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CS is wollastonite. C3S, is rankinite. C,S is dicalcium silicate. CsS is
tricalcium silicate. C4AF is brownmillerite. C3A is tricalcium aluminate. PC
is Portland cement.
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Fig. 1 XRD patterns of calcium silicate minerals
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Fig. 2 Phase composition of calcium silicate minerals
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Table 1 Chemical compositions of calcium silicate minerals W/%
Oxide CaO SiO, ALOs Fe,0; MgO f-CaO K,O SO3 Na,O LOI
PC 62.13 19.91 4.19 3.39 1.82 0.50 0.66 3.16 0.24 3.02
B-C.S 63.04 35.86 0.17 0.14 0.16 0.13 0.52
v-C,S 62.10 35.21 1.62 0.10 0.31 0.11 0.62
GCsS, 56.73 41.68 0.56 0.18 0.10 0.12 0.66
CS 44.68 51.54 0.16 0.26 0.94 0.03 0.08 0.10 2.21

w is mass fraction. LOI is loss on ignition at 1000 C.
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Fig.4 CO, curing setup
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Fig. 5 TG and DTG curves of CO, cured calcium silicate minerals
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Table 2 CO, uptake and carbonation degree of CO, cured calcium silicate minerals

Mass loss/%

Mass fraction w/%

Sample . . Poor-crystalline Well-crystalline Total .
400-650 C 650-1000 C CO, uptake Carbonation degree
CaCO; CaCO; CaCO;

C-PC 343 9.12 7.80 20.73 28.53 14.85 29.71
C-B-C,S 2.89 16.87 6.57 3835 4491 25.76 50.34
C-y-CsS 7.83 16.18 17.79 36.77 54.57 33.05 6733
C-G5S; 4.89 16.10 11.10 36.59 47.70 27.98 62.68

C-CS 1.80 17.72 4.08 40.28 4437 22.52 66.18
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Fig. 6 Compressive strength of calcium silicate minerals after
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Fig. 8 Phase composition of CO, cured calcium silicate minerals
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Fig. 9 FTIR spectra of CO, cured calcium silicate minerals

SHRERRESH M ERE AR IRFELE 800~1200 cm!
W BT N IR B AT Ay AL B, 25 AN El 10
FioRe Qav Qsv Qu ) Si—O #4545 3h 45 AE W U
I 73 51 6 % 980~1020, 1040~1090 cm™' F1 1120~
1200 cm ' PHIT IR0, Qo I Si—O 1o 45 41 By 4
TIE W Wi 0 6o NP 840~880 em ' I &, Q) 1Y
Si—O 1 45 315 B 5 10 IR YA I 5 152 920~950 em ! T
B g™, C-S-H B EEAE QM Qy, MifE
I FEAE Qs Al Qqo MK 10 HTLLE H, TERRES
0 (1 W AT 06 = B4 T 840~980 cm ! YE A, {H
ik COo, FYP R M kB, iRz
1000~1200 cm ', X% BB 1L S R REBRAS B4
ANWILAS, RERR IR AW &, TR TR
JE o AH R I At B A0 RE R S AW, B A K JE K
C-B-CoS H Qu & EE M, 1 Qs Ml Qq & EEUIK,
X BRI 25 KU Je B-CoS B AR T K F M 45 ik e
REEBAK.

2.5 Tl

FERRES ) CO, 7247 JE b 2RI M FLAR S A
K11 s, FLBRRIE 3 fis. fLAER 2 st L
(<200 nm)MEHFL>200 nm)!'™. 4 TR AR KRS
PERERRESH ), C-CS MIFLBRZE femr, 14 29.4%; F
WHE C-C38y, 1] C-y-C,S HIFLER KA. AR/KAE
TERRESH 1) CO, MWt B mr, WU IR 2 RS
MR, SRR LR TEK. ik
IKVE S C-B-CoS 1) CO, WMILEMLT Cy-CaS, TER
I BRERAS S & b, (HFLBR AR, X ATRE
5T e AR 2%

B A 3 A H R B L 3 B R e 2 B e
BRIRES A MR Z TR I FLBR, A7 7E T RERE N el
A ER S B K e T B AL LB, B AL
Lefildim, RFAER S S B0 WAERAHE. M
RAIKIE, C-B-CoS MIFLBRAZTEAL, (HE4HFLILHI
B, MR ALK
2.6 WA

