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Table 1 Mass(m) of raw materials used to prepare

LCCB clinker samples mlg
Samples No. CaCOs SiO, AL Os MnO,
So 126.66 65.29 8.05 0.00
N 126.66 65.29 8.05 0.30
S 126.66 65.29 8.05 0.50
Ss 126.66 65.29 8.05 1.00
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Fig. 1 Rietveld refinement plot of the blank LCCB clinker
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Table 2 Computational simulation parameters

Category Parameter/Setting Value or method
Software Simulation platform CASTEP (Materials studio)
Electronic interaction Exchange-correlation functional GGA-PBE
Energy cutoft Plane-wave basis Set 500 eV
Convergence criteria Energy tolerance 1074 eV/atom
Convergence criteria Force tolerance 0.01 eV/A
k-point sampling Geometry optimization Mesh density: 0.04
k-point sampling PDOS calculations Mesh density: 0.02
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Fig. 3 Crystal cell diagrams of CS (1 x 1 x 1), C3S2 (1 x2 x 1), C2AS (2 x 1 x 2)
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Table 3 Comparison of structural parameters and optimized volumes with experimental data

Phase Space group Supercells alA bIA c/A al(®) Bl y/(°) Volume/A3
CS(Calculation) C2/c Ix1x1 6.90 11.98 19.76 90.00 90.67 90.00 1632.650 9
CS(Experiment) C2/c Ix1x1 6.84 11.87 19.63 90.68 90.68 90.00 1592.048 6
C3S,(Calculation) P2i/a Ix2x1 10.66 17.96 7.92 90.00 119.32 90.00 1321.048 6
C;S,(Experiment) P2i/a Ix2x1 10.60 17.84 7.89 90.00 119.60 90.00 1492.030 0
C,AS(Calculation) P42;m 2x1x2 1535 7.67 10.36 90.00 90.00 90.00 1219.860 3
C,AS(Experiment) PA2ym 2x1x2 15.37 7.69 10.13 90.00 90.00 90.00 1197.318 4

‘
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Fig. 4 Elemental distribution of Ca, Si, and Al, and overlay of Mn (yellow) with the aforementioned three elements
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(f) Mn and Al overlap
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Table 4 Ion types, coordination numbers and ionic radii

Ion types Coordination numbers Radius/pm
Mn** 6 53
Ca? 6 100
AP 4 39
Si# 4 26
*CS +C;S,0C,AS o Si
x L
A *
z | A = L AN
5| i By
= E /«":\ N\ E E i 2
ﬂJ/,:\\JF\“ _J 1\~ \\\, 7,/“\ 7/%_\;//// :\.‘\¢§ 3l
| | - L gl
264 27.72 31.46
26/(°)
(b) XRD partial pattern

AN[E] Mn B FB 8% N LCCB £ 1 XRD % & J5 3 ik K

Fig. 5 XRD patterns and corresponding enlarged views of LCCB samples with different Mn ion doping concentrations

£S5 AEMnBTFEBET CS. CS:#1 C:AS HGEMESH
Table 5 Unit cell parameters of CS, C3S2, and C2AS corresponding to different Mn ion doping concentrations
Phase Space group alA b/A c/A al(®) BI) y/(°) Volume/A3 Ryp*% Ry*/%
Pure-CS C2/e 6.898 02  11.944 81 19.768 86 90.400 90.104 90.037 1628.8659 7.71 4.81
Si-CS C2/e 6.898 80  11.941 95 19.768 50 90.412 90.127 90.003 1628.630 3 9.68 531
S,-CS C2/e 6.862 31 11.887 81 19.674 11 90.383 90.115 90.024 1604.971 4 10.37 5.41
S;-CS C2/e 6.85269  11.866 39 19.637 28 89.562 90.109 89.995 1596.838 7 9.08 5.39
Pure-C;S, P2i/a 10.657 46  8.970 01 7.935 23 90.000 119.582 90.000 758.588 3 7.71 4.81
Si-C3S, P2i/a 10.652 62  8.967 02 7.935 49 90.000 119.606 90.000 758.0159 9.68 531
S»-C3S, P2i/a 10.599 17 892325 7.896 27 90.000 119.602 90.000 746.821 7 10.37 5.41
S3-C3S, P2i/a 10.58193  8.908 67 7.883 26 90.000 119.596 90.000 743.162 2 9.08 5.39
Pure-C,AS Pa2ym 7.754 59 7.754 59 5.096 94 90.000 90.000 90.000 306.497 7 7.71 4.81
Si-C,AS P42ym 7.685 00 7.685 00 5.063 60 90.000 90.000 90.000 299.052 3 9.68 5.31
S,-C,AS P42;m 7.756 49 7.756 49 5.047 14 90.000 90.000 90.000 303.651 8 10.37 5.41
S;-C,AS P42m 7.738 38 7.738 38 5.047 47 90.000 90.000 90.000 302.2552 9.08 5.39

Ryp* is weighted profile R-factor; R,* is Pattern R-factor.
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Fig. 6 Defect formation energies of Mn-doped LCCB
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Table 6 Results of modified defect formation energy

Clinker phases Doping sites Er/eV Chosen EyeV
CS Cal 452515 4.36930
Ca2 4.60678
Ca3 4.36930
Ca4 4.52861
Ca5 4.47584
Sil 4.98776 4.58203
Si2 4.58203
Si3 4.95502
CsS, Cal 3.81698 3.81698
Ca2 420677
Ca3 4.276 80
Sil 5.106 74 5.10674
Si2 14.56 08
CAS Ca 4.44199 4.44199
Si 5.12505 5.12505
Al 432584 4.32584
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Fig. 7 Partial density of states (PDOS) of LCCB before and after Mn ion doping
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Table 7 Calculated average bond orders (BO) of Ca—O bonds, total bond order (TBO), volume, total bond order density
(TBOD), and normalized TBOD of CS and C3S: with different doping schemes

