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Fig. 2 Zeta potential of C-S-H varying with aqueous NaCl concentration
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Bl 4 ESEELLANE TUREXT C-S-H f& & EDL #RF1 5 L
A
Fig. 4 Influence of Ca/Si and ion concentration on EDL
volume fraction within C-S-H systems

R 211 EDL ARFR /B0 038 R % o 1% — AU T 28
THEE T R 51 K 1) Debye 2 H4E RN, 7EAH [F] H
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PR SR AT IR B, (ERE SRR R SR P PR AL
B R %, E S8 EDL AR BN 56.9%%
2 49.1%; Ca/Siifi— A 1.4 0, B
B B ARA G FLBDE@EMERS A B TF, EDL /R
SYBUNERITEE 51.9%; Ca/Si iAF 1.8 i, &
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[F] B 3 T A7 PR ey 25 B2 R AIK, EDL AR FR 73 B fe =
45.5%. X—AIMERY], EDL AR5 He R
HaLfef 2% B S LB B M 2R AR B s CasSi
il fUARAR 4 5 3R Tt i e TR A B EIAE A
] LT i A7 I Dok G RO AL A, B2 S8 EDL
78 i Y L4 o
3.3 FLZ#3-EDL thEIN MR E 506 18E

TE I A I P S B SR AN [F] Ca/Si AR S A1 CLik
JER C-S-H /) CIR &, ZRWE 1 s, fEibk:
filh b gk — 3P ISR Fy SO 2 () FLA5 F9—EDL i [m] W
BRI T SENE, IR SRR 5 Sc s, M I b
ITARIAE RN B 1 ATH, AF Ca/Si R R
1) C-S-H *t CI-FW f & 5106 Co FH i AR Lt G K
B LR, 1%EHBFFE Freundlich S I AR 2
I ARVRRE . AN A S R ER, AR Ca/Si &
ZAHIFR RE(R)YIE T 0.95, £ Freundlich 574
Re A RCERAE C-S-H X CIr B b~ ¢ R o X FhE
L VER B FFIE YR T C-S-H 2 FLE5 ) 5 FLIEWE T30
SR [E R0 351, —J5H, C-S-H By bR i
9 CIHR ML T 78 /& B BRI B A7 R, AR ik L AE FLEE T
IE4E; 7H—J7H, FLERN EDL 25438 i 3 [ Fifif
H5EFREBEIER, {F CIH{E EDL #HfEH 15K
FERRFEY BB EAE MR ASLBR NS, TRk
TR LAY ) I B 3 55N, (SR LB, EDL E
SR FE CHEANR R BB KT AR BEE G
AW, BRI LR ST B T A, B(E
TR P AE S Freundlich 280 v FIVEFAE

F1 7F[FE Ca/Si Ky C-S-H B S B FHIRMIE
Table 1 Cl adsorption capacity of C-S-H gels with different Ca/Si systems

Adsorption capacity of CI"/(mg-g™")

Cy/(mol- L)

Ca/Si=0.60 Ca/Si=1.00 Ca/Si=1.40 Ca/Si=1.80
0.10 1.55 2.20 2.07 1.82
0.20 291 3.45 3.36 3.15
0.30 3.88 5.73 5.47 422
0.40 5.58 7.89 7.02 6.20
0.50 7.18 8.04 7.98 725
Freundlich fitting y=14.24x"" y=15.45x"% y=14.98x"% y=13.77x""

R2=10.996 R2=10.956 R2=10.988 R2=10.989

Kl Sa NFLEEHI-EDL PRI FABE RS P15 CL
S B SR A AL, T Sb oA 3 A R
PEHT. AIF Ca/Si R R CIR RV 1.55~
8.04 mg-g!, MEAYTTEAA S LIS S AR TE AR X
6] Y W R, 9 5 4 i 22~ $4ME A 0.24 mg g

e KA 22 HHBLAE B FE X (Cy = 0.5 mol- L™, Ca/Si=
1.4), LI SiFEEMZE 035 mgg!, fmERN
44%. M BB R B EESATHUEL y=
0.967x +0.085 Wiflll, ZEYEMCHE R2 = 0977, HAE
TIFEARIRE X (<3 mg-g )5 @K EX S mg-g )7
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(a) Role of Ca/Si and ion concentration in adsorption capacity
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Fig. 5 Comparison of Cl™ adsorption capacity between model calculation and experimental measurement
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Fig. 6 Influence of the solution concentration and pore size on CI™ distribution
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k) 4 Z 0.32 nm, (W8, HEETFHEFRES, L
PP Ca TR Gy 19 0.94 5, FWAFE FLTT R i
AL EAE R, Clin % m Xt & A
g, SRR . BE LR IZWHE K, EDL
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Y9 Co 117 0.98 £, L 100 nm I, XLHJERN -+
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Fig. 8 Influence of Ca/Si and ion concentration on Cl~ distribution within the characteristic pores of C-S-H
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Extended Abstract

Introduction The chloride (Cl") binding capability of calcium silicate hydrate (C-S-H) plays an important role in the chloride
resistance and, consequently, the service life of concrete used in marine and deicing environments. The synergistic regulation between
geometric confinement and electrostatic interactions and its dependence on the Ca/Si ratio remain insufficiently resolved although
the existing studies examine either pore structure (accessibility and transport) or interfacial electrostatics (electrical double layer,
EDL). This gap is addressed via establishing a coupled pore structure-EDL framework calibrated against a controlled C-S-H series at
different calcium-silicon (Ca/Si) ratios, thereby transforming qualitative descriptions into the mechanism-based quantification of
chloride adsorption. In this study, systematic measurements and mathematical descriptions were performed to clarify the C-S-H pore
structure, surface potential distribution, and chloride binding capacity. Effects of the Ca/Si and chloride concentrations were
investigated. The dynamic competition mechanism between pore-scale accommodation and EDL-mediated electrostatic partitioning
was quantitatively characterized.

