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Abstract

Among various technologies of CO, sequestration such as mineral sequestration,
biological sequestration, ocean sequestration, and geological sequestration, mineral
sequestration has the advantages of 1) no leakage and hence no secondary pollution
problems, 2) abundant mineral quantitiesin ores, and 3) the carbonation process being
exothermic.  The objectives of this research are 1) to understand mineral
identification analysis data and the optimal carbonation reaction route and 2) to
discuss the feasibility of using Blast Oxygen Furnace (BOF) slag as an aternative
absorbent.

In this study, CO, was acidified by slurries of natural silicate ore and BOF slag
which resulted in stable carbonate products and achieved sequestration. The reaction
mechanism was that CO, dissolved in water and became H,CO; that turned into H”
and HCO;. The solution then reacted with dissolved Ca?*/Mg® from the
experimental samples and formed deposits of CaCO3; or MgCO;. Calculated the
weight loss between 500°C and 850°C using TGA analysis, we then obtained the



CO;, conversion rate.

In this study, a series of experimental factors were analyzed and discussed; they
are reaction temperature, reaction pressure, reaction time, sample particle size, liquid
to solid ratio, calcium to slica ratio, stirring rate, slurry composition, and acid
addition in the slurry.  The results showed that conversion rates for both wollastonite
and BOF slag can reach up to 99% under the conditions of reaction temperature being
150°C, reaction pressure being 1250 psig, 6 hours of reaction time, particle size less
than 44 um, L/S equalsto 10 g/g, and slurry composed of distilled water,.

In addition, particle size reduction can increase the surface area for reaction,
which effectively improved the conversion rate. With other experimental conditions
being set, when mineral particle size was reduced from 88~125 um to less than 44 pum,
the CO, conversion rate for wollastonite increased about 25%. The conversion rate
for BOF slag improved about 2% when minera particle size reduced from 53~62 um
to less than 44 um. On the other hand, stirring rate and liquid to solid ratio did not
show apparent influences on the conversion rate. Also, the use of 1M NaHCO;3 as
dlurry did not cause the CO, conversion rate to improve but cause it to decline.
Increasing the Ca/Si ratio and adding 0.1M HCI in the slurry, however, did increase
the conversion rate effectively.

Key words : CO, sequestration, carbonation, wollastonite, BOF slag.
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In this study, CO, was acidified by slurries of natural silicate ore|
and BOF slag which resulted in stable carbonate products and achieved
sequestration. The reaction mechanism was that CO, dissolved in
water and became H,CO; that turned into H* and HCOs. The
solution then reacted with dissolved Ca?*/Mg*" from the experimental
samples and formed deposits of CaCO3; or MgCO;. Calculated the|
weight loss between 500°C and 850°C using TGA analysis, we then
obtained the CO, conversion rate.

In this study, a series of experimental factors were analyzed
and discussed; they are reaction temperature, reaction pressure,
reaction time, sample particle size, liquid to solid ratio, calcium to
silica ratio, stirring rate, slurry composition, and acid addition in the|
slurry.
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Table 1-1 Distribution of carbon on earth (Dunsmore, 1992)

% i A £ AT [%]
[10%kg]
L 4T 35000 46.64
4T 4% P B 25000 33.31
Pl L 60000 79.99
AR (] 4o 7 B 15000 19.99
EARE S S 4 0.0053
H s 3 R e 15004 19.99
# % Bas (livecarbon) 75004 99.94
i 7% ¥ 1 HCO5 andCOs> 42 0.056
e G R (B4 R R ) 3 0.0040
RN R 0.72 0.00095
4 4 g 0.56 0.00074
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Figure 1-1 CO, sequestration options. (IEA, 2001)

Table 1-2 Subdivision of CO, sequestration technologies.
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Table 1-3 Estimated potential of CO, storage and utilization options. (Kohlmann,
2001)
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(b © 4F ~4£)E @R B2 25 » #3587 455 42 0 5] 5 kY
~2. 1mo|%(GoffetaI 1998) o F]yt o AT AL T B 4E T K € ARER FL T
2 pHAk o0 dkadi 2 dkdine b W j - L & BT EFRE D F (b
AR AR ) R PR Z AR TR S FIZHL‘.“:‘;‘_EM%
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2-1-2 HyEH

2T fr COLF ok F B2 Hhd S B ac afk ibde B> @ B ¥ 2bry 75 dkali
£ alkalinea)%q%—“*rw1 kG B B4e 0 NaCl q*% SRR R c kR R IET Kop
FihP&a 5P E R RERRN S FRp

CaO,, +H,0,, - Ca* (ag) +20H (a)

) (eq.2-1)

Mg,S,0,(0H ), + H,0 = 3Mg™ ;) + 250, +60H ", (€9.2-2)

T B i B B BRI £ $ o CUBRRATIS 3 K BB S

CaCO,,., — Ca* (ag) + CO,” (aq)

3(s)

(eg.2-3)

CO." (a + H,0,, = HCO. (aq) + OH "(a
3 (ag) 2% 3 (aq) (aq) (eq.2_4)

rdftp AR ¢ 0 binary oxides AN AAHF IR K F AMFRBAFHSF Y 0 F
BFH LG AR G FIREEEE R * 0 R (HSIO) > B > s P Z F 4 F
EHMBMEATE PRI AR 74T 2HPF LR G Tﬁ%ﬁ%(ollvme) “ %
KT (serpentine) ; Z4TE T H 2 HI A& G4 (wollastonite) - £ 2-1 7] d:
LA Ji AR BRI NN S < i J

Table 2-1 Composition of various minerals and carbon dioxide sequestration
characteristics (Lackner et a., 1995; Wu et al., 2001)
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VA R MgO [wt%] CaO [wi%] Rc [kg/kg) Rco, [kgkg])

7 495 0.3 6.8 1.8
RS ~40 ~0 ~8.4 ~2.3
T - 35 13.0 36
7 44 - 7.6 2.1
SR 6.2 9.4 26 7.1

Rc = mass ratio of rock needed for CO, fixation to carbon burned
Rco, = corresponding mass ratio of rock to CO,

Lackner 4; 1 £ Oman } 30000km” s ik 4% T &30 34 5 & Fh Y8 474 4 oo
% 1 g (Lackner et al., 1996; Lackner et a., 2000) - % # & DOE (Department of Energy)
3 ¢ 4p & Olivinefr Serpentine £ A% 7 28 5 ¥ $0 - §F Vi) 3 HH#% a5
Poowv ¥ Rdtr - § i g (Goff et d., 1998) o Ok FRA L F S SRR
AR, P RITLKRERRLZ TR > oD 20 RSB E o &
A (NETL, 2001) - @ * sz x4 5 A BRI Lzt AR F 2 £ 4 (F ik
L) 23t 3BT SR EDFITRBEFEAR L > Dlde i pH P foR o

