO2 

at the pressure of 15 kPa over pure N2 at the pressure of 85 kPa. CO2 

dynamic adsorption was tested by the thermogravimetric analysis 

(TGA). About 10 mg sample was placed in a flat alumina pan and it 

was degassed by heating to 110 °C in a pure N2 purge about 60 min 

until there was no weight change. Then the temperature was 

decreased to 25°C, the testing gas of the simulated flue gas (15:85 

v/v of CO2/N2) was then introduced at a flow rate of 20 mL·min-1. 

After 180 min adsorption, the gas was switched into pure N2, and 

the temperature was raised again to 110 °C at a heating rate of 10 

°C·min-1 to perform desorption. The flow rate of N2 purge was set as 

60 mL·min-1 to make sure all the impurities or CO2 can be removed 

completely in a short time. The adsorption capacity was calculated 

by the sample weight change during this adsorption/desorption 

process.  

Results and discussion 

Compared the XRD patterns of 13X-P samples with that of 

pristine 13X (Fig. S1), the integrity of 13X structure can be maintained 

after the plasma treatment, therefore, the DBD plasma treatment 

under oxygen atmosphere can be used to improve the reaction 

activity without the damage of its crystal structure. 
The structure evolution of 13X@NaA composites with the aging 

time was recorded by XRD and SEM images. After aging for 120 min 

(Fig. S2a), the characteristic peaks of NaA appeared in all XRD 

patterns of the composites samples, regardless if they were with or 

without the plasma treatment. But the intensity of NaA peaks in 

13X@NaA-N-120 was much lower. When the aging time was 

shortened to 60 min (Fig. S2b), the characteristic peaks of NaA can 

be observed in both XRD patterns of 13X@NaA-P-60 and 13X@NaA-

S-60 samples; in contrast, they disappeared in the XRD pattern of 

13X@NaA-N-60 sample produced by the common crystallization 

method, suggesting the plasma treatment can effectively accelerate 

the formation rate of NaA shell. A comparative analysis of their 

relative crystallinity of NaA (Fig. 1b the detailed calculation method 

can be found in SI) revealed 13X@NaA-P-60 (41%) was weaker than 

13X@NaA-S-60 (51%), thus, the double plasma treatments for both 

13X powders and the mixed precursor gel can accelerate the 

crystallization rate more efficiently. Compared with the SEM image 

of octahedral-shaped of pristine 13X (Fig. S3a), the successful 

formation of NaA crystal shell can be clearly observed on the surface 

of 13X@NaA-S-60 (Fig. S3b). However, without the plasma 

treatment, there were only some amorphous particles formed on the 

surface of 13X@NaA-N-60 (Fig. S3c), consistent with its XRD result. 

When the aging time was further shortened to 30 min, the 

characteristic peaks of NaA still existed in both XRD patterns of 

13X@NaA-P-30 and 13X@NaA-S-30 (Fig. 1a), but the relative 

crystallinity of NaA were lower (Fig. 1b). Confirmed by the SEM 

images (Fig. 2c), the whole particle size increased from pristine 13X 

of 3.5 um to about 4.5 um, with the cubic NaA crystals closely packed 

in the shell. Some small defeat holes can be observed in its higher 

resolution image (Fig. 1c insert). With the average size of NaA crystals 

of about 1.0 um, the thin shell was composed of one-layer NaA 

crystals. When the aging time was even shortened to 15 min (Fig. 

S2c), the characteristic peaks of NaA in all the samples disappeared. 

Therefore, with the crystallization aging time was shorten to about 

30 min, the plasma treatment can effectively accelerate the 

formation rate of NaA crystal shell on the surface of 13X powders.  

We further adjusted the input power of the plasma treatments 

to understand its acceleration effect on the formation of NaA shell. 

In the case of the plasma treatment for 13X powders (Fig. S4), the 

crystallinities of NaA in 13X@NaA-P under 90 W were all larger than 

those under 80 W at whatever aging times. However, increasing the 

strength of input power to 100 W, the crystallinities showed a little 

further enhancement. Whereas in the case of the plasma treatment 

for both 13X powders and the mixed precursor gel (Fig. 1d), when 

the aging time was 30 min, the almost liner accelerating effect of the 

input powder on the crystallinity of NaA shell suggested the plasma 

treatment can significantly increase the initial crystallization rate. 

