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ABSTRACT 9 

Downsizing zeolite crystals is a rational solution to address the challenge of slow adsorption rates 10 

for industrial applications. In this work, we report an environmentally friendly seed-assisted 11 

method for synthesizing nanoscale zeolite P, which has been shown to be promising for binary 12 

separations.The  Potassium-exchanged form of nanoagglomerates demonstrates dramatically 13 

enhanced CO2 adsorption capacity, improved diffusion rate, and separation performance. Single-14 

component CO2 adsorption at equilibrium demonstrated higher CO2 uptake and faster adsorption 15 

kinetics (ca. 1400 s vs >130000 s) for nanosized zeolite (KP1) compared to its micron-sized 16 

(KP2) counterpart. The diffusion kinetics analysis revealed the relation between the crystal size 17 

and the transport mechanism. The micron-sized KP2 sample was primarily governed by a surface 18 

barrier resistance mechanism, while in KP1, the diffusion process involved both intracrystalline 19 

and surface barrier resistance, facilitating the surface diffusion process and enhancing the overall 20 

diffusion rate. Breakthrough curve analysis confirmed these findings as fast and efficient CO2/N2 21 

and CO2/CH4 separations recorded for the nanosized sample. The results showed remarkably 22 



enhanced breakthrough time for KP2 vs KP1 in CO2/N2 (1.0 vs 10.9 min) and CO2/CH4 (1.1 vs 23 

9.9 min) mixtures, along with much higher adsorption capacity for CO2/N2 (0.18 vs 1.33 mmol/g) 24 

and CO2/CH4 (0.18 vs 1.21 mmol/g) mixtures. The set of experimental data demonstrates the 25 

importance of zeolite crystal engineering for improving the gas separation performance of 26 

processes involving CO2, N2, and CH4. 27 

Keywords: nanozeolites, seed-assisted synthesis, CO2 adsorption, adsorption kinetics, CO2 28 

diffusion, breakthrough analysis 29 

1. Introduction 30 

In light of the ongoing global effort to achieve carbon neutrality, carbon capture and storage 31 

(CCS) is a significant technology to reach this goal. Recognized as a key solution to mitigate CO2 32 

emissions, CCS aligns with the long-term temperature goal (LTTG) established by the Paris 33 

Agreement.
1,2

 In this context, zeolites, defined as a class of aluminosilicate porous materials, 34 

stand out as one of the most widely studied solid adsorbents for CO2 capture and separation. This 35 

is attributed to their crystalline structure, well-defined micropores, adjustable chemical 36 

composition, and physicochemical stability.
3
 They are considered among the most promising 37 

solid-state adsorbents for selectively capturing CO2 over other small gases such as N2 and CH4.
4
 38 

In the vast majority of cases, the existing literature solely focuses on factors such as high 39 

capacity, high selectivity, and long-term chemical and physical stability when discussing the 40 

performance of adsorbents. However, realistic separation processes, such as rapid pressure or 41 

vacuum swing adsorption (PSA, VSA) and temperature swing adsorption (TSA), require 42 

adsorbents with fast CO2 diffusion rates. Conventional zeolites with a micrometer particle size 43 

pose a challenge for CO2 molecules, requiring them to “travel” a substantial tortuous distance 44 

through the pores to find a potential adsorption site. This issue can be mitigated by introducing 45 



mesoporosity or reducing the particle size, thus enhancing molecular access to zeolite 46 

micropores. However, introducing mesoporosity that will synergically interconnect with the 47 

existing microporosity without altering the other properties of zeolites is not trivial, and leads to 48 

the use of costly reactants and several post-synthesis steps of treatment. It results in longer and 49 

more complex production times, increased costs, and larger resource consumption.
5
 Therefore, 50 

synthesizing zeolites with nanoscale dimensions would significantly decrease the diffusion 51 

distance for guest molecules within the particles, offering easier and more direct accessibility, 52 

larger surface areas, and more available active sites.
6,7

 The regulation of zeolite crystal size and 53 

shape improves diffusion and enhances the sorbent’s kinetic selectivity.
8
 54 

Various methods for synthesizing nanozeolites have been proposed, including the use of 55 

structure-directing agents (OSDAs) and other synthesis modifiers to control the crystal size. 56 

However, employing organic templates for nanozeolite synthesis entails significant drawbacks, 57 

including high costs, toxicity linked to organic templates, and the need for post-synthetic 58 

calcination, which can compromise zeolite structural integrity and contribute to increased energy 59 

consumption and CO2 emissions.
9
 Consequently, alternative techniques have emerged to address 60 

these challenges, such as recycling unused chemicals,
10

 ionothermal synthesis,
11

 microwave and 61 

sonication-based approaches,
12

 and seed-assisted methods.
13,14

 Traditionally, seed-assisted 62 

synthesis has played a crucial role in reducing zeolite synthesis time. Recently, several studies 63 

have reported that an ultrafast synthesis route using seeds has enabled the rapid preparation of a 64 

variety of industrially vital zeolites, including ZSM-5
15

 and SSZ-13,
16

 often within hours or even 65 

minutes.
17–19

 Moreover, it is well established that using seeds in zeolite synthesis improves the 66 

crystallization kinetics, suppresses impurity formation and, as mentioned, enables precise control 67 

of particle size and morphology.
13,20,21

 Recent advancements in seed-assisted approaches have 68 



revolutionized zeolite synthesis, reducing or eliminating the need for OSDAs, thus opening new 69 

frontiers in zeolite production.
22,23

 70 

A small-pore zeolite P has a gismondine (GIS) type framework topology with two intersecting 71 

channels of 0.31 × 0.44 nm and 0.26 × 0.49 nm in [1 0 0] and [0 1 0] directions, respectively.
24

