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Carbonation Properties and Key Influencing Factors of
Calcium-Rich Materials
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Abstract: The carbon sequestration capacity of three calcium-rich materials, namely steel slag, tricalcium silicate
(C.S) and carbide slag, was characterized by X-ray diffractometer, Fourier transform infrared spectrometer and
thermal gravimetric analyzer. The pH value of carbonation system was measured. The micro-morphology and
mechanical properties of before and after carbonation were measured by scanning electron microscope SEM and
nano-indentation. The results show that the carbon sequestration ability is directly related to the chemical composition
of the materials, especially the soluble calcium content. The carbide slag with the highest soluble calcium content
has the highest carbon sequestration ability. The mechanical properties after carbonation depend on the micro-mechanical
properties of carbonation products and the accumulation form of raw materials and carbonation products. Steel slag and
C,S with rough micro-structure are more likely to be closely packed with carbonation products, and the micro-mechanical
properties are enhanced after carbonation. However, the carbonation products are difficult to fill in the void of flake
carbide slag particles, hence the micro-mechanical properties of carbide slag are weakened after carbonation.
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Table 1 Chemical compositions(by mass) of steel slag, C,S and carbide slag

Unit: %
Raw material CaO Sio, Fe,O, MgO ALO, MnO P,O; Other 1L
Steel slag 37.35 17.92 24.66 6.25 4.25 4.82 1.71 1.03 2.01
C,S 66.51 18.63 3.34 2.25 4.28 0.15 0.13 3.96 0.75
Carbide slag 68.34 3.07 0.50 0.16 1.74 0.01 1.49 24.69

1.2 ®RULHE

B2 2 g IR R A BLAR 4 om 5 2 em [
VY GR 0 Grh, BB B Omy /ms) 43 511 0,0.15,
fift I 25 B K FE R 2 B i, B S A CO,L i
R 409 R E (RH) R 60% .25 “CHIk 1k
A AL AL B 1 d s BCH R RO LS TR T
W3 d, 2 J5 BFEE R A2 /N F 0.075 mm 8 K, 535 8}
A AT Ia gt AR EE 3K . AR IK
I3 B S N 2 s
1.3 Mk AE

#] ] Bruker D8 Discover % X $f 2k fif §F {X
(XRD) .Nicolet iS10 % & HL i £T 4 3% 4% (F TIR) Al
TA TGA 550 B4 HHAL (TG/DTG) I & ik Ak 11T
BE & B ALAY . AE XRD ML B 5 3B AR 43
Hh 20 Y01 a-ALOAE A BRI, 518 B 57 P9 I
IHRA YA G Bz T 2 d BRI Tomas
e BT B i

®2 KBSHERERES

Table 2 Experimental groups and sample number

Sample Raw material Carbonation time/d my/mg
SS Steel slag 0
SS-0 Steel slag 1 0
SS-0. 15 Steel slag 1 0.15
C,S C,S 0
C,S-0 C,S 1 0
C,S-0.15 C,S 1 0.15
CS Carbide slag 0
CS-0 Carbide slag 1 0
CS-0.15 Carbide slag 1 0.15
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Fig.1 XRD patterns of steel slag, C,S and carbide slag before and after carbonation
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Table 3 XRD quantitative phase analysis results (by mass) of calcium-bearing mineral phases in steel slag, C,S and carbide slag

before carbonation

Unit: %
Raw material C,S C,S Calcite Ca(OH), Amorphous
Steel slag 22.54+0.89 44.98+2.35 4.8140.46 24.82+2.11
C,S 88.97+3.41 1.11+0.28 9.9241.06
Carbide slag 19.39+1.32 78.974+4.21 0.3340.09
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Table 4 XRD quantitative phase analysis results(by mass) of
steel slag, C;S ans carbide slag after carbonation

Unit: %
Raw material my /msg=0 my/mg=0.15
Steel slag 8.1540.81 12.724+0.94
C,S 8.02+0.53 20.48+1.36
Carbide slag 55.44+2.79 72.85+3.98
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Table 5 SEM images of steel slag, C,S and carbide slag before and after carbonation

Before carbonation

After carbonation

my /mq=0

After carbonation
my /mg=0.15

SS

CS




158 FESE R A S I

o 28 %

S 3K ey S 2 R T A Hh B R CLS R R
R 2% THDHLRES 1 A B0 HetR W Bt , RS SR JLAROK AR
(14 5 M8t A SELTE DR R 1) FL B, T i 5 3 4 B 19 2 S
GG 5 F AT RO T S0 S B IR A S AR R Btk
7 AT AN R AR U b 3 78 7E AR Ca(OH), B FLBR
S BUHOULZE A T RAHL .