B 12 4 CO, FRHRERR S )15 AR FF 1) SEM
MB o BRALIKIR, C-B-C,S Hll C-CsS, T % 2 25 (4
TERHER RS2 T 7 A i R o B K R 7 A o
PRRLAREL/N, T C-B-CoS HR T AR K, 18 %
3~5 um. & 12e AR, C-C;S, LSR5 77 ff A
5 C3Sy W WAL 3R THI AT AE — A R RS 4 A 17
I X . A% VE R P, B RS R T /N, R X
RN, AR T Ca®' 5 COF RN &5
JR TG RE TR IR AT ), It i TE R TR 4 ek Mt K 4%



* 386 - CTERR 2R 40D J Chin Ceram Soc, 2025, 53(2): 380-395 2025 4

Fre o, MHERICELE 12¢), HAL4eR

z BRIRES (ML IE 12d) AT AE /2 3CA ik . C-CS Hal &
JifEA Y Rk, I X BRI AT RE N TCE T BILF4RIR CS BRI S 5 A A, B R
BRER S BUBURL BN ER T AT o Cy-CoS PRRIRES T B HL B

mn B T A P 46 d T IR R, TR A 2 i
fif 345 /i (Ostwald ripening) i 24T A A e 14 B e 1

874
g g
£ 875 920 £ 593/ 1005\
2 \\974 2 1133
< 84 1124 <
85
800 900 1000 1100 1200 800 900 1000 1100 1200 1300
Wavenumber/cm™! Wavenumber/cm™
(a) PC (b) C-PC
876
=} =1
2 2
= =
g 2 856
2 2
< <
800 900 1000 1100 1200 800 900 1000 1100 1200 1300
Wavenumber/cm™ Wavenumber/cm™
© B-C,8 (d) C-B-C,S
g g
g g
g g
Z Z
800 900 1000 1100 1200 800 900 1000 1100 1200 1300
Wavenumber/cm™ Wavenumber/cm™
(e)y-C,S (f) Cv-C,S
876
= =
.8 R
=] =
2 £ | sss 1083
8 B8
< <
185

800 900 1000 1100 1200 800 900 1000 1100 1200 1300

Wavenumber/cm™ Wavenumber/cm™
@GS, (h) C-C;S,

10 FERRESH W) [ CO, FRAPRERRESH 0 0 S B AR LL A

Fig. 10 Deconvoluted FTIR spectra of calcium silicate materials and CO, cured calcium silicate minerals
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Table 3 Porosity of CO, cured calcium silicate minerals

Volume fraction/%

Sample Porosity/%

Gel pores Capillary pores
C-PC 13.0 54 7.6
C-B-C,S 12.2 34 8.8
C-y-C,S 153 5.8 9.5
C-G5S; 19.2 5.7 13.5
C-CS 294 3.2 26.2
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K12 CO, FI REREH I SEM HE A

Fig. 12 SEM images of CO, cured calcium silicate minerals
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Fig. 13 BSE images of CO, cured calcium silicate minerals



HS3ESE 2

MR A TRBRIR T RERR S H ) 5 AN O SG A

389

| Silicagel | CaCO,
! phases i
: :
y |
£ :
g |
E :
1
0 2 4 6 8 10 12 14
(a) C-PC Distance/um
| I
! Silica gel | CaCo,
I phases
z !
a |
2 I
E :
: ‘\vwm
[} SINGR
10 um . .
(b) C-B-C.S Distance/um
2
CaCO,i  Silicagel
i phases
z
5
i
(©)C-y-CS Distance/um
2
| Silicagel | CaCO,
i phases
| 1
z :
£ .
£
Si
I
)
02 4 6 8 10 12
@ c-cS Distance/um
! Silicagel | a0,
! phases
|
= :
5 :
=
_10um
(e) C-CS Distance/pm

K 14 CO, FPHERRESH P BSE & A il EDS £k 411

Fig. 14 BSE images and EDS line scan spectra of CO, cured calcium silicate minerals




+ 390 - CRERR Sh2230)

J Chin Ceram Soc, 2025, 53(2): 380-395

2025 4F

3 3tk
3.1 ER{EREIHLEE

B AX S BT S — AN A2 T DT R
M, Cco i FoLE P I B R COT AT H, [
i Ca>" WA UL VA R Bt NFLIEW . B0 2R
COY HI Ca® &5 & T IR BRAS , YUUE T-1™ Wik 2 1
I FEHORL 2 1) FLBR 30, AR A v-C, S
C3S, FI CS B it Ab i F R & B 1 152 BT o
W% Ca’ HIVEH!, v-C,S. C3S, FI CS H™ 4 Biki iZ
W BT — AR R IR (RE M. Rk