 72 

McCusker et al. illustrated that the GIS-type framework could be characterized as a stacking 73 

arrangement of two-dimensional arrays of double crankshaft chains (dccs).
25

 This structural 74 

feature contributes to the framework flexibility, leading to the observation of various symmetries 75 

in GIS types. Recently, researchers have identified the crystallization of GIS-type frameworks in 76 

more than 20 distinct space group symmetries.
26

 The GIS framework distortion yields two 77 

isotypes, P1 and P2, each presenting different pore sizes and shapes. In P1 crystals, all dccs align 78 

uniformly in one direction. Conversely, P2 crystals feature alternating dccs with a slight 79 

misalignment of ± 15° rotation. This slight orientation shift of dccs leads to a narrower 8-MR 80 

pore aperture in P2 compared to P1, despite the overall similarity in pore network structures.
27

 81 

Due to the difficulty in distinguishing between the P1 and P2 phases, this zeolite is often referred 82 

to the scientific literature as’zeolite P’ without clear differentiation. The micropore size of GIS-83 

NaP1 zeolite is smaller than those of MFI, FAU, MOR, and BEA zeolite types. This unique 84 

feature makes zeolite P particularly well-suited for separating very small gases. Indeed, some 85 

theoretical studies have identified zeolite P as one of the most promising zeolite adsorbents for 86 

this purpose.
28

 Force field simulations employing an all-silica model reinforced this perspective 87 

by highlighting the GIS structure as the optimal choice for CO2 adsorption, aiming for efficient 88 

CO2/N2 separation.
29

 89 

Zeolite P was initially discovered as an impurity during zeolite synthesis in sodium-rich, highly 90 

alkaline aluminosilicate gels using only inorganic components.
30

 Zeolite P synthesis typically 91 



takes less than a week. However, the well-known verified International Zeolite Association (IZA) 92 

recipe involves a lengthy 60-day process.
31

 This extended duration is likely due to the use of 93 

lower hydrothermal temperature treatment at 85 °C and a NaF-rich medium. Regarding the 94 

nanosized version of zeolite P, it was first prepared from an aged aluminosilicate precursor 95 

solution containing tetramethylammonium (TMA) hydroxide, yielding crystalline GIS particles 96 

with a hydrodynamic radius ranging from 30 to 50 nm.
32

 Recently, Zare et al. reported the 97 

hydrothermal synthesis of nanocrystalline zeolite P using 1-dodecyl-3-methylimidazolium 98 

chloride ([C12mim][Cl]) ionic liquid as a template.
33

 The resultant zeolite P exhibited a high 99 

surface area with a crystal size exceeding 30 nm. In addition to the conventional hydrothermal 100 

method, nanoparticle synthesis of zeolite P was also conducted via a microwave-assisted method 101 

for 1 h, resulting in crystals with a high adsorption capacity for Mn
2+

 ions in aqueous media.
34

 102 

Herein, we present a free-template synthesis of highly pure nanocrystalline P zeolite using a 103 

relatively small amount of seeds, lower temperatures, and a shorter synthesis time. To better 104 

understand the changes in isotype, particle size, and shape that occur during the crystallization 105 

process, several techniques were employed, including X-ray diffraction (XRD), scanning electron 106 

microscopy (SEM), and energy dispersive (EDS) analysis. The potency of the synthesized P 107 

nanozeolites for CO2 adsorption and separation was tested, and its performance was compared to 108 

its micron-sized analog using equilibrated single-component adsorption measurements. 109 

Furthermore, adsorption kinetics in both samples were investigated to understand their 110 

adsorption-diffusion mechanisms better. Dynamic adsorption measurements performed through 111 

breakthrough curve analysis validated the enhanced diffusion properties of the nanosized 112 

adsorbent and their relevant CO2 separation performance. With the ongoing sustainability issues, 113 



our results demonstrate the importance of rationalized zeolite crystal engineering using greener, 114 

cheaper, and energy-efficient alternatives to improve important industrial processes' performance. 115 

2. Experimental Section 116 

Materials 117 

Sodium hydroxide solution (NaOH, Thermo scientific, 50 wt% suspension, 99.5%), sodium 118 

aluminate (NaAlO2, Al2O3 50–56 wt. %, Na2O 40–45 wt.%, Sigma-Aldrich), sodium silicate 119 

(SiO2 25%, Na2O 8.06%, H2O 66.94%, Sigma-Aldrich, 99.9%), and potassium nitrate (KNO3 120 

Thermo scientific, 99.5%) were used as received. Water was deionized using an Aquatron water 121 

still A4000D. 122 

Synthesis 123 

Synthesis of NaP2 seed parent: NaP2 zeolite was prepared with a gel composition of 4.5 Na2O: 1 124 

Al2O3: 10 SiO2: 180 H2O. In a typical synthesis, sodium aluminate, sodium hydroxide solution, 125 

and deionized water were mixed in a polypropylene bottle and stirred at room temperature for 15 126 

min until a clear solution was obtained, and then a solution of sodium silicate was added 127 

dropwise with vigorous stirring. The resultant mixture was aged at room temperature for 24 h, 128 

then transferred to a Teflon-lined autoclave and heated in a static oven at 120 °C for 24 h. 129 

Finally, the sample was recovered by centrifugation at 20,000 rpm for 20 min, washed with 130 

deionized water (4 times), and dried overnight at 60 °C. 131 

Synthesis of NaP1: the synthesis procedure for NaP2 was repeated with the same gel 132 

composition, and preformed NaP2 crystals were introduced as seeds (3% relative to SiO2). In this 133 

case, the mixture was aged for 30 min, and seeds were added 10 min prior to hydrothermal 134 

treatment. The mixture was then heated at 100 °C for 24 h. The synthesis was repeated under the 135 



same conditions, but using the synthesized NaP1 as a seed to produce the second generation of 136 