2-1-3 A A% BPRF

o 2-1 Ao 0 iR i AT BEEA B EUE T B MR PRk o T i 7 S
FOCRERELT EARY BB e

Energy States of Carbon

Carbon
The ground state of
Carbonisamineral
400 KJmole carbonate

Carbon Dioxide

60~180 KJmole Carbonate

A\ 4

Figure 2-1 Quadlitative illustration of thermodynamic stability of carbonated from of
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carbon (U.S. DOE, 1999)

PR MR 2 B o F AT P EREERY > RN A E
ol @ B 5 hzF 5 (Lacknereta., 1995) - H F L 5

CaQ +CO,,, « CaCO, (AH =-179KJ / mol
() 2(0) o) ( ) (€0.2:5)

MaO.. +CO, , < MgCO.,,. (AH =-118KJ/ mol
©) ) 9CO0 ( ) (€9.2:6)
iR 2 40 HSPRBE{- § PR BiE4E 5 (Goldberg et d., 2001) :

(Mg,Ca),S,0 H,, +XCO,, < X(Mg,Ca)CO,, + yS 02, +2zH,0

Yy Ix+2y+z (1/9)

(eg.2-7)

FACEFRBEC § CRSE R G RER Bl R B § 4
2 oF fgEeptpe itk Rl 2 e b 0 3F 4 (Goldberg et al., 2001; Kojima et al.,
1997)

Mg,3,0,(0OH ), (serpentine) , +3CO,,, — 3MgCO, ,, + 250, +2H,0,

(AH = —64KJ /mol) (€9.2-8)

Mg,S0,(alivine) , +2CO,, — 2MgCO, , + SO, (AH =-90KJ / mol)

(@ (eq.2-9)

HEFFIBREFRRBERCFBLZEFEFBES 080 ERARB L EF
B 5> RRRSB O MBBEASTE 2 82 F ("B F & o Lackner et a. (1995)
ﬁmwﬁﬁﬁﬁﬁﬁ@é#mﬁﬁﬁﬁww’mi%%ﬁ:iﬂﬁﬁﬁmﬁéﬁﬁ
b g R ATecmaxc B AEF BES = § Ppis Renadde - § P4 B 5 lbar
P Bcfd e FrenTemax » 24 2-2

Lackner et al. (1995)4; &1 o 7 5 & % § R FH Temax > 6 @ Apke it 50 2
anorthite(CaAl,Si,Og) ¢ 24 & H-i% anorthite glass 4p v & » % - Te,max 4 438K » {4
Wpi&m FLWREFEAZERE FE KT AFEDFRT g0 i)
BRI B A BRI F e (T o Aok 3 4 F A B Ry Temax 4p
o RIT AE - HHY RFRERLF AR RETF o Bl RS R
ABEIpET MR EREED P EEHE - F s R E 20bar - Lackner &
A d 5 18 4 CaO ~ Ca(OH), ~ Mg(OH), & 4 p ik i* 8 & &2 55 8 Temax - & - # ik
BH 2 Temax F7 LE-HFF A BFHE -
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Table 2-2 Thermodynamic properties of carbonation reaction
(Lackner et al., 1995)

Tgen Tec,max AH A Q

Minerals and Carbonation Reactions (K] [K) [KI¥mol] [KJImol])

Calcium Hydroxide

Ca(OH), +CO, —» CaCO, + H,0 791 1161 -66 114
Magnesium Hydroxide

Mg(OH), +CO, - MgCO, + H,O 538 680 -37 46
Calcium Oxide

CaO+CQO, —» CaCoO, 1161 -179
Magnesium Oxide

MgO +CO, — CaCOQO, 680 -118
Wollastonite

CaSO,+CO, » CaCO, + S0, 554 -87 37
Olivine

1/2Mg,S0O, +CO, - MgCQO, +1/2S0, 515 -88 24
Anorthite

CaAl,S ,0, +CO, —» CaCO, + AlLO, + 250, 438 -81 39
Anorthite Glass

CaAl,S ,0, + CO, —» CaCQO, + AlL,O, + 250, 691 -148 121
Talc

1/3Mg,S ,0,,(OH), + CO, -> MgCO, +3/4S0, +1/3H,0 712 474 -44 64
Serpentine

1/3Mg,S ,0,(CH), +CO, - MgCO, +2/350, +2/3H,0 870 680 -35 78

Tc,max is the maximum carbonation temperature for Pcop = 1 bar.

Teen IS the dehydroxylation temperature, estimated from the equilibrium point which
Pr2o = 1 bar.

AH istheenthapy chage of reaction per mole of CO,

AQ is the energy required to heat the originad mineral and CO, to the higher of
Tc,max and Tgen per mole of CO,

22 PEBBEH 4 3B AL

221 PRAFRF L
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B A S RFRASARBRAE B P RAERS
8% 5 2 fRAp fef thit £ 4 2 Hf Al - B A4
v}]%_’% B e > eruf’-;x‘J SHE & /ﬂfr._ﬁ_;g,,ét_%fr; YE2_ @

N~

+-

i

ArS

= A B
LIS
=}

X

o

FRBEAAAE AL S0—4 L - Bra o STURI AR R
sﬁ0—2$+?%mw§WWE%iF’SW£+#O 28 2 et g et > B 5
EREE 2 EFHRFIPF T E B E }\?;1—1-7‘;&;:'1—?];?'{—3-’?,l‘lév}ﬁ’hfr'ﬁ'”

R - . FEFBRANFHALNS0—4 = H W BEEE IR b4
AL 7 (oliving) » & B e 6 2 B d Ta(FE)frae Mg+ i 2 h— 4= - fuf e
S BB > 3 e G A S Ha (G4e D SRE > augite) o BEAa(Gl4e t PR
amphibole) 12 3% > 48+ Atdeche G W RS Y - BE RS 4R e pl i eh O
=24 RIT e £ R ) S g 4 o (AT RPN A e R SR B
FAAG b nz BE R SeAp A GAE Y 0 R Y E G - B 02 45
frd By VI 4E blde D 2 B o2 2 T PLEAN 2 SI0—4 v oG 4
k?ﬁﬁﬁi&i@ﬁ&%%ﬁ’i#{ﬁ%miﬁﬁﬁﬂiﬁiﬁiﬁﬁmﬁ%
o(blhet PEZEBH)(R1978) £ 23 L SHENE W TE S EF T (F
TE)Fb R AR
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Table 2-3 Basic properties of silicate mineralsin Taiwan

(5 &2 1, 2004)