—_———— = —— —_———— = — —

1 ! |
1 : |
1 |
1 ! |
PGS
1 ! |
1 ! |
1 ! |
\ 1 y Water film
1 ! |
1 ! |
I Cssz : |
1 |
1
: ro
1 ! |
1 : |
: ro
1 : |
fes
1 ! |
1 ! |

e
et e s

I (CO™+ Ca* —CaCO,) i
Carbonation 1

CO, curing

RGBT, JERIRW S, CO, 3 2 B ik B 45
FEYE R BEAS , [F N RE R E B PR T Ca® T
AL S 7 34T 2% 300, y-C,S. C5S, F CS BAL T2
2 RN, (BREE Ca/Si BER LT FEAR, W4
TR I SR AL Ca® b, S8 CO, i &
BT BEAK . C-C3S, fil C-CS HHEMIY Ca/Si BE/R
FImAC T C-y-CoS, RMREMRAE C-C3S, #1 C-CS
U RE AR, DRI RE T TG E AR R A A R
ik bk, C3Sy AT CS B Ak I 51 TG 7 T ik IR 5
W (L 16), [FIFEFE C-C3S, #1 C-CS H L E
TEAH R & o AR

Original center to
boundary range CaCo,
f—

¥-C

1
1CaCoO, Silica

Silica gel

____SE.___

I

C,S,

Uncarbonated cpre

—_——— e ———

(a) y-Cs8, C3Szand CS

1
1
1
1
BCS
1
1
1
1

Original center to

boundary range CaCo,

PC

Transition

i
1
1
Silica gel |
!
i

p— (3-C,S
[ I B T L T I B e
. Hydration o (COF + Ca** —CaCO;) . e ¢ W I
| — h ! ! 0 Carbonation _ | : :Vaterlte Aragonite Calcne:

Sample preparation

CO,curing

(b) PC and B-C2S

K15 RERRESHT i LB R B R

Fig. 15 Schematic diagram describing the carbonation mechanism of calcium silicate minerals



HS3ESE 2

MR A TRBRIR T RERR S H ) 5 AN O SG A - 391 -

IKVERN B-CoS B AT AR~ I an & 15b B
Re IKIRS KB R A KA, TS — e KAk
P)(C-S-H 1 Ca(OH), %), HFE TILER. CO, -y it fE
W, KT F AR A=) AR A KA B 7K e R L R 5
CO, I, TR FRERS . 7 E T RERR S 45
ki, C-S-H WEAFERZILMR, Bt F2H A ik
PR TR 2 LT IEZERRA C-S-H AHIFLERH, HAE
SEAEMAIE S C-S-H AL i i i e A8 4 —
AP DRI, AERRAG K TR TRL N E R S RIS AS
Fiab, Si JUEIREEIZRBIEK, M Ca JCEREIZHTF
Fo HT/KYEH C3S S04 Ca/Si ek, ki e
GBI Ca™*) TR RIS =2, B
LA BB, PRI K YR OB FERE R AR 1,

HILLTF 7K, B-CaS B Bk KA P B AR,
AT ER 55, anfE 15b Fiow, ArEl B-C,S
WHILE COL FRY BT R KA = (10 C-S-H 25)8%
A, FE C-B-CoS HRER 5 R 2 18] (1 S 1 i v
X /o [EIF, B-CoS W /KA K Ca/Si LLERAIK,
RTHPREI Ca™ B /b, BRIRAS = W 2N TRk Ak S RE )
SO ESS, Kk B-CoS W B m ) CO, ML
R ANBRALTERE, C-B-CoS R LI R AL

TERR S R AX S AN e T BTG 7 TR BRIR 5
M7 e IR A fa e MR 22, B 4 T IR A
H I 5 R Y, B EERRAS Y rh 45
TRIRAS 55 T 8 TE AR A5 1 & = W1 16 Fiow o BRERRES
WA T B TG 8 T IR S S5 I 5 & BE IR IR
FYIMEOS, Tow TR RS UKL [ 7] R 2> ik i 7
MRS KA, TR 2 A0 AN G A R R 5