NaP1 (2
nd

 Gen). 137 

During the seed-assisted synthesis process, the synthesis time, ranging from 1 to 24 h, and 138 

temperature, ranging from 60 to 140 °C, were systematically varied to study their effects on the 139 

synthesis of GIS zeolite. 140 

Ion Exchange 141 

1.0 g of the obtained NaP2 and NaP1 samples were introduced into 50 mL of a potassium nitrate 142 

(KNO3) solution with  1 M concentration for ion exchange. These mixtures were stirred using a 143 

magnetic stirrer at 80 °C for 3 h. The exchange process was repeated twice to ensure the 144 

complete replacement of Na cations with K cations. Afterward, the resulting samples were 145 

centrifuged at 20,000 rpm for 20 min, washed with deionized water 4 times, and then dried at 60 146 

°C overnight. 147 

General Characterization 148 

Powder X-ray diffraction data were recorded using a PANalytical X’Pert Pro diffractometer with 149 

CuKα1 radiation (λ = 1.5406 Å, 45 kV, 40 mA). The samples were scanned from 5 to 50 ° (2 150 

theta) with a step size of 0.0167113 and a time per step of 1200 s. Scanning electron microscopy 151 

(SEM) images of the zeolite samples were obtained using FE-SEM (JSM-IT800SHL, JEOL) 152 

operated at an acceleration voltage of 0.3 kV. The elemental composition was assessed using 153 

energy dispersive X-ray spectrometry (EDS) by combining EDS detectors with FE-SEM, and 154 

analyses were performed at 5 kV accelerating voltage and 700 pA probe current with an 155 

acquiring time of 2 min. Prior to measurements, samples were prepared by depositing < 1 mg of 156 

the powder on specimen holders using double-sided sticky tape. Chemical analysis of samples 157 

was performed through inductively-coupled plasma mass spectrometry (ICP-MS) using 7900 158 



ICP-MS from Agilent technologies. Thermogravimetric analysis (TG-DTG) was performed using 159 

the STA 449 F5 Jupiter instrument. The analysis was conducted in a nitrogen flow environment 160 

over a temperature range of 30 to 800 °C, with a constant flow rate of 40 mL/min and a heating 161 

rate of 5 °C/min. 
27 

Al and 
29 

Si MAS NMR experiments were conducted using a Bruker 162 

AVANCE 500 NB spectrometer operating at a rotational speed of 12 kHz. For 
27 

Al MAS NMR, 163 

the experiment was performed at 130.30 MHz with a 3.2 mm probe head, using Al(NO3)3 as a 164 

reference for the chemical shift. In the case of 
29 

Si MAS NMR, experiments were carried out at 165 

99.35 MHz with the same 4 mm probe head. TMS was used as the reference for the chemical 166 

shift. 167 

Equilibrium Adsorption Measurements 168 

Single-Component Gas Adsorption Measurements 169 

  Nitrogen adsorption−desorption isotherms were measured at −196 °C, using a Micromeritics 170 

3Flex high-resolution surface characterization analyzer unit. Additionally, physisorption 171 

isotherms of CO2, N2, and CH4 at 25 °C in the pressure range of 0–1.0 bar were obtained with a 172 

Micromeritics ASAP2020 instrument. Before the measurement, approximately 100 mg of the 173 

sample underwent degassing at 250 °C under vacuum for at least 6 h. 174 

 CO2 adsorption kinetic measurements were conducted at 25 °C using an iSorb HP Quantachrome 175 

instrument. Samples were outgassed according to the same conditions described above. The rate 176 

of adsorption in the iSorb HP software reports the amount adsorbed at 0.05 bar with time ranging 177 

from 1  to 130,000 s. Adsorption kinetic curves were fitted using equations governed by surface 178 

barrier resistance and intracrystalline diffusion,
35

 respectively: 179 

Intracrystalline diffusion model:               
  

     
   

 

  
 

 

       
      

   
   

          Eq. 1 180 



Surface barrier resistance model:                       
  

     
         

 

 
                         Eq. 2 181 

Where Qt/ Qmax is the fractional uptake, i.e. the ratio of Qt, the total amount adsorbed after time t 182 

to Qmax, the total amount adsorbed at equilibrium, De is the effective diffusivity, r is the radius of 183 

the crystallites, and α is the surface permeability. 184 

Dynamic breakthrough adsorption measurements 185 

Breakthrough measurements were carried out at 25 °C using a 3P instrument SHP eco equipped 186 

with a Cirrus-3 quadrupole mass spectrometer, following established procedures as detailed in 187 

previous work.
36

 The zeolite samples were prepared as pellets by loading powder between two 188 

core dices in a 20 mm die sleeve with a base plate and plunger and increasing the applied 189 

pressure to ∼1.5 tonnes. The pellets were crushed and sieved into the desired fraction of 250–500 190 

µm. The prepared zeolite samples were loaded into a 6 mm column and subjected to a gradual 191 

heating process for activation at a rate of 10 °C/min until reaching 300 °C, where they were held 192 

for 9 h under helium flow (20 mL·min
−1

). Prior to activation, TG analysis was conducted to 193 

measure the weight loss of water throughout the activation process. Once activated, the column 194 

contained 0.686 g of KP2 and 0.536 g of KP1. The zeolite samples were maintained under helium 195 

flow (20 mL·min
−1

) at 25 °C before starting the breakthrough measurements.  196 

Two calibrated ternary gas mixtures, CO2, N2, and He, for the first case, and CO2, CH4, and He, 197 

for the second case, were used in breakthrough curve measurements. The experiments were 198 

conducted under a pressure of 1 bar, with He as the carrier gas. Using a bypass line, the ternary 199 

mixtures were calibrated through the mass spectrometer. Once the stability of both temperature 200 

and spectrometer signals was achieved, the gas stream within the column was switched from pure 201 