HEIED SELR e = AR

A B 6.5~7 gEfir (FO) BEBRT A5 2
W E 3.27~4.27 | éﬁﬂ‘ﬁﬁ% (Fa)ff_ gk ok 850 5 AT
2 S PoRETT g R 2 F Mk R E SRR rE AN
(Olivine) i’éﬂg ~7 FHP ( FoxFay ) z@d KB AgRPL
(Mg,Fe).SIO4 % (Mg) ~tx % (Fe) SR BERT AR
R ST

oo
A B 3~5 MgO : 43.0% A B AP 2
g 25~26 SO, :441% AHF AN FERD
oz %%iﬁ%iﬁ%%%~Hﬁ-u9% Bk R e m A £ 2 5
( Serpentine) % Mk ehE F kR, X Mg ~Fe-Ni~ ‘ag ia:"*&!“ié Az 71
. SE Si~Al N EEZR A A H
MOSOOMs s sz (28m) A ST E H e
ARl R B

-
M B 5~55 Ca0:4553% 1 & A% & F 4 £
g 25~26 SO, :5291% p > & - EJPRETHE
F A o LT o AlO3:007% & % Fodf &)z
(Wollastonite) & i FeO : 0.38 % BT ERE T
CaSiOs /d ~od A MgO:003% F+F &AL F~FLEo

MNO:056% MK &%+4 o
Ca~ Fe~Mn
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2-2-2 % FdB i (Pre-treatment)

TRILEMFIL AR P G B HP et dE ST B AR E T T
SR s A A~ B2 (McKelvy et al., 2004 ; O"Connor et a., 2004)
(Zhang et al., 1996) > # & &2 (O Connor et a., 2004) - iz it > 2 i R FBF &
TH e B oG oL T o o

1. Jfv_‘dii‘_%‘ﬁ;‘ﬁz‘i(Sizereduction) :

RETIELANR ik F s TR ER K i FRFF ko A e
O'Connor % A 3#M24 #E3H L2 /] #4302 § PRERSBE  F RESERG

Fopicd 106~150pum A7 3 <37um pF o H k5 g o 10%&@5 4¢3 90% o
2. mHA&&(Magnetlcseparatlon)

d 3t g I“iﬁ«(@éﬁ«%)g .,%#ﬂ Fom A5 — KA 4E o € FEEAER Y F &g {7 (Fauth
etal,2000) * GREGSHTELRASE G D HFEAY E 0 SRS Uk
T BTRE o K- M Ao - F b a2 kT o
3.  #J32 (Thermal treatment) :

PR BRA T REMERE o FIU X E 5 13% chemically-bound water > & 4r £t
2 600~650C st X ¢ 4 5 Wi "f % @RpL Tt 2 53 224k B (O Connor et al.,
2001) - #- antigorite @ EIT » £ 6 47 ¢ 8.5m/g # 4 3 18.7m*/g(NETL,2001)
BAEIEAT R AF RS bldel B R Y MgO A3 o B AR 2 E T 900C
(Zevenhoven et d., 2002) » = 4g;% 4
XMgO-yS O, +zH,0(s) — xMgO(s) + yS O, (s) + zH,0(9) (eq.2-10)

Fd 22 i) 42 i R(~800 + ,L/P*F Hp) o FIrgZAd COE ~ 4t
7 CO; {&_(O Connor et al., 2004) - % Arizona State University %34 & 3 2
(dehydroxylation)frz % 3£ % (rehydroxylatlon)tH |2 #uE ABERPL T P oA
#iF k¢ 5 F » % (Chizmeshyaetal., 2002) o zidse Fpfr 3R 5 A 6> 2 > - &
B EF /@W(NETL 2001) ; = Az §f -k (T=385°C, P=272atm) (O Connor et al.,
2000b) ° 4 KF o HIHAITE L HEE MR - RIWE P EAFF R ﬂfl"f‘u’é:
HAarZ & 44 i £ = ~ (O Connor et a., 2004) -

4. % @ B Fp(Surface activation techniques) :

s—

# Pennsylvania State University 42 » % B I L5 £ o SR fiise 35 0 % F 4
24 I8 N E )% R AR (e 0 FLEE ~ BV PR)E 2 1 B 2 5% (Maroto-Valer et d.,
2003)° % fpedp 40 K F St oG A T 028 m?/g # 4« 7] 330 m?/g (Maroto-Valer et al.,
2002) o I HEE A BEEH AT H AR FZEBZNREC T H Y EFE
(Maroto-Valer et a., 2001) - ¢ * b Fiwrpr g4 4 g 2 BB (FoE-ap ph 1 i 5 ) ot 2k
(BReh =AM ) B H 2 BP0 g
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5 H v % &J2:E & (Other pre-treatment options) :

3P N E(OConnor et al., 2001) ¥ *F * B it BA7 Bren= N F 0B B (R
e e 425 4w Jh(Gerdemann et al., 2002) o FF A AR frpl it F BV UL B
- BILARA Y o degt > BB IR TIH F ORI A 6 B4 o KRR | H R
JEEART MR D & Ro (e ip T Y B e b B AR Y T 7 & fx = ¢ (Nelson, 2004)-

(08 e BT R AN R R UL R HF it 0 Bhedz g URSE Al
%

ER TR EZ2EAELITNE s T BT (TL0 RIS B AN

(O'Connor et a., 2004) - = X EM 2T FHP D RFA FPHT 2 FP LR

4 o

2-8



2-3 B s F Rk i= (Processroutes)

B2 A B & BHE CO S pip Bk 21 R 74 5 2 B
SRR HREE % AT

2-3-1 ® ¥ pe i (Direct carbonation)
(DE £ 5 A4pipe v % s(Direct gas-solid carbonation)

FRELTE F Y B4R F BRI & i L d Lackner (Lackner et al., 1997b) 1
BHE oo EdF TR F RS AN AoT Ao

Ca/Mg -dlicate, +CO, , = (Ca/Mg)CO, , + SO

2(9) (s) 2(s)

(eg.2-11)

tbﬁ)ﬁ%%»fi%%&vﬁxﬁ)ﬁ%ﬂéL@El ?:ﬁpé}ﬂ’% AR TR A 2 };){%’;‘L o R o
W SAEPRBABE L F B2 F et 22T EHR AP ?‘[fkfﬁ?? %+ (Lackner
et a., 1997; Lackner et a., 1995) -

fd o 2000 E 2w oo HIE G PR F BB 44 LANL(Los Alamos
National Laboratory) 777 3 » 215 » 3% % Fiis e st B 7 3 > WS R F] T 5
WAL s a2 5 2473 AP AR 2 % (Koljonen et d., 2002; Koljonen et
d., 2004) c WA TN FHEPEBARFLEIRF ARMK AL ER
FIREK RS L F RiEMR S T F R (Zevenhoven et d., 2004) > K 3R 2 ek &
F AR i B RS S ood FRES T TR FROFIRT > QL E
Bz e F A x’i(ZevenhovenetaI.,ZOOZ)o%’gd BT RFCHERET L F R
W R AEILE R YT S £ o & ECN(Energy research Centre of the
Netherlands) ~ 3 * (Huugen eta., 2003)+ FARR PR HT P A2 E T AGFE
WARRARET e oo x ?i,?r:}ﬂ B M-S AT BT E 5 (CalMg)(OH),
PEEFHAPRBEF B BFREFEVFPRIFBLILIREGTF FAPF BLT %