The crystallinity of NaA was as high as 40% under 100 W. When 

prolonging the aging time, the acceleration effect on the crystallinity 

of NaA changed gently. At 120 min, the crystallinity of NaA in 

13X@NaA-S-120 reached 81% and 72% under 100 W and 90 W input 

powers, respectively, much higher than that in 13X@NaA-N-120 

produced by the normal crystallization method.  

To clearly reveal the mechanism of the acceleration 

mechanism of the plasma treatment, the active reaction species of 

Fig 2 Characterization of the effects of plasma treatments (a) FTIR spectra of 

13X and 13X-P, (b) UV spectra of 13X and 13X-P, (c) UV spectra of NaOH with 

MB scavenger. 

Fig 1 (a) XRD patterns of 13X@NaA-N/P/S after the crystallization aging for 60 

min; where * denotes the characteristic peaks of 13X, and  denotes those of 

NaA; (b) the change of crystallinity of NaA in 13X@NaA-N/P/S with the aging 

time under the input power of 90 W; (c) SEM images of 13X@NaA-S-60; (d) 

the effect of input power of the plasma treatment on the crystallinity of 

13X@NaA-S. 
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the hydroxyl group on the surface of 13X-P powders and the free 

radicals generated in the mixed precursor gels were then 

determined, respectively. Compared 13X-P-90 sample with the 

pristine 13X, the FTIR spectra (Fig. 2a) showed similar characteristic 

bands at 973 cm-1 and 3482 cm-1, which were assigned to the groups 

of Si-O-Si and ʹOH,27 but their relative intensity ratios were 

significantly different. Accordingly, the larger integral area ratio of 

the -OH band to that of Si-O-Si (ROH/Si-O-Si) revealed directly much 

more active -OH groups in 13X-P-90. However, since the -OH band at 

3482 cm-1 is attributed to both contributions of Si-OH group and H2O 

molecule, we had to carefully eliminate the influence of residual 

water in the samples. When we checked the band of H2O at 1637 cm-

1, the integral area ratio of RH2O/Si-O-Si of two samples of 13X and 13X-

P were calculated as the same as 0.2, suggesting the residual water 

can be regards as the same. Then after the calibration, ROH/Si-O-Si of 

13X-P-90 was 0.9, apparently higher than 0.6 of 13X, confirming the 

amount of -OH groups on the surface of 13X-P-90 was significantly 

increased after the DBD plasma treatment under oxygen 

atmosphere. 

 In contrast to the UV spectrum (Fig. 2b) of 13X with almost no 

absorption in the whole wave range of 200ʹ800 nm, the UV spectrum 

of 13X-P-90 exhibited a significant absorption peak at about 200 nm, 

attributed to the absorption of oxygen atom in the hydroxyl group. 

Therefore, the plasma treatment successfully produced more -OH 

groups on the surface of 13X-P-90. The amount of -OH groups 

produced by the plasma treatment was determined by the 

comparison of the TG curves of 13X-P-90 and 13X (Fig. S5). Both TG 

curves of 13X and 13X-P-90 showed a significant weight loss before 

100oC, attributed to the adsorbed water and impurities. Since the 

difference of the weight loss between them was less than 1%, the 

residual water in 13X and 13X-P-90 samples can be considered 

almost the same after the pre-treatment. When increasing the 

temperature above 200oC, the weight loss attributed to the 

decomposition of surface -OH groups was much more significant for 

13X-P-90 than 13X. The amount of -OH groups increased in 13X-P-90 

after the plasma treatment was then determined as 4 wt.%. 