He to the specified feed mixture. Following a predetermined period to achieve saturation of the 202 



adsorbent bed (60 and 30 min for the CO2/N2/He and CO2/CH4/He mixtures, respectively), a 203 

desorption step was initiated by switching the feed composition back to 100% He. The desorption 204 

flow rates were set at 40 mL·min
-1

 for CO2/N2 separation experiments and 20 mL·min
-1

 for 205 

CO2/CH4 separation experiments. With a pressure sensor positioned immediately before the 206 

column and another located just after it, the pressure drop across the loaded column was 207 

observed. Throughout all experiments, the observed pressure drops were consistently below 0.07 208 

bar or 6% of the column pressure. 209 

The calculation process for the adsorbed amounts was processed using the MixSorb Manager 210 

software. 211 

                                               Eq. 3 212 

The computed alterations in flow rates were used to account for changes in the flow rate using the 213 

He carrier gas as an internal standard. 214 

        
      

                   
 
   

                                                         Eq. 4 215 

Blank breakthrough curves under matching conditions (gas mixture composition, temperature, 216 

and flow rate) were measured on granular quartz (200–800 µm) to quantify the adsorbed amounts 217 

in the void spaces between the adsorbent particles. The calculated loadings from the granular 218 

quartz were then subtracted from the values obtained for the zeolite samples, while considering 219 

the mass of the adsorbent. 220 

The calculated CO2/N2 (15:85, v/v) and CO2/CH4 (40:60, v/v) selectivities for both equilibrium 221 

and dynamic experiments were calculated using the following equation: 222 



                      Eq. 5 

In this equation, qi and qj are the equilibrium molar uptakes of components i and j, while pi and pj 223 

are the partial pressure of the latter components. 224 

3. Results and Discussion 225 

X-ray Diffraction Studies 226 

Figure 1 a presents XRD patterns of samples crystallized at 120 °C for 6, 12, and 24 h. The 6 h 227 

sample shows typical NaX peaks, whereas the one crystallized for 12 h exhibits FAU- and GIS-228 

type peaks. However, after 24 h, only NaP2 peaks were detected, confirming a classical 229 

crystallization process involving interzeolite transformations (IZTs) from FAU to GIS types. 230 

Generally, the ability of various zeolite types to crystallize simultaneously or consecutively 231 

depends on the chemical composition of the crystallizing system and the synthesis conditions. 232 

The order of appearance and yields of different zeolite types in the reaction mixture are 233 

determined by the relative thermodynamic stabilities of the co-crystallized zeolite phases.
37

 In 234 

this case, the NaX zeolite of the FAU type is in the metastable phase, being fully transformed into 235 

NaP2 after 24 h of hydrothermal treatment. 236 

In contrast to the conventional synthesis, the seed-assisted one performed at 100 °C led to the 237 

crystallization of NaP1 GIS-type zeolite, as depicted in Figure 1 b. The similarity between the 238 

thus obtained XRD patterns was confirmed using simulated NaP1 from the IZA structure 239 

database as a reference. This effect is attributed to the complete transformation of the less stable 240 

phase NaP2 into the most stable NaP1 one. Similar behavior has already been reported in the 241 

literature by Subotic et al., who studied the structural transformation from NaP2 to NaP1.
38,39

 242 

They observed that the NaP2 zeolite initially appeared as the first crystalline phase and gradually 243 



transformed into NaP1 over extended reaction times. Therefore, it is evident that the presence of 244 

NaP2 crystal seeds in the system accelerates nucleation kinetics and alters the course of 245 

interzeolite transformations (IZTs) from NaX-to-NaP2 to NaP2-to-NaP1, resulting in a pure 246 

NaP1 phase after only 24 h at 100 °C. Replacing NaP2 seed crystals with NaP1 seeds in the seed-247 

assisted synthesis of zeolite P resulted in NaP1 (2
nd

 Gen) phase formation, as shown in Figure 1 248 

b, indicating that the used NaP seed type has no influence.  249 

 250 

Figure 1: XRD patterns of (a) simulated NaP2 from the IZA structure database and as-251 

synthesized NaP2 heated for different synthesis times: 6, 12, and 24 h at 120 °C. (b) Simulated 252 

NaP1 from the IZA structure database and as-synthesized NaP1 1
st
 and 2

nd
 Gen at 100 °C for 24 253 

h. 254 

XRD analysis of as-prepared samples from the synthesis carried out at 100 °C and different 255 

crystallization times (Figure S1) showed that the amorphous solid phase begins to transform into 256 

the crystalline phase NaP2 after only 1 h of hydrothermal treatment, followed by a complete 257 

transformation into NaP1 after 4 h. Increasing the synthesis time to 8 and 24 h had a positive 258 

impact on the crystallinity of NaP1, reaching 85% crystallinity after 8 h of hydrothermal 259 

treatment. To the best of our knowledge, the previous fastest conventional hydrothermal 260 



synthesis of single-phase GIS-P1 at 100 °C was reported by Sharma et al. and involved a 24 h 261 

aging followed by 24 h  synthesis.
40

 Therefore, the proposed seed-assisted synthesis method is 262 

the fastest protocol ever reported for obtaining pure NaP1 zeolites through conventional 263 

hydrothermal treatment. 264 

The impact of the synthesis temperature on the seed-assisted procedure was also investigated by 265 

fixing the synthesis time at 24 h. As observed in the resulting XRD patterns (Figure S2), when 266 

the synthesis was conducted below 60 °C, the formation of zeolite P1 crystals was not fully 267 

completed, and evidence of an amorphous phase was detected in the XRD pattern. This suggests 268 

that there is not enough energy at this temperature to fuel the complete transformation of the 269 

precursor aluminosilicate gel into NaP1 crystals. Consequently, only a portion of the 270 

aluminosilicate gel was transformed into NaP1 crystals. Raising the temperature between 80 and 271 

