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Chemical Steelmaking slag
Component (wt %)
Ca0O 52.15
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1) Kim, S. H., Edmonds, J. A. Potential for Advanced Carbon Capture and Sequestration Technologies in a Climate Constrained World,

PNNL-13095, 2000
2) IPCC Special Report. Carbon Dioxide Capture and Storage, 2005
3) CCS WA HZte|2l3|, Carbon Dioxide Capture, Storage and Conversion Technology 2™ (chapter 2). 2013.08
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A AN

SHAI dMd As M4aE M=Este Jls, sirtAe Mzt S 78X sfZ0l T == =Mt

IPCC (Intergovemmental Panel of Climate Change)&l Carbon Dioxide Capture and Storage

IPCC Special Report 45) 2 Global CCS Institute2| Effects of Impurities on Geological Stor
age of CO, 6)7)8)0f =™ Z X E O|AHSIERA Lol ME2 Cls E2f Z5

ZX O|LtetEtao] 2 Sr-=2 A4 /=0l wet o2t ch2d LiEfLL 8o 2 H,S, CO,

CHi, Ho S0l0q, &l A7S0l o|5tH o SollM HEZAZE S4at gh30 &2 & A=
oatsls F2 42 pH Hatel 2AtY =3 4ol 2olg H.S, COY A2z of &tE

4) Intergovernmental Panel of Climate Change(IPCC). Carbon Dioxide Capture and Storage IPCC Special Report, Cambridge University Press,

New York, p.431, 2005
) Wang, J. S., Ryan, D., Anthony, E. J. and Wigston, A. Effects of Impurities on Geological Storage of CO., IEACHG, p.63, 2011
) Global CCS Institute. Effects of Impurities on Geological Storage of CO., Global CCS Institute Report April 2011, p.3, 2011
) IEA GHG. Corrosion and materials selection in CCS systems. Report 2010.03
8) Ksther, A. Presented at 2" Working Group Meeting on CO, Quality and Other Relevant Issues, Cottbus, Germany, 2009.09
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< Impurities concentrations in dried CO, (after IPCC, 2005) >

=R vol. %

Ta Coal fired plants Gas fired plants
4= Post—combustion|Pre-combustion| Oxy—fuel |Post—combustion|Pre—combustion| Oxy—fuel
SO» < 0.01 0 0.5 < 0.01 0 < 0.01
NO < 0.01 0 0.01 < 0.01 0 < 0.01
H2S 0 0.01 - 0.6 0 0 < 0.01 0
Ho 0 0.8 -2.0 0 0 1 0
CO 0 0.08 - 0.4 0 0 0.01 0
CH4 0 0.04 0 0 2 0
No/Ar/O; 0.01 0.083 - 0.6 3.7 0.01 1.3 41
Total 0.01 2.1 - 2.1 4.2 0.01 4.4 41
< Composition of CO, Streams >
=1 Pre—combustion Post—combustion Oxy fuel
4= Selexol Rextisol | Comp.1 | Comp.2 | Comp.3 | Comp.1 | Comp.2 | Comp.3
CO2 (vol.%) 97.95 99.7 99.93 99.92 99.81 85.0 98.0 99.94
Oz (vol.%) - - 0.012 0.015 0.03 4.70 0.67 0.01
N2 (vol.%) 0.9 0.21 5.80 0.71 0.01
0.045 0.045 0.09
Ar (vol.%) 0.03 0.15 4.47 0.59 0.01
H20 (ppm) 600 10 100 100 600 100 100 100
NOx (ppm) - - 20 20 20 100 100 100
SO2 (ppm) - - 50 50 50
10 10 20
SO0s (ppm) - - 20 20 20
CO (ppm) 400 400 10 10 20 50 50 50
H2S+COS (ppm) 100 100 - - - - - _
Hz 1 vol.% 20 ppm - - - - - _
CHs4 (ppm) 100 100 - - - - - -
NHs (ppm) - - - 50 - - - -
CH3OH (ppm) - 200 - - - - - -

OScenario 1 : Low purity option(CO, purity between 85-90%)
OScenario 2 : Medium purity option(CO, purity between 95-97%)
OScenario 3 : High purity option(CO2 purity greater than 99%)

_13_




of cherst

O 9=t &

HChZl=

[

ol

o|utot ZAA|F7|7] 2

10!

oju

m_J_H_
Bl

110

ol
ju

il

KIr

_14_



=] = = -
HHELME MEE 2E 2r(E A HET|IEEA R AdE S)
7 MZseiae gy 8 MEE g
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ook MA 6flel =& dit=o[nd, olo| wet FotEE & el &2 2,4002H=ES
35t S, O LT Lok AFEHoz FIIFMHE 2

WNYIE HZEHT W= HZEYD
= 1mese 25,000 |
e _- 107,232 Z1 20,000 |
"= 88,605 % 15,000 |
oAs 77,561 @
- 2} 10,000 |
2ja10r [ 70,426 x

----- e e e il Ty s okt by oot it = 5,000

'osnz eo0r3s  MAS-6Ho ZZ MR | in
su ‘ 42,661 =

0 200,000 400000 600,000 800,000
< 2012dx =71 =& YA >
(Br=ELH3l, 2013)

O 20120l JHHE 4R, MAX[E, XAZMEe ‘HZseid E AHAe] MEE X
Z0)of m2H UWME HZsefdo M SES2 95 %= AYEN JAS. 2L #HE
sefao SFE MEE EXE AAMS HdHEH, & JIxH FHAM Z Ao|E 2. H
ZeslolM EnE 20129 ol 2det BZEeiae gl SFE 44e MEE EXc
n2sefae A2, okl AIHEE |7 R EE AZEs B, MZdsdias ES
& SMEAM Mol 220 AR ED US

HEE 7|gt
2.7 2.3
c22 2%
5.2 \‘\
Y=8
145
== Mz
< HZsdIeo MEE Bk >
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9) www.kosa.or.kr, SFH=EZE 3] 2013

10) B4R, HZs wiE AfdRle] M8 XIF, 2012
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HEZol 3E0| E7tsstH, M 2o ZeE =2 RElM3 2 elstod 232[E X
22| ALZOo| Met=7| HE. w2l Ao et FUlele AT+ F2 MAdsaeiao &
FED AUAS
< HZ sefael shetxyd >
(=2l %)
Mz 23
=N
M - 1=z gia M7= gaia
e ME &d|a
Mstsela st sela
SiO, 33.8 13.8 17.7 27.0
Ca0 42.0 443 26.2 51.0
Al;O3 14.4 1.5 12.2 9.0
Total Fe 0.3 17.5 21.2 1.5
MgO 6.7 6.4 5.3 7.0
S 0.84 0.07 0.09 0.5
MnO 0.3 5.3 7.9 1.0
TiO» 1.0 1.5 0.7 0.7

*HMAsef 1o RelMs| (Free

Mzseia Mege 2HH

Ca0) : 0.1~20 %

Mzgeha S0l Mz selas za el EaEac N HtoMet 48T 1 9o

SoIME P2 ML 3 MI7IR 27 YHE. MLseael AR HE s

stof AMS3ID 1 2lolE oREFIM BI| £MAZ ¥ BMEE 0|FEL tiRRel e
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olet 2 2HYS Y| SIste] HZ MY sAE BH HMES S8 MY s &
2 MY Y MESS S #Y BH U BE xjelel 58 ZHE 93 AT =2
M3IMoz £AsT US
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Ca(OH).2| s &7kt EHtE & (CaClOy) AW 7 7w

- REEIZ AR 30 g2} 2 60 ml (A|B:2 = 1:2)2 teflon H|0| (100 mI &F)ol| 1, 1t
7] (AH Il ALHE gt A) Lol I™HA|Z]I & SCDE 80 barZ FI5t1 50 °C 20

Heating

Jjacket H,0

Sample

100 mL cell
(50 =C, 80 bar)

Sample 30 g, H.O 60 mL
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ARESOll Bt ZA5l0l ofsf B2Et2 EHT ROl pH HEIE oI5l

~ o EF2 (94 %) 100 mLe} HisZEra|el 1 go 2 BHEOIZl 1 % H s ZEtzel U S pH X|A
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pH7t 9.4~10.6 Hel (B pH 10.12) 2 XMAU=A2H, FAIEHS =of= 8.9~9.8 He| (BT
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ol5t0f 23t | M(BEN) S tc|7| HEol SHENS WHS UA SE2 AN o8 i § Lt YWING WA =of FUHAA
Aee D[XD2, HSEL BAE S HE4E o BUOHS YWAS| AT AIMS MRS HPE HMUStDE $201REIAIR(pH)7}
0.6 olsiel £EEND HAE MASEE HUBE 4 ATE B



2 Zttez Hosto] (20 0.5 mm), HEHHES
ol LERAS (ol O &=x). A" Zn
S|
S

O = =
3A|ZF SCD EAERSO| 2|t ERMel= RE2EI2Z EHOZEE 2F 5 mm ZOoME BE2

olgt ¥H ERtsts X2l ol WFol L7 EXE = U= Ca(OH):2

F7t
dissolution barrier &2 & ZM FI| pH 715 42 = JUS. UM Z2EIZ EHO|M
S| =

S -
= ERAMSE DFHO| 2|5 CaCOz7F %ol EHMEFE AR EHO| pH Nz # ol 2}, Ui
ol Z=35= Ca(OH), &0l 2olst pH S7t2 &A™E CaCOso MEaH=ZM Hegsr = US
Hoz mcie=

Without

treatment

scCO,
sparging

<SCD EAWME M-3 R=Elz ME FHo| His Tl 89 us Hip
- |
| Without
'Ereatment

o
spa,rglng,—

<SCD =AM Y M-&= ZEEE ME HoHol HsZ el A Alg Az
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S8 T2 0 SCD EHSHEOIAM AL 1A1ZE =2F, AL 1A[ZE = 2A12F FR| = (5 3AIZH=E
T=25td d L} 8% 2| Ca-0l2 =2 SCD &S = 1AI1ZH, 3A1ZH & £=EH 9| Ca-0|2

Sk S
224 (17|20l ZEEIZ+E BHE 1A|ZE =, 3A|ZE = 2] Ca-0l2 sk a2 ¢ 23
wf=1t 8|5t otz ol LIERHAZ
Ca-0l2 sk A Zu}t, A2-4¢ =ZoMe B8 1A[Zta 3A|ZE = Ca-0l2 sE=&= 22
34.11, 30.89 ppm2 2 LIEtG20{, SCD 8&8tS A&el &2 522.2 ppm, 835.9 ppm, 1
ofl= 1,126 ppm, 1,369.7ppm2 2 7}&F = LIEN. o|&= SCD &
AM

O|l= 1A|Zte] SCD &AEIHO| 2|s RE2EtE A|l22| &2 pHe| FR2I0| == Ca(OH), A&
20| = ASS 2lolet 1A|1Z2Ee] SCD 2AIE S ZE Z2EL2E AR22| Ca(OH), 3HE 7k
gh =, 2A1ZtEe| oM S A[ZE FoF SollEl ZE0[20| =3Wo| 52 ERMO| 21} HEZS 510 ERAL
5oz EMEE= THo| 4 dojgds oloj. EAF T ALY Mol = Ca-0l2 sE71 &
Jbol= A2 ZE2Et2 AR U ZHRSH= Ca(OH).2l F7}F 8lol olst Hez EHEHE
1,600
W BEUS S -EANIS S s
1,400 |
1,370
1,200
-
1,126
S 1,000
B
£ 836
80
Ho
& 600
(1]
“ 522
400
200
34 31
0 X X
1 3

< SCD 3ol we Zgol2 8& sk Hat 24 >
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tZt5 (calcite®}
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15 -
N —DTG (%/min) - - TG%
S S
1 ~ - - S V 95.871 % I
* e |
94.815% ~,
€05 P _|
E ‘ 3
N 92.122 %
~.>°‘ -
(U
a 0 I
-0.5 _
-1
0 200 400 600 800
Temperature (°C)
< 8E0tg ¥ meEf=el TG/DTG 1= >
15 -
h ——DTG (%/min) = - TG%
~
1 Ssol -~ v 95.139% I
o ~” 93.974 % i
94.523 % &9
€05 X _
E N ——
£ 91.067 % * -
2 o W
-0.5 _
-1
0 200 400 600 800

Temperature (°C)

22Et29| TG/DTG 2 =E >

N
M
Ral
T
0lo
o

AEAM LHES H,O0 & CO, 2ol olet ST HMatE&2 0|&35t0] SCD

100

- 98

9%
94
92
90
88
86
84
82
80

100

- 98

96
94
92
90
88
86
84
82
80

portlandite 21} MM =l calcite 2SS AAMSH A} g2 Cl2 ZoF 22
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< SCD k2o w2 Z=2EF29| Calcium hydroxide =M 2F 2! Calcium carbonate A2k >

Type of SCD Weight reduction (%) Amount of Qalcium Amount of
Type i hydroxide Calcium carbonate
reaction at 450-550°C |at 600-800°C (%) (%)
Without SCD treatment 1.467 1.549 6.031 3.524
E&4S 1.056 2.052 4.341 4.668
Mortar
EAHES 0.616 2.907 2.532 6.613

* 400-550 C : Ca(OH), — CaO + H.O (gas)

* 550-800 C : CaCO; — CaO + CO, (gas)

» DEEIE | Fof| EXxst= T2l o] Alzojct Molg £= U0, 2rHSH HEH H|0|E1§ ME[SH|= ofH 3.
£ Sl Atf™ vl JtsE

Shx| gt Bts ek o] xfofoll ofgh Etttzhas MEE Xtol= YUMsHA =el JtsE ol

Il
0

O SCD ttg MEF ZEEE AR XRD &4 Z

- Z2El2 AR SCD HhE (8=Hts 2 EAEES) M-Fo| XRD 24 Zijol| w=9, dvkg ™
portlandite peak?| intensityZ7} =42}, BhS T AES| ZAsh= AS ele = US. 0|2 QI
o
=