% o

(22 &R tp s iv & 3¢ (Direct aqueous carbonation)

BT AR TR R S fed oKing AT MLEN K RIEF o RADTF
CO, Az = i o

F 19 1 COy AR » kv AR pl e (538 4 4+ 2 AL R4 o
CO, (ag)+ H,0O(l) > H,CO,(ag) — H " (ag) + HCO, (aq) (92-12)

2% > CaMg ¥ 4 A8 19,8 Ca Mg -

2-9



Ca/ Mg - silicate(s) + 2H * (aq) — (Ca/ Mg)** (aq) + SO, (s) + H,0O(l) (eq.2-13)

§ 34 > A5 gl kAT & B L AE TR o

(CalMg)* (ag) + HCO, (a0) — (CalMg)CO,(s) + H* (aq)
(eq.2-14)

TR RN R BE LA mERF RER 0 Gl BRIl S F
BREEF 25 PRBRA oo F 2 RS 91%(F BFER 6 P #
% B £ ,M@:SiO4)(O'connor et a., 2001) > 34%(* PR 6 - B > Fhie 2t X
% ,M@sSi205(OH)4) (O'connor et a., 2001) » 82%(* B 1 /| fF > & 5 457
7 ,CaSiOz)( O connor et al., 2004) -

BAR o § k> }I?%:f F 4 pa B AL > O'connor et d., (2004)% 7 | 7 AR ik
BWH SR APELEL C F (B) C 458 7 o wallostonite) o Ap T F AR R ;’.‘&Wﬁ 9%#” B
fait i Fgp-> ¥ 22 283 a0 CO RS (5 10~40 bar - 4% 150~200 bar) » =
AR E e M I R R R R RE L S e R R S T R TR A 3D
CO, B ZEF BT “Ti 49315 08 > “ﬁ?ﬁ“ 2 ¢k ZHEPRBRS AEE 2
B2 3 F AR ken s (O connor et al., 2004) « % 2-4 5 4%t fEE R ?7%
FaoRE B g iR BT e
Table 2-4 Assumed chemical reaction scheme of minerds with CO,
(Kojimaet al., 1997)

Wollastonite

CaSO, +2CO, + H,0 —» Ca* + 2HCO, + SO,
Olivine

Mg,SO, +4CO, + 2H,0 - 2Mg?* +4HCO, + SO,

Calcium carbonate

CaCO, +CO, + H,0 —» Ca® + 2HCO,”

Orthoclase

2KAIS,0, + 2CO, +3H,0 — 2K * + 2HCO,” + 490, + Al,S,0,(OH),
albite

2NaAlS 0, +2CO, +3H,0 — 2Na’ + 2HCO,” +490, + Al,S,0,(0H),

Talc
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Mg,S ,0,,(OH), +6CO, + 2H,0 — 3Mg*" + 6HCO,” +430,
Serpentine

Mg,Si ,0,(OH), +6CO, + H,0 — 3Mg? + 6HCO;, + 23S0,

LRARREL TR B o R FRE B mﬁm—}alﬁr—}'*ﬂ*_\ﬂ T:éi’ﬁﬂé 5 g &
Bv ik oo Flt o F AL R A ;gﬁgﬁ}f Mo Foenig s o — B L & ol
B AR LT R RN E IR i SRR A e BT v GRS
A RDF BRFEZZRFE RS o AWEREF BALZ ZF K
(Chizmeshya et al., 2003 ; Chizmeshya et a., 2004) > ~ {78t X = Rtl 2 & Kic A
(Schulze et al., 2004) » ¥4 7 2 b ¥ 7 F Ji 16 A 4 » +5(O"connor et al., 2002) > *# 4
Y FF RiE A F RS A A 17(Huijgen et al., 2004) o ¥ ¢ o 472 gy G 4T 4R
ﬂﬁ&%ﬂ Eoappgsnr LEME § LIFR L4317 SO ko
2B R SR PLATAR TR o b o SR (g R TR PR T F i S 3 S 4T

53%7\/ A éj} °

BRm o hFFTRGE EIEET (W 0 B R NR) 0 be R R AR T i SOk g2t

g oom Ad BB /E“T/LL ﬁr&if&é& % 5 ¥ (Carey et al., 2003) - 4p
e rrn*n—&« 13 (O'connor et al., 2004)2 & ¢ o fF - BT fFA R 3L 5 Ao Bk
T2 = g Pl AT R p 4% Ui 5 P~ A ko Oconnor 3 i F R A ZEF BTS2
BLFLAE 3 & 1F 4 ends 17 (Gerdemann et al., 2002 ; O'connor et a., 2002) » F - » #-A
F a2 e RALE w o8 7 72 2 2 (Oconnor et al.,, 2004) - k@ » ¥ - B4R 4p
MG PEERAAREE N F RS2 E RE R AR R BT A XA
2 A F ez R E_2 7 i eh(Huijgen et a., 2004)

q.\.
_L)a. 34

,—\4~
Y-

RAPRE T F BFP TP M RAB AR I RN EFEAET LR o R T
B > Sz ramdil pLekidinda “z?_?'é;‘%:‘:\‘ <M (Carey et al.,
2003) >t K BRI F B S o B0 SR '8 B (Ea=18~35kJmol)
pH E# e 3F 5 v%bﬁﬁwi%ﬁiV¥?$1£F¢ f?% EHATRTZRA S
BT ¥ RART o R PR T B 4§ mac JESR ] e L £ & AR
ﬂlp’:%};)@m—filCOZ@"E%}?*7§“"§3’W&§£@"?I’;w&}’j’;“};ﬁ%ﬁi""

oy
bk
=

B R B AT R L F B8 AH i LR R
MR Nk T 4 CO MR T o Bldo I Bt A G A 2 “,/TT SO, K~ 'E
C/Mf¢¢wﬂﬂimﬁ°ﬁﬁ%#@#WWQﬂ R e A
@ r ZE{LE NS g i SIOz f 31 ¥ 113 40 CO 45 5

BRAR A AL T F T BATR Ao e RLR % o 4o NaCl 2 NaHCO;- st fik &
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47 H 4 HCOs 2 kB #- % s pH fEd 7.7 %41 80> kb PFRLpsi & 4l ¢
F ArEc s > EHE £ 5 (O connor et al., 2001) :