80

- Y] Vaterite E=] Well-crystalline CaCO,
70 + P Aragonite  [[[1] Poor-crystalline CaCO,
- B Calcite
60
- L
< 50+ 3.5%|ACC N
2 % \ R
g et |7 N s
g 40r 7 ] LR Bk
s A B BB BB
= IR RS Iotot I == 1 %%
S 30+ 1 kXA St I == | otot B == | %04
= =Y =R R B R
Clllered S ERS ER ER
) KX KX ool =1
20 - R — % 1 889 ] R4
1 P& | R 1 K& RS ] KR
R R R B B
| R 0 N == %o B R
0FERS B B B B
=R R R o =
= KX 108 KXA =% =
W= =% =l KX ==
0 Lk 1 oro NI == % % I eI ==
TGXRD TGXRD TGXRD TGXRD TGXRD
C-pC C-b-CS C4-CS CCsS, C-Cs
Phase

ACC is amorphous calcium carbonate.

16 CO, FRYEERRFSH P IR TR IR S 5 &
Fig. 16 Calcium carbonate content of CO, cured calcium
silicate minerals

AR 20 KR B-CoS A y-CoS 1 Ca/Si ELi i,
TRAGTE UG SR & FE AR IR 5 UG 58 TR IR IR A 1R A 18
TEE . CaSy AL JE T B T a8 TR RS 2 BRI,
AT BB A R R AL A (8] = AR 5 6 B R R A I (] 1
AL I A S oK e — B WA AR % T R A B
e, AR T TG TERR RS A2 e 1 o RERRES ) fik
MY BTG 8 T BB Y 1T BeA7AE T RERS 2 DL S Al
i, oA SR WLEIEA fE ik — SR,
3.2 SREMBMMEHEHXR

TRACEERR B VDA ) 22 5 CO IR & % )
A, XA RN BRATE BTk RS o B A 25 2H i 4%
R, R 1R BRI RN, RERRESH A
ANFI I BRACHLER 25 52 M i A AR R TOM 5 18], 32T
SO TR . SR 22 n M R PR R S
CO, S EANFLRR R 2 (B R AT 04, Rl
Q. B 17 22l 7RIS Hr R, WG TR
R4 0.9954, #AFRKTHIIMERINT 0.05(LE 4),
IS 5 BT 5 A B SR FE AR OO R R . il 17
Fw, BEE LIRS, FEAOREs, Pk
ZE Y, Co, WU R M RBONIEE, F£W] CO, WK
W 3G e (et i A SR PT R s B I R R, X VH A
FOREAS ZEB 2R T . X T ARKIEYE v-C,8 C3S,
I CS, BfE Ca/Si 3G, B4 CO, iR, L
BRI, DUESREERIN. 5 C-C3S, AHEL, BRib/KIE
Je C-B-CoS HBRIRAS & B AR, (H S P i B HI o sy,
X2 AR KR S C-B-C,S M Eh 1 B EU% . 7KIe
B B-CoS Sk Aok OB, KA S 3L R E
FAORHE T RER AR TR DA B AR 1) 235 52

Y =53.94-2.13X, +0.86X, 3)
Hodr: Y APUERREE; X, NFLERE; X, N CO, Il E

K17  CO, FRYEERRIGH BT IRE . CO, WU EFIFLIRZE
R [ Y= Tt
Fig. 17 Regression prediction for compressive strength, CO, uptake
and porosity of CO, cured calcium silicate minerals



+ 392 CRERR Sh2230)

J Chin Ceram Soc, 2025, 53(2): 380-395

2025 4F

x4 ZREMEEAPHHESY

Table 4 Parameters of the multiple linear regression
equation
Parameter ~ Coefficients Standard Error t Stat Probability>|t|
Intercept 53.9392 4.9619 10.870 7 0.008 356
Porosity -2.1306 0.1553 -13.723 2 0.005 268
CO, uptake 0.858 9 0.1610 53341 0.033 395
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Sample FWHM/(°) Crystal size /nm
C-PC 0.636 1 13.95
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C-CS 0.096 1 73.55

T A Jig 8k A Rk () 1 e AR 5 I 5 TR Bk R 8 1
BB T E TR RS 8 B AT K T 45 R R
A S s e O] 2 SN R N sl
T AT B ) e e oI LA 16 5 T Bk R 85 T Bl — P &2
G, XMESGHAB TR EMASE, =5t
WAL IEAR I v ae > . M EE C-C3S, F1 C-CS,
WAL K e  C-y-C,S Fl C-B-C,S HAFER £ T I
RIRES, X ] BeA B T PR AR A 4R L BR = AN T Bt
JR RS