120 °C was clearly beneficial, as indicated by the XRD results, which all displayed a pure NaP1 272 

phase with no additional peaks up to 120 °C, after which a very minor impurity of the ANA 273 

zeolite started to appear. However, with a further increase in the temperature to 140 °C, the GIS 274 

material was entirely transformed into the denser analcime (ANA-type) zeolite. Therefore, the 275 

optimal conditions for highly crystalline GIS-NaP1 synthesis were determined to be 100 °C for 276 

24 h. The results discussed above highlight the effectiveness of seed-assisted synthesis in 277 

reducing both the synthesis time and temperature for effective zeolite P preparation. 278 



Impact of Seeds on Crystal Size and Morphology 279 

 280 

Figure 2: SEM images of NaP2 (a, b) and NaP1 (c, d) zeolite samples with crystal size 281 

distribution of NaP1. 282 

The utilization of seeds in zeolite synthesis is known to yield products with significantly altered 283 

crystal size and shape compared to those derived from classical synthesis. We thus investigated 284 

the influence of “seeding” on crystal size and morphology. When NaP2 synthesis was carried out 285 

without using seeds, diamond-like crystals were formed with distinct edges, confirming their high 286 

crystallinity (Figure 2 a, b). Each diamond had a size rang of 5−10 µm. In contrast, when seeds 287 

were added to the same synthesis protocol, the resulting NaP1 zeolite exhibited agglomerates of 288 



spherical shape (Figure 2 c, d). The individual particle size was approximately 30–120 nm, while 289 

the particle clusters were about 500–800 nm in size. When NaP1 zeolite products were used as 290 

seeds to synthesize NaP1 (2
nd

 Gen), the resulting crystals retained the same morphology and 291 

individual crystal size as the seeds, while the particle clusters decreased to 300–500 nm in size 292 

(Figure S3). 293 

The mechanism of nanozeolite crystal formation using the seed-assisted approach is not fully 294 

understood and the active species promoting growth in a seeded zeolite system remain unclear.
41

 295 

However, some guidelines could be proposed to explain the relationship between NaP2 seeds and 296 

the resulting NaP1 product. Based on the varied crystal sizes and shapes of the NaP1 nanocrystal 297 

product (Figure 2 c), it is more likely that the micron-sized NaP2 seeds partially dissolve during 298 

the synthesis process, leading to heterogeneous nucleation. It is known that heterogeneous 299 

nucleation might result in faster growth due to multiple nucleation sites. In this process, the NaP2 300 

seeds act as nucleation sites, bypassing the slow nucleation stage and directly promoting crystal 301 

growth, which accelerates the overall crystallization process and leads to the formation of NaP1 302 

nanoaggregates. This intriguing mechanism warrants further investigation; however, it is not the 303 

main focus of this study, which aims to investigate the enhanced adsorption properties of 304 

nanocrystal NaP1. 305 



 306 

Figure 3: N2 adsorption-desorption isotherms of NaP2, NaP1 (1
st
 Gen) and NaP1 (2

nd
 Gen) at – 307 

196 °C.  308 

Figure 3 illustrates N2 adsorption−desorption isotherms measured at –196 °C. Textural 309 

properties, together with the chemical composition of zeolites, are summarized in Table S1. 310 

These data reveal that NaP1 zeolite obtained by the seed-assisted synthesis exhibits textural 311 

mesoporosity. For instance, NaP1 possesses a mesopore volume of 0.16 cm
3
/g, which is 312 

approximately 16 times larger than the value (0.01 cm
3
/g) of microcrystalline NaP2, suggesting 313 

significant textural porosity. The mesopore volume of NaP1 (2
nd

 Gen) was found to be identical 314 

to that of NaP1, indicating no further increase in textural mesoporosity. The BET specific surface 315 

areas of the samples, as calculated from N2 isotherms at – 196 °C, show that NaP1 (1
st
 Gen) 316 

exhibits the highest BET surface area at 45 m
2
/g, followed by NaP1 (2

nd
 Gen) at 43 m

2
/g, both of 317 

which are substantially higher than NaP2 zeolite at 9.6 m
2
/g. 318 



 319 

Figure 4: TEM images at low (a) and high (b) magnifications for the NaP1 zeolite with two 320 

different magnifications. 321 

In line with SEM and physisorption observations, TEM images at low magnification (Figures 4a 322 

andS4) elucidate the nanoscale morphology of the NaP1 sample, revealing that each particle 323 

cluster is composed of numerous closely packed nanocrystals with polyhedral-like shapes and 324 

inhomogeneous sizes, consistent with the sizes observed by SEM analysis. The TEM micrograph 325 

at higher magnification (Figure 4 b) further confirms the textural nature of the mesopores probed 326 

through N2 physisorption experiments. Indeed, one can clearly see the assembly of nanocrystals, 327 

creating mesoporous interstices between them. 328 

The 
27 

Al MAS NMR spectroscopic analysis of both NaP2 and NaP1 samples, as shown in Figure 329 

S5, reveals a single resonance at 58.5 ppm, indicating aluminum atoms in a tetrahedral 330 

coordination environment within the framework. No peaks were observed at 0 ppm, suggesting 331 

the complete incorporation of aluminum atoms into the P zeolites. In the 
29 

Si MAS NMR spectra, 332 

five resonances at −87, −91, −96, −102, and −107 ppm were observed, corresponding to Si(nAl) 333 



coordination, where n equals 4, 3, 2, 1, and 0, respectively (Table S2). Deconvolution and 334 

analysis of the 
29

Si MAS NMR spectra yield framework Si/Al ratios of 1.50 and 1.7 for NaP2 and 335 

NaP1, respectively, consistent with the Si/Al ratio determined from EDS and ICP-MS 336 

experiments (Table S3). The TG-dTG curves presented in Figure S6 revealed distinctive weight 337 

loss profiles for NaP2 and NaP1 samples. In the 30−350 °C temperature range, NaP2 exhibits a 338 