Z1Z calcite peak®| intensity £k Hl
= 4%) XMel=l Z2El=2o| ZARol= U calcite M4

ol 87T

Ol A LtEHt Zofets X

ol
—

- T2t TGA &4 Z31t 2 XRD &4 Zojol| w29, EAERS0| XE ol dd F=F9
portlanditeZ} 0{M3| RtEst= A2 2 LIEMGS. S4F portlanditeZt EAHstH 0[2| Sl 2 ¢lsll 8=
T=2| pH7} 12& Ci &5lsts A2 Y=, Ol 2 SHE pH 4t ¥3} (8.9~9.8 H 2|,
H pH 9.65)2k= CiA Ao|sh Z1fel

- 2 AFXE2 olz{st salo| LlstA E AelS ofeiet ol FHSD US:

1) ZE2EI2 A|lH &7 =6 ol EXskE FoEE0| 2EEA0MR}F ERMZEEO| A E

3) EME calcite Z™ FAZ FIHHQ ERMZIES| EXME

5) & MY Al 2842| ERMZEE 50| dissolution barriere| 2&H2 5104 LI R2| AtsiZbEe| 852
A5t pH M52 Mo{g
— ZAH|AS| O|AtSIERS HEZ20|AM = calcite =XIE buffering RHEZ 0| 2%|0], ZHE5S 2EA|7|11 gt
2 7H5EA717] 2o Y MEOo| X[FH2 2 FA|ECHH XESHE ZE TS UE2
HrEAl 8EZSHA =0 US
- = 7o F& F Stfel o|itEtEkA HEEte| Jist & MRe| et obd M & EHoAM =
o, =UAAe| o|AEtEATL 0| Zsl FAEldESE HS S4EHeE =S0iul, = Ca-ol22
calcite2 FMAIA 28t pHE 9 FAI 5= Ue =Ho| vtg =4 (AlZh Y=, FILHE
1719l 0|5I= BH=ES)



H.S, CO
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Q : Quartz

P : Portlandite
C : Calcite
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D =2Et=9| XRD patterns >
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O 43t Me| 8= ZE2E2 A[22| SEM % EDS &4 Z1}

- SCD tt3oll e Z2Et= AlgA el o|MT=E SEMI EDSE =4 et 21, SCD =AEHS =
REEE AR ZHo| ciEo| Biztg Aol M2 S &lstd s (ot a8 &xX)

- SCD 2AEtESol ot EM35F I™oAM Z2EZ A2 a2 2lai EHol= o|AMst #ES0|
MMEACH, 24 A= 2 Tt BHMZE0| EHEAUSZ. CaCOst A2 2Lt D2/1QollM =2
HEEo 28 482 HEHER d2/U7|e =2t D2/0ee] =HolM E= Al o|ikst
Bt E HISAIHSZEMN Erot B2 22| CaCOs S 7= 0lE Sl X[HA el Ca(OH), &
2ot pH M&E FEstH FEMe=Z £ o|LhatEiao MAHES =2 = AUAS A2 J|He

SCD gts & TAHERS #

SEM HV: 15.0 kV
Det: LE-BSE

SEM MAG: 500 x
PKNU

| 1] MIRA3 TESCAN

100 pm
Performance in nanospace

- 15.0 KV
Det: LE-BSE

{2 = -
SEM MAG: 500 x

PKNU

SEM HV: 15.0 kV
Det: LE-BSE

SEM MAG: 2.00
PKNU

MIRA3 TESCAN

kx ’\’u‘\

20 ym

Performance in nanospace

3

)
L.
%

MIRA3 TESCAN|
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i £ . o el o P e
SEM HV: 15.0 kV SEM MAG: 15 x | MIRA3 TESCAN| SEM HV: 15.0 kV SEM MAG: 2.00 kx I |

Det: LE-BSE PKNU 5mm Det: LE-BSE PKNU

20 ym
Performance in nanospace Performance in nanospace

(a) B2 M ZZEZ QA

i1
FH
|' [m]
>
A
s
=
olo
o
H
i
m
1]
>
El
FH
e
>
A
—~
N
o
o
S

cn
5|

5i

Weight %

SEM HV: 15.0 kV SEM MAG: 25.0 kx | | MIRA3 TESCAN|
Det: LE-BSE PKNU 2 pm

Performance in nanospace

M 5pecrum @

C: I
|
c

Weight % 52

SEM HV: 15.0 kV SEM MAG: 30.0 kx
Det: LE-BSE PKNU

M 21>
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M5 UISH-F SBTBME 22 Ral T (2.4 x 2.4 x 15 om)oll 300 g4 F3 st S0,
Citel = m @ 22 o 1,200 mm (KMA, 2018 7| A% Xt&)E m2fstof 120 114 /2|
UeIt LRl B2 5 UTS AMBIOf BT 15 MLl SR ZRSE T ARo|A 5t
Moo= TS, RE AZFEE L SHROIA HEEUS MA|510] pHOt Ca® S & pH
M3 ICP-OESE 0l 830 SH31US
Rl 2 4RolE 8US FS FUSY| s AZao] FYLI} xS0 Yoo, L
stiolE 8 AIZ A7} JHSSHES F2Ut eZso] 85%S NHSE MIYx2 AFH

- ZE(P) : SCD S5 22 =ETEM =2 S

- ZE(F) : SCD EAIEISOl s BNt H2ls 2HTBM2 S

)

= =
Drainage

Distilled tank

water

< SCD ZAHHE Mz FRES Y

< wmEEA AYA el % 24y Ay o AR >
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13.0

|- EAELE = —=%=scD 22
125
12.0
115
11.0
T 105
10.0
9.5
9.0
8.5
o —
0 1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20
2E A 7Hday)
< SCD Z#Eursof| w2 =2xIx el pH #Hst >
O SCD EAIHZAIZ] =3XEZM 2 TS 24 2FMo| ZEH0|2 (Ca*) s 24 Zzf
- EHFUN  L4H 85 F 128 Zot 85Wo| Ca*t =2 =™, ol ol LIEfHAS
- HISAIFIY 22 =srtEAe] 22 & X7|E Mst, &% Ca* T+ 80~50
mg/L HRIE FXIGHFH L}, SCD EAIEIEAIZI =2t X B E 2&5M| Ca?t 57} 40~45
mg/L BH2IE ®X[stn] H| WA A |RX|7F =HUS
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8 40 T— T Tt
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1 2 3 4 5 6 7 8 9 10 11 12
2& NZHY)
< SCD ZAERSA|ZI &R Rfe| 4 &Ml LE0[2 55 Hst >
- ol2{st Ails EAMEIE ™5 XE2A 2| calcite?} portlandite2l &tZkxtolof| 2|st ZHo = mot
=|of, AH calcitee] sHE (Ksp: 8.7 x 107°, 9.33 x 10™° M)7} portlandite2] 8% (Ksp:

6 x 107, 0.011 M)oi| H|3l ofj<

8. )
2 Aoz dX AS=2Z (Sillen et al., 1964), SCD A
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3.

SCD wAtEtS 22 Xilet Z2Et=2t w2 EX o Follgls FEE =4

ML
S5t Halet 2RIYREE FHS0| BEHE XS SH04, pH SHEt F52F SZo0
Chet oHA S BESINAL S MEF AIRS HMOR HENS 534 S85AYS +HAS

O SCD =AELS HEe| HZ A2 E (Z2Ef=22f metaM)2 Follgls #EEXTE TCLP (EPA

1311, Toxicity characteristic leaching procedure: =MEZ&A[E)2} SPLP (EPA 1312,

olefst BEAIEES XIMHTISe HHIIED Mal7|FS Hotshzrl 0| 85lE Algwoln 53
HRA 22 2o AH 7|2 RASE BEHTE BIlshs Algueel. wo 85AES I

O HZ[=ol 2ofet 2Hd2HZ o|do| LX|5H7| flet SEA2 ol=0lM 19710l ZEH4A

O d=0lME= 19730l “MAH 7| =0l ERrE= =

(Column)o| 2|Z2 M &
7|22 ©Holl= EP (Extraction Procedure) HHHsS F=2 o|Zs5ich7l = Zol= Zero
Headspace Extraction (ZHE) &7|& o|&s5t0 3|2t 2 Big[ete JI|=22| £&0| 7tsT
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< TUE SEAYYY HW >

ol =2 o] =
T = et =
Fatol gl off i of 2 TCLP EP
| A 0.5~5.0 mm | 0.5~5.0 mm | 0.5~5.0 mm
Al =
A2 2 (g) 100 50 50
ZIE7| THAET TEHIET TEHIET S| MRET| Stirrer
g = 2I|== AMZEZ Ol A — _
718 2 L - -
H 5.8~6.3 5.8~6.3 7.8~8.3
2 o P (HCI) (HCI, NaOH) | (HCI, NaOH)
2of =k 1:10 1:10 1:10 1:20 1:16, 1:20
R /}DI-% /}DI-% Al
[ o o o o i [ -
(C) | 5-25 ©) | (2t 20 ©) 23x2 €
& & | AzHnn) 6 6 6 1842 24
= A
Tl Ehuk 200 3|/& 200 s|/& 200 5|/& 30+2 F/& -
TIE= 4~5 cm 4~5 cm 4~5 cm 3™ -
=5 GFF GFF GFF GFF GFF
o 2} x|
Pore &4 1 um 1 um 0.45 um 0.6~0.8 um 0.45 um
Al & TESE HH 2 - 2 -
Lp, AlE ure
O TCLP (EPA 1311)
EX™sto{ 5 o|2H0|H fluid 1, 5 O|AMO|H fluid 22 F 7IX|

- TCLPH2| o pH= & ™ pH
o

Hol AZ. HEIAEES EF p

T

5 0|42 fluid 22| WS oS

- 5.7 mL otM|Ettol| SFFE M8t 1,000 mL EEH 2 AFESHD, 9.5 mm 0[5te| X} F7|2
Mz=# HZI2E 5 g 2t & 100 mL (=42 0835104 pH 2.88+0.052 MYt +8%)2
BESAIY. ol mf Al=Zeot EoHol B[E 1:20 W/V olof, &2 (2f 2243 ), &tefe| =70
SMEYTIIE ALESI0] 3042 rpme| MEFEE =2 oF 18A|ZF S 8FAIZ. ol ¥ S5US

0{1}X| (0.6~0.8 um)E 01}st & |CP-OESE 0| &35}t0{ As, Cu, Cd, Pb, Cr*" € 2A{gt

ol

O SPLP (EPA 1312)

- HE32EE 25 CHlM HA=xst & 2FH (A4 4.75 mm)E S2et A2t EEY (extraction
fluid)2 1 : 20 (W/V)2| H|E (HZ3ZIE A2 5gvs &Y 100 mL)Z 3t0{ 250 mL EHE

-0l i 8&ULS 7 100 mLol HoSO4/HNO; (60 : 40 wt %) XS 0]&3sl0] SFF2| pHE
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< TCLP E&AH e ol REX >
=2l mg/L
D=Egt= eI
e TCLP Z[&
g o SEAE 3 | ZARRE = oS & =AAE =
H 2~ (As) 5.0 n.d. n.d. n.d. n.d. n.d.
T2/(Cu) - n.d. 0.001 0.001 0.099 0.123
7t=&(Cd) 1.0 n.d. n.d. n.d. 0.004 0.004
=(Pb) 5.0 n.d. n.d. n.d. 0.014 0.011
oted(Zn) - n.d. n.d. n.d. 1.615 1.592
67F A=(Cr) 5.0 0.024 0.109 n.d. 0.0427 n.d
*nd: E4&
O SPLP
- SPLP 2AMZ1}, U8 M ZEEIZE AR, ZAMME T Z2EIZ A2} BISN 2SR A

ZoMe= H|A, 72|, =5, & ofd, 671 AF0| 24 EE. EEAYE = Z2EIE A|RMM=
67t 3=0| 0.045 ppm AE=1, EAME = TEM AlRoA= F2| 0.002 ppmZt &
0.01 ppmO| AZ&=A2L}, TCLP 7|ZFEQ! 67 AE (5.0 ppm), = (5.0 ppm)oll gH=gt
- TCLP 2AMZ1tet v|wal = uf, SPLP2| &It X 3| LA LIEHR. 0l &2 pHt
&ZHo| A2nf, SPLP S &N (pH 4.2+0.05)2Ct pHZI 22 TCLP &Y (pH 2.88+0.05)0]|
M =7 4&dE
< SPLP &40 e ol REXT >
kel mg/L
DE2El2 TEEM
e TCLP 7|&
g A EEAHE = | EARAE = Hhg = SAAE =
B2~ (As) 5.0 n.d. n.d. n.d. n.d. n.d.
T2/(Cu) - n.d. n.d. n.d. 0.006 0.002
7t=&(Cd) 1.0 n.d. n.d. n.d. n.d. n.d.
=H(Pb) 5.0 n.d. n.d. n.d. n.d. 0.001
oted(Zn) - n.d. n.d. n.d. n.d. n.d.
671 I E(Cr%) 5.0 n.d. 0.045 n.d. n.d. n.d.