TR PR % 5 ek J 2 1) PR S T 3 08 X T 5 e ik
WA R PERE . B IEKBEVERERR B0 4 ik
B SRR H 25 E . BT /KWER, /Kigmit
Ja H R B B SR I SR IR B A A,
MR e 5 R BR S 2 TR ) F T, AR T 12 R R &
C-CS ML R =y, HEAF4EIR CS SHRERES Bk
] 1R r N O PR NTITE 7 WA S Y- vy A i 1 Y E ek

Yoo BRIRES SRR IR T 77 24k BE 2 i A £y
DI,

4 b

1) BERRESH IR AL 7= 4 32 2 i R 805 FR Ak
Jig, AEAKBEME y-CoS. C3Sy F CS MR FE 5 i
B-CoS Rz, TKIEHMFEEHAK. v-CoSy C3S, M
CS BRAGTE I E IR SR A FE L, FURERR S5 B R 5 47
FER R e IKAANERALAE AR T Bk Je o
SETEHMTERR,  (FRRA K IR BRI NEREIR 5 R IR S
AHEAZL

2) CO, FRRERRESH ) L 5 E 5 CO, Wk
EAFLIRR RO R, DU BEFLER 2R 1) BRI
A CO, IR N4 . BE%E Ca/Si BE/RK LI
ThEr, ARKEEPER 4 CS. C3S, 1 y-C,S ) CO, Wi
. FLBRZR L, PrEsREEE .

3) BIRIKIEFN B-C,S HIRRALFE BE AR X A,
B TR AR I EAEH BRI E 7K S B-CaS
BRI FLBR 2K, P SR AL . COL F24 3 ds
A 7Ke 5 B-CoS I AFHT K 98 FE v 1A 2] 38.7 MPa
A151.3 MPa. 8/INRSFITT A diokl LSRG &
B 170 58 T Bk R 45 A B T B A 7K i 77 5 14 RE 11
Tt

SE R

[1] HU X, HE P P, SHI C J. Carbonate binders: Historic developments and
perspectives[J]. Cem Concr Res, 2024, 175: 107352.

[2] ASHRAF W, OLEK J. Elucidating the accelerated carbonation
products of calcium silicates using multi-technique approach[J]. J CO,
Util, 2018, 23: 61-74.

[3] LU B, SHI CJ, HOU G H. Strength and microstructure of CO; cured
low-calcium clinker[J]. Constr Build Mater, 2018, 188: 417-423.

[4] ASHRAF W, OLEK J. Carbonation behavior of hydraulic and
non-hydraulic calcium silicates: Potential of utilizing low-lime calcium
silicates in cement-based materials[J]. J Mater Sci, 2016, 51(13):
6173-6191.

[5] SHICJ, QU B, PROVIS J L. Recent progress in low-carbon binders[J].
Cem Concr Res, 2019, 122: 227-250.

[6] ASHRAF W, OLEK J, SAHU S. Phase evolution and strength
development during carbonation of low-lime calcium silicate cement
(CSO)[J]. Constr Build Mater, 2019, 210: 473-482.

[71 ASHRAF W, OLEK J, JAIN J. Microscopic features of non-hydraulic
calcium silicate cement paste and mortar[J]. Cem Concr Res, 2017,
100: 361-372.

[8] IBANEZ J, ARTUS L, CUSCO R, et al. Hydration and carbonation of
monoclinic C,S and C;S studied by Raman spectroscopy[J]. J Raman
Spectrosc, 2007, 38(1): 61-67.

[9] BUKOWSKIJ M, BERGER R L. Reactivity and strength development



HS3ESE 2

HR R S5 AR RERR S I 5 AN GOM S5 4 :

393 -

[10]

of CO; activated non-hydraulic calcium silicates[J]. Cem Concr Res,
1979, 9(1): 57-68.

GUAN X M, LIU S H, FENG C H, et al. The hardening behavior of
v-C,S binder using accelerated carbonation[J]. Constr Build Mater,
2016, 114: 204-207.

[11] KURAHE, P25, i, & il IRk v-CoS i M k& k).

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19

[20]

[21]

[22

[23]

[24

[25]

[26]

TERR 244k, 2016, 44(5): 658-662.