14.8 wt.% water loss, characterized by three distinct mass loss steps corresponding to the removal 339 

of adsorbed water on the surface, in GIS channels, and hydroxyl groups, respectively. 340 

Conversely, NaP1 samples display a 16.0−16.5 wt. % water loss within the same temperature 341 

range, featuring two mass loss steps associated with the removal of adsorbed water in GIS 342 

channels and intraparticle mesopores, as well as the elimination of hydroxyl groups. The 343 

observed variations in TG curve shapes and weight loss are attributed to the differences in 344 

particle morphologies. 345 

CO2 Adsorption and Separation Performance 346 

In line with previous literature findings,
27

 the CO2 adsorption capacity of standard zeolite P 347 

materials is relatively low (Figure S7). At 25 °C and 1 bar, the recorded adsorption capacity was 348 

0.12 and 0.26 mmol/g for NaP2 and NaP1, respectively. This reduced capacity was primarily 349 

influenced by the strong “cation-gating” effect that fully blocks the 8MR windows.
42

  To address 350 

this challenge, we substituted Na
+
 cations with K

+
 ones, a larger counterion with higher charge 351 

density that could influence the zeolite framework’s basicity, flexibility, and mobility. The 352 

resulting PXRD patterns exhibited slight peak shifting and splitting, confirming the successful 353 

insertion of K
+
 cations into the zeolite P pore network (Figure S8). Elemental analysis and EDS 354 

further validated the complete ion exchange (Table S4). 355 



 356 

Figure 5: CO2, N2, and CH4 adsorption-desorption isotherms of KP1 (a) and KP2 (b) at 25 °C 357 
and 1 bar. 358 

Contrary to sodium-form, the K-exchanged zeolites exhibit high CO2 uptake, reaching 1.6 and 359 

1.9 mmol/g for KP2 and KP1, respectively (Figure 5a and b). These uptakes are respectively 8 360 

and 13 8 times higher than those observed for the sodium-form zeolites. The introduction of 361 

larger basic cations, such as potassium, thus led to a substantial increase in the CO2 uptake. This 362 

behavior can be rationalized considering the flexible pores of zeolite P, in which micropore space 363 

becomes accessible as a result of K
+
 cation displacement within the pores. Similar adsorption 364 

behavior has already been reported for low silica and small-pore flexible zeolites such as PHI and 365 

MER.
43,44

 K-PHI and K-MER with Si/Al ratios of 2.5 and 2.3, respectively, showed higher CO2 366 

uptake over other alkali-exchanged counterparts. The process of CO2 adsorption is believed to 367 

occur through the "trapdoor" mechanism, wherein cations temporarily shift away from the pore 368 

window.
45

 The  cations' thermal motion and interactions with CO2 molecules are determined by 369 

the pore opening size, cation radius, and polarizability.
46

 Similar to PHI and MER zeolites, CO2 370 



adsorption on the K-exchanged zeolite samples is enabled thanks to this “trapdoor” type cation 371 

gating mechanism.  372 

Both samples exhibited negligible uptakes of the weak components N2 and CH4, resulting in 373 

extremely high CO2 ideal selectivity: 619 and 215 over N2 and 97 and 96 over CH4 for KP2 and 374 

KP1, respectively (Table 1). The enhanced selectivities can be attributed to the small pore 375 

diameter and high surface polarity of K-GIS materials. This high selectivity also arises because 376 

CO2 efficiently induces the temporary migration of K
+
 cations from the center of 8MRs, 377 

facilitating the entry of CO2 molecules into GIS-type zeolite pores, a process not accessible for 378 

N2 and CH4 (molecular trapdoor effect). KP2 exhibited significantly higher CO2/N2 selectivity as 379 

compared to KP1 most likely due to its lower external surface area limiting the adsorption of N2 380 

(Table S5 and Figure S9). Although the adsorption capacity of CO2 for K−P samples is lower 381 

than that of other porous materials (Table 1), N2 adsorption for both K−P materials remains 382 

almost negligible. Thus, the selectivity for KP2 was found to be higher than some of the best-383 

performing zeolites and metal−organic frameworks, and comparable to the highly selective 384 

zeolite NaKA (17% K⁺ ) with a value of 660 at 0 °C. 
47

 This data was obtained from static 385 

equilibrium sorption experiments. It is important to note that while such comparisons do not 386 

account for significant real-world applications such as accessibility and diffusion dynamics, they 387 

still provide a crucial preliminary insights into the material’s potential behavior and properties. In 388 

the upcoming sections, we will focus on diffusion dynamics by analyzing CO2 adsorption 389 

kinetics and dynamic breakthrough measurements to establish the true potential of K−P material 390 

clearly. 391 

 392 



 393 

Table 1: Adsorption Capacity and CO2 Selectivity for Different Types of Porous Materials at 1 394 

bar and 25°C.
a
 395 

Material 
nCO2 

(mmol/g) 

nN2 

(mmol/g) 

nCH4 

(mmol/g) 
CO2/N2 CO2/CH4 ref 

silicate-1 1.83 0.20 0.66 15 4 
48

 

LTA-5 
b
 5.15  1.4  24 

49
 

13X 
b
 4.65 0.25 0.43 64 17 

50
 

ZSM-5 1.84 0.18 0.8 31 3 
51

 

Na-PST-29 4.70 0.57 0.63 37 18 
52

 

K-MER 2.9 0.24 0.26 64 28 
53

 

SAPO-34 2.39  0.46  7 
54

 

Na-SAPO-RHO 3.53 0.08  196  
55

 

Na-GIS 3.64 0.18 0.12 75 69 
56

 

2K-SSZ-13 4.80 0.47  50  
57

 

NaKA 
c 

3.40 0.02  660  
47

 

activated 

Carbon 
2.04 0.28 0.89 15 3 

58
 

UIO-66 1.30 0.15  17 63 
59

 

Zn-MOF-74 4.31 0.13 0.51 76 15 
60

 