Meanwhile, the radicals produced in the mixed precursor gel 

through the plasma treatment was demonstrated by the methylene 

ďůƵĞ ;MBͿ ƐĐĂǀĞŶŐĞƌ ƚƌĂƉƉŝŶŐ ƚĞƐƚ͘ AƐ Ă ŐŽŽĚ ͻOH ƌĂĚŝĐĂů ƐĐĂǀĞŶŐĞƌ͕ 
MB has Ă ŚŝŐŚ ĂĨĨŝŶŝƚǇ ĨŽƌ ƚŚĞ ͻOH ƌĂĚŝĐĂů ƚŚƌŽƵŐŚ ƚŚĞ ƐƵůĨƵƌ ĂƚŽŵ͕ 
and changes into colorless hydroxylated methylene blue (MB-OH).28 

Because the silica gel-sol suspension is not suitable for the UV 

spectrophotometric detection, we simplified the mixed precursor gel 

into NaOH solution, which was the main resource media for 

producing free radicals after the plasma treatment.29,30 NaOH 

solution was treated with plasma at a relatively moderate power of 

90W, the UV spectra of MB in NaOH solution after the plasma 

treatment showed a significant decrease of absorbance at 664 nm 

(Fig. 2c). Calculated from the change of absorbance, 33% MB were 

decompŽƐĞĚ ĐĂƵƐĞĚ ďǇ ƚŚĞ ƐĂŵĞ ĂŵŽƵŶƚ ŽĨ ͻOH ĨƌĞĞ ƌĂĚŝĐĂůƐ 
produced by the plasma treatment.  

As illustrated in Scheme 1, with three different detours to 

produce 13X@NaA-N/P/S composites, the formation rate of NaA can 

be generalized as dܼୟ dݐ ൌ ܼ݇ଵଷଡ଼ܼଵଷଡ଼כ ݃ୟ݃ୟכ ௗΤ , in which ܼଵଷଡ଼  and ݃ୟ are the concentrations of 13X and NaA precursor,  ܼଵଷଡ଼כ  and ݃ୟכ  are their corresponding concentrations after the 

plasma treatments, a, b, c and d were their reaction orders. 

Comparing the changes of the relative crystallinity of NaA among 

13X@NaA-N/P/S composites (Fig. 1b), both plasma treatments can 

accelerate the formation rate of NaA crystals on the surface of 13X 

powders, accordingly, ܼଵଷଡ଼כ  and ݃ୟכ  played more important roles in 

the formation of NaA. Although the double plasma treatments 

definitely improved the crystallinity of NaA, the improvement by the 

plasma treatment for the mixed precursor gel was not as significant 

as that for 13X powders, which inferred the contribution of ܼଵଷଡ଼כ  is 

larger than ݃ୟכ  for the formation of NaA. Therefore, the reaction 

orders in the formation of 13X@NaA-S might be in the sequence of 

b > d > a  c. After the plasma treatments, the increased amount of 

ʹOH ŐƌŽƵƉƐ ŽŶ ƚŚĞ ƐƵƌĨĂĐĞ ŽĨ ϭϯX ƉŽǁĚĞƌƐ ĂŶĚ ƚŚĞ ĞǆŝƐƚĞŶĐĞ ŽĨ ͻOH 
free radicals in mixed precursor gel resulted in the concentration 

Scheme 1 Three detours to produce 13X@NaA-N/P/S composites and their 

acceleration mechanism through the plasma treatment. 

Fig 3 (a) CO2 and N2 adsorption isotherms at 298 K on 13X@NaKA-S-30 under 

different degrees of potassium ion exchanges, (b) trade-offs between CO2 

adsorption capacity and the selectivity SCO2/N2 of 13X@NaA-S-120 and 

13X@NaA-S-30 at 298 K and 1 bar, (c) dynamic CO2 adsorption at 298 K of 

13X and 13X@NaKA-S-30/120 after potassium ion exchange, (d) fitting plots 

of t/qt against t as predicted by the second-order rate law. 
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increases of ܼଵଷଡ଼כ  and ݃ୟכ , respectively, and hence the formation 

rate of NaA crystal shell was significantly improved.  