LIU Songhui, GUAN Xuemao, QIU Man, et al. J Chin Ceram Soc,
2016, 44(5): 658-662.

CHANG J, FANG Y F, SHANG X P. The role of B-C,S and y-C5S in
carbon capture and strength development[J]. Mater Struct, 2016,
49(10): 4417-4424.

ZHANG H W, CHEN J N, SHAO R, et al. The usage of rankinite for
carbon capture and storage and carbonation kinetics[J]. Energy Sources
Part A Recovery Util Environ Eff, 2018, 40(13): 1629-1646.

HOU G, CHEN J, LU B, et al. Composition design and pilot study of
an advanced energy-saving and low-carbon rankinite clinker[J]. Cem
Concr Res, 2020, 127: 105926.

PR, SRR, I, 2. JKE T CasSiOF B R AG HRZ M [T].
FHEHFAR, 2016, 30(2): 114-117.

LU Bao, GAO Xiaojiao, JJANG Weili, et al. Mater Rep, 2016, 30(2):
114-117.

MU Y D, LIU Z C, WANG F Z. Comparative study on the
carbonation-activated calcium silicates as sustainable binders:
Reactivity, mechanical performance, and microstructure[J]. ACS
Sustain Chem Eng, 2019, 7(7): 7058-7070.

HE P P, SHI C J, TU Z J, et al. Effect of further water curing on
compressive strength and microstructure of CO,-cured concrete[J].
Cem Concr Compos, 2016, 72: 80-88.

HE P P, DRISSI S, HU X, et al. Investigation on the influential
mechanism of FA and GGBS on the properties of CO,-cured cement
paste[J]. Cem Concr Compos, 2023, 142: 105186.

STEINOUR H H. Some effects of carbon dioxide on mortars and
concrete-A discussion[J]. ] Am Concr Instit, 1959, 55(2): 905-907.
WUF S, YOU X J, WANG M M, et al. Increasing flexural strength of
CO; cured cement paste by CaCOj; polymorph control[J]. Cem Concr
Compos, 2023, 141: 105128.

LU B, HE P P, LIU J H, et al. Microstructure of Portland cement paste
subjected to different CO, concentrations and further water curing[J]. J
CO, Util, 2021, 53: 101714.

SHEN P L, ZHANG Y Y, JIANG Y, et al. Phase assemblance evolution
during wet carbonation of recycled concrete fines[J]. Cem Concr Res,
2022, 154: 106733.

CHANG J, FANG Y F. Quantitative analysis of accelerated
carbonation products of the synthetic calcium silicate hydrate(C-S-H)
by QXRD and TG/MS[J]. J Therm Anal Calorim, 2015, 119(1): 57-62.
JIANG T, CUI K, CHANG J. Development of low-carbon cement:
Carbonation of compounded C,S by B-C,S and y-C,S[J]. Cem Concr
Compos, 2023, 139: 105071.

ASHRAF W, OLEK J. Carbonation activated binders from pure
calcium silicates: Reaction kinetics and performance controlling
factors[J]. Cem Concr Compos, 2018, 93: 85-98.

CHANG J, JIANG T, CUI K. Influence on compressive strength and

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35

[36

[37

[38]

[39

[40

[41

[42]

CO; capture after accelerated carbonation of combination B-C,S with
v-C5S[J]. Constr Build Mater, 2021, 312: 125359.

KERISIT S, BYLASKA E J, FELMY A R. Water and carbon dioxide
adsorption at olivine surfaces[J]. Chem Geol, 2013, 359: 81-89.
XUAN D X, ZHAN B J, POON C S. A maturity approach to estimate
compressive strength development of CO,-cured concrete blocks[J].
Cem Concr Compos, 2018, 85: 153-160.

ZHAO S X, LIU Z C, WANG F Z, et al. Effect of extended
carbonation curing on the properties of y-C,S compacts and its
implications on the multi-step reaction mechanism[J]. ACS Sustain
Chem Eng, 2021, 9(19): 6673—-6684.

ZAJAC M, IRBE L, BULLERJAHN F, et al. Mechanisms of
carbonation hydration hardening in Portland cements[J]. Cem Concr
Res, 2022, 152: 106687.

AT, A, RTE, & RO A ARIR IR E LR
USRI SR ], BERR #h 4, 2014, 42(8): 996-1004.

SHI Caijun, HE Pingping, TU Zhenjun, et al. J Chin Ceram Soc, 2014,
42(8): 996-1004.