Ni-MOF-74 4.72 0.54 0.39 32 27 
60

 

USTA-280 3.04  0.22  41 
61

 

ZIF-8 0.81 0.10 0.24 8 3 
58

 

KP2 1.58 0.014 0.035 619 97 This work 

KP1 1.86 0.046 0.046 215 96 This work 

a
 Equilibrium selectivity of CO2/N2 (15/85, v/v) and CO2/CH4 (40/60, v/v) was modeled from the 396 

pure component adsorption isotherms. 397 

 
b 

At 30 °C 398 



c 
At 0 °C  399 

Adsorption Kinetics 400 

Figure 6 illustrates the fractional uptake curves of CO2 at 25 °C and P = 0.05 bar for KP1 and 401 

KP2. The time needed for KP1 to reach equilibrium is much shorter than that of KP2, with a 402 

steeper curve indicating a faster and more uniform CO2 diffusion through the particles. For KP2, 403 

the fractional approach to equilibrium exhibits a slow increase with time which can be ascribed to 404 

the larger particle size and thus longer diffusion path length. The adsorption equilibrium time is 405 

reduced from approximately 130,000 s in the case of KP2 to 1400 s in the case of KP1 (Figure 406 

S10). These results demonstrate that the adsorption rate can be drastically enhanced for K-407 

exchanged samples by simply decreasing the crystal size.  408 

Several studies have explored the adsorption kinetics in porous materials, offering diverse 409 

perspectives on the diffusion and sorbate uptake processes. In zeolites, the dominant mechanisms 410 

of gas diffusion are typically identified as surface barrier resistance and intracrystalline 411 

diffusion.
35

 By analyzing the relationship between the fractional uptake (Qt/Qmax) of CO2 and the 412 

exposure duration to CO2, the application of eqs 1 and 2 allows for the distinction between these 413 

mass transfer mechanisms. This approach is based on the time dependence of the adsorption 414 

profiles, providing insights into the dominating diffusion mechanism in K-exchanged samples. 415 

The fitting results indicate that the fractional uptake curve of KP1 closely aligns with both eqs 1 416 

and 2, with a stronger correlation observed with eq 1, especially within the first 40 seconds 417 

(Figure 5a). This result suggests that the controlling factors in the CO2 diffusion mechanism of 418 

nanosized KP1 are the surface barrier resistance and intracrystalline diffusion, with a dominance 419 

of the intracrystalline diffusion mechanism. On the other hand, for micron-sized KP2, only eq 2 420 

fits well with the fractional uptake curve, indicating that surface barrier resistance predominantly 421 



governs the diffusion process in this sample (Figure 5 b). Table 2 presents the fitting results, 422 

showing that De/L² of K-exchanged samples ranges from 1.31×10⁻ 4
 to 4.36 × 10⁻ 2

 (s⁻ ¹) as the 423 

size decreases from micron to nanoscale. Simultaneously, a significant improvement in 3α/r can 424 

be seen from 2.58 × 10⁻ ⁵  in KP2 to 7.79 × 10⁻ ⁴  in KP1, demonstrating that the nanoscale 425 

facilitates the surface diffusion process. This enhanced diffusion rate is attributed to the 426 

agglomeration of nanozeolite crystals forming a multi-dimensional pore structure of macro-427 

mesopores, which ultimately reduces the diffusion resistance of CO2 molecules compared to 428 

micropores. A comparable trend was observed in the diffusion kinetics of nanosized FAU 429 

compared to its micronsized FAU counterpart.
62

 This suggests that the improved diffusion 430 

properties of nanozeolites can be ascribed to their particle size, i.e., shorter diffusion path length 431 

and increased exposure to pore openings.  432 

 433 

Figure 6: Fractional uptake curves and the fitting results of intracrystalline diffusion and surface 434 

barrier resistance models for KP1 (a) and KP2 (b) samples at 0.05 bar and 25 °C. 435 

 436 

Table 2: CO2 Kinetic Adsorption Curves Fitting Results. 437 



Sample De/L
2 
(s

-1
) R

2 
3α/r (s

-1
) R

2 

KP1 4.36 × 10⁻ 2
 0.9886 7.79 × 10⁻ ⁴  0.9424 

KP2 1.31 × 10⁻ ⁴  0.9281 2.58 × 10⁻ ⁵  0.9952 

 438 

Dynamic Breakthrough Experiments 439 

Dynamic breakthrough measurements were conducted on both K-exchanged samples to assess 440 

their separation performance under dynamic conditions. The analysis involved He/N2/CO2 441 

(70/25/5 vol %) and He/CH4/CO2 (75/15/10 vol %) ternary mixtures at 1 bar and 25 °C, 442 

simulating conditions representative of pre-purified flue gas and biogas (Figure 6 a, b). 443 

Consistent with the equilibrium adsorption results, the weak components, N2 and CH4, exhibited 444 

instantaneous breakthrough during the adsorption step of ternary mixtures for KP2 and KP1, 445 

indicating no uptake of these components (Figures S12 and S13). The adsorbed amounts of the 446 

weak components were thus determined from the desorption curves. Insignificant uptake was 447 

calculated upon blank subtraction, indicating an exceptionally high, virtually infinite selectivity 448 

toward CO2 over the weak components (Table 3). CO2 exhibited different elution behavior 449 

compared to N2 and CH4, with breakthrough times varying between the samples. During the 450 

adsorption step using the He/N2/CO2 mixture, CO2 breakthrough occurred at 10.9 min for KP1, 451 

which is 10 times longer than KP2, where CO2 eluted from the column after only 1.0 min. A 452 

similar trend was observed in the adsorption step using the He/CH4/CO2 mixture, where CO2 453 

breakthrough took place after 9.9 min for the KP1 sample, while for KP2, CO2 was detected after 454 