*nd: 24d&
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0,5 EEsts 2&=HX|A (100, 150, 200 ban7tx| ¢ & Folat 4=
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— SCDR2}te| Htg F A|HE Ato] HiSIE &0lstnAl Ed5dst THE J|HE AIEsIFS. 22
22 2?/s5t0d Gibbs free energy =23t 7|2 ALEet T2 21 GEM-Selektor v3.5 & Ce
mdatal82| HIO|EHHE &£&¢. A|HE HOo[AED =

22 Fs (MY 140/0], XRD MM A 0l

== 1o o o
HE &SAIFIHAM, SCD B S saLIVIHAM oA E Ho|AELte] HEZ Al

g
o

. g
T~ =

gajlojdg e

Ay

O A 21
- gdzdst i Zoof wEH, =3E &3 FA0 (100~200 bar)odllM= He| HEIt gle A=

LtEFE. m2tAM olgfel JEol= 2% %folol| 2|5k Hjo|E 2 LIEH

— ofzf 22| (a)2l 50 °C 100 bar HlO|E{of =M, = AFol|A ALSE 2= 9o M= g
(o]

Z700| et Xl A= A2 C-S-H, ettringite, Fe—hydrogarnet, hydrotalcite and CaCO; 2

stratlingite

140 4 nydrotalcite i amor. Si

AR portlandite & dolomite

\
00 *&oga‘ AI(OH)
<&

80

Mass (g/100g PC)

60

40

20

i
0 5 10 15 20 25 30 35 40 /5 T 60

CO,(g) 50-100 50-200 50 150

(a) 50C
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180
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ratlingite ¥ Fe—ettringite2 0|7} &gk of7|of|A O EtpEIL R E[MH ) C-S-He 2H 3]
olMAME o ERAMZES AI(OH)s, ferrinydrate 2 H|ZAX 29| Alz|7tgto| =X 5= Alefjz M
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- ofzgie|l gl ¥
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mgoze o
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= TGA 2 XRD HEHEAM S oF

W2 g2 2. ol REHIMAM ZE CO7F EXZol| 52 A= JHE SR X[ AX
2= 0K ¢onf ZEHZe| AL calcite?} calcium bicarbonate2 MEHE|HA 2HYSH= buf
fering EE CtA M HIISH A2 FHstD /US

] —a—Sim.
12 4
10 4
2 e
T =
J__./".“\HH ___..-‘_"——hl_“\
[ L -
] (] |t P Lo
4 4
2
:I T T T T T T T T T 1
SOC BS C HC
100kb S50k 2000 i ] 150k 200b 00k S50k 200b
< AE 2 BFAS AFE oMz H2 pH 4tel H[W >
XRD m{Eof =M SCD2} A|HE HOIAES HIE T MME & MMES2 EMMZEHES
LS o2 LIEHE. Calcite, aragonite, 2! vaterite7} 25 MM == Z40| &2lZ|S. Rietveld
HEEMoZ e =4t EMEFS EAMsI¥ 2, ol & chE o Hzlg

|

50-200\
A\ \
\ *
N a a
. ‘\ H | |
\\ |
\ AN
-150™ . c | ‘\ |
SN (I
‘\ M’»—u f ’ | \‘\ |
50-100 . ‘} waw \\A
Y
e 5 = ¥ v
"IV h”d\dwﬂm\wu ¥ M /‘J\/\
T T T T T T T T T T T T T T T T T T T T 1
5 10 15 20 25 30 35 40 45 50 55

Position (°2theta)q,,

(a) 50C
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65—200\-«\\ .
N\ ‘ \
N T |
A |
N \‘\ M | TT B
65-150\ AN || M | \",? . ‘ I
- \\j‘ - \ v © \“H“ ““ Vn” ‘H‘a\“”? hc ‘
6100~ i hale T
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AN |

/ I
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\ \

T
\ 4
A N

5 10 15 20 25 30 35 40 45 50 55

Position (°2theta)s

(b) 65T
a
Cc
\ | a
80-200\ |
\ a
\ | |
Y m ‘ ‘ C
\ ) ‘
80-150" \ | ‘ a | a
N N c \‘ (- I M L
o e LY Ll v‘ ‘C ‘ CM I la
h ) I a A ‘\ T
80-100 ™ 0l A Wil
S~ | I P ‘,U‘ Wl afl 2
A M v‘ LAk A J‘L\vs“\ A “H‘\ J“‘\“L“/ “‘\“W\‘”\..
\th ‘m‘“ H\JV\H\V\“J‘L (A et g VMUH‘\«A\‘”%
B o) Ny ) LAYL L
N A ANAVA L
r T T T T T T T T T 1
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Position (°2theta)c,,
(c) 80°C
< SCD 2 0|F 3} A|HE H0|AE2| XRD patterns (a) 50°C, (b) 65C, (c) 80C >

(0{7|M, a—aragonite, c—calcite, v—vaterite, m—monocarbonate)

< Rietveld refinement—-based quantification results (g/100g cement) >

Samples 50-100 | 50-150 | 50-200 | 65-100 | 65-150 | 65—200 | 80—-100 | 80—-150 | 80-200
aragonite 53.6 40.3 56.7 61.7 61.7 69.3 73.6 69.9 78.3
calcite 35.8 42.9 38.8 32.9 28.9 31.1 38.8 28.2 34.7
vaterite 13.7 19.0 17.7 10.5 7.8 9.0 2.6 2.4 3.0
CsS 0.2 0.6 0.0 0.3 0.6 0.2 0.2 0.8 1.8
CaS 0.2 1.0 0.3 0.3 1.1 0.6 1.2 0.5 0.8
CsA 0.5 1.9 1.5 1.0 1.5 1.4 0.0 0.3 0.5
C.AF 1.2 1.6 0.8 1.1 1.3 1.3 1.7 1.4 1.4
gypsum 0.2 1.3 0.3 5.6 0.6 0.0 0.0 0.2 0.2
hemihydrate 1.4 2.9 1.5 0.0 0.8 0.3 0.5 1.6 4.0
monocarbonate | — - - - - - - - 0.6
amorphous” 45.7 49.0 36.5 46.1 57.0 45.3 36.0 55.0 36.1

" indicates phases not identified by XRD
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— XRD Hllo|E{ 2t TGA HIoIHE 2™, portlandite?t ZM5HX| §2Z0| &elE . #LhetZ &2 SCD

ofe| BHS Al 713 BIN HISEHE ZEAOER WEHY

TG (%)

100 - 100 7 ~
90 4 90 -
9
80 ¢ 804
'_
k
'
\
701 |——50-100 ( 704 [——65-100
- - --50-150 N - - --65-150
---50-200 VT - - - 65-200 .
60 T T T T 1 60 T T T -: -------- 1
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (°C) Temperature (°C)
(a) 50C (b) 65C
100 - -
90 -
9
O 804
'_
I‘ :
b
701 [——80-100 v
- - --80-150 v
-80-200 v
60 T T T T 1
0 200 400 600 800 1000

Temperature (°C)

(c) 85C

< SCD HHS 5 351 A|HE HO|AEQ| TGA HO|E{ (a) 50 C, (b) 65 C, (c) 80 C >

— TGA H|O|E{ 2= ZtZto| EtA

=
E3f o|2 &olslgony, 1 ZIE cf29o OJ2loz Mg 2

Zdo| &2l=l gragonitee] A% &=do| At

- o
calcite & H[ZEAS| A2|7t 22 =2
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—=— aragonite
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fems (gf100g cemenf)
&

%0 4
20 4 & i
& :
10 4 & T &
a . ..k -- A
- 5 50 65 6 85 80 80 80
100 150 200 100 150 200 100 150 200
<SCD HtE = 7=t A|HE Ho|AE0| FESHE =40 M >
- OfX|gte 2 o|itslEls ETS ofefel I &lofl LIEH . XRDR} TGAZ AHESH gle2 XA
AYHE Hol= A2 HEM2DN, CO, T2 100 g ZEHE AHE S 45-54 g2o| COE
S5e = U A= LiEtE. Z8lolM el = of ERMEEEel 2F0| 50 g/100 g A|H E16) QI
M DstH, TSAHE HOo[AEE 2441712 HESA[ZE S A[HE HO[AENM HAE
e Aiste] Eatsbl IYE o2 2 £ s
a0 | —=—XRD
[ ]TGA
70 4
= b
ok}
E i ——
% 5 LNy P L
Dcr_. _ m B -—h____H._F_,F#”'r H"\\...-'f
O 4p
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oz
m 30
(1]
=
20 1
10 4
I:I 1 1 1 1 1 1 1 1 1 1
50- 50- 50- 65— 65- 65- a0- a0- 80-
100 150 200 100 150 200 100 150 200
< SCD Btg = T3t A|HE HOo[AE S5& O[LaEs & ST >
16) C.W. Harris, B. Lothenbach, C. J. Muller, F. Winnefeld, Carbonation of calcium sulfoaluminate mortars, cement concrete and

composites, 80, 2017, 123-134
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< SCD 8™ =eterErf el XRF >

SiOz Ca0o Alzos Kzo Fezos MgO Nazo SOs Ti02 P205 MnO

49.71 | 21.55 | 15.74 | 4.35 3.12 2.36 1.25 1.08 0.59 0.17 0.06

Q

Q : Quartz
A : Albite
C : Calcite
Z: Zeolite

Intensi

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Diffraction angle (20)

< SCD 3™ w=2t&Ex el XRD patterns >
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SEMHV: 10.0kV  SEM MAG: 3.00 kx MIRAS TESCANN SEM HV: 10.0KV  SEM MAG: 10.0 kx L MIRA3 TESCAN

Det: LE-BSE PKNU 20 ym Det: LE-BSE PKNU 5 um
Performance In nanospace Performance In nanospace

o . 0 % S 23 TN -
SEM HV: 10.0 kV SEM MAG: 3.00 kx | MIRA3 TESCAN MIRA3 TESCAN
Det: LE-BSE PRNU 20 pm 4

Performance In nanospace . Performance In nanospace

< SCD g™ T=tatax EHol SEM ARl & EDS peak >

jacket

. 200 mL cell
o (S0 °C, 80 bar)

Sample 10 g, HO 20 mL

< 2BIIA SCD WS BAE >
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& | %
S 9.4 x ——scCO,3h ——5cC0, 74h 114 o
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'E 9.2 —D—scC02+H253h. —s—5cC0O,+H,5 24h 11.2 g
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< SCD 8 Xzl =a&Exe| 8& AlZHE pH B3t >

- TErEA 2| SCD EH2ol UM HESA
T4 SCD7t Z2AL =& SCD 2ct 2 pH M &1t
X

=
=
| SCDE 0|&3l0{ A SCD X|sdoll &8 = UAS A= EChE

- Jejut AN AEs XS Z3 2ol ZIE 2US. ol AE EE20| M1, H,S ET=
of =0 AMAE ZEo| HtSMo o|X= HEo| HEsHA e UX| 22 Azl o
2t WEs Ol E 245 |= oLt 1) H.S7F 20l M Sslil=E2 HEO streamsS 8
MotHAM CO2t &7 9HSSHX| LUHLH8), 2) =[4 ZA[ZE~Z(CH 24A|ZFe] HESA|ZHO]

H:S7h AlBIEOl BZseol yS2 Yo ohE H23 AlZko| oy 2oz ZH3tD

e

- SO, Ba20| Zolsn o BEESE e 828 olBojd 4 Ycks J|E olpzn
=19 majsie MM ERE SCDel #HSAMo| &43 SCDe BFSAIF 2 xjo|7} gicks X
oz ZAEXg 4 S, ol 2 oiTolM Hotste SCD 2HE s =27t =2 CO.=

17) Spycher, N., Oldenburg, C. M., 2014. Modeling CO.—Brine—Rock Interaction Including Mercury and H,S Impurities in the Context of CO;
Geologic Storage. LBNL Paper LBNL-6586E http://www.escholarship.org/uc/item/25w794xv, (January, 2015).

18) Zheng, L., Spycher, N., Birkholzer, J., Xu, T., Apps, J., Kharaka, Y., On modeling the potential impacts of CO, sequestration on
shallow groundwater: Transport of organics and co-injected H,S by supercritical CO. to shallow aquifers, International Journal of
Greenhouse Gas Control, v.14, pp.113-127, 2013

19) Pearce, J. K., Dawson, g. K. W., Law, A. C. K., Biddle, D., Golding, S. D., Reactivity of micas and cap-rock in wet supercritical CO.
with SO, and O, at CO, storage conditions, Applied Geochemistry, v.72, pp.59-76, 2016

_61_



g8s dert gl3e Qojstez s&Est gy 218 I

AV|E Aug "Higoe =z SCD ghso| mE etEEM el pH M 3= 3 LIE SR
AMdETY|E &S FXlo st HE Aldd 7HE et (2013.12.13., tHEdE M 249963 )0l M
LTPSHE pH 9.8 O|5te] AES UFEE Ho=2 HCHE ESH SCD HhHSo| st &=stF22
Mol pH Mz =3Il pH MAUECH o 08 A2 AlREH

AH et EM = pHE =0l ZE2E2 ME0| =X EHol 22 FE=2 g2 52 g4
sto{ ZX e TetREAe| 9 SCD k3o 2ot F5st M ERMEtE S Fo| & L Fo
TEY = As LZed 22 FIF &0 tfsto{ dissolution barrier &gt 3 ERMZIE Q|
bicarbonate Y30l 2|&k buffering &2 FII&Ql pH &&2 S| = US HWe 2 ECHE
Ol= =2t CO2t HEe= =&&EM EHL FE20| CaCOz;E HOo{RU7| mfZof| Ldlst= sakel

/£2 Z X0[E Eo|x| 3. ol =42 Z2Hdo| ¢ Lot
=Ml Edeoz olaf Hdifxez ZYYo| o|dst AHE i dE2| peak7t EB{LEX|

< SCD g8d/= =etrtax 2l XRF 221t >

< SIOz Ca0l A|20s Kzo F6203 MgO NaZO 803 T|02 P205 MnO

g o 49.71 | 21.55 | 15.74 | 435 | 312 | 2.36 | 1.25 | 1.08 | 0.59 | 0.17 | 0.06

52.42 | 20.80 | 14.50 | 4.05 | 2.79 | 2.45 1.38 | 0.87 | 0.52 | 0.15 | 0.07

|
24 = 52.71 1 20.98 | 14.30 | 4.34 | 268 | 218 | 1.39 | 0.77 | 0.60 | 0.00 | 0.06

—HFS H —CO, —CO+H,S

& Q: Quartz
A : Albite
A C : Calcite
I'i.‘:‘_ 5CD A Z a ZEDlitE
z a llt C c a a
. Q Q
\‘_H—H""—_“‘——-—-—_-_ ST Y | J—A._n__v__»vd_\__f\_a._A.\.-.__Jx._f.E. _?W.k i e
£
v
&
= BAEE  q A
- 7 cCZ Q Q
Q a
A - =N A
a t Q

55 65 75
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- XRF 24 &M = & ZAL ZZF SCD BFE = CaO ME9| &zl UA~E EUZE
SCD ttE oM Ca d&2f a7t £dst¥l, 0 & 577t ZEsEA 2ot Aez
A

EohE 5 AR Mgk Z2X XRF ZolAM CaO =A0| =2 4| dH|si XRD 2= 2bofA
Ca MAE2&=9 ool M| LiEtLt =S o| H[AH ALl calcium (-alumina) silicate
hydroxide (C—(A)-S—-H)7} Ct&F =& 2oz FFE

TG/DTA

T E e SCD e Mt = (BAIZF BHE) AIZRL| AXtEnt A5 24 (TG/DTA)E Ol
5104, 2T a5 mE AlRe ST A A HeE uletstl, AR ERMZE (calcite)2l
MHEHES MMz 20I5tAl silen, 24 ZIME otz I ol LiEHY

