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Structure-activity relationship of critical pore size for radon adsorption in porous materials
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ABSTRACT To elucidate the structure-performance relationship between pore structure and radon adsorption in
porous materials, the grand canonical Monte Carlo (GCMC) method was adopted in this study to construct models
of 4-20 A (1 A=10"" m) graphite slit pores, irregular pore channels, and oxygen-containing group-modified pore
channels to simulate the adsorption behavior of radon. A series of molecular sieves (3A, 4A, 5A, ZSM-5, and 13X)
were selected for dynamic radon adsorption experiments to validate the simulation results. GCMC simulations
revealed that narrow micropores of 5 — 6 A exhibited the highest adsorption capacities (8.32 mmol/g and
7.86 mmol/g, respectively) due to strong pore confinement effects. Irregular pore channels within the effective
micropore range can still achieve efficient radon adsorption, while restricted pore channels and open transmission
channels show degraded performance due to hindered pore accessibility and insufficient confinement effect,
respectively. In addition, oxygen-containing functional groups (hydroxyl groups) can enhance radon adsorption
through polar induction effect, but the material performance is deteriorated by competitive adsorption of H20
molecules in actual humid environments. Experimental results confirmed that 3A and 4A molecular sieves with pore
sizes smaller than the kinetic diameter of radon (4.17 A) showed only surface adsorption with extremely low
adsorption coefficients (0.1 — 0.12 L/g), whereas 5A and ZSM-5 molecular sieves with matching pore sizes
demonstrated significantly enhanced adsorption coefficients of 0.37-0.48 L/g. Pearson correlation analysis indicated
a strong positive correlation between radon adsorption coefficient and effective micropore volume in the 5-6 A
range, while only a weak correlation was observed with specific surface area. This study identifies 5-6 A as the
critical pore size for radon adsorption in porous materials and demonstrates that increasing the effective micropore
volume enhances radon adsorption capacity, providing theoretical guidance for the optimization of pore structure
design in high-performance radon adsorbents.

KEYWORDS Radon adsorption, Porous materials, Critical pore size, Grand canonical Monte Carlo
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Fig.7 (a) Dynamic adsorption breakthrough curves of radon on molecular sieves with different pore sizes; (b) comparison of
experimental adsorption values of radon on zeolites with different pore sizes and simulated values from graphite models with
varying pore widths (color online)
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Fig.8 (a) Correlation between total pore volume and segmented pore volume with radon adsorption coefficient (* denotes
significant correlation, with significance levels indicated as *** > ** > *): (b) correlation between specific surface area with radon
adsorption coefficient
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Table 1 Pore structure parameters and radon adsorption coefficients of molecular sieves

i Sample Sper / (m*g™) Vot WALAEFR / (cm®g™) Pore volume AR 7 (g™
/<0.5 nm 7 0.5~0.6 nm V>0.6nm  Radon adsorption
3A 224.63 0.106 0.106 / / 0.12
4A 323.12 0.102 0.102 / / 0.10
5A 529.53 0.224 / 0.224 / 0.37
ZSM-5 53091 0.264 / 0.264 / 0.48
13X 395.10 0.291 / 0.047 0.244 0.15
3 g o5 il FLIE AT TR SR BRI AN, T AL B AR ) 2

AT 5T B VR AU 5 S 58 MK R A T T 2
UM B R AT AT T ST, BB T 2 LM
BHFLGE 5 &R B 2 M M RO R, L
e (1) GCMC BT RN, #£298 KA1 bar
AT, 5~6 A WA TlFL AR B S A0 R0 IR B 12
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IR (7.4 A PR FLAE IR ek 850 S 9 55 3% AL HE A 55
S B E 7. T FLAR DT R () SA F ZSM-5 43 - i

XXXXXX-9



XXXXXX

(5~5.5 A) RIH BERRPIRIEES . (3) BT
LA SHE WM REN A SR, &
W Bt F % PR T ARAR SRR 58, T 5 5~6 A fLAK
N IEAE O, 1 FLARTE B ) AL W B AT i A7
A . fERIEFLRILRC I ATEE T, 380 5~
6 A A RUSLA R ARSI T A R R 5, [RI A4 5T
SR ESRA T EAELE . b SEE
Rel U RERIL) nl ik 5 b 1 75 5 1 31
A BRI B, HSEBRIBE M B T 5 5K TR
PS5 R T8 IR T AR A R R A A R
BT 5 W A 28 LA B Al A I A SR A

fEETBMAEH EHRARTIRMHE L. RH
Zh. RENKAFEXEET; HEFRBT LR
W, I EEE K, FRNXERTT KA
T IREARNELBMAFESRELE; BE
KHBETRMER EHETFT. 2EREZFHTHE
I B R AR XA,

Sk

1 Wang X, Ma F Y, Liu S T, et al. Thermodynamics-
kinetics-balanced metal-organic framework for in-depth
radon removal under ambient conditions[J]. Journal of
the American Chemical Society, 2022, 144(30): 13634-
13642. DOI: 10.1021/jacs.2c04025.

2 JAEREE, BUKME, B8, LR T AR A 5 A0S

YL va Bt 70 SRR [J]. B AL 5%, 2024, 3(6): 11-21. DOL:
10.20179/j.cnki.fhyj.2024.06.002.
ZHOU lJihao, LYU Binggqian, LI Xin, et al. Survey of
radon concentration and control of radon pollution in
underground space: a review[J]. CBRN Defense, 2024, 3
(6): 11-21. DOI: 10.20179/j.cnki.fthy;j.2024.06.002.

3 Moon J, Yoo H. Residential radon exposure and
leukemia: a meta-analysis and dose-response meta-
analyses for ecological, case-control, and cohort studies
[J]. Environmental Research, 2021, 202: 111714. DOL:
10.1016/j.envres.2021.111714.

4 T, BRI, mRAZ, A5 B LR AR FBUIR
KRR @SS EEA, 2011(1): 38-42.
QI Wei, GENG Shibin, GAO Hushan, et al. The research
status and application of radon reduction technology in
defense projects[J]. Contamination Control & Air-
Conditioning Technology, 2011(1): 38-42.

5  Veselska O, Vaidya S, Llido O, er al. Exploring the

science of radon adsorption: Materials, methodologies,

XXXXXX-10

10

11

12

13

14

and emerging directions[J]. Separation and Purification
Technology, 2026, 382: 134640. DOI: 10.1016/].
seppur.2025.134640.

Park W, Oh K H, Lee D, et al. Discovery of highly radon-
selective metal-organic frameworks through high-
throughput computational screening and experimental
validation[J]. Chemical Engineering Journal, 2023, 452:
139189. DOI: 10.1016/j.cej.2022.139189.

Gong S C, Tao Y, Chen L X, et al. Metal-organic
framework-derived metallic carbon with record high
radon gas capture performance[J]. CCS Chemistry, 2024,
6(7):1789-1797.DOI: 10.31635/ccschem.023.202303358.
Xu Q T, Lei J, Chen L X, et al. Biomass-derived
ultramicroporous carbon with narrow pore size

distribution  for record-high radon adsorption[J].
Separation and Purification Technology, 2024, 339:
126582. DOI: 10.1016/j.seppur.2024.126582.

Li H H, Xiao D T, Zhao G Z, et al. Preparation and
characterization of a high-efficiency radon adsorbing
material based on activated carbon modified by water
immersion and freeze-thaw[J]. Journal of Radioanalytical
and Nuclear Chemistry, 2022, 331(7): 3125-3133. DOI:
10.1007/s10967-022-08345-7.

Yu B, Deng X Y, Wu H B, ef al. Improving the radon
adsorption capacity of activated carbon by liquid nitrogen
modification[J]. Journal of Physics: Conference Series,
2023, 2437(1): 012063. DOI: 10.1088/1742-6596/2437/1/
012063.

Deng X Y, Liao Y, Wang M, et al. Investigation of the
effect of the key pore size on the radon adsorption
performance by combining grand canonical Monte Carlo
and activated carbon modification
Applied Surface Science, 2024, 643:
10.1016/j.apsusc.2023.158730.

Geng X M, Mao Y F, Li S, et al. Water unexpectedly

experiments[J].
158730. DOI:

impacts both thermodynamics and kinetics of Rn removal
in HKUST-1[J]. The Journal of Physical Chemistry C,
2023, 127(36): 18149-18158.

Deng X Y, Yu B, Wu H B, et al. High-efficiency radon
adsorption by nickel nanoparticles supported on activated
carbon[J]. New Journal of Chemistry, 2022, 46(19): 9222-
9228.

ALK, EEAFRR, IR, A VR A e e 2 TR B
ZECMEW T[] ZHE T ERMNEAR, 2019, 39(3):
255-259. DOI: 10.3969/}.issn.0258-0934.2019.03.003.
XIE Lifei, QIU Shoukang, TANG Quan, et a/. The study

on measurement of static adsorption coefficient with



RIS ZALMRLCRE AR 5 AR AR ROk R

15

measuring radon by activated carbon adsorption[J].
Nuclear Electronics & Detection Technology, 2019, 39
(3):  255-259. DO 10.3969/j. 0258-
0934.2019.03.003.

AR . ) A Bl A B 14 5 R R 3R A (D] A
FH: FEtERSE, 2011,

XIE Defu. Study on influencing factors of dynamic

issn.

adsorption of radon by activated carbon[D]. Hengyang:
University of South China, 2011.

XXXXXX-11

16

17

T8 . RO A 5 R B A BOR BT FE (D). #7 R0 F R
%, 2015.

FENG Xu. Study on high-efficiency radon adsorption
technology with activated carbon[D].
University of South China, 2015.

Wang Q B, Qu J Y, Zhu W K, et al. An experimental

Hengyang:

study on radon adsorption ability and microstructure of
activated carbon[J]. Nuclear Science and Engineering,
2011, 168(3): 287-292. DOI: 10.13182/NSE10-65.