1.1 min, confirming that KP1 offers much better separation performance for both flue gas and 455 

biogas. Meanwhile, the CO2 breakthrough capacity for He/N2/CO2 and He/CH4/CO2 mixtures on 456 

KP1 (Table 3) was calculated as 1.33 and 1.23 mmol/g, respectively, which is almost ten times 457 

higher than that of KP2 (0.18 and 0.18 mmol/g, respectively). The calculated CO2 uptake for KP1 458 



closely aligns with the results from the single-component adsorption isotherm (1.50 and 1.56 459 

mmol/g) at 0.05 and 0.10 bar, respectively, at 25 °C, clearly confirming the extremely high 460 

selectivity. In contrast, for KP2, the adsorbed amounts in both mixtures were relatively low 461 

compared to the single-component adsorption isotherm (1.44 and 1.45 mmol/g). This reduced 462 

capacity in KP2 results from a rapid saturation of most favorable adsorption sites, suggesting that 463 

CO2 was predominantly adsorbed on the external surface and in pore openings, likely due to the 464 

higher diffusion resistance in larger KP2 crystals. This leads to a discrepancy between the 465 

adsorption capacity reported in Table 1 and the breakthrough curve in Figure 7. Under dynamic 466 

conditions, the flux gas mixture passes through the sample. Once the most favorable adsorption 467 

sites on the external surface of KP2 are fully occupied, CO2 molecules cannot diffuse and migrate 468 

to the internal adsorption sites fast-enough. Consequently, CO2 starts appearing in the outlet 469 

stream (reaching breakthrough). This limitation in diffusion under dynamic conditions leads to a 470 

much lower observed CO2 adsorption capacity for KP2 compared to the static measurements 471 

performed at thermodynamical equilibrium only using a pure gas. This is thus referred as the 472 

working capacity. 473 

Table 3. Adsorption Capacity of CO2, N2 and CH4, and CO2/N2, and CO2/CH4 Molar 474 

Selectivities for KP2 and KP1 Calculated at Saturation from Breakthrough Curve Analysis at 25 475 

°C. 476 

 

sample 

CO2/N2 CO2/CH4 

capacity (mmol/g) selectivity capacity (mmol/g) selectivity 

CO2 N2 CO2 CH4 

KP2 0.179  ≈ 0 - 0.176  ≈ 0 - 

KP1 1.332 0.012 555 1.213 0.006 303 

 477 



 478 

Figure 7: CO2 breakthrough curves at 25 °C obtained from competitive dynamic adsorption 479 

experiments, CO2/N2/He, 5/25/70 (a) and CO2/CH4/He, 10/15/75 (b). 480 

Once saturation was attained, a desorption step was performed by switching the flow back to a 481 

100% He stream. The results indicated a nice correlation between the desorption behavior and the 482 

CO2 uptake. Specifically, the desorption time was observed to be longer for KP1 as compared to 483 

KP2, reflecting the disparity in the adsorbed amounts between the two samples. The shorter 484 

adsorption time for KP2 suggests that CO2 was predominantly adsorbed on the external surface 485 

and in pore openings, likely due to the higher diffusion resistance in larger KP2 crystals. 486 

4. Conclusion 487 

In this study, embracing the principles of green chemistry, we have developed a template-free 488 

seed-assisted method for zeolite P synthesis. Using pre-synthesized micron-sized zeolite P2 as 489 

seeds, the seed-assisted approach yielded highly pure nanocrystalline zeolite P1 with the particle 490 

size in the range 30−120 nm, building spherical agglomerates.  491 

K-exchanged P zeolites' CO2 adsorption and separation performance were investigated under 492 

static and dynamic conditions, including a detailed examination of adsorption kinetics under 493 

(a) (b)



static conditions. Single-component CO2 adsorption at equilibrium demonstrated higher CO2 494 

uptake and faster adsorption kinetics for nanosized zeolite KP1 compared to the micron-sized 495 

zeolite KP2, with negligible uptake observed for weakly adsorbing components N2 and CH4 for 496 

both samples. The adsorption kinetics results revealed higher adsorption rates and a more 497 

uniform CO2 diffusion pattern for KP1 compared to KP2. Notably, in KP1, the diffusion 498 

mechanism is primarily governed by intra-crystalline diffusion, in contrast to KP2, where 499 

diffusion is dominated by surface barrier resistance. Consequently, the distinctive adsorption 500 

kinetics observed for the two zeolite samples significantly influenced dynamic adsorption. 501 

Breakthrough curve analysis revealed longer breakthrough times, higher CO2 uptake, and 502 

excellent CO2/N2 and CO2/CH4 selectivities for KP1. Conversely, KP2 exhibited a shorter 503 

breakthrough time and very low CO2 uptake attributed to diffusion limitations. These findings 504 

suggest nanosized zeolite KP1 as a promising adsorbent for capturing and separating CO2 from 505 

power-plant flue gas and biogas, particularly under low CO2 partial pressure conditions. 506 
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Nomenclature 512 

cin                concentration at column inlet, mol m
−3

 513 

cout              concentration at column outlet, mol m
−3 514 

De               effective diffusivity, m
2
 s

−1
 515 

L                 diffusion length, m 516 



nadsorbed       amount of molecules adsorbed, mol 517 

                  partial pressure of component i, bar 518 

                  equilibrium molar uptake of component i, mmol g
−1 

519 

Qmax            total amount adsorbed at equilibrium, mmol g
−1 

 520 

Qt                total amount adsorbed after time, mmol g
−1 521 

r                  radius of the crystallites, m 522 

                  adsorption selectivity of the adsorbate 523 

                     time, s 524 

T                 temperature, °C 525 

VHe              volume of He, m
3
 526 

Vin               volume at column inlet, m
3
 527 

Vout             volume at column outlet, m
3 528 

yadsorptive,i   adsorptive volume fraction 529 

α                 surface permeability, m s
−3

 530 
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