DTG Z2nt2| 450-550 °C 2= FZHiM B2 H/= A|R2o| SZH=I YMlsi= H2 =2 0|
FOolEol AR Uf2fFo Ltetzs (Ca(OH),) d&0| Holle HWL=E HThzo, A[EA
SHHSIE 2 2F 2.366~2.620 % HRZ =elE

SHX|ZF == 2 ZAF ZZ SCD vHS =+, calcite &&0| 8-S X Cid| JItste 2&0| &felE.
s ™ AR CHH| &% SCDe| A 1.248], ZAL Z& SCDe &< 1.208f B7tst=s H2

20 e 100
A e e
e A = "-"-—".;-___h,‘_-_f* L 98
10 L SR .
T TRy B - 96
s B S N
h\\ \\_
; A .
—_ g iy R
g_ — ST DTA(UY) =
< k. — &35 PFEF DIA (W) 20 ©
)
— A ER scD¥I2 E DTA (W) ik
-20
---BHEF 16 (%) i
30 ---#=5 s BEZ 16 (%) N 84
---DAFZEE scp BES 2 16 (%) - 82
-40 80
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Ral

x| SCDofl we HSM/+ =etrt=xel TG/DTA >



Temperature (°C)

0 200 400 600 800 1000
L1 |
0 i Al il-tli' -'ll'..'.'--'.
e "'I.:!" }!||| M Nl U’ i‘lr Ii [| ﬂm{ﬁm “ .'.I " L i |
A i LIl
-0.02 i \ F| l fH |
lm —MisH
) r| ﬂ R
2 vl
s \ — QAR s e
5 W/
=]
0.06 'l [
|
|
-0.08 I”'
i'|
01
< &5 8 2AL SCDo| = gt M/F =sx3Ix e DTG >
< SCD k2o w2 =3tx2x4 2| Calcium hydroxide XM 2F 2 calcium carbonate MAIZF >
Weight reduction (%) Amount of Amount of
Type of SCD ] ]
Type reaction Calcium Calcium
| o o
at 450-550C | at 600-800C | hydroxide (%) | carbonate (%)
Without SCD treatment 0.5855 2.544 2.407 5.781
Recycled &4 SCD 0.6373 3.165 2.620 7.194
aggregate | @A} A SCD 0.5755 3.044 2.366 6.918
* 400-550 C : Ca(OH), — CaO + H,0O (gas)
* 550-800 C : CaCO; — CaO + CO, (gas)

ZZrol 2ol AlZojct Atolgt
ol3h ERMZHE AZE RtolE HUS el

elst M Hlolez A=lsh|e ol e,

« R2E2 LfFo| EX5H=
ot 2. 0|5 Soff &iA vlu Jtse

Stx|gk ghSEr o Xtolof

[SX=N=Ray

O|o|X|-E ofzHoll LtEHHRAZ

AlZOlAM BE=X| b CHEel st
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e -
SEM HV: 1000 K 1 BT MIRAZ TESCAM|

Perfarmance in nanospace

SEM HV: 10.0 kV SEM MAG: 3.00 kx MIRAS TESCAN H SEM MAG: 30.0 kx i MIRA3 TESCAN
Det: LE-BSE PENU 20 pm PKNU 2 pm
Performance In nanospace Perfarmance In nanospace

Weight %
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SEM HV: 10.0 kV SEM MAG: 3.00 kx | | | MIRA3 TESCAN| SEM HV: 10.0 kV SEM MAG: 50.0 kx
Det: LE-BSE PKNU 20 pm /' Det LE-BSE PKNU

Performance in nanospace / Performance in nanospace

B Spectrum 15

SEM HV: 10,0 iV SEM MAG: 3.00 kx MIRAZ TESCAN SEM HV: 10.0kv / SEM MAG: 15.0 ks MIRAS TESCAN

Dot LE-BSE PHNU 20 pm Dot LE-BSE / PHENU & pm
Perlormanee In nanospace / Performanes In nanospace

< ZAF ZZ SCD gt = =erta™ EHO[ SEM AHEl 8! EDS peaks >
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3. M&&aia etd =t

7h AR

O SCDE ol &%t M&dseia Sd=E 9l SCO-MZseia-= 82 FEs5t0{ Mzsei 1o
PN

Lt MZseia

O dAM=2 &7/

- SMS-A : 671" oAl ofo|AES HEl MZ£eiaolod M2 2 MYIZE Sefiavt =8HE
- SMS-B : M2 &2l
- SMS-C : M7|2 &ella

O MZsefael =tstd =42 njetsty| /s XRF 2A2 MASIR 20, o I AFSE 2MEH|=
x—ray fluorescence spectrometer(Shimadzu, Japan, XRF-1700)& AtE¢et

O XRF 2MZ1t 2 & MZ&eiael CaO &&H0| =2 W22 LEHE. 53] SMS-B2| 9 Ca0
0| 54 %2 HEF 0|AZ2 A XSt W22 LIEHE. Fe,052 &2 SMS-AJtF 26 %, SMS-

B= 19 %2 LIEI® 20, SMS-C= 34 %= CIE MZseia2ct =2 AR LIEH. M&s

it — A—

2l SMS-B2| Si0, &2 13 % M= FH=0f s AR LEH

< MZsYae PHYE >

Ny SMS-A SMS-B SMS-C
Ca0o 42.26 5411 40.99
Fex0s 26.15 19.55 34.62
SiOz 16.04 13.20 10.74
MgO 4.42 5.90 417
Al2O3 3.98 1.55 3.12
MnO 2.93 2.31 3.37
P>0s 2.25 2.05 1.05
TiO2 0.76 0.68 0.55
V205 0.53 - -
SO3 0.41 0.20 0.33
Cr203 0.26 0.34 0.93
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O KS F 2527 “2H2EE SM"0M Adsts T7|2 &tet g2 28| Ca0 &2 40 % Ol5},

FeO &2 50 % Olst, MgO 10 % Olst, ¥7|= (Ca0/Si0,) HIE 2.0 Ol5t2 A& st US.
M2 sefaol i &2 EMSHA| 2= el M2 seff a7t =zgE SMS-A, SMS-B #
Mz gajael SMS-Ce= 25 Ca0 &2 ¥ &€7|& FEoM 7= (=)

LIEHE (71271 25 28 HolMe A2 2 LEtE). malM ol & M&&efa1s Hrel X2lnhy

gl0] 232EE SME ASste A2 fIgde A2 ARE

S
== N

mo
rl:l
1
on
Ral
*0
on
rr
N

A E BlO|AE AIBOIA 74 $2 T U WATF SR 22 80 ColM HISS MWBAS
U EAL AIME Ho|AE MY AT A2fof wE FIt X0l = 0/o|SIUSDZ 100 barz A

u

=
oC
ol
[
Mo
1
ol
@
0jo

SCDe} 28 T 2| SMS-AOAM = Portlandite 2 Lime &= X| 2. o= Ca(OH).7} X 5tX|

o|o|stit, Calcite ¥ Aragonite EEeh 2HEE|X| gfob b S| ERMEE & A2 obd A
oz mcbk=E C,AF (Srebrodolskite), Magnetite, Wustite, Hematite S Atsta A d=50| 2
Atz 0 0| ZQ| Calcite (81& 2t 29.4°)7t EXfste AL =l=A 2L, Portlandite?! EX 7
F= Yesh &el=lX| b2, SCD2t ghE =2 SMS-A2| XRD mEof|A= grS o

oFtH Calcite 3! AragoniteZF 2HEME[onf) O|= SCD2} 28 = ERMEIIL = ZHdE ofo|gt

rir
=]

ph
hil
Ral

HES o] A|RO|Al 2FSt free limeQl AT 2HENE| A S . ESH Periclase (MgO)el T3 7}F 2t&
Z= . Periclase?| 3= Ates| MYESIA LIE; AE 20| E2Met2 & = JUS. Lime & Pericl

ase MUz o WEWSS gol 4 b 22 KoM B Wert US

20) Park, J.W., Kim, J. H., Lee, M. H., Chung, C. W., Carbonation Mechanism of Hydrated Cement Paste by Supercritical Carbon Dioxide,

Journal of the Korea Institute of Building Construction, v.18 n.5, pp.403-412, 2018.10
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W : Wustite .
H : Hematite C Calcne'
M : Magnetite C Cv._Pﬁgct)lTlte
S : Srebrodolskite M ; M ustite
: Magnetite
H s w H
5 | 5 Cowow
‘§ 71 | ‘é | c H
> s w = |
g U ‘ | g | w
X W ! X | ” © 1
iH’l‘* H/I ‘! S \‘ ‘ ‘N.I c ‘gl C’ M “'\‘
T "" h ‘w it LY J 'th'“w ,
S T \‘1’1’ L ’\M' w ! J,‘{‘(WV W‘”M C AA I‘W L" \l\h V( ‘ ‘w“ "vu’n.w %Vv \/\Vf
x_mMdeme N T ‘M*W
5 10 15 20 25 30 35 40 45 50 55 60 65 70 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Diffraction angle (26) Diffraction angle (28)
(a) SCD gtg H (b) SCD 8 *
< SMS-A2| XRD patterns >
O SCD2} gkt 2| SMS-B2| XRD HEM|A{= free Lime & Portlandite2| peakZt A2t 209,
ERMSHEES O Y O{Lt CaCO; &=¢! Calcite ¥ AragoniteZt 2H&HEL . EESH Magnesite (MgCQO3) 7t
ddE W22 Eo|of 0|= Periclase?t SCD7Zte| HHE 22 2let ZH2 = AR E. Dolomite (Ca
Mg(COs)o) 2l M2 H&stH =el=X| 24p*2nd, Calcite Foll O|MEt peak7t MME H2=
= i, MgE &wet Calcite™ &M MMz He=z mchE! ok A5 2| PericlaseZt olEHS €l
e 2 Hot A= AHOo| EelE. SMS-ARl OfZIHX| 2 SMS-B EEet MEst &2 ERMEII} T
e oz Bl
P : Portlandite C : Calcite
L:Lime A : Aragonite
Pe : Periclase c Ma : magnesite
Pe M : Magnesium Pe : Periclase
Iron Oxide M : Magnesium
R = Iron Oxide
] M s M
s | >
i M %‘ ‘
o % Ll Ma
D [ | x M
: | s e
)| | Uil !
\\ u‘ H” ]H ) N “l/l MMWMMU ‘UJJ \U U‘LN ‘“‘ r./“ '(Jh WUluJ"ka‘«MJ
e o lbeanldd U T ‘mf‘wm‘r U ihiin
5 10 15 20 25 30 35 40 45 50 5 60 65 70 10 20 30 40 50 60 70
Diffraction angle (26) Diffraction angle (26)
(a) SCD &8 H (b) SCD & =
< SMS-B2| XRD patterns >
O SMS-Ce| XRD &2 SMS-A2} 20| Portlandite % Lime ZHat=|X| &5, 2L} 2FS = Calcite
2! Aragonite peakO| ZHEEASEZ SMS-C MZ&eia E£5F SCD| 2§t ERAs) BES 0| Xl
e Hoz miE
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X-ray Intensity (a.u)

W : Wustite C : Calcite
H: Hematite A : Aragonite
S : Srebrodolskite C H: Hematite
W : Wustite
S =)
s
2
s |
k= wow
H w S s > A
l o c | w
‘ m [ W < ‘ l J f | C
S [ |
| w Hg | V‘ | I F |
S " I 1 WS FoA Ml c /| ‘\ v/'\
H | Foh W WWW aa
S~ S| A I ‘_‘A "v’ \rl,}‘", gl M “ ‘ / | \ L\w h A
|0 e ) WYY i Mww
S s A Y i WA
PO I TN TV i MJM M‘.‘\Mm ) u‘/ N WN ’“ \W Lt
I I I I I : ' : I : 6IO 6|5 7|0 5 1lo 1I5 2|0 2|5 3|0 3|5 4|0 4I5 5|0 5|5 6Io 6|5 7|0

5 10 15 20 25 30 35 40 45 50 55
Diffraction angle (26)

(a) SCD Ht2 A

A1} Ut ™Mol = Portlandite ! Lime2| =X &

O MZ&eiaet SCD Bt8 ™ = XRD m{EH &4 L
22 A glo] S F CalciteZ7t @M == H2 =2 LIENE. o|= HIZAXZ o AMz|7H0|E =20
ZEMstd A5 ERH FII &0 LYSIUCHE AE 2oje. olxeh M2 67H& o|At9
ofold s HE SMS-AMM T ZHE =l 7] SollMe ofo|d ttez2= SFet Bt
37 2l =X ZA2E ool

(2) 7= 4& Hsl

O SCDet Bt3et M&eiae =28 54 HetE 24517 flol &8, 227 2%, & 2 &
Sdg &8 ¥ 2527 2= KS F 2504 “HEAe 2x 2 S5 AlEYH" S &askd
oo, & YE== pycnometer (Mircomeritics, USA, AccuPyc Il 1340)E& At235H0d SH5IE S

< HZ&efael =218 §M >
== SMS-A SMS-B SMS-C
T A= ez == Gl =l iz =kl S F
ET8 (%) 1.40 1.76 1.78 2.52 0.82 1.25
ZH7| 2= (g/cm?) 3.39 3.33 3.07 3.15 3.65 3.47
A Uz (g/cm?) 3.67 3.50 3.41 3.54 3.92 3.80
O SMS-A2| E482 1.40 %, 227| YT & 3.39 g/cm?®, & LT = 3.67 g/cm®2 SHEUS.
SCD2} 2tS st SMS-A2| 582 1.76 %, 227 2&E 3.33 g/cm?®, T =& 3.39 g/cm
2 LIEHE. Al 2Eo Zias MZdsuae e 74 HE MEECE 2Tt W2 Calcite 2
Aragonite2| Aol olet A2 & 5 U220, ST2 E7tc YHES S A2 = U= =



SCD2} 2HSst SMS-Be| EF82 1.78 %M 2.52 %2 S7t6lI¥en, ZE7| LE= 3.07

g/cm®ollA 3.15 g/ecm®2 75192, & L= 3.41 g/cm®llM 3.54 g/cm*2 S7tst Aoz

LtEHE. SCD et = Tl 2xe| E7t= AR W F ol EX35t= PortlanditeZt 2335101 Calcite,

Aragonite, Magnesite 22 H0|&El Zdol| 2|t Zdolo{, ZEH7| 2ol ZIF =
=

Jtof| Z|elst Zdo g miChE

al
o

o
Ral
o

SCD2} U236 SMS-Ce| EFE2 0.82 %0IAM 1.25 %= et HET| A== 3.650(M 3.47,
2l 2z = 3.92 g/cmoflAM 3.80 g/cmi&E H 0