2.3.2 WO

5 2 3 F b Ak itk Ak T 5 9 40 K T IR I it 45

5 AT s (1) B b AR A CLS A filk Ak s o0
PERERETR , Hom, /me=0.15 I BRALESR AR o B 3
{H F A T AR R A S TR0 27 M BB IS , DL LAE my /=
0. 15 ORI . (2) #ofir — i B th 42 (K 5(a) ), ity
LB E |, 150 B AE AH )47 2R RE A R TR R /DN 5
25 S 2 gt 2 BT 1 TR /DN U R S 1 R A TR
R OO 2 P R . (3) 235 4 L A — i i
SRR S5 AN (B 5(b))7E m, /me=0.15 W &4 T
e T 380 A B OF- S8 {0 ) AN 3 COF 8948 de i, 40
IR T 84.48% F129.34 % ;C,S(E 5(c) ) #E m,/me=
0.15 W 2 18 T B Ak S 530 1 A5 4 (OF- 35 {80 ) Fn B i

2.5
20 F
Z 15+
g
ES — SS
3 — 880
S 10t - $50.15
— CS
— -GS0
0.5 - g;ss-o‘ls
A CS-0
/ 'J’ /J 1 1 1 L CS_?'IS
0 50 100 150 200 250 300 350 400 450
Displacement/nm
(a) Load-displacement curves during indentation
200
C;S-0.15
o 160+ ' \
& .
= C;S-0 o
2 120 - . DN i
= =%
'8 ° I ° . o
E [ ]
So80t I =
& i' | . = CS
< = (] I (] g;g,gverage
- 40 _“%'.: T (.) CiS—O,avcragc
- C:8-0.15
C;S-0.15,average
GS s . . ‘ ‘ s
0 2 4 6 8 10 12 14 16 18
Hardness/GPa

(c) Elastic modulus-hardness scatter plot of C;S

3918 ) 43 9142 35 7 105.96 % F1104.92% . H X T
L 7 8 (8 5(d)) 78 my /me=0.15 [ £ 1 F ik Ak 5
B i B SR A i 7 B8 RAE B CF- 34948 B T 2 A
TR A .

Y 2.1 A] %0, 3 Fh A4 Rk A B 3 B Ak 7 W R O
fife A0 . WG A IE L 7 i A0 b AR RN R R 4y
35~60 GPa fll 2~4 GPa'*', & T 7 3C i F i 49 15
C,S R A7 3 . R L, #0788 A C,S B R )5 B0 ) 24 1
Al AR v A TSR AT R R . (1) A BT g A e R
o BB Y S A 5 (2) B9 A CLS Sy 2 i L RS
(8 A D0 e R g o, B 5 e A T W O R R
HEFR, 7= 0 S A AR A AR U (S5 /R 5
SEM R AE 2458, C,S 1 SO0 I 55 5 fm 3% %% | i Al fig
& CyS Bk Ak J5 78 SO R 1 3 5 830 SR BL A9 i o B
DR PR ) A R U, AR B A R A
T 72 M RE A O A AR HeR O A AE T
M RCBE I AR XS 7R 7E AR Ca(OH) , B FLBR
Z ] e AT R JEA ) R R ME AR G54, S B Ak 5 oW
J12 PR AR .

120
SS-0.15
100 + J
K AN
9 80+ ‘ .
5 SS-0 ¢ .
g 60+ [ _ .« .
é 0F o ¢ . =SS
< [ [J SS,average
o { > o S50
e D
lss 1

SS-0.15,average

0 1 2 3 4 5 6 7 8 9 10
Hardness/GPa

(b) Elastic modulus-hardness scatter plot of steel slag

e CS-0
(O CS-0,average
° CS-0.15 CS-0.15
M CS-0.15,average

40
.I

& 30 F =

9

E

= R

R _ .

= : = CS

3 cs,

% 10 O average

0 0.5 1.0 1.5 2.0 2.5 3.0
Hardness/GPa

(d) Elastic modulus-hardness scatter plot of carbide slag

5 AL TS A9 24 oK R 95 T 3 45 24

Fig.5 Nanoindentation test results before and after carbonation



%2 g B A R R AR B AL T BE S L G R R TR 3 159

3 Zig

(1) %W [ H R O F110.15 B, 4R L C,S il H 7 1
1 5 BB Ak 7 W o O A R D R G R O B R S 3
bAoAk v R Ay e £ L sk 8 g e e, TR SRy EG A A A
(Ca(OH),) & i % B 5 W it Fk Ak .

(2) it . C,S FTH A i 190 4f pH (E 7E 12.5 &2
A )8 TR e A RE A R T B AR SO iR L 3
RO RE Y pH AR XA B BEAR  (EL H A 3 v i A ik 1k 1)
Ca(OH),xf pH B FEGE R T 22 i fEH] .

(3) Wi . C,S R A1 B Ak S5 39 42 )l T RSER
JE 1 pm R TT A s G R 015 I AHER TR
e A AR L Bk Ak 5 AT Y M T R B R T 84.48%0,
At C.S By LA B4 R T 105.96 %6, H F A7 i flk
A5 ST R S S GRCRE A A BT AR Bk AR S K
W72 Pk B 55 IR L A £k 7 1) B SIOUE ) A A e LA
FHERUIREA X .