As we know, the commercial 13X zeolite is a good CO2 adsorbent 

but shows relatively low selectivity. Based on the difference of kinetic 

radius between CO2 (0.330 nm) and N2 (0.364 nm), we adjusted the 

window size of NaA crystals in the thin shell of 13X@NaA composites 

through a potassium ion exchange.31-34 With controlled pore size in 

the NaA shell, N2 molecules can be dynamically blocked to enter the 

13X core, and hence to improve the CO2/N2 selectivity. N2 adsorption 

and desorption isotherms at 77 K of 13X@NaKA-S-30 composites 

revealed a decrease of surface area with increasing the degree of 

potassium ion exchange (Fig. S6). At high degree of potassium ion 

exchange, such as 30%, the surface area of 13X@NaKA-30 was as low 

as 30.9 m2·g-1. As a result, both pure CO2 and N2 adsorption capacities 

at 298 K on 13X@NaKA-S-30 composites decreased with increasing 

the degree of potassium ion exchange (Fig. 3a). However, the 

decrease of N2 adsorption capacity was even much significant due to 

the well-controlled pore size of NaKA in the thin shell (Table S1), 

accordingly, the higher selectivity SCO2/N2 was obtained. As shown in 

Fig. 3b, a trade-off between CO2 adsorption capacity and the 

selectivity SCO2/N2 can be observed as the degree of potassium ion 

exchange changed. With 8.0 % potassium ion exchange, 13X@NaKA-

S-30-8% showed a good CO2 adsorption capacity of 4.07 mmol·g-1 but 

a relatively lower SCO2/N2 of 78.6. When the potassium ion exchange 

was 18 %, SCO2/N2 was significantly enhanced to 148.8, with CO2 

adsorption capacity of 3.41 mmol·g-1. After 30% potassium ion 

exchange, SCO2/N2 was even enhanced to 280.5, with the CO2 

adsorption capacity maintained at 2.60 mmol·g-1. To gain deeper 

insight the influence of the NaA crystallinity and the thickness of the 

shell, 13X@NaA-S-120 was also selected as a comparison. With the 

corresponding similar potassium ion exchange, 13X@NaA-S-120 

showed a similar trade-off trend but with relatively lower CO2 

adsorption capacity and higher selectivity (Fig. 3b, Fig. S7). For 

example, at 18% potassium ion exchange, with CO2 adsorption 

capacity as 2.89 mmol·g-1, SCO2/N2 was already as high as 264.4. The 

SCO2/N2 can be further increased to 379.7 when 30% potassium ion 

exchange, but a very low capacity due to the blockage of the skeleton 

pore of the shell by potassium ion. Therefore, with suitable 

potassium ion exchange in the thin NaKA shell, the SCO2/N2 can be 

significantly improved with good adsorption capacity maintained.  

So far, due to the shrunk pore size in the shell, the effect of 

potassium ion exchange on the adsorption rate also aroused our 

great concerns. To demonstrate the CO2 dynamic adsorption 

performance more accurately, instead of the adsorption from pure 

gas, the gas mixture (15% CO2 and 85% N2) was used to simulate the 

flue gas. The second-order kinetic model (Eq. 3) was used to fitting 

the dynamic adsorption data.    

t
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where qe and qt (mmol·gо1) are the CO2 adsorption uptakes at 

saturated and at any time t, respectively; k (g·mmol о1·min о1) is the 

rate constant of a second-order kinetics model. Compared with the 

pristine 13X, the CO2 uptakes of 13X@NaKA-S-30/120 samples 

unavoidably decreased (Fig. 3c); and it decreased even more with 

increasing the degree of potassium ion exchange and the aging time. 

For all the samples, good linear relationships of plottings of (t/qt) 

against t with the correlation coefficient R very close to 1 were 

obtained (Fig. 3d), suggesting the second-order adsorption kinetics 

can describe the adsorption performance well. As listed in Table S2, 

ƚŚĞ ǀĂůƵĞƐ ŽĨ Ŭ ;ŐͼŵŵŽůоϭͼŵŝŶоϭͿ ĂŶĚ Ƌe ;ŵŵŽůͼŐоϭͿ ĚĞĐƌĞĂƐĞĚ ŝŶ 
the following order: pristine 13X (0.35, 3.83) > 13X@NaKA-S-30-18% 

(0.22, 2.95) > 13X@NaKA-S-30-30% (0.16, 2.16) > 13X@NaKA-S-120-

18% (0.10, 1.97). Both the adsorption rate and capacity of 

13X@NaKA-S-30-18% were quite acceptable, however, some 

deviation in CO2 uptake indicated that the dynamics involved in the 

gas separation was more complex than based on thermodynamic 

effects alone. The correlation can be ascribed to the relation 

between CO2 diffusion rate and the rate at which the system will 

approach the equilibrium. Accordingly, the total CO2 uptake can then 

be estimated by combining the equilibrium uptakes with the 

correction factor of the root relative diffusion constant Dsrel  as Eq. 