MgSO,(s) + 2HCO, (aq) —» 2MgCO,(s) + SO, (s) + 20H " (aq)

(eg.2-15)
OH-fof i CO F s ¢ £ 2 S Ak 4 19
OH" CcO HCO.
(ag) + CO,(9) — 5 (ag) (3216
V- BEHRT e (NaIK)Nog(MestersetaI 2002)o SRR Bz s B N A S
R RYPFwR> F - F i fodfldg Rz » A ;\@gg;}p o TPt BokiR iR 4T

BEFME MR d pRRBFS %%Et:".ﬁﬁﬁi%ﬁt—? e + A 5 (Fauth et al., 2001) - 4p B #2
TSR 0 B R RART o F RER LR b R GRAIE T
2 S G 8l% 0 MR RS G 92% 0 ApfRITIL G R Y Wag o F RPFRF 6/ B2
B £ o 2 5 5 91%(O connor et al., 2004) -

Felf 2 47 &4 § AL Y (FLH SR F ki S &40 HCl (Parketal,
2003) - CH3COOH(acetic acid) (Park et a., 2003) ~ & 5 (citric acid)(Lackner,
2002) - 7= 3 4R 4 45 )+ % & BpL(orthophosphoric acid) ~ & fik(oxdic acid)2 EDTA
3 *zi‘gﬁéﬁ i’?éiw}ﬁ_ A 511? ‘(Park etal.,2003)  ft 3 &P > Hr3R dad &
7 ,i_q_\ﬁ T2 B ™ R = - Y RAfRER Y AR T ;#»Lﬁ,%(Parketal., 2003) -

RAPRPEC T - HF BRI IRR I IERY L oD AL 2 - F P EEFAP
AP BRI F BT gl TG AR ﬂjab v 2§ S0, ¥ ;gd %R
BRY w2 “T(Summersetal 2004) - 5 7 fiE e gEE FTERE LR 7 COp
H7 wFREBEFELLZER T A BANT YRS L o blde B EE R
inAg Tk (Park etal., 2002) ~ i 5 ¥ 4 3 F i B (Peneer etal., 2004) » & if 587 § 47 4
CEB TR e BEL AR AR BB R FE SR
%i%’lﬁg";‘ﬁ[@;&g od B Y s“%ﬂg;%ﬁ:f% Mo RFNF RBraEF R LR RE kT
(Penner et al., 2004) » 3R] ¥ & 7 5 5 7l iR £ @ 1 18 SO, A f(ﬂ* Gl
AL A F )@ M 4o F fpik & (Gerdemannetal., 2004) o A kF ¥ T L EE KA A~ &
RACE T Rk o
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2-3-2 ¥ e (Indirect carbonation)

(CalMg)(OH), # (CAIMQ)O # Bt i it o %0t 7 it M 4+ 1o 3% 5 F i 31 it
AP ATEE I ko A RS T F AR F AT U E R i
F oo TR B SE4E

(1)# i« & 3732 (HCl extraction route)

LR E B~ CaMg B ¥ 8 * 2.2 5% > d LosAlamos National Laboratory(LANL)
¢ Lackner & X #13% 1o 4p B < ;g%? %+ (Butt et a., 1998 ; Butt et a., 1997 ; Lackner et
al., 1995) - Lackner et a. (1995) i 3% Barnes et a. (1950):2 2 Blackburn et al. (1994) 2
FrRIwx e A HC 3% ? A2 83858 25 Rinfzdcl 2-2> 2% I
FEBAE S HCl F it £ F 05204 25 o

Serpentine
Mg,S,0.(OH),(s) + 6HCl — ,
> - > SlOz
3MgCl,(aq) + 29 OZ(T +5H.,0(I)(T =100°C)
HCI
MgCl,-6H,0(1) —
MgCI(OH)(1) + HCI (1) + 5H,0(1)(T = 250°C)
MgClZ
H,O
2MgCI (OH)(1) —»
> Mg(OH),(s) +MgCl,(1)(T =80°C)
H,0 l
Mg(OH),(s) +CO,(g) — ‘— CO,
MgCO,(s) + H,O(g)(T = 375°C, P, = 20atm)
v
Magnesite

Figure 2-2 Process flow diagram based on (Newall et al., 1999)
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Table 2-5 Chemical reaction sheme of minera dissolved by HCI (Lackner et dl.,
1995)

Serpentine  6HCI + Mg,S ,0,(OH), — 3MgCl, + 2S0, +5H,0

olivine 4HCI +Mg,S0, - 2MgCl, + SO, + 2H,0

talc 6HCl + Mg,S ,0,,(CH), —» 3MgCl, + 430, +4H,0
wollastonite 2HCl + CaSO, — CaCl, + S0, + H,0

orthoclase  2HCI +2KAIS,0, + H,O — 2KCI +4S0, + AlL.S,O,(CH),
abite 2HCI + 2NaAlS.,0;, + H,0 — 2NaCl +4S0, + AlLS,0,(OH),

(2)Indirect molten salt process

Molten salt(MgCl, » 3.5H,0) % % — B 5 7 &> s £ 3 429718 * 2 3 P& (Wendt
et a., 1998b; Wendt et a., 1998b) o #t & 5@ o ik 2 MET v lT e § A fEE
AV EER S N BRLEANAL T VI RBEBAY > - AR LS
F A

% - faA2 s ¢ 12 MgClp + 3.5H0 & 3 #2 A 2 Mg(OH),
F Lo #-t % 7% 2 molten sdlt ¢ (T=+200°C) :
Mg,S O, (OH),(s) +3MgCl, -3.5H,0(1) — 6Mg(OH)CI (1) + 250, (aqg) + 9.5H,0(1)  (eq.2-16)
mts o = F vk (T=£150°C) » 4 » -k @ Mg(OH), itk -
2Mg(OH)CI (1) +nH,0(1) = MgCl, - nH,O(1) + Mg(OH ), (s)  (eq.2-17)
50w TR A o 8 e e MCl, sk
MgCl, - nH,O(l) = MgCl, - 3.5H,0() + (n-3.5)H,0(1)  (eq.2-18)
MQ(OH), # g k ¥ 2 (7 m e i* & &

Mg(OH),(s) + CO,(g) — MgCO;(s) + H,0(g)  (eq.2-19)

¥R EREAEMOClL c 35HO % A BT F o BF RS
Mg,S,0,(0H),(s) +3CO,(g) — 3MgCO,(s) +2S0,(s) +2H,O()  (eg.2-20)
A &z § VR4 XS 30bar(Newall et al., 1999)