LYU H X, HAO L C, LI L, et al. The development of sustainable
cement pastes enhanced by the synergistic effects of glass powder and
carbonation curing[J]. J Clean Prod, 2023, 418: 138237.

OGINO T, SUZUKI T, SAWADA K. The formation and transformation
mechanism of calcium carbonate in water[J]. Geochim Cosmochim
Acta, 1987, 51(10): 2757-2767.

BOTS P, BENNING L G, RODRIGUEZ-BLANCO J D, et al
Mechanistic insights into the crystallization of amorphous calcium
carbonate (ACC)[J]. Cryst Growth Des, 2012, 12(7): 3806-3814.
B, B, TR, S CSy RN A B (L R (T].
B RLEEIR, 2018, 21(6): 900-905.

GUAN Xuemao, WEI Hongshan, MA Xiaoe, et al. J Build Mater, 2018,
21(6): 900-905.

XM, R, SRR, BB G B TR (1], TR B 2R,
2023, 51(5): 1234-1245.

LIU Zhichao, WANG Fazhou, HU Shuguang. J Chin Ceram Soc, 2023,
51(5): 1234-1245.

LI L, LIU Q, DAO YV, et al. Dimensional change of cement paste
subjected to carbonation in CO, sequestration and utilization context: A
critical review on the mechanisms[J]. J CO, Util, 2023, 70: 102444.
HAY R, LI J Q, CELIK K. Phase evolution, micromechanical
properties, and morphology of calcium (alumino)silicate hydrates
C-(A-)S-H under carbonation[J]. Cem Concr Res, 2022, 152: 106683.
FUKUDA K, ITO S. Improvement in reactivity and grindability of
belite-rich cement by remelting reaction[J]. J] Am Ceram Soc, 1999,
82(8): 2177-2180.

KELLERMEIER M, MELERO-GARCIA E, GLAAB F, et al
Stabilization of amorphous calcium carbonate in inorganic silica-rich
environments[J]. ] Am Chem Soc, 2010, 132(50): 17859-17866.

QIN L, GAO X J, LI Q Y. Upcycling carbon dioxide to improve
mechanical strength of Portland cement[J]. J Clean Prod, 2018, 196:
726-738.

ZHANG X D, LI H X, HOU F L, et al. Synthesis of highly efficient
Mn,0; catalysts for CO oxidation derived from Mn-MIL-100[J]. Appl
Surf Sci, 2017, 411: 27-33.



+ 394 - CTERR 2R 40D J Chin Ceram Soc, 2025, 53(2): 380395 2025 4

Compressive Strength and Microstructure of CO,
Cured Calcium Silicate Minerals

XIAO Zhigiang"*?, ZHANG Jian'*?, HU Xiang"**, SHI Caijun'??

(1. Key Laboratory for Green & Advanced Civil Engineering Materials and Application Technology of Hunan
Province, College of Civil Engineering, Hunan University, Changsha 410082, China; 2. International Science Innovation
Collaboration Base for Green & Advanced Civil Engineering Materials of Hunan Province, Changsha 410082, China;
3. Key Laboratory of Building Safety and Energy Efficiency of the Ministry of Education, Changsha 410082, China)

Extended Abstract

Introduction CO, curing technology has been extensively studied due to its dual benefits of carbon sequestration and enhancement
in the properties of cementitious materials. During CO, curing, the carbonatable binders react with CO, and form carbonation
products, such as calcium carbonate and silica gel, leading to matrix densification and rapid strength development. The development
of this technology enables the use of low lime calcium silicate minerals, such as wollastonite (CS), rankinite (C;S;) and y-dicalcium
silicate (y-C,S) with very low hydration reactivity to produce low CO, footprint binders through CO, curing. The carbonation activity,
carbonation products and mechanical properties of the carbonated matrix of calcium silicate minerals have been widely studied.
However, the relationship between the mechanical properties and microstructure of carbonated calcium silicate minerals remains
unclear, which potentially limits the application of CO, cured cement and concrete as well as low-calcium cementitious materials. In
this work, the microstructure and mechanical properties of CO, cured Portland cement, B-C,S, y-C,S, C;S, and CS were investigated,
and the correspondence between the structure and properties of CO, cured calcium silicate minerals and the carbonation process was
analyzed.