53 o
HE. SMS-AS} OiEVIX 2 Zl YTt H45HHAM 227 YT 8 A5 S

SCD2} ghset Mdse 12| dEal E4& utetsty| 215101 TGA 2412 HAISIRZ. TGA 242
Thermo Gravimetric—Differential Thermal Analyzer (Bruker axs, Germany, TG-DTA 2020) A}
=

YUMo 2 MSIZE R 450~500 °C EAQo|A, Calcite= 700~800 °COllA Zali7} Lo{Lt=
Hoz Yoi Yomz olufe] TGA JHZE BAS Z YYEMo| 758 CO, B4 4
M2 AHE HOo|AE AMED} olZIIX| 2 TGA 22 =& 0|28 DTG 220 Zof|A single or con
voluted decarbonation | 32| HAZ A Ltsto] =& FSE (residual mass)22 LM re

normalize 504 Bt E g/100g 2 EHAEIE S

Ht30| B2= MZAd&ei1e %5 2 =22 F4, dehydroxylation 2 decarbonationO| 2
o

T 52 8 $o| 3Y0|DZ, MY YN FAle E0 71 THECIL B 5 US. w2AN
5% MREYS 7|Fo2 MYseael CO, EFYS AN, MPLHI HRISY Y CO.2
EoTs MY+ US

SMS-ASl TGA 24T} SCD U3 ol 0f 2 0|Zel 5443124 (0.05 %) % ERHZIBO| =

om

SCD HtS = TGA I ZofM= 700~800 °C ¥ HollAM HEFo| s, ojufe| &
6

U482 10.36 %= &lE. 0|= SMS-A7I SCD2} ¢tE = MM El calciteZ7t 2ol =[AZSE 2
o|st=2 Tz Ho 2 HEkE, SMS-A MZseiael Z< 100 g & 17.95 g2 CO.E
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< SMS-A2| TGA &4

SMS-B2| TGA &A1&} 450 °C &2

T
200

400 600
Temperature (C)

(b) SCD & =

T T
800 1000

= U482 0.34 %

-0.02

2 LBt o|= SMS-Boll EX5tH L&etdE0| 2ol = ASS IDIOPD4 RD =4 &1 SMS
—-Bol A2t Portlandite7} 2H&E=AH A1t St A2 LIEHY . SCD B8 2| TGA &4 &

ot Hhg ™ 450 °C FHM LIEHGE H=IHMO0] ARZRR 204, 700~800 °C G ollAl 0.41 %2
Ao HYsIY S, 0l= SMS-B7F SCD2t 2hg & &=xstn UE ERMZE AY Z2X (Ca
Icite, Mg—bearing Calcite, Aragonite)E 25 E{2| EFErMERS0| 2o|sF Zd 2l

T T T T T T
1004 - 0.000
| It
| y
08 4 : ; I--0.005
I oy
. ‘ o .
£ w i i \Seszs 01y 97.61% L .0.010
< 96 ' / : v ¢
- | ; | b0z,
8 | . 1 \
3 i 1 i I-0.015
= 94 L '
= Lo vl
5] P/ H
= b I-0.020
92 4 I
(W
Vi I-0.025
90 4 \/
i —TG
—-= DTG |-0.030
88 T T T T T T
0 200 400 600 800 1000
Temperature (C)
( ) SCD HI2 A
O —

< SMS-B9| TGA =M Zz}

O SCDh BFHZ = TGA e =M= 700~800

O TGA

350 °C P A0l A ¢

Ho|E{ Z & E Magnesite

2! Dolom

o1 25 7} Wb} WEs

Derivative TG

°C dHollM S
. Ol= SMS-B7t SCD2} Bt = 44

Chel

ite2|

Weight Loss (%)
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HES 257t SAlEE 20| o2, £ &
¥, TGA O|O|E{E DTG HIO|E{ 2 B 2tslo] 350 °C
o

ixle] HME MEstol MYse a1l CO, B 5
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o
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oo
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ol
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11.08 g 22 At=EJUS

=AZ1 ohE MZsei a2t S sk 700~800 °C FollM HEFo| M5t en, ol S
U282 3.92 %= =eldE. J8{Lt SMS-Ce| 2% ChE S =2 &elol of e, calcite

=
ALE =2 dEol 2=2l 600~800 °C A< 7|&ES2

d3i%=. olm e
CO, EH2 100 g & 453 g 22 7t &2 CO, TS 7KK H2Z LIEH

u
ﬂJ o o
P
mlon
als
ot
o Mo 1
rr
Jal
_o'ﬂ
Q
0

0.35

T T T T T T 0.005 T T T T T T
100
100 4 \ —————————————————————— - 0.000 L 0.30
/
7 -0.005 ]
i i Fo.25
= 98- B F-0.010 =
X / O X 9s 020 O
Y 7 = - =
8 / pooe g g 2
— / ® - o F0.15
E 96 1 l-0.020 -2 £ 979 2
2 Lo g 3 3
< F0.10
= ! [ L =
! i 0.025 %4
v/ L 0.05
94 4 l / -0.030
v 954
/ —TG  }--0035 jrio-00
--— DTG
92 T T T T T T -0.040 94 T T T T T T -0.05
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (C) Temperature (C)
o o S
(a) SCD g8 H© (b) SCD & =

< SMS-Ce| TGA &AM &1} >

O SCD gtg ®™-= MZ&eiae XRD 2 TG/DTA EAMZ b= 7o FAls AEs JHX= He=z
LiEE, SMS-A 2 SMS-COlM = Portlandite, Lime, ¥ Periclase Zd 40| ZHEME|X| bfonq,
SCDe2} Bt8 =oll= Calcite7t MM E= A2 2 LIEHE. 0= XRDO|A peak ¥ TG/DTA &4
olA{2] 700~800 °C ZAHollMe| Zafi7t Lt Zd0] &el=AZ. SMS-BolA FLSHA BHS
M XRDOllA PortlanditeZ7} 2+t 20 TG/DTAOIAM 450 °C F20lM &35l 7} 2HE=QAS. SC

DR} BH3 F Calcite % AragoniteZt ZHat=|{20{ CHE M el a2t olz K| 2 Calcite] &
i7F &elz|d oLt Calcite?] Eal&2 SMS-AZ}F 71& =2 Ho =2 LIEIL} ERMSITL JFRF B
o] xsisl ZHoz mCie
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(3) pH H=}
O SCD tt3oll e Mzseael EHtalE "WIts| fIstod pHE FESI 20, ALSE EHI=

pH meter (Thermo Fisher Scientific, USA, Orion Star A211) ¢

[
Rl
L
N
2
\I
N
N

O pH S22 4510 A EALASHAIHY & (ES 07302.1a, =& &td nfstal
o) ==

O SCDe2t 88 © M&seiael =7| pHe SMS-A7t 10.73, SMS-B= 11.37, SMS-C+= 10.68
2 ZH™E=0] 10.6 0|&te| =2 pHE 7HX|= A2 R LIEHE. 0| 27kef pH Has ZEE UL
15

L, 108 Ol=0l= 10.21~11.15 =&F2| pHII A% FAl== A2E LIEHH

O SCDet vtg =of Mzseias g HMECH pHIt Z4ste A2 2 LIEHE. SMS-AS| 29 &
M =)o =i 10.082 EM=RAU20{, SMS-B2| & €S MECt pHIL 1.49 245t 74
2 Hdags UEY. ol 2& MZ £ 19| pHE XEH2 2 24510, pHIF ZAskA] g1
FA = H e Mubs of2 Ze2 JHKE Aoz LIEHE. S5 102 Xlo| SMS-A2| pHE Bt
M= 10.2101A 9.1322 1.08 H2skU20, SMS-B= 11.1501AM 9.382 1.770| &5t
=. SMS-Co| £F 10 xtollM el B M T pHe= 10.580A 8.942 1.64 SIS

O pH 58Z1 2& MZ&ef a7t SCD2F B8 = pHItE 8.94~9.38E ZAs5t¥ M, pH 3=
A2 BEEX gbe W22 LIEHE

11

—B—5M5-A ——sms-A Bl E
—&—5M5-B ——smMs-B EHE =
—#—5M5-C —o—sMmscHIZ =

1 2 3 4 5 ] 7 8 9
EZ M Zt(day)

< SCD tt3ol we Mzsef1e| pH et >

(4) SEM ol|o|X|
O H|uw X ofo|& Z|Zto| B2 SMS-B MZ&eli 10l cfslf SCD BFH M-F 2| o|M7= H3E Field
Emission Scanning Electron Microscope (TESCAN, Czech Republic, MIRA 3 LMH In-Beam

21) EARASHAIYEI|F (ES 07302.1a, =R A DSt TA| ¥2017-225, 2017.08)
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Detector)

(b) 10.00 kx (c) 30.00 kx

< SCD gt ™ HMZ&eia SMS-B2| SEM ofo|X| >

(b) 3.00 kx (0

< SCD g8 = M&&ef1 SMS-B2| SEM O|o|X| >
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3. SCD Htg = MZseiae R&x "ot
7} AEle
O SCD g2 #2lst Mzse12Re S350 22 Fol2H0| 8&=E=X2 SHs10, pH &
M3} oo = Fof 2R e 250l 3t oA S &ESIDAF SCD B M/% A|RE Aoz 3
2o| sl 24 BEAIES USRS

TCLP (EPA 1311, Toxicity characteristic leaching procedure:

312, Synthetic precipitation leaching procedure: QISLSFEEAIY

Mzsei ool HE8stof 85 oiddE Hae

O 2|ttt ME 19914

TCLP= OIMEA EEUS ALESI0] TA| DHHZ[SHE Y el H7|S0AM S35 852
DALSE| 2{eh Al o|0d, SPLP= &HMH|QF H|XEt pH =742 8FEWU S F2 Aot M
=gl M=5t0] E35 SEYTE LotET| 2T Ay
TCLP % SPLP A2 X|HH 7|22 HY7|E0 M2|7|&S "Yoist, 220t 2 E Ay
HI22 Rll=22 SEYTE Hitols AlgEH
EEAE2 H7|=2 e E2 MAES 49, HI( =2 f 2rEl goi=20| &L XSt S
of olslf 8&=0 2FZ2 RES= DT E CH|ZF ool AlEshs gl w2t 2 MAEollM e
35| MZ&efol thstof ote ‘BEAE AAt &= F 7|FE FHo siYste 7IES SFAY
=X| Eotstn X} Rl et
< BEAE dA = IIE >
=2l C mg/L
eh= Pb Cu As Hg Cd Cr*® CN 77I1el | TCE PCE ZE
ZE
7= 3 3 1.5 0.005 0.3 1.5 1 1 0.3 0.1 5%
O #Z o|=Z0AM= St S22 Zero Headspace Extr

H7| =0l 2|3t 2t 22H S UXI5V| /gt SEA
H

= o
FZMQ, AdEo|M= 1973, “ArAH 7|

(=]
action (ZHE) 7| o|8¢t 2/&d 3! vh3|ed R7|=2] 8£0| 7Fs¢e TCLP &#Ho| o[ &= &
= 59 4%
XS ZH =0l g, felLiel S EAFE UYL AR

o A[Zl o=
(@HZ|=2l =72t

SEA|gatHo| DAIEA2H 19940 L THH

o
ol I xzlof st HE, 1994)22)=|0] FAHof o211 RUZ

22) HE 173265, H 7|22 =72t

ols 2 I Xzlof 25t #E, 1994
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Lt.

>
09

=13=5|
=h=!

(1) TCLP (EPA 1311)23)

O TCLP®e| 8of pHE 8% & pH £35t0f 5 0|gtolH fluid 1, 5 ol&ko[® fluid 22 F 7}X]
ol AUZ. MEseiael 49 pH 5 Ol42=Z fluid 29 W2 0|

O 5.7 mL OFMELIO| SH4E F7HeH 1,000 mL 25942 AFZS0, 9.5 mm 0|5}e)]
2 MxE MZEH1 4 g o BEY 8
20

A2 CHSAIH. o] mf Al=et

2 oo

M B|HTET|E AFRSI0] 3012 rpmo| WHEST 2 2F 18A|ZF S0t 2FA|Z. 0|F BEH S
o{Z}x| (0.6~0.8 um)2 OoiT}st ¥ Zt elad EMHof| w2} As, Cu, Cd, Pb, Cr** & HgS
2Met

(2) SPLP (EPA 1312)24)
O MZ&el18 25 CollAM HA=sH & =
n fluid)2 1 : 20 (W/V)e| | & (HI—E—ELEIE A2 4 gvs W 80 mL)Z 35104 250 mL EtE

F4= 100 mLofl H,SO4/HNO3 (60 : 40 wi%) SHE 0
4.2+0.052 ZHEH & ASSHH 20, SMEET} 30 romel 5% Tx|of TAISH0] 18412 Sef
0 O 2 \Whatman No. 40 O{Z}X|E o|&35}0{ At} TAIS Ha|stD

Mol et As, Cu, Cd, Pb, Cr"" ¥ HgS BAME

I =

23) Method EPA 1311-Toxicity Characteristic Leaching Procedure (TCLP), US, 1992
24) Method EPA 1312-Synthetic Precipitation Leaching Procedure (SPLP), US, 1994
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PHOTOSCALE

< Hddsefa A= >

- 22% | =2 (Cu, Cd, Hg, As, Pb, Cr*)E HZ3517| <ok otz <t

23 Sel=o} WaEA

820-Ms, Varian, Austrailia)

7| (Inductively Coupled Plasma Mass Spectrometer; Varian

M7| (Mercury Analyzer; CETAC M-7600, Parma Company, USA)
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| Solid-Liquid Separation |

| |

Solid phase Liquid phase

Crush samples up to size 9.5mm

Leaching solution : Acetate buffered solution
pH>5- Adjustment pH 2.28+0.05
pH<5- Adjustment pH 4.93+0.05

Liquid : Solid = 20 : 1

Extraction : end-over—-end fashion
(30£2 rpm)