(3)ﬁ$ﬁ’;:3s“ﬁsﬁ R i 7% (Acetic acid route)

A RASLETH T
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CaS0O,(s) +2CH,COOH (I) — Ca* (aq) + 2CH,COO (aq) + H,O(l) + SO,(s) (eq.2-21)
€q.2-

BE b - OB AT AR T R T

2-22
Ca* (aq) + 2CH,COO" (ag) + CO,(g) + H,0(1) — CaCO,(s) ¥ +2CH,COOH (1) (eq.2-22)

(49)NaOH =1 * (Application of NaOH)

Blencoe et a. (Oak Ridge National Laboratory) » % & 11— £ % 4p e it 57 i
R A GBI B (] F R E R R e AR H R B 2 w2 )(Blencoe
et a., 2003 ; Blencoe et al., 2004) - 7 7 By ¢ * A £ F (plagioclase):& {7 g s it 1T
oo F A AP BT RR AR T ErE- LR ﬂ} | # ,F%w\f&,u7 Bd gL o A=
1 4 41’;‘ BT R CH P RBEBTES 0 G * NaOH AL E 7 ¢ duf 550 % >
%% A if e ol

i

(CH

=
N
S

lt\

/

3CaAl,S,0, (anorthite, s) + 8NaOH (ag) — 3Ca(OH), | +Na,(AISO,),(OH), (e0.2-23)
2NaOH (aq) + CO, (g) — Na,CO,(aq) + H,O(l) (€0.2-24)
2Na,0,(aq) + Ca(OH),(s) + Na; (AISO,)4(OH), + 2H,0(l) —

(eg.2-25)

4NaOH (aq) + CaCO, 4 +Na,(AIS0,),CO,-2H,0

Bk 973 1 Ca(OH), % 2 AL 2 258 25 4 4 2 NaOH d 2 3% 19 w yc £ 4 *
Pl F o7 4 7 5 (T=200°C » P<15am - t= 1h ~ 3days) :

3CaAl,S,0;(s) +4CO,(g) +8NaOH (aq) —

.2-26
3Caco, | +Na,(AIS0,),CO,-2H,0 4 +H,0()) (eq.2-26)
3B MBS 2 BARSE
1. f@s AR bpE s HER L F RPER L L o
2. FRAEHPF ZFEI<IOumM 4 F &k Bk o

3. %%~ %9 NaOH
208 0 T AR dp Do SR AL BE 0 R iR 2 X AL

(O)p FB-eni & * (Acid)

Maroto-Valer & 4 3 1 ¥ - f i * fh 5 B~ CalMg ~ ;2 2 & Jii¢ /= (Maroto-Valer
eta.,2004) > F e 35S BIEE > MBI BITRE S b

Mg,S,0,(OH),(s) +3H,S0, (aq) — 3MgSO, (aq) +5H,0(1) + 2SO, (aq) (€0.2-27)
3MgSO, (aq) +3H,0(1) + 250, (aq) + 3CO, (g) >
3MgCO,(s) +2S0,(s) +3H,S0,(aq) (eq.2-28)

2-15



A& F g HCL 3832 > 27 #3005 F B2 Mg(OH) ¢t i2 7 M4
¥ (McKelvy et al., 2002) :

FEE L AN 27T F B2ts

3MgSO, (aq) + 2NaOH — Mg(OH ), + Na, SO, (eq.2-29)
Mg(OH), + CO,(g) — MgCO,(s) (e0.2-30)
¥ - B¥ i 58 4~ Ca(NO3), = Ca(OH);

EE 2 AoV 27T F B2 s

MgSO, + Ca(NG;,), + 2H,0 — CaS0,-2H,0 + Mg(NG,), (eg.2-31)
Mg(NQ,), +Ca(OH), - Mg(OH), + Ca(NG,), (€9.2-32)
Mg(OH), +CaS0,+2H,0+ 2CO, (g) - MgCO,(s) + CaCO,(s) + H,S0, + H,O(l)  (eq.2-33)
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Table 2-6 Experimental results

S F R R

FRERGECO, ~ B F o /o F o BF B8 3% &

F g i , T EIE ) _ ¥ kiR
fau *) (bar) (nm) (min) (%)
o e . (Lackner et al.,
B FRpL AL TR0 434 = 500 340 20 <120 100
Shbi el = PUEOE 1997h)
Lackner et a.,
B RApL Rk R g 140-300 340 50-100 N.A 30 (
1997b)
. . . (O'Connor et al.,
RARFE R 2 TR * T 185 116 <37 1440 91
RipF A2 A ’fﬁ"}ﬁ H 2001b)
e Ap F & (0.64M B pL E (Goldberg et al.,
. A2 fE R R & 150-250 85-125 <37 180 83
HIM F i 4) ohOER 2001)
. s , (O'Connor et al.,
RARF R iy WXRE H#, 185 116 <37 1440 34
RipF A2 T v . 2001b)
%t F (0.64M FHfE & _
A = ( P AR Rz #AJSL 155200 152-223 <37 60 82 (Dahlin et a., 2000
HIM F i 4h)
%A F (0.64M ER L &
2 Tk WHE e T 1 152 <37 1 2 NETL, 2001
B/ F 1) AL TRt v e 55 5 3 80 5 ( , 2001)
, . o R (O'Connor et 4al.,
A E R # 18 LAV g FAT H7 24 10 <75 60 66
ZApF s % ; AL SR 2001a)
e L Mg-rich L (Kohlman et 4.,
% L3 5P F 18 , # 550 50 N.A. 30 90
minerals 2001)
R — , . (Kakizawa et al.,
fip e 5 B F 18 AT # 40-80 30 N.R. 60 20

2001)
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Figure 3-1 Resgarch flowchart
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Figure 3-2 The flowchart of preparing absorbent
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Figure 3-4 Particle size measurement apparatus.
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Figure 3-6 Pore size measurement apparatus
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Figure 3-7 SEM measurement apparatus
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Figure 3-8 XRD measurement apparatus
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Figure 3-9 The experimenta apparatus of the carbonation batch reactor.
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Figure 3-10 Flowchart of experiments to determine the best carbonation reaction
conditions.
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Figure 4-1. TGA curve of fresh and carbonated serpentine.
Carbonation conditions : P=1250psig ; T=150°C
t=2hours ; particle size<44um ; L/S=10g/g
curve 1 : fresh serpentine
curve 2 : carbonated serpentine
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Figure 4-2. TGA curve of fresh and carbonated wollastonite.
Carbonation conditions : P=1250psig ; T=150°C
t=2hours ; particle size<44um ; L/S=10g/g.

curve 1 : fresh wollastonite.
curve 2 : carbonated wollastonite.
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Figure 4-3. TGA curve of fresh and carbonated BOF slag.
Carbonation conditions : P=1250psig ; T=150°C
t=2hours ; particle size<44um ; L/S=10g/g.