4 35 
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where Ds0 refers to the CO2 self-diffusion coefficient in zeolite NaA, 

and Ds is that after the potassium ion exchange.  For 13X@NaKA-S-

30-30% and 13X@NaKA-S-120-18%, with more degree of potassium 

exchange and longer aging time, more serious blockage and thicker 

shell resulted in the lower CO2 diffusion constant Ds, in turn, the 

adsorption rate and saturated uptakes. Therefore, take account for 

the real extent of freedom that the gas molecules have to diffuse and 

reach to adsorption equilibrium, 13X@NaKA-S-30-18% was the 

optimized CO2 adsorbent, combining the high adsorption capacity, 

selectivity and rate.  

Compared with those reported zeolite-based materials (the CO2 

capacity and SCO2/N2) which showed good CO2 adsorption 

performance (Table S3 ), like NaK-ZK-4 (2.50 mmol/g at 293 K; 880 at 

273K),34 Cu-SSZ-13 (3.75 mmol/g, 72.0) and H-SSZ-13 (3.98mmol/g, 

73.6),36 the samples in this work, like 13X@NaKA-S-30-18% 

(3.41mmol/g, 148.8), showed both good CO2 capacity and high 

selectivity. The most noteworthy is that the synthesis of reported 

zeolite-based materials were generally based on the traditional 

thermal crystallization route, which were quite time-consuming and 

usually needed expensive structure template reagent. With the 

plasma treatment, without any structure template reagent, the 

synthesis time of 30 min in this work was greatly reduced. Moreover, 

the side-effect of potassium ion exchange was the significant decline 

of the adsorption rate, 34 especially for a whole particle with specific 

sizes. It is our understanding that the core@shell structure with 

potassium ion exchange in the thin shell would be a guarantee for 

both good equilibrium and dynamic CO2 adsorption performance. 

Whereas for those state-of-the-art materials with excellent CO2 

adsorption performance, such as the porous organic polymers 

(POPs), 37-41 metal organic frameworks (MOFs) 42-44 and covalent 

organic frameworks (COFs), 45,46 as listed in Table S3, usually showed 

a trade-off between the CO2 capacity and selectivity. Moreover, as 
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POPs or MOFs not only needed a long-time synthesis, but also usually 

had very complex multistep procedures involving costly 

organometallic catalysts, which needed great endeavours in specific 

monomers or ligands designing and fabrication, therefore, their 

practical applications in real carbon capture remained great 

challenges. 

Conclusions 

In summary, an ultra-fast synthesis of coreʹshell 13X@NaA 

composites through the DBD plasma treatment under O2 

atmosphere was realized. With the plasma treatments, more silanol 

hydroxyl groups were produced uniformly on the surface 13X 

powders and hydroxyl free radicals were induced in the NaA 

precursor gel, which effectively accelerated the formation of dense 

NaA crystal shell on the surface of 13X powders. Only after 30 min 

aging, 13X@NaA-S-30 composite with a thin uniform NaA crystal 

shell can be obtained. The window size of NaA crystals was 

effectively adjusted by the potassium ion exchange to hinder the 

entrance of N2 molecules, and hence the CO2 adsorption selectivity 

was significantly improved. Among them, 13X@NaKA-S-30 with 18 % 

potassium ion exchange showed both excellent equilibrium and 

dynamic CO2 adsorption performance, with the ideal selectivity of 

CO2 over N2 of 172.6, CO2 capacity of 3.41 mmol·g-1, and adsorption 

rate constant of 0.22 g·mmolо1·minо1 from the simulated flue gas. 

This approach not only enables us to achieve an excellent CO2 

capture adsorbent, but also provides promising methods for 

synthesis of core-shell zeolite composites as economic materials for 

further multiple applications. 
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