Methods The raw materials used in this study include Portland cement (PC, PI 42.5), B-dicalcium silicate (B-C,S), y-dicalcium
silicate (y-C,S), rankinite (C;S;) and wollastonite (CS). Pastes were prepared with a water-to-binder ratio of 0.18 for microstructural
and phase analysis, while mortars were prepared with a constant water-to-binder ratio of 0.25 and sand-to-binder ratio of 2 for
mechanical and porosity analysis. Specimens were prepared by compaction molding, with a pressure of approximately 10 MPa for
pastes and 25 MPa for mortars. After molding and pre-conditioning, the compact specimens were placed in a pressure chamber. The
curing chamber was vacuumed to a pressure of around -0.1 MPa, and maintained for 3 min. After that, CO, gas, with a purity of 99%,
was injected and maintained at 0.2 MPa at (20 = 2) "C and RH of (60% +5%) for 3 d.

The carbonation degree of calcium carbonate minerals was determined by a thermal gravimetric analyzer. The phase composition
of CO, cured calcium silicate minerals was analyzed by XRD analysis, and FTIR spectra were obtained with a Thermo-Scientific
IS10 FTIR instrument. Moreover, the microstructure and morphology of paste specimens were examined using Phenom LE SEM. The
compressive strength of cylindrical mortar specimens (@ = 25 mm and h = 25 mm) was tested after CO, curing. Meanwhile, the pore
structure was tested by a MAG-MED proton nuclear magnetic resonance spectroscopy.

Results and discussion The carbonation degree of y-C,S, C;S, and CS exceeded 60%, followed by 50.3% for B-C,S, while that of
PC was only 29.7%. The lowest carbonation degree of PC was because cement particles release more Ca ions than other minerals
during early CO, curing, rapidly forming a carbonate shell that blocks further carbonation inside the compacts. The carbonation
products of calcium silicate minerals were mainly calcium carbonate and silica gel. Calcite was the main crystalline calcium carbonate,
along with minor amounts of aragonite and vaterite. The silica gel phases in CO, cured y-C,S, C;S, and CS showed higher
polymerization degree and exhibited a clear demarcation from calcium carbonate, while the silica gel phases in the outer layer of CO,
cured PC particles were intermixed with calcium carbonate. This was related to the high hydration reactivity of PC, which could react
with water and form a certain amount of hydration products (i.e. C-S-H and portlandite) in the pores. The carbonation of porous
C-S-H results in the intermixing of calcium carbonate with silica gel. Additionally, the synergy of cement hydration and carbonation
also facilitates the leaching of Ca?", thus leading to an evaluated content of amorphous phases in CO, cured PC.

After 3 days of CO, curing, the compressive strength of §-C,S and y-C,S mortars exceeded 50 MPa, followed by PC and CsS,,
while the strength of CO, cured CS was only 11.6 MPa. The compressive strength of CO, cured calcium silicate minerals showed a
linear relationship with CO, uptake and porosity, increasing with a decrease in porosity and an increase in CO, uptake. With the
increase of Ca/Si, the CO, uptake of CS, C;S; and y-C,S increased, the porosity decreased, and thus the compressive strength
increased. However, PC and B-C,S were subjected to both hydration and carbonation, which promote the formation of amorphous
phases, leading to lower porosity and higher compressive strength. Moreover, the crystal size of calcite, the content of amorphous
calcium carbonate and the interfacial properties of calcium carbonate and silica gel can also impact the compressive strength and
microstructure evolution.
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Conclusions The carbonation products of calcium silicate minerals were mainly calcium carbonate and silica gel. The carbonation
degree of non-hydraulic y-C,S, C;S, and CS was relatively higher, followed by p-C,S, while PC demonstrated the lowest carbonation
degree. The silica gel phases in CO, cured y-C,S, C3S, and CS showed higher polymerization degree and exhibited a clear
demarcation from calcium carbonate, while the silica gel phases in the outer layer of CO, cured Portland cement particles were
intermixed with calcium carbonate. The compressive strength of CO, cured calcium silicate minerals showed a linear relationship
with CO, uptake and porosity. With the increase of Ca/Si ratio, the CO, uptake of CS, C;S, and y-C,S increased, the porosity
decreased, and thus the compressive strength increased. Portland cement and B-C,S were subjected to both hydration and carbonation,
leading to lower porosity and higher compressive strength. The smaller size of calcite crystals and the higher content of amorphous
calcium carbonate also contribute to an increased mechanical property of CO, cured Portland cement.
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