Curve 1l : fresh BOF dag.
Curve 2 : carbonated BOF slag.
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Table 4-1 Mean diameter and true density and BET surface areas of serpentine and
BOF(basic oxygen furnace) slag.

Material Mean diameter True d3ensity BE2T surface area
(um) (g/cm’) (m79)

Serpentine (88~125um) 20.29 2.8274+0.0016 12.55+0.013
Serpentine (53~62um) 14.63 2.8150+0.0031 12.75+0.014
Serpentine (<44um) 13.30 2.8814+0.0020 13.38+0.015
BOFdag (88~125um) 134.40 3.7709+0.0014 0.6114+0.001
BOFdag (53~62um) 39.94 3.6873+0.0021 1.451+0.0024
BOFdag (<44um) 14.98 3.5057+0.0014 2.788+0.0050

4-1-4 W 3§ FE R
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FH R A A &G ff R Z & (Micromeritics ASAP 2010)ip] & 2+ £ & 4% (BET
surfaceareas) » # #rip| & 2. @ 5>t Tabled-1¢ - d H LS M T HRABZEE * Mg F
ZM kG AR R A R R RRE VA FET A L BEFERR
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HAOHELEF A R E 3 G5 LIS MA TR LR 9I8% 1L 7 il
FIAAFELTELRE A X o

Table 4-2 Composition (wt. %) of BOF slag and serpentine and wollastonite(China steel)

Sample BOF dlag serpentine  wollastonite
Component

SO, 11.70% 39.58% 52.82%
Al,03 3.91% 0.82% 0.35%
Na,O 0.02% 0.01% 0.00%
K0 0.08% 0.00% 0.28%
MgO 10.36% 38.90% 0.93%
Cao 38.84% 0.16% 45.56%
TiO, 0.47% 0.00% 0.00%
Fe,Os3 32.80% 8.59% 0.00%
Tota 98.18% 88.06% 99.94%

Table 4-3 Composition (wt. %) of BOF slag and serpentine and wollastonite(NTCRI).

Sample BOF slag serpentine wollastonite
Component

SO, 11.45% 39.92% 52.09%
AlO3 4.12% 0.82% 0.52%
NaO 0.00% 0.00% 0.00%
K,0 0.08% 0.09% 0.28%
MgO 11.68% 46.36% 1.38%
Cao 36.65% 0.00% 45.50%
TiO, 0.43% 0.02% 0.02%
Fe0s3 30.91% 8.36% 0.22%
Tota 95.31% 95.56% 100.00%
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4-2-1 F R ¥ s [Reaction Time Effect]
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Figure 4-4. TGA curve of carbonated wollastonite at different reaction time.
(Carbonation conditions : P=1250psig; T=150°C ; particle size<44um ; L/S=10g/g. Curve
1:1h.Curve2:2h.Curve3: 4h.Curved: 6h)
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Figure 4-5. Influence of reaction time on the carbonation conversion of
wollastonite.(Carbonation conditions : P=1250psig ; T=150°C ;
particle size<44um ; L/S=10g/q)
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4-2-2 F &R B » s [Reaction Temperature Effect]
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Gerdemann et al. (2002) i 7 % 4t X F 5 HiEH o &150amB 4~ R 1
250°Cz BB T F REFERFL BFEERECF R Py 5T 28 R %185 °C
BB 2COMERF >t R T w155°CE Flf ig2x% » w1 185°C% 155°Cz (4
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Figure 4-6. TGA curve of carbonated wollastonite a different reaction

temperatures.(Carbonation conditions : P=850psig ; t=2h ; particle
size<44um ; L/S=10g/g)
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Figure 4-7. Influence of temperature on the carbonation conversion of
wollastonite.(Carbonation conditions : P=850psig ; t=2h ; particle
Size<44um ; L/S=10g/g.)
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4-2-3 F R 4 »x iy [Reaction Pressure Effect]
R OREA 2T LG AZRBA KR EERLRR KL RS
1 AERWRAAL

T (<44um) fF /R4 650psigs 850psigis 2 A & iR A& 40°C
60°C ~ 90°C ~ 120°C ~ 150°Ci% i+ ™ i& (743t > d TGAA +52.500°C % 850°C12vf_:%_%‘§
47 2k 5 COp2 3 & o & 4 650psig® /& 4 850psigz. 3 & 1t ke ] 4-8477 o
Bl 4-8 ¥ 5 1 > 650psig* 850psig# 4k 5 < -] 4p £ ¥ 3 < - 850psigi* IFiE }*}i‘f
2 g e 5 v 650psigk e o

Zhenhao Duan et a. (2003) 7 3 # if & % 7 FEF&” ToF AR 23
AR DRSS e F R A q% l}:]u\lbau_ 2000bar - Fiu\OonL 260°C2. COx% 2
B #ordh 2 Bohod P 3EE T (9650psigE 850psig; 40°C~150°C2. % 7% 3 B 4o
45 o LApRBRA T F CRZEAEFREAR DR AR 0 T RAFLER
v flm @ CalT 2 B AE S A MFR e R FHAS IEFEARA D B o

Table 4-4 Carbon dioxide solubility of 650 psig and 850 psig in water.
R4 T(K)

(psig) 313.15 333.15 363.15 393.15 423.15
650 0.8530 0.6037 0.4452 0.372 0.3342
850 0.9968 0.7314 0.5517 0.4703 0.4336

2. RIS

R F(<44pm) kR4 1250psig* 1650psigie T B 4 R s ik #7027
e & J&8 & (40°C ~ 60°C ~ 90°C ~ 120°C ~ 150°C) % i ™ i (7 3£ 34 CO2. AL 1 5 % >
d 500°Cx 850°C2. TGA A {72 € £ 3 4 ¥ 3+ 5 COxE #% & - /R 4 1250psig% 1650psig
2ok S e B 4-9 fror oo d .*%'%IFLF R B 4390°CHs » F /R 4 1650psig
2 S A0 F /R4 1250psige e R B < 3 90°CHE £ R 4 1250psigE ik 5 3
be B B120°CPEdE 3 2 Pl BB 5 F 2 0 F BB 4 1650psig i 900 4% K E 3| B B -
15 ﬁga&ﬁ.‘&u{&&igrgm—rugod_g%z,ﬁy\mﬁ ;)‘@:‘ ?%}v,p;,.%ﬁl-—rfﬁ“‘é
HE it a0 3 0 19454k (2001) #F4P AR E L 313 Hheipfrd ¥ ¢
BRFHA AR P HIFRT O OREREE YT 2 ERR D B o