Stirring for 18 hrs

Filtering
(0.6~0.8um borosilicate glass filber filter)

Sample (Leachate)

Analysis

< TCLP 24 2td =ML >
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ANEIL RE &=of thstol TCLPO 8E7|FS BHE3IAS

o, F=Z 7IEA Bt i H2 s
IRl A2 &olE
- 7t=E&2| 29 SMS-A2t SMS-C Al=oME 8 M/= 25 =4Z =HUS. SMS-B2| &
HtE £ 0.001 mg/LE HHEHAAKXIZE 7[EX[2l 0.3 mg/LE UHFSAS
- H[2o] A2 HUfHe =z ClE dFECt =2 & LIEUJS. e Fol 8 57t &
7tste Zdes HERIXIZE Z[EX2l 1.5 mg/LE UHFSUS

4 82 & 0.005 mg/Le

< TCLP E&AY e ol REL >
H2l: mg/L
SMS-A SMS-B SMS-C
248 TCLP 7|&
QS M | M2 F | HES AN | W8 F | H3 W | HES F
T2/ (Cu) 3 0.003 0.002 0.002 0.001 0.002 0.001
7t=& (Cd) 0.3 N.D. N.D. N.D. 0.001 N.D. N.D.
H|Z (As) 1.5 0.006 0.011 0.009 0.009 0.001 0.009
e (Pb) 3 N.D. N.D. 0.005 N.D. N.D. 0.001
2 (Hg) 0.005 N.D. N.D. N.D. N.D. N.D. N.D.
67t 3 & (Cr®) 1.5 N.D. N.D. N.D. N.D. N.D. N.D.
* N.D.: 24&
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O SPLP

3 Hli!

_ =

S MLl 383 Z5oAM T, Ft

s H/

H

b

- SPLP EA4{Z1},

ol

7X|= SPLP &

oz =2 pHE

Sk

L

A
o

(pH 2.8840.05)2 H|ulaf

2x0
&N

- %2 pHe| TCLP

=

ez 97 4

b

A
(=}

i SPLP A& <]

ol

Z9 (pH 4.2+0.05)2 =2

< SPLP

=H2: mg/L

SMS-C

__o_l
00
Tl

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

Rl

0l
Tl

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

SMS-B

__o_l
0lo
E

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

K

R
ol
E

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

SMS-A

__o_l
olo
Tl

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

®d

0lo
Tl

N.D.

N.D.

N.D.

N.D.

N.D.

N.D.

TCLP Z7|&

0.3

1.5

0.005

1.5

I

T2| (Cu)

& (Cd)

=

Hl 2 (As)

& (Pb)

2 (Hg)

S

67 2 & (Cr*)

__A_.E
il

I
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4. SCD gt

7'_ Alléz-lleO

O SCD2} utg ot MZ&eiae 232EE EMEML kM s
SM HIIE flsll ASTM C 1260 A2 Misto Rlalst

O 0l 80 "C $EHWALC O Ast ZHO=2, ASTM C 1260 AlHollA
22 4 M seiavt otg Aol Adez Hotx22 ) SEUE Al &
SHA| U=

Lt AlE g

(1) Mzseia LZelSx 38 A "IH (ASTM C 1260)29)

O Mz&ela WFol| Z&ESt= free Cao ¥ MgOoll 2| st WEEHLS o7&
M C 1260 “Standard Test Method for Potential Alkali Reactivity of A
S A A =hel S 0| 85t01 HIULE ZE e o= &E W s &
3 MgOZt Btgstr| £2 129 L2 sds =MstE=R, 0|9 H
=Xo| WHUS S gfele = A7 2. ASTM C 126001A = TH=AY
20| Meotstn A2 2 ol HEF HIES AAISt] Zo|Hst £H
v

< ASTM C 1260 H7I5 I8t Mzsefae A 2%

olst7| ¢15k04, AST
ggregates”ol| Al A A| gt

H 37|

&3 (27/M3)

o (F71/H3)

4.75mm (No.4) 2.36mm (No.8) 10
2.36mm (No.8) 1.18mm (No.16) 25
1.18mm (No.16) 0.6mm (No.30) 25
0.6mm (No.30) 0.3mm (No.50) 25
0.3mm (No.50) 0.15mm (No.100) 10

S0 A 24A]
°Ce| 1M NaOH

25) ASTM C 1260, Standard Test Method for Potential Alkali Reactivity of Aggregates (mortar—bar method), Section 4, pp.676-680, 2007
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ch Az
(1) MZ&eia el 2HEd "7F (ASTM C 1260)
O SMS-A AlglAlle| BHSM HJ 4
2ot Sot o eyl Hoz EolE. =g E ME XA 7F AEst ==29| ofo| & (aging)ol
Ali=lof BtS Mo A= AHA|I7t Follst WEESS LoT|X| e W22

o
=o| MZseiae 2%, B3 & AlgA 2ot AldA el WEHE0| cit Hox|l= Aez S E

0.16 -
——SMS-A
0.14 ----SMS-A s

o

0.12

010+ — — — — — — — — — — — — — — — —

0.08

0.06

Expansion rate (%)

0.04

0.02 - R T

000 T + T T T T T T T T 1
Time (day)

< SMS-A Al¥d el Z=Et= B} WEHAY Z2t >

=
0/0
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0
oy
i)
=l
HA
=2
x
i
z
_o'ﬂ
rir
N
2
=
2
rir
0&!
ozt
i
o
o
~
i

O gLt 5 12 #xfofl SCD B8-S S
Moz Zdz[of 17dAfoll= 2 o L = A[AIL ot &, otafAlof 2rEE =& WEHES

0.13 %2 LtEH

O SCD e = AlEA|el 29 A #Hujel dHol 17 St Hhget & 235 on], £ 26 At
ZdE ?lolfl S0l s=olM AlAt ot E . JB{Lt ol= S E flet 3742 AlH S 1
(@]

7Hel AlEBto| utn| E o2, LIHX| 2709 A|lH2 EHFOIAM LT dia| satat 2HE=Qd
262 O|Foll = mn|=X| 5. ot mA2] 2B HWHES 0.04 % TELZE I H2 A2
LFEFE

O mf g Aled el WEHE2 I S7IsH] 21 Hel sdet £&F2 RAISIA2L, 26 to]
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F
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Hg flol ¢ Sold =
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Ofp
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ol
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Aot ojef Jixlof 2 At0|E FA| E2 22 33 USD A ol 7t E HF SAIE 492
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o|efioll cHet 7IX|E =2 521 discount rateE
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Hlg8el. A 7| Ze2E F7Hel 8| R0| BB R V| ol AR Ao seE 4 2oLt
OECD Z7tollM elRXoz AlgSel eaufd 22l o/8S 95
=23

H
ZHM "ol HelsS. &2 Co, X
20

29) Steven Poelhekke, 2019, How expensive should CO, be? Fuel for the political debate on optimal climate policy, Heliyon, 5, €02936]
30) Rubin ES, Davison JE, Herzog HJ. The cost of CO, capture and storage. Int. J. Greenhouse Gas Control 40, pp.378-400, 2015
(doi:10.1016/j.ijggc.2015.05.018)
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Schmelz, W. J., Hochman, G., Miler, K. G. 2020, Total cost of carbon capture and storage implemented at a regional scale:
northeastern and midwestern United States. Interface Focus 10: 20190065
shEAMXIIE S| 2020 7|=, https://www.koras.org/05/value.jsp
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34) 5|82, AR, §HE?, A ERMEL HE30| mEEM e ERUMMo| o|Xl= gE sEHMdTEARRIEE =2F, v.9 n.1, 2021.03 (AIRH)
35) Zlakel, 2ol MZselael W, MES #HY ¥ AN ol (3t o7 S8, IERlRE

36) Polettni, A., Pomi, R., Stramazzo, A. (2016). Carbon sequestration through accelerated carbonation of BOF slag: Influence of particle

size characteristics, Chemical Engineering Journal, 298, 26-35

37) Polettini, A., Pomi R., Stramazzo, A. (2016). CO. sequestration through aqueous accelerated carbonation of BOF slag: A factorial study
of parameters effects, Journal of Environmental Management, 167, 185-195

38) e 714, SMINLUFAIS|AL hitp://dongseod.com/product/
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44) Gifford, M., Biancani, E., Kearsley, W., Maluchnik, W., Farrell, S., Savelski, M. J., Hesketh, R. P. Economic Feasibility Study on the Supercritical
Fluid Extraction of Edible Qils, (Supercritical Fluid Technologies, Inc., USA, 2001)
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S JlE. YU o R AJHE HO|AE R0l EAste SAEIZIES REIt15 % HER BT
S|ofM47) QD] 012 BYH|OR MBI, BAIME B 0.4 7|ZOR 17.2 %0l HHZE. of
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47) Bache, H. H., Idomn, G. M., Nepper-Christensen, P., Nielsen, J., Morphology of calcium hydroxide in cement paste, In: Special

90, Symposium on Structure of Portland Cement Paste and Concrete, Highway Research Board, Washington, pp.154-174, 1966
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Steel-making slag for mineral

carbonation50)
Measurement, v.97, pp.15-22.

Ct.

50) N.L. Ukwattage, P.G. Ranjith, & X. Li (2017). Steel-making slag for mineral sequestration of carbon dioxide by accelerated carbonation.
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O Facile and cost—efficient indirect carbonation of blast furnace slag with multiple high

value—added products through a completely wet process54)

54) Guanrun, C., Chun, L., Weizao, L., Guoquan, Z., Hairong, Y., Bin, L., Ye, Wang, & Dongmei, L. Facilie and cost-efficient indirect
carbonation of blast furnace slag with multiple high value—added products through a completely wet process. Energy, v.166, 1314-1322
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Experimental study on CO, curing for enhancement of recycled aggregate propertiesb5)
HARZA : 2dHM o2 RCA(Recycled Concrete Aggregates)2| Z&2 Mol =XNECH E5
St Zdo 2 2e{X A2 B Z RCAE CO0 AMAIZ4 SME M
RCA EHo| AMslZE&0| CO.2F HH23H01 calcium carbonateZt MM =of, o|l= 1A <
BulE ZTIMFAH ZEEIZQ| Clade HA2AZ7|D HEoF SIteh olz2 Qlsf 7|&el cts
o 4R FHE LS F|LD, REEI2L] =& FFES IE F US
Data logger
Vacuum Pump 3:::: . ®Pressure gauge
Humidity & D 1 i ®
Temperature
sensor
s — Iﬁ?ﬁ&& .:I
Silica gel —E—-—-_-___-
< Experimental setup of CO. curing >
Effect of carbonated recycled coarse aggregate on the dynamic compressive behavior

of recycled aggregate concrete56)

1. Regulator
2. CO; injecting pipe

3. Safety valve 4. Chamber Regulator

[ 5. Screws

Samples

CO; Cylinder

8. Vacuum pump

5. 5c
7. Vacuum pip I- o 'E i

6. Exhaust valve

< Accelerated carbonation procedure >

55) Zhan, B., Poon, C. S., Liu, Q., Kou, S., & Shi, C. (2014). Experimental study on CO. curing for enhancement of recycled aggregate
properties. Construction and Building Materials, v.67, pp.3-7

56) Li,

L., Poon, C. S., Xiao, J., & Xuan, D. (2017). Effect of carbonated recycled coarse aggregate on the dynamic compressive behavior

of recycled aggregate concrete. Construction and Building Materials, v.151, pp.52-62
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O 9dA3=H : 2k RCARF HZ ERMSIAIE S HE RCA (carbonated RCA)E AbSsHo{ A &
ot Z32|Eel 7Y Hw A (AFZEe sHHE &4)

O RCA #u{of| 2 = -0.6 bar2 XI3AIA. % 100 % CO, =, 1 bare| HMu{ollA 77t
ERMSE AA| ol2{st XMe|E HZE RCAS| =4 "It 2o o33 3 EMA o By
OZ == CO, XM2lE HRIA| %2 RCAECH A LIEE. Ol= ct340| W1 oMol
=2 zio| 7913t

Ct. Use of a CO, curing step to improve the properties of concrete prepared with recycled
aggregates57)

O A=A : Carbonation® S5l RMA (Recycled Mortar Aggregate)2| oHEE A9 J|x 0|
Mz2tE REotdl Ol Soff M dx, 24 3 UFHS A

O Hu{ofl RCA 4kgg Y2 = -0.5 bar 2 XZAEl FX|st =& CO, T 6, 12, 24,
48, 72A|Zt =2+ 0.1bar 7X|

O CO, AME|lEl RCAE =¢st ZH2|Ee A% 28Y AFLE= = ZI2|E Hcof HoL}
90l el ZY| LBE= RAISH Aoz LIENE. Q&AEe A2 Y|4 EE == Z2I2ERC
o7l =2 WO R LIENE HAX =582 2 12 %, Yl 2 43 % SIlst Aoz L}
Sy

Data logga
. Safety
Vacuum Pump valve ®E’|‘ess::i'e e
@ﬁli I Regulator

Humidity & D 1 i ® i:;:umd
Temperature
SENsor
Ageresale in .
—— |2 e < Comparison of results from
wire baskel Ig*ﬂfmi#‘“@‘.j D . |
T | o e phenolphthalein spraying on split concrete

at 28 days (A) with untreated RMA; (B)

, , , with CI-RMA >
< Schematic of CO» curing experiment >
2. CEMENT TREATED WITH HIGH-PRESSURE C0,58)
O dAFFH @ 1UE & B SCDO| A|HEE Jte2M A|HES WFMHE TN
O SCDE =Ael HEEA YREZ FAFAA HstE TEME, N3] (lime) = A/HE HoO|
2E (pozzolanic cement paste)2| =ttd Sd A HSES HetAH = US. 2F 100 7|42l
otz 2 2~10 ‘Col SCD BHEZZAOIA HatE AlMES FEA o ZEJ} SHAE

57) Kou, S. C., Zhan, B. J., & Poon, C. S. (2014).
aggregates. Cement and Concrete composites, v.45, pp.22-28
58) Kou, S. C., Zhan, B. J., & Poon, C. S. (2014).
aggregates. Cement and Concrete composites, v.45, pp.22-28

Use of a CO, curing step to improve the properties of concrete

Use of a CO, curing step to improve the properties of concrete

prepared with recycled

prepared with recycled
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ol=
A O

INFLUENCE OF ACID TREATMENT AND CARBONATION ON THE PROPERTIES OF

RECYCLED CONCRETE AGGREGATES59)
Experimental study on CO, curing for enhancement of recycled aggregate properties60)
recycled

Assessment of mechanical properties of concrete incorporating carbonated

concrete aggregates6?!)