SE Lk

[1] CHENTF, GAO X J. Effect of carbonation curing regime on
strength and microstructure of Portland cement paste[ J]. Journal
of CO, Utilization, 2019, 34:74-86.

[ 2] BERGER R L, YOUNG J F, LEUNG K. Acceleration of
hydration of calcium silicates by carbon dioxide treatment[J].
Nature Physical Science, 1972, 240:16-18.

[ 3] SAILLIO M, BAROGHEL-BOUNY V, PRADELLE S, et al.
Effect of supplementary cementitious materials on carbonation of
cement pastes[ J]. Cement and Concrete Research, 2021, 142:
106358.

[ 4] B2ne, Berilh, SN, &5 . C,S, 04y iy i ok fo A Ak i 7
(7], dE A REE, 2018, 21(6) :900-905.

GUAN Xuemao, WEI Hongshan, MA Xiaoe, et al. Rapid
hardening process of C,S, minerals by accelerated carbonation[J].
Journal of Building Materials, 2018, 21(6):900-905. (in Chinese)

[ 5] M3l Rt - 4 —2F 4 35 35 A R B 5 BT 24050 0F

FLID). B HTL R, 2022,
NI Jiaqi. Experiment study on permeability and crack resistance
performance on compacted steel slag-bentonite-fibre mixtures as
a cover material[ D ]. Hangzhou: Zhejiang University, 2022. (in
Chinese)

[ 6] HUMBERT P S, CASTRO-GOMES J. CO, activated steel
slag-based materials: A review[ J]. Journal of Cleaner Production,
2019, 208:448-457.

[7] LIUW Z, TENG L M, ROHANI S, et al. CO, mineral
carbonation using industrial solid wastes: A review of recent
developments[J]. Chemical Engineering Journal, 2021, 416:
129093.

[8] LIC,LIY,ZHU W H, et al. Carbon dioxide cured building

materials as an approach to decarbonizing the calcium carbide

[9]

[10]

[11]

[12]

[13]

[14]

[16]

[17]

[19]

[20]

related industry[J]. Renewable and Sustainable Energy Reviews,
2023, 186:113688.
ZHANG Q, FENG P, SHEN X Y, et al. Utilization of solid
wastes to sequestrate carbon dioxide in cement-based materials
and methods to improve carbonation degree: A review[ J]. Journal
of CO, Utilization, 2023, 72:102502.
MOON E, CHOI'Y C. Carbon dioxide fixation via accelerated
carbonation of cement-based materials : Potential for construction
materials applications[ J]. Construction and Building Materials,
2019, 199:676-687.
MU Y D, LIU Z C, WANG F Z, et al. Carbonation
characteristics of y-dicalcium silicate for low-carbon building
material [ J]. Construction and Building Materials, 2018, 177:
322-331.
LIU P, ZHANG M, MO L W, et al. Probe into carbonation
mechanism of steel slag via FIB-TEM: The roles of various
mineral phases[ J]. Cement and Concrete Research, 2022, 162:
106991.
B¥y, BRE, m/E, S BRATR AR SR BE L ek
PR P AR £ A e RE (7] A SUM R I, 2022, 25(12) -
1269-1276.
QIN Ling, MAO Xingtai, GAO Xiaojian, et al. Sulfate
resistance of carbonation curing autoclaved aerated concrete
modified cement paste[J]. Journal of Building Materials, 2022,
25(12):1269-1276. (in Chinese)
WESSELSKY A, JENSEN O M. Synthesis of pure Portland
cement phases[J]. Cement and Concrete Research, 2009, 39:
973-980.
XU Z H, ZHANG Z X, HUANG J S, et al. Effects of
temperature, humidity and CO, concentration on carbonation of
cement-based materials: A review [ J]. Construction and Building
Materials, 2022, 346:128399.
HUNTZINGER D N, GIERKE J S, KAWATRA S K, etal.
Carbon dioxide sequestration in cement kiln dust through mineral
carbonation[ J]. Environmental Science and Technology, 2009,
43:1986-1992.
SHEN P L, JIANG Y, ZHANG Y Y, et al. Production of
aragonite whiskers by carbonation of fine recycled concrete
wastes : An alternative pathway for efficient CO, sequestration[J].
Renewable and Sustainable Energy Reviews, 2023, 173:113079.
SHI X C, SHUI Z H. Effect of eggshell powder addition on the
properties of cement pastes with early CO, curing and further water
curing[J]. Construction and Building Materials, 2023, 404:133231.
ZHANG D, SHAO Y X. Effect of early carbonation curing on
chloride penetration and weathering carbonation in concrete[ J].
Construction and Building Materials, 2016, 123:516-526.
SLWRUE, FER, diE S, A B A RO K Y A R P RE
B LB VPA [T ] AR A4, 2023, 26(11) :1208-1213.
MO Yuanyuan, TANG Wei, ZHAN Baojian, et al. Performance
and carbon footprint evaluation of cement-based materials
incorporating carbonated recycled fine powder [J]. Journal of
Building Materials, 2023, 26(11):1208-1213. (in Chinese)
(T# %167 11)