H

WA ZARTRR R SRR R E2ZCO Hi S - SRy AR R
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Figure 4-8. Influence of pressure and temperature on the carbonation conversion of
wollastonite.
Carbonation conditions : t=2h ; particle size<44um ; L/S=10g/g
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Figure 4-9. Influence of pressure and temperature on the carbonation conversion of
wollastonite.
Carbonation conditions : t=2h ; particle size<44um ; L/S=10g/g



4-2-4 %+ ] »x gy [Particle Size Effect]
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Figure 4-10. Influence of particle size on the carbonation conversion of
wollastonite.(Carbonation conditions : P=850psig ; T=150°C ; t=2h ;
L/S=10g/g.)
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Figure 4-11. Influence of dtirring power on the carbonation conversion of
wollastonite.(Carbonation conditions : P=850psig ; T=150°C ; t=2h ;
particle size<44um ; L/S=10g/g.)
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Figure 4-12. Influence of liquid to solid ratio on the carbonation conversion of
wollastonite.(Carbonation conditions : P=850psig ; T=150°C ; t=2h ;
particle size<44um.)
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Figure 4-13. Influence of durry composition on the carbonation conversion of
wollastonite.(Carbonation conditions : P=850psig ; T=150°C ; t=2h ;
particle size<44um.)
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4-2-8 4fp v gt Jh ik e A 22 [CalSi Ratio and Slurry Composition Effect]
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Figure 4-14 Influence of CalSi ratio and slurry composition on the carbonation
conversion of wollastonite. (Carbonation conditions : P=650psig ;
T=40C ; t=2h; particlesize<44ym.)
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Figure 4-15 Influence of acid added on the carbonation conversion of wollastonite.
(Carbonation conditions : P=650psig; t=2h; particlesize<44
m.)
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10pm Mag= 1.00 KX EHT= 5.00 kV
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Figure 4-16. Scanning e ectron micrographs.
() untreated wollastonite (<44um).
(1)  Wollastonite (<44um) reacted at P=850 psig, T=40°C, t=2h, L/S=10g/g.
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10pm Mag= 1.00KX EHT= 5.00 KV
—— |

WD= 5mm Signal A = SE2

10pm Mag= 1.00 KX EHT = 5.00 kV
o WD= 5mm Signal A = SE2 I

Figure 4-17. Scanning e ectron micrographs.
()  Wollastonite (<44um) reacted at P=850 psig, T=90°C, t=2h, L/S=10g/g
(1)  Wollastonite (<44um) reacted at P=850 psig, T=150°C, t=2h, L/S=10g/g
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. Lo i
10um Mag = 1.00 KX EHT = 5.00 kV
— WD= 5mm Signal A = SE2

Figure 4-18. Scanning el ectron micrographs.
()  Untreated wollastonite (88~125um)
(1) Wollastonite (88~125um) reacted at P=850 psig, T=150°C, t=2h, L/S=10g/g
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Figure 4-19. XRD spectra for both fresh and carbonated wollastonite with peak
identifications.

Red line = fresh wollastonite(88~125um)

Black line = carbonation wollastonite(850 psig, 150°C, 88~125um, 2 hours,
L/S=10g/g)

1=CaSiOs

2=S 02

3=CaCO0Os3
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Figure 4-20. XRD spectra for both fresh and carbonated wollastonite with peak
identifications.

Red line = fresh wollastonite(<44um)

Black line = carbonation wollastonite(850 psig, 150°C, <44um, 2 hours,
L/S=10g/g)

1=CaSO3

2=S 02

3=CaC0s3
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SAE R P Rl A4y mz P YR T Y F /R 4 1250psigeniE 2T s R
B A 150°CHCOy* it T o1 3 chps o (1246 PF2 F Bfs 2 ¥ it
72 FTGAA 7 2 COxx jz & » E TGAA #7¢ S 4cF 4-21 #r5F » ¢ 500°C% 850°C
ZTCGAR YT ERFATFE-F i REHEF a8 - W -2 ¢ iR T X PR
$HCOME 5 T 2 1- e ] 4-22 #7770 d Bl 422 B 5 BT 0 EEF PER nnf 4 o
B AR > ad F 5 BPEE6 ] PR T T E5199% - 6] PFE A F 2 COZ A
ity $lE T o Huijgen et al. (2006)F7 3 4F & 4 1308 (AL 1 F s A 2 2 s L 4T
UHK O HAE A L - URAM 2 A A 2 RERATE F 0 e TR PR € Rl Bt
BRI i F e o

4-27



100

95
% 90
@]
= 85
e
3 g0
=
75
70

Temperature[’C]

O 8 16 24 32 40 48 56 64 72

time [min]

Figure 4-21. TGA curve of carbonated BOF dag at different reaction time.
(Carbonation conditions : P=1250psig ; T=150°C ; particle size<44um ; L/S=10g/g. Curve
1:1h.Cuve2:2h.Curve3: 4h.Curved: 6h)
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Figure 4-22. Influence of reaction time on the carbonation conversion of wollastonite
and BOF slag.(Carbonation conditions : P=1250psig ; T=150°C ;
particle size<44um ; L/S=10g/g)
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Figure 4-23 The predictive decay model at different reaction time.

Table 4-5 Carbonation constants for parallel first order reaction at different reaction time.

Material F k R?
Wollastonite 1.00 0.466 0.996
BOF dlag 1.00 0.526 0.997

Model : C=C,-{F-e"" +(1-F).e™"}
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Figure 4-24. TGA curve of cabonated BOF dag a different reaction

temperatures.(Carbonation conditions : P=850psig ; t=2h ; particle
Size<44um ; L/S=10g/g)

4-30



100.0

80.0 |-
3
c
S
]
2 600
>
c
o .
© m : wollastonite
400 |
A : BOFdag
20.0
0 30 60 90 120 150 180

Temperature [°C]

Figure 4-25. Influence of temperature on the carbonation conversion of BOF slag and
wollastonite.(Carbonation conditions : P=850psig ; t=2h ; particle
Size<44um ; L/S=10g/g.)
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Figure 4-26. Influence of pressure and temperature on the carbonation conversion of BOF
dag.
Carbonation conditions : t=2h ; particle size<44um ; L/S=10g/g
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Figure 4-27. Influence of pressure and temperature on the carbonation conversion of BOF

slag.
Carbonation conditions : t=2h ; particle size<44um ; L/S=10g/g
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Figure 4-28. Influence of particle size on the carbonation conversion of BOF
slag.(Carbonation conditions : P=850psig ; T=150°C ; t=2h ; L/S=10g/g.)
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Figure 4-29. Influence of dtirring power on the carbonation conversion of BOF
slag.(Carbonation conditions : P=850psig ; T=150°C ; t=2h ; particle
Size<44um ; L/S=10g/g.)
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Figure 4-