Performance enhancement of recycled concrete aggregates through carbonation62)

59) Radevi¢, A., Despotovi¢, I., Zaki¢, D., Oreskovi¢, M., & Jevtic, D. INFLUENCE OF ACID TREATMENT AND CARBONATION ON THE

PROPERTIES OF RECYCLED CONCRETE AGGREGATE. Chemical Industry & Chemical Engineering Quarterly, v,24 n.1, pp.23-30

60) Zhan, B., Poon, C. S., Liu, Q., Kou, S., & Shi, C. (2014). Experimental study on CO, curing for enhancement of recycled aggregate

properties. Construction and Building Materials, v.67, pp.3-7

61) Xuan, D., Zhan, B., & Poon, C. S. (2016). Assessment of mechanical properties of concrete incorporating carbonated recycled concrete

aggregates. Cement and Concrete Composites, v.65, pp.67-74

62) Zhang, J., Shi, C., Li, Y., Pan, X., Poon, C. S., & Xie, Z. (2015). Performance enhancement of recycled concrete aggregates through

carbonation. Journal of Materials in Civil Engineering, v.27 n.11, 04015029
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7}. Utilization of the supercritical carbon dioxide extraction technology for the production
of deoiled palm kernel cake63)

O o7=8 : SCD F&=HZ 0|8510f & HEdA EX|E EH HE AHO[ZE Mit

O SCD £&¥g o8 Ze 2x/=l & 7Y 7lo/de Fetro MMl Jek olxle A
o= ulEfd. malM SCD F&ye Sdf xalE B Y AHol3E elzt ¥ S HEE
CHEE 3 MR BZHUCE ALY  US

L}, Efficient Utilization of Supercritical Carbon Dioxide as Both Reactant and Reaction
Medium for Synthetic Applications64)

O SCD= =2 7tasle| =31y, SatEl stMdo=2 olst 2880 220, & == 229
Moi7t 8olst EMS JHA. ESE JtAag AT 22 =55t 2| sy HE=Z 2lsl BhE
& 3 J[EE2ENe EEE T

O H|SMo|o{ AAHE TE0| 4|2 o|rtslEtaEe Fallst 771 HME oA 7hsgh =3 SCDE
egZo 2 22 38 thEsUt ks

Ct. New challenges in polymer foaming: A review of extrusion processes assisted by
supercritical carbon dioxide65)

O SChe= a8l 7t8Molnf 74wz =2

O SCDe| 8sle= YU =etxel Mk, 88 F wal Mol 2EE Z2AZ. ol3st EM2
PGSS (particles from gas saturated solutions)2} 22 0i2] X} MM ZHM AIZE

O 2% 3ol o/2x 27 885 Z2HE clols Sii ZHNoz #A, =xst U MY
stE=2 & ZHol SCDE M8 49 3dAel g3 7|0 = US

2}. Biodiesel production: the potential of algal lipids extracted with supercritical carbon
dioxide66)

O =4 gofel SCD= ctst ZRZFEH HO|LLE S F& 5 AUs EAH S JHH

63) Hossain, M. S., Norulaini, N. N., Naim, A. A., Zulkhairi, A. M., Bennama, M. M., and Omar, A. M. (2016). Utilization of the

supercritical carbon dioxide extraction technology for the production of deoiled palm kernel cake. Journal of CO, Utilization, v.16,

pp.121-129
64) Sadjadi, S. (2017).
Handbook of Ecomaterials, pp.1-29
65) Sauceau, M., Fages, J.,

Common, A., Nikitine, C., & Rodier,

Efficient Utilization of Supercritical Carbon Dioxide as Both Reactant and Reaction Medium for Synthetic Applications.

E. (2011). New challenges in polymer foaming: A review of extrusion

processes assisted by supercritical carbon dioxide. Progress in Polymer Science. v.36 n.6, pp.749-766

66) Soh, L., and Zimmerman, J. (2011).
Chemistry. v.13 n.6, pp.1422-1429

Biodiesel production: the potential of algal lipids extracted with supercritical carbon dioxide. Green
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Abstract: Laboratory experiments were performed to measure the supercritical CO; (scCO,) storage
ratio (%) of conglomerate and sandstone in the Janggi Basin, which are classified as rock in Korea that
ate available for CO; storage. The scCO; storage capacity was evaluated by direct measurement of
the amount of scCO; replacing the pore water in each reservoir rock core. The scCO2 sealing capacity
of the cap rock (i.e., tuff and mudstone) was also compared by measuring the scCO; capillary entry
pressure (Ap) into the rock core. The measured average scCO, storage ratio of the conglomerate and
the sandstone were 30.7% and 13.1%, respectively, suggesting that the scCO, storage capacity was
greater than 360,000 metric tons. The scCO, capillary entry pressure for the tuff ranged from 15 to
20 bar and for the mudstone it was higher than 150 bar, suggesting that the mudstone layers had
enough scaling capacity from the aspect of hydromechanics. From XRT analyscs, before and after
90 d of the scCOz-water-cap rock reaction, the mudstone and the tuff were investigated to assure their
geochemical stability as the cap rock. From the study, the Janggi Basin was considered an optimal
CO; storage site based on both its high scCO; storage ratio and high capillary entry pressure.

Keywords: CO; reservoir rock; CO;, scaling capacity; CO, sequestration; CO, storage capacity;
CO, storage ratio; supercritical COz

1. Introduction

Lco-friendly plans and policies to reduce CO; emission are being driven forward around the world.
In developed countries, CO;, capture and sequestration (CCS) technology is partially commercialized
and the total amount of subsurface CO;, storage has been on the rise [1-4]. Since the early 2000s,
the government of South Korea has been working on several projects to determine the optimal CO,
storage sites on the Korean peninsula and the Janggi Basin. This basin is located in the southeastern
part of the East Sea and is currently being evaluated for its potential to be one of the best onshore or
offshore storage sites in Korea [5,6]. From geophysical and geological surveys, it is has become clear
that the Miocene Janggi Basin cons

of four small blocks (Guryongpo, Ocheon, Noeseongsan, and
Yeongamri basins) [7]. The Noeseongsan block contains rudaceous sandstone and conglomerate layers
that are considered promising for CO, storage sites more than 800 m deep; these also have mudstone
and dacitic tuff layers above them that are able to serve as stable shicld layers [8,9]. The Korcan
government has a plan to inject a hundred thousand metric tons of CO; in a pilot-scale onshore CO,
storage test site in 2030 and the Janggi Basin is considered a suitable place for the scCO; storage test
site. During stratigraphic analysis in 2015 and 2016, four sites in the Janggi Basin were drilled by the

Minerals 2019, 9, 515; doi:10.3390/min9090515 www.mdpi.com/fjournal/mincrals
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The experimental results successfully demonstrated that the conglomerate and sandstone
formations of the Janggi Basin are suitable as a geological storage test site, for injection of a hundred
thousand tons of CO; from the viewpoint of storage capacity. If the amount of dissolved CO; in the
pore water could be considered, a more precise estimate of the CO, storage capacity for the specific
reservoir formation could be estimated; related research in this area is already in progress.

It was also verified that the mudstone formation in the Janggi Basin is adequate to prevent the
seepage of buoyant scCO; from the reservoir site because its initial capillary entry pressure (Ap)
was higher than 150 bar. From the XRF analysis before and after the experiment, reliable evidence
for the geochemical stability of the tuff and the mudstone was also provided. These quantitative
measurements of the scCO; storage ratio and the initial scCO; capillary entry pressure applied in
this study could be used to determine practical CO, storage sites and could also provide meaningful
information for future decisions regarding scCO; injection conditions.

This study focused on the hydromechanical measurement of the scCO; in the pore spaces of
rock core, over just a few months and, thus, did not deal with the effect of geochemical reactions
(COg-water—rock) on the scCO, capacity and the capillary entry pressure with a long-term view.
Recent research indicates that physical or chemical changes in the properties of rock involved in CO,
sequestration could arise from mineralogical or geochemical reactions within a shorter time after CO,
injection, than previously expected. For successful selections of optimal CO; storage subsurface sites,
the geochemical stability of reservoir or cap rocks should be considered an important parameter, along
with the storage capacity and the capillary entry pressure.
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Abstract: The carbonation of recycled aggregate was accelerated by sparging with supercritical
carbon dioxide (scCOy) to reduce the amount of time needed for carbonation, which is necessary for
the pIT neutralization of recycled aggregate. To accelerate the carbonation process, pressurized scCO,
was sparged into two different types of recycled aggregates immersed in water for 1 h, followed by
standstill for 2 h (in total, a 3 h treatment process). The reduction of the pH of the treated aggregates
due to carbonation was investigated using batch extraction experiments. A continuous column
extraction experiment for the scCO,-sparged recycled aggregate was also performed to identify
the effect of pH reduction under the condition of non-equilibrium reaction. rom XRD, SEM/EDS,
and TG/DTA analyses, much of the portlandite in the recycled aggregates was consumed. In its
place, calcite was created as a secondary mineral during only 3 h of treatment (1 h 5cCO; sparging
and 2 h stationing), indicating satisfactory carbonation of the aggregate. The results of the batch
extraction experiments for both of the two recycled aggregate types also showed that the average pH
of scCOy-sparged aggregate decreased from 12.0 to <9.8 (the tolerance limit for recycling). The pH
of the eluent from the column packed with the scCO,-sparged aggregate also remained as <9.8,
suggesting that a 1 h scCO; sparging process is sufficient to carbonate waste concrete aggregate and
to create an alternative construction material resource.

Keywords: carbonation; recycled aggregate; concrete waste; supercritical carbon dioxide; sparging

1. Introduction

As the by-product of industrialization and urbanization, a large amount of construction waste has
been produced worldwide. Tn 2016, 199,444 t of construction waste per day (48% of the total wastc)
was created in South Korea [1]. Concrete waste accounted for more than 70% of that waste, making it a
major pollutant in Korea [2]. Tn recent decades and in many countries, there is a shortage of concrete
waste disposal sites. In response, new technologies are being developed to reuse concrete waste.
One of the most popular recycling processes for concrete waste (the production of recycled fine and
coarse aggregates from the crushed concrete waste) has been utilized to provide alternative resources
using concrete aggregates or other materials disposed as landfill [3,4]. The reuse of concrete waste
as an aggregate is considered to be desirable and beneficial as a plan to minimize the high volume
of concrete waste [5,6]. Even though the process to manufacture recycled aggregate from concrete
waste is relatively simple and mostly involves crushing and screening, only a small portion of the
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Abstract: The mechanisms at different pH for the stabilization of arsenic {As) in mine tailings (MTs)
using steelmaking slag were investigated using laboratory experiments. Two types of steelmaking
slag were used in the experiments. Ca-slag has high pH and high calcium oxide content due to its
short period of aging. In contrast, Fe-slag is oxidized for a long time and is richer in Fe than in Ca.
The As-contaminated MTs were taken from a tailing-storage dam around an abandoned gold mine
in Korea. The tailings had an average As concentration of 2225.3 mg/kg. The As-removal batch
experiment was performed to investigate the As-removal characteristics of the steelmaking slag.
From SEM/EDS analyses after each batch experiment, Ca-As bearing precipitates were broadly
found on the surface of Ca-slag particles and the final pH of the solution increased to 12.3. However,
for Fe-slag, the As was locally found as forms adsorbed to the surface of Fe and Mn oxides contained
in the Fe-slag particles. The final pH of this solution was 8.4. The efficiency of removal of As from
water using the Ca-slag was >97% and that with Fe-slag was 79%. This suggests that As ions in
solution were removed by Ca-(co-)precipitation (which occurs comprehensively on the Ca-slag
surface), or by restrictive adsorption of Fe- and Mn-oxides (on limited parts of the Fe-slag). To
determine the efficiency of As-extraction reduction from MTs using stecl slags, arsenic-extraction
batch experiments with two slags were performed under acidic conditions, simulating the leaching
environment formed around a mine tailing storage dam. The As concentration in the extracted
solution was decreased by 69.9% (even at pH 2) after the addition of 5% Fe-slag. However, when
5% Ca-slag was added, the As concentration decreased by 42.3% at pH 2. These results suggest that
Fe-rich steel slag can be more effective than Ca-rich steel slag as a stabilizer for As in contaminated
mine tailings at low pH.

Keywords: steelmaking slag; soil stabilization; arsenic; mine tailing; soil remediation

1. Introduction

Arsenic (As) is a metalloid belonging to the nitrogen group in the periodic table and is
considered a highly toxic substance that requires environmental countermeasures. Arsenic has
affinity with thiol groups (-SH: sulfhydryl group) in cysteine, one of the amino acids containing
sulfur, because it is similar to the phosphate molecule. Arsenic is known to damage the protein
function of the human body, causing neurological disorder and cancer, and to attack the receptors
and cclls [1]. The US Environmental Protection Agency (USEPA) has designated arsenic as highly

Minerals 2020, 10, 900; doi:10.3390/min10100900 www.mdpi.com/journal/minerals

Minerals 2020, 10,900 140f17

From the results of this study, the stabilization of As in MTs by steel slags can be divided into
processes with two different mechanisms. The As stabilization mechanism of Ca-slag was the
precipitation of Ca-source materials, which contain much calcium at high pH. This process stabilizes
the As leached out from the tailings either by precipitation of the calcium arsenate (Ca-As-O(OH)) or
by co-precipitation with CaCOs during the slag-MT-water reaction [16,47,48]. The high efficiency of
As stabilization with Ca-slag was maintained only at high pH, and at low pH, the dissolution of As
from the newly formed precipitates may occur to severely lower the stabilization efficiency. The
second stabilization mechanism was the adsorption of As onto the Fe and Mn-oxide surfaces in the
Fe-slag, which was relatively less affected by pH. Moreover, the comparatively high As stabilization
efficiency was maintained at pH 2. Even the As stabilization efficiency of Fe-slag was lower than that
of Ca-slag at high pH. At neutral pH, their stabilization efficiencies became similar, and the Fe-slag
showed much higher As stabilization efficiency than Ca-slag did at low pH (<4 in Figure 8). Because
this study was based on the assumption of a leachate environment in mine tailing storage dams under
acidic pH conditions, the As adsorption process of Fe or Mn-oxide minerals in Fe-slag could be a
more important stabilization mechanism than the precipitation of As-bearing calcium carbonates.
This paper focused on the evaluation of As stabilization mechanisms by using slags.