Minerals Dopants Doping site BO (Ca—0O) TBO Volume/A? TBOD Normalized TBOD
[ Mn Ca 0.080 050 14.57 1630.302 1 0.008 94 0.960 26
Cs Pure Ca 0.079 167 15.20 1632.650 9 0.009 31 1.000 00
CsS; Mn Ca 0.098 860 15.62 1320.246 8 0.011 83 0.957 89

CsSy Pure Ca 0.102 000 16.32 1321.048 6 0.012 35 1.000 00
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Extended Abstract

Introduction The global cement industry is a major source of CO2 emissions, making its green transition an urgent priority.
Utilizing industrial solid waste to prepare low calcium carbonatable binder (LCCB) is considered as a promising approach that can
simultaneously achieve solid waste valorization and COz sequestration. However, some impurity ions commonly appeared in solid
waste, such as Mn ions from manganese slag, can dissolve into the mineral phases of LCCB, affecting its structure and carbonation
behavior. The mechanisms underlying these effects remain unclear, hindering the optimization of material performance. This study
was to clarify the solid solution behavior of Mn ions in LCCB and their mechanism of action during the carbonation process. The
doping behavior of Mn ions in the main mineral phases was analyzed and their influence on the carbonation reactivity and
microstructural evolution of the material was discussed via combining density functional theory calculations with experimental
validation. This work could provide a theoretical basis for the design of high-performance LCCB materials based on
manganese-containing solid waste.

Methods LCCB clinker was synthesized with analytical-grade chemicals. To investigate the doping effect of Mn ions, MnO2 was
incorporated at varying levels (i.e., 0%(in mass), 0.15%, 0.25%, and 0.50%). The raw mixtures were calcined at 1280 ‘C for 120 min,
followed by rapid cooling. The resulting clinker was ground and subsequently compacted at 4 MPa to form the specimens, which were
then subjected to carbonation curing in 0.3 MPa CO2 (99.9% purity) for 8 h. The microstructural morphology and elemental
distribution were determined by scanning electron microscopy (SEM) equipped with energy-dispersive X-ray spectrometry (EDS) and
backscattered electron (BSE) detection analysis. The phase composition was characterized by X-ray diffraction (XRD) coupled with
Rietveld refinement. The CO:2 uptake was determined by thermogravimetric analysis (TGA), while the carbonation reactivity was
assessed by isothermal calorimetry. The pore structure was characterized by low-field nuclear magnetic resonance (LF-NMR). The
compressive strength was measured on a WDW-200 testing machine at a constant loading rate of 0.5 mm/min. Furthermore, the
crystal models of CS, C3Sz, and C2AS were constructed based on the first-principles calculations to investigate the doping behavior of
Mn ions.

Results and discussion This study reveals that Mn ion doping significantly enhances the carbonation hardening performance of
LCCB via reducing the total bond order density of Ca—O bonds. Mn ions preferentially occupy Ca sites in LCCB, primarily because
this substitution pathway has the lowest defect formation energy, and the resulting Mn-O bonds exhibit a chemical environment that is
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highly similar to the original Ca—O bonds, while maintaining analogous orbital hybridization characteristics. At an MnO2 doping
level of 0.5%, the material properties are improved. After 8-h carbonation, the compressive strength is increased by 80.70%,
compared to the blank group, and the porosity is decreased to 20.29%. Mn doping promotes the formation of more CaCOs3, and its
content is increased by 47.42% relative to the blank group, significantly increasing the proportion and thermal stability of calcite. The
carbonation reaction calorimetry analysis shows that the exothermic peak and cumulative heat release in the doped system both
increase, indicating a higher degree of reaction. The aforementioned enhancement effects are mainly attributed to the reduction in the
total bond order density of Ca—O bonds due to Mn doping, which weakens the lattice's restraint on Ca?", thereby promoting its
dissolution and accelerating the carbonation reaction process. The microstructural analysis demonstrates that Mn doping leads to
carbonation products dominated by layered calcite, forming a dense network-like skeleton. Meanwhile, unreacted mineral phases are
encapsulated by amorphous phases, and CaCOs effectively fills pores, collectively contributing to the improvement in mechanical
properties. This research provides a theoretical basis for the high-value utilization of manganese-containing solid waste in low-carbon
cementitious materials.

Conclusions The results indicated that Mn ion doping and its promoting effect on carbonation performance could be highly
significant, especially at the optimal doping level (i.e., 0.5%). Under this condition, the carbonated samples exhibited a compressive
strength increase of 80.70%, a porosity reduction of 20.29%, and a COz uptake enhancement of 47.42%, compared to the blank group.
Mn ions could substitute Ca sites and dissolve into various mineral phases of LCCB, inducing a lattice contraction and a rightward
shift in diffraction peaks. This could weaken the total bond order density of Ca—O bonds, facilitating Ca?" dissolution and
accelerating the carbonation reaction process. Furthermore, doping could promote the formation of calcite with a higher thermal
stability, whose layered stacking structure significantly improved the material ~densification and mechanical properties. This study
could provide a theoretical basis and technical pathway for the resource utilization of manganese-containing solid waste in
high-performance, low-carbon cementitious materials, having an important value for promoting the green transition of the cement
industry.

Keywords manganese ions; low calcium carbonatable binder; solid solution tendency; carbonation hardening properties and
carbonation activity