Methods C-S-H gels with different targeted Ca/Si ratios (i.e., 0.6, 1.0, 1.4, and 1.8) were prepared via chemical precipitation with
sodium silicate and calcium nitrate in deionized water. After homogenization, the suspensions were adjusted to pH value of = 12 by
using 5 mol/L NaOH solution and then transferred to a polytetrafluoroethylene (PTFE)-lined autoclave and crystallized isothermally
at (60 + 1) °C for 14 d. The product was recovered by vacuum filtration using a Biichner funnel, washed for three times with
deionized water, and dried in a vacuum oven at 50 °C for 72 h. The dried solid was then ground in a ball mill, passed through a
200-mesh sieve, and stored in a desiccator.

The total pore volume and pore-size distribution (PSD) of the C-S-H gels with varying Ca/Si ratios were determined by nitrogen
sorption. The characteristic pore diameter and the gel pores below 10 nm, which were most relevant for transport and EDL overlap in
C-S-H clusters, were measured. The Zeta potential ({) was measured in alkaline media (pH value of 12) over ionic strengths
representative of pore solutions (e.g., 0.1-0.5 mol-L~! NaCl). The batch adsorption was conducted via equilibrating C-S-H powders in
NaCl solutions at (20.0+0.1) °C for 14 d. Supernatants were filtered and analyzed by ion chromatography to determine equilibrium
ClI” concentrations, and adsorption capacities were calculated by mass balance and normalized to solid mass. The
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Gouy—Chapman—Stern (GCS) framework was implemented in cylindrical pores to couple measured ( at different pore sizes, explicitly
accounting for the Stern layer, diffuse layer, the Debye length, and the EDL overlap in nanoscale. The steady-state
Poisson—Boltzmann/Nernst-Planck system was solved to obtain spatial electrostatic potentials and local Cl~ concentrations. The total
adsorption was computed via integrating the EDL-related concentration profiles at different pore sizes. The model predictions were
compared and validated by the experiments.

Results and discussion The C-S-H specimens with varying Ca/Si ratios normally exhibit unimodal gel-type porosity with dominant
mesopores of 3—5 nm, accompanied by a tail extending into larger sizes. Increasing Ca/Si leads to densification, and the cumulative
volume of gel pores below 10 nm decreases from approximately 0.11 cm?-g™! to 0.04 cm?-g~! when Ca/Si increases from 0.6 to 1.8.
The zeta potential becomes less negative with increasing Ca/Si ratio, changing from —17 mV (at Ca/Si ratio of 0.6) to —10 mV (at
Ca/Si ratio of 1.8) in the case of 0.1 mol-L™! NaCl. As electrolyte concentration increases from 0.1 mol-L™! to 0.5 mol-L!, and |{]
decreases due to the classical EDL compression. The Debye lengths in the 0.3-1.0 nm imply a substantial EDL overlap within the
characteristic gel pores (3—5 nm), eliminating the notion of an electroneutral pore core and promoting field-driven partitioning.

The role of Ca/Si ratio in chloride binding behavior reveals a composition-dependent balance. At a low Ca/Si ratio (i.e., 0.6), the
large pore volume favors chloride accommodation, while the highly negative surface potential causes a great electrostatic exclusion of
Cl™ near the C-S-H walls. Within confined gel pores, overlapping EDLs shift Cl~ towards the pore center and reduce near-surface
concentrations, limiting net chloride uptake despite abundant void space. At an intermediate Ca/Si ratio (i.e., 1.0), the pore volume
remains high, while |{] is moderated, yielding the most favorable balance between geometric access and electrostatic capture. The
modeled profiles and measurements both indicate the maximum adsorption capacity at this intermediate Ca/Si composition, consistent
with a synergy between transport accommodation and weakened repulsion. At a high Ca/Si ratio (i.e., 1.8), weaker repulsion can, in
principle, increase the interfacial adsorption efficiency per unit area, but the gel densification causes a sharp loss of accessible pore
volume (i.e., 0.04 cm3-g™"), becoming a dominant limiting factor for the reduced overall CI~ uptake.

A model-experiment agreement is established, demonstrating the non-linear Freundlich-like increase of chloride adsorption with
solution concentration. The measured { and PSD provide a physically interpretable parameter set for quantitative prediction of CI
binding capacity of C-S-H. The densification (at a high Ca/Si ratio) or electrostatic exclusion (a low Ca/Si ratio) can dominate Cl-
adsorption, depending on the composition-controlled balance of the effects. The results identify an intermediate composition window
that maximizes Cl binding via leveraging moderate surface charge and mesoporous access.

Conclusions Chloride uptake by C-S-H could be controlled by a dual mechanism, ie., with gel pore geometry dictating
accommodation and transport, while EDL electrostatics governing near-surface adsorption. A low Ca/Si ratio (i.e., 0.6) provided large
gel pore volumes but suffered great electrostatic exclusion. A high Ca/Si ratio (i.e., 1.8) weakened a repulsion but substantially
densified the gel, resulting in a limited adsorption. An intermediate Ca/Si ratio (i.e., =1.0) achieved the optimum synergy between
pore accessibility and moderated EDL effects, resulting in a peak CI~ adsorption. The pore structure-EDL coupling framework
proposed in this work could quantitatively link pore sizes and surface potential distribution to chloride adsorption capacity and
provide actionable targets for binder design to enhance chloride resistance in service. Cementitious binders that preserved a mesopore
network enriched in 3—5 nm pores and moderated surface charge exhibited a superior chloride binding capacity.
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