4. Conclusions

This study was focused on how to maintain the high efficiency of As stabilization by steel slag
even at low pH, and how to identify the major mechanisms by which As in MTs is stabilized by steel
slags. Mine tailings highly contaminated with As were selected as the target media because of very
limited study on tailing-content stabilization. Two very different steel slags were used as As
stabilizers. The conclusions derived from this study are listed below.

The stabilization of MT using Ca-slag resulted in the formation of (co-)precipitates, such as either
calcium arsenate or CaCOs at high pH. As the pH of the solution extracted from the MTs increased,
the precipitation reaction of calcium and arsenic occurred throughout the Ca-slag and MT surfaces,
resulting in a rapid decrease in the As concentration in solution.

When Fe-slag was used as the stabilizer in MTs, most of the As was locally adsorbed on Fe and
Mn oxides in the Fe-slag and MTs, which are known to be effective for As adsorption. The potential
stabilization process of Fe-slag in MTs at low pH can be summarized in three parts: (1) The adsorption
of As anions onto the surface of Fe- and Mn-oxides was accelerated because the pH condition < the
PZC, which generated induced complexes for arsenate (V) at the inner-sphere. (2) The Fe-slag
reduced the dissolution of As-combined iron in MTs because many of the Fe- and Mn-oxides in the
Fe-slag dissolved competitively in the MTs (as well as the As-bearing minerals). (3) Precipitation of
insoluble Fe-As compounds was also induced, effectively reducing the As leaching from the MTs.
The As content of the As-bearing precipitates was much greater on Fe-slag than on Ca-slag,
suggesting that the As adsorption process on Fe and Mn oxides in Fe-slag and MTs was a more stable
mechanism than with Ca-precipitation, for binding the As in MTs. For further study to investigate
the stabilization capacity in field, the long term pilot test, as well as the column test considering
kinetic effects, should be performed.
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This work has been initiated to find possibility whether recycled fine aggregate can be used as a source of aggregate for
structural concrete or not. Two-stage mixing approach was chosen in order to maximize strength potential from recycled
fine aggregate. Moisture content of the recycled fine aggregate was changed, and two different types of twostage mixing
approaches were applied to produce cement mortar. The strength of mortar made of 100% recycled fine aggregate by
two-stage mixing approaches was cormpared to that of mortar made of 100% washed sea sand. According to the results,
the effect of moisture content on compressive strength was observed from low water cement mortar(W/C 03). In case of
WIC 05 cement mortar, no clear relationship was observed between moisture content and strength development. It was
found that twostage mixing approach has a potential to increase the strength of mortar made of 100% recyded fine
aggregate. In case of modified version of two-stage mixing approach which first prepares cement paste and pours recycled
fine aggregate into the cement paste, was more effective to increase the strength of mortar made of 100% recycled fine
aggregate.
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HIGHLIGHTS

« Supercritical CO, caused rapid carbonation from portland cement paste
« Temperature and pressure affected morphology of calcium carbona

« The 24 h reaction with supercritical CO; in water achieved full 1cvc1 ur carbonation,
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For geologic sequestration of captured €Oy, CO, is stored in spent oil wells and concrete is used to seal
wellbore penetrations to prevent leakage of CO;. In such deep underground environment, O, stays in
supercritical condition, so carbonation resistance of portland cement concrete against supercritical CO;
becomes critical for ensuring long-term durability of wellbore concrete. In this work, reaction between

hydrated portland cement and supercritical CO, was investigated at different temperature and pressure

Keywords
Hydrated cement paste
Supercritical carbon dioxide

levels. It is to provide necessary information on prediction of long-term performance of portland cement
concrete in wellbore environment. According to the experimental results, it was found that the amount of
aragonite increased with the increase in temperature and pressure, but vice versa for the case of vaterite,

Pressure In terms of total CO, uptake into hydrated cement paste, there was no clear relation observed as increase

Temperature
Carbonation

in temperature and pressure. It is probably due to the fact that hydrated cement paste has reached its full
level of carbonation after 24 h of reaction with supercritical CO,.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Considering the global climate changes associated with CO,
emission, CO, captured from various industrial processes must
be sequestrated in order to maintain sustainable environment.
One of the most applicable candidates for geologic sequestration
0f CO; is the spent oil well. The geologic environment is composed
of dense, durable, and strong rocks which have prevented the leak-
age of natural gas and petroleum for long time, and thus it becomes
an ideal location for safe sequestration of CO,. However, spent oil
wells generally contain large numbers of wellbore penetrations
through the caprock seal. The potential for €O, leakage from wells
is one of the key risks identified in geological CO, sequestration
and storage in spent oil wells.

* Corresponding author.
E-mail addresses: solmoi.park@pknu.ackr (5. Park), kih@plknuackr (J-H. Kim),
Chung).

reelee@plnuackr (M. Lee), cwchung@pknu.ackr (C-W.

https:/[doi.org/10.1016/j.conbuildmat 2021122615
0950-0618/© 2021 Flsevier Lid. Al rights reserved.

The long-term integrity of wellbore is very important because
CO; will react with wellbore materials, causing severe degradation
especially with portland cement, carbon steel casing, and interface
phases between cement and metal or cement and reservoir rock in
the wellbore. The degradation potentially generates cracks in well-
bore materials that can be the leakage pathway for sequestrated
€O,. The long duration, large volume, and high pressure causes
large stress changes on the wellbore materials, which can aggra-
vate the weathering process of wellbore materials. Hawkes et al.
[1] did a literature review relevant to wellbore integrity for CO,
storage primarily in terms of wellbore annular seal, cement corro-
sion in CO,, steel corrosion in CO,, and operational issues associ-
ated with CO,. They concluded that the cement integrity is the
most important indicator of overall wellbore integrity [1]. The
advancement of cementing technology to minimize weathering
process is critical to our ability to design long-term CO, sequestra-
tion and mitigate leakage potential.

Portland cement concrete has been considered as a sealing
material for wellbores for geological sequestration of COs. In
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5. Conclusions

According to the experimental results obtained from this work,
following conclusions can be drawn.

. Powdered hydrated cement paste reached nearly full level car-
bonation after 24 h of reaction with supercritical CO.

. The amount of calcium carbonate was seen (o be clearly
affected by the increase in temperature and pressure.

. Aragonite formation increased as temperature and pressure
increased, but vaterite formation decreased as temperature
and pressure increased.
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Abstract: The presence of free lime and periclase in converter slag prevents it from directly being
utilized as a source of concrete aggregate due to the deleterious expansion caused by reaction of free
lime and periclas
problems, but it is a tedious process that requires a long period of time. In this work, supercritical
CO;, (SCD) was e SCD creates a more
aggressive environment for reaction, it can directly attack the surface of free lime and periclase

In general, a six-month aging period is suggested in order to avoid any potential

sed to reduce the aging period down to one day or so

to induce expansive reaction before using converter slag as concrete aggregate. According to the
experimental results, the surface of converte
7.80% of CO; uptake by weight of converter slag. It was found that the mortar bar made of reacted
converter slag reduced the amount of expansion. The 28-day compressive strength of mortar with
converter slag was slightly reduced after reaction with SCD, but it was still 32% higher than mortar

slag was successfully carbonated by SCD), showing

made of conventional sand.

Keywords: supercritical carbon dioxide; converter slag; carbonation; lime; periclase

1. Introduction

According to the World Steel Association, the global crude steel production in 2019
was 1869.9 million tons, and it has been increasing every year [1]. Large amounts of
by-product that have been generated from steelmaking business need to be properly
utilized /disposed in order to minimize the environmental impact. Blast furnace slag,
generated in a blast furnace that manufactures pig iron from iron ore, is pulverized and
successfully recycled as a high val pp y itious material (Ground
granulated blast-furnace slag, GGBFS) [2-7]. However, steelmaking slag is mostly used
as a low-value-added landfill material such as road pavement and embankment [8,9]. It
should be noted that recycling of such waste materials also reduces the burden for CO,
emission from steelmaking industry [10].

Steelmaking slag usually refers to various types of slags that were generated in the
process of refining steel from pig iron. Most common types of steelmaking slags are
converter slag and electric arc furnace slag. The amount of production and the chemical
compositi slags can vary depending on the properties of raw materials to be
injected, properties (or types) of steel that will be produced, and the processing technology
that was applied [11]. In most cases, since the steelmaking slag undergoes a rapid cooling
process, there is not enough time for cations such as Ca and Mg present in the slag to be
stably fixed inside the silicate structure during the smelting process. This means that some
amount of Ca and Mg exists as in the form of free lime (CaO) and periclase (MgO), and
thus causes harmful expansion by formation of portlandite (Ca(OH),) or brucite (Mg(OH)2)
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The pH Reduction of the Hydrated Cement Paste by the Supercritical Carbon Dioxide

Ji-Hyun Kim, Jeong-Won Park, Hoon Moon, Minhee Lee, and Chul-Woo Chung
@ Pukyong National University (Nam-gu, Busan, 48513, Republic of Korea)

Introduction Results

=Recently, needs for utlization of recycled ageregate have been f . (. cieristic of cement pastes specimen
incrasing. Howver, when recyoled aggregates are wod for i ur s o0 treatment
landfill purposes, they cause negative environmental effects due e
to alkaline leaching \

=Such high alkalinity comes from the unremoved cement paste
particles that were attached at the surface of the recycled
aggregate.

=Various efforts has been made to reduce its alkalinity by using
€O, but currently available methods that uses CO, generate the
problem with pH recovery.

i = XRD patterns of cement pastes specimen with scCO, treatment

[——

——

= Consifering the-fact that supercifical €0, (o0 can provide i} R e e O R e ©
more aggressive carbonation of cement paste than by normal P ey Crestcie < e e
£, SOyl il ok = TG/DTA analysis of cement pastes specimen with soCO, treatment = pH value
i - Powder type - Powder type
|8 iR el 3 ‘I Tl ]
| i s
. [ g3 ;
‘oncrete waste tecycled aggregate. X Ray CT image Ll - w0
L = = S Lo T oty "
Materials & Experimental Procedure L =8 )
= Cement Paste e o D
. ..

- The carbonation reaction of the cement paste is basically et
focused in order to reduce the pl1 of recycled aggregate. - 10 mm cube type .

< Cluaracteristics of cement paste specimens

| T e R T
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4 < Theamoustof caliium hydreside and
carbomate ater reation with s

s s st e .

nmctie | 957w | @0 | o [ =g
= Clemical compositons of OFC - “;
| A SN | P I
I I Iy o |
[ e [ | om [ ae [ ams | su | 5w | = | om | - o e e e 50 0ar| T3
oo sehqoFoemeshptete anih ool s e s s
Conclusions
g, - The reaction between scCO), and hydrated cement paste has been systematically evaluated. The powder type showed higher
carbonation compared to that of 10 mm cube type specimens. It seems the carbonation by s¢CO, has occurred only at the surface
prr— of the specimen, and therefore still showed some amount of Ca(OH), calcium aluminates after reaction with scCO,,
- With powder type specimen, all Ca(OI), was converted into CaCO,. Moreover, additional calcium that came from both calcium
= 5¢CO, reaction details of cement paste specimens aluminate hydrates and calcium silicate hydrates reacted with scCO, 1o form CaCOy. Afier carbonation with scCO,, the powder
e stogecinan | Diitwate | Taocionslc; = did not show pH recovery, but 10 mm cube type specimens did show due to the presence of portlandite.
- rl o [ ormrmmO | T
L 2 0 2 L 1 Technology. ) e Ministry of Land, Transpot
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pH Reduction of Cement Paste Reacted with Supercritical COz

2 @ EIRE T IR
Marm, Hoan Kim, i-Hyun  Chung, Chil- Wi

ABSTRACT

Recently, the consumplion of recyeled appregates is imcreasing due o the depletion of naturasl
agpregates. Recyeled aggregates are mainly used as landfill matenials, but doe to the leakage of
sty alkalme leschats due o cement paste attached 1o the surface causes the emvironmental
probkras. In this study, supereritial COR was used 1 reduce the $l thraugh the cement pasts
carbonatum, and the pHl was lowered by up to 30%.
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Effects of Fiber Reinforcement and Coarse Agoregate
AMaximum Dimension of Underwater Concrete
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Effect of Supercritical CO; Reaction on Carbonation of Recycled

Aggregate
Bg0 A oA o| 8 &~ LR
Maan, Hom Kim, Ji-Hyun Lew, Min-Hee Chung, Chul-Waa

ABSTRACT

Ag natural aggregates are deploted, mtoest moonecyeled  aggregstes s ineressing However,
there is & problem of enviroomental pollution due 0 the high pH of the recyeled agpregsle, so it
must be reduded Inothis study, superritcal OO was used for carbomation w reduce the pH oof
recyeled aggregate, As a resull of the column ehilion expeniment, it was found thal the pH and
Ca" comeentration of the reoyeled mzgregate wacted with superaritical OOy deaeased significantly
campated 1o the case before the reaction: As a resull of the column elution experment, it s
concluded thal the pEl ean be effsctively redused when the reeyeled aggregate is carbonated tsing
supereritical 00,
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Effect of Mixing Method on Compressive Strength of Cement Mortar
Made of Recycled Fine Aggregate

1y 1A P P AW
Chung, Chul-Woo  Kim, Yu—Jin Kim, Gyu-Won  Him, Ji-Hyun

ABSTRACT
In this work, cenent mortar mede of 100% recycled fine sporegate wes prepared, Two-stege mixing
mpprosch sugpested by Tam and her colleaguea wes chopen, and some chenges were gpplied o order o
incresse atrength devel opment of recycled fine sgeregate morter, According to the resalta; it wes found
thet two—stage mining sppeosch mpgested by Tom snd her collesgues increpsed the atrength of morter
made of 100% recyeled fine aggregate, However, modified version of two-stage mining epprosch wes
found to be more effertive on strength development,
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