447 B 6 M ¥k w5 g 4 o o Vol. 47 No. 6
2025 4E 12 A Journal of Nuclear and Radiochemistry Dec. 2025

TS P B ) Ab B SR T KRR B LY
W ALE KEBELRRERT

> P
Z ua,F%%, 5 %
b R e RS TR R, LT 102206

FEE: 7K U S b A I S I A b R BB R G OR T BB A AR A . T ATIAE SR S L A B R A
T BRI S P S T I A S 2 HOCEAE, A R MR- IR M IR A RO M R Ak B R R R
OB FA 0 o AR SCATH 23308 T 2 1 A B BR58 T K U8 Z2 b0 BT S A RE 25 B 5 R, R S0l iR O 1 R A R Y [
SEBLT L K UE A L I 0 e figp ot R DA B HOAE 2 TR B R e b (WA . K8 R KAk = W RE R (45 45 (C-
(A)-S-H) KA. L5 . 55004 (AFD FLZRBUE A ALY (AFm) 48 55, o PR B8 R 9 25 - 0 A 3 4%
HET = BT A0 W B, DL AL A B RS M . e T IC A R 45 M I NS L AR K R A ot R R, R AT M AR A2 5]
FLBRIK pH A | S84k 3 T 5 A B HL 4 A A AR I 5 o % T R S A A R AU A R (AN T, ™Se FI25238U), B 1%
HAMA R —FE 5 AFm A . AFt, BRERER . Wb A ol B3 0 R 40 PR 3 55 0 W R A6 SR I A, A ] AE 7K I - 5 A 1 3 A Ak
B 0L e BEL T o PR 2T 4k 2R R A 2R A A HLIE AR (0 5 5 1R (ISA) ) th 2% i 3558 i U M Z i, ISA
A5 R A0 R 4R Y R AT T A 1, R R AR LA K U rh ) W R ARCR . BT R | 3 THT T o7 A AR
FNE B R B Y D R 4R -7K - 7 - AR AR A0S e T K U A R B R BB L SRR AL R R R R R L &
R WA, HHUE S R ARG | I8 K T S 00 R AT A T 0TI AL 2 AR TR T 5 AR i R G
B, A A R A TEAN B T SR SR R OC B ORI o 5 I B AL 8 K U8 (AN ik 1R £k /K 8 OPC) 1E 7 pH {H
T HE RN 5 2% oh b R T2 e 280 O T B9 SR B, G pH K U . M R A L BE LI MR AR R R RAE IR BT K AT
PR 5 LA N MR M T A O, (BRI AP | A T P AR A 3R R BRI T e A A
— AR . %7J<%Ljﬂ§2ﬂ‘ﬂﬂ§‘rth+ﬁ4 B 5 A B R 4B BT, 2308 LS 2% 0 ST X, R @“%%‘Mﬂ&i
AR N S B B SRR AT, TR N B iR 3k 4 B THT X 194 3 Ak o R 6 T SN 22 7 B B R R R R
B, mc'ﬁ T:Jbscﬂ’ﬁﬁﬁx G R E AT A FERE W . HEAh, 3 BEAK U b R AT S 3000 . A
J1 2B T 56 3 . AL B A 2o AR AR T v 1 TR L AR RS O R A 1 A o Ak 0 A 4 A O T T R B
KEEWR: KU WURPER WAL & %R W TR KT
FES %S TLI42.1 M ERARERD: A X E 45 0253-9950(2025) 06-0609-15
doi: 10.7538/hhx.2025.47.06.0609

Sorption Mechanisms, Long-Term Evolution, and Safety Implications of

Cement-Based Materials Under Radioactive Waste Disposal Conditions
LI Hong, LI Yu-xuan, MA Bin~

School of Environmental Science and Engineering, North China Electric Power University, Beijing 102206, China

5 B #3: 2025-09-04; 1£1T H#A:2025-11-10
EETE: HRAAXBARESEMFFEOEINBHEEETH; MR ARBAIES b odh” BHF3 4 (F 80 W H (U2441291)
*BREBEREA:YD E


https://doi.org/10.7538/hhx.2025.47.06.0609

610 Wl 5O A2

Abstract: Cement-based materials are indispensable components in the engineered barrier systems of
repositories for radioactive waste. They fulfill multiple critical roles, including structural support, chemical
containment, and geochemical conditioning of the near-field environment, and thus constitute an
indispensable component across the entire “ near-surface to deep-geological ” disposal spectrum. This
review presents a comprehensive synthesis of current scientific understanding regarding the behavior of
cementitious materials in repository conditions, with an emphasis on radionuclide immobilization
mechanisms, long-term degradation processes, and integration within multi-barrier systems. Key cement
hydration products such as calcium(alumino)silicate hydrate(C-(A)-S-H), portlandite, ettringite(AFt), and
layered double hydroxide(AFm) phases provide abundant sorption sites for cationic and anionic
radionuclides through ion exchange, surface complexation, and incorporation mechanisms. Sorption is
further modulated by the evolving pH, redox conditions, and porewater composition during cement
degradation. Redox-sensitive radionuclides such as *Tc, Se, and *>**U may be immobilized via
reduction at steel-cement interfaces, while others interact with secondary phases such as carbonates,
zeolites, or degraded aluminosilicates. A major focus is given to the influence of organic ligands, such as
isosaccharinic acid(ISA), produced by cellulose degradation, and their strong ability to form soluble
complexes with actinides and lanthanides. These interactions significantly reduce sorption efficiency,
necessitating conservative treatment in safety assessments. The review also addresses advanced modeling
strategies, including surface complexation models(SCMs), reactive transport modeling, and thermo-hydro-
mechanical-chemical(THMC) simulations. These tools are essential for predicting long-term performance,
supporting repository design, and informing regulatory frameworks. Integration with field data from
underground research laboratories and validation through long-term experiments remain vital to reduce
uncertainties. Alternative cement systems, such as low-pH cements, geopolymers, and magnesium-based
binders, are explored as more sustainable and chemically compatible options for repository applications.
While promising in terms of reduced pH and improved environmental profiles, these materials face
challenges related to long-term durability, regulatory acceptance, and comprehensive radionuclide retention
data. As cement interacts with bentonite buffers, steel containers, and host rocks, it generates complex
interfacial zones characterized by mineral transformations, porosity changes, and redox shifts.
Understanding these interfaces is crucial to predict the evolution of the multi-barrier system. The review
synthesizes experimental insights and modeling approaches to capture these interactions and their
implications for radionuclide transport. In conclusions, the paper outlines key challenges and research
priorities, including validation of long-term behavior, refinement of thermodynamic databases, modeling of
organics and microbial processes, and development of standardized protocols for new binders. By fostering
interdisciplinary collaboration and integrating experimental, modeling, and regulatory perspectives, the
scientific community can ensure that cementitious barriers remain reliable, adaptable, and effective
components of safe radioactive waste isolation.
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Fig. 1 Schematic diagram illustrating the evolution of pH in hydrated cement pore fluid as a result of cement degradation!®!
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Fig. 2 Schematic diagram of sorption and diffusion process of radionuclide(RN) in cement porous medium
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Fig. 3 Evolution of Portland cement PC under the erosion of NaCl solution(a) ; simulation of thermodynamic products at the interface

between cement and clay phases(b)
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Fig. 4 Degradation of cement phases along with the chemical processes involved in interacting with clay minerals
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Fig. 5 Corrosion-aging chemical processes occurring at the iron-cement phase interface(a),

Fe-bearing phases potentially formed at this interface(b)!” ** 3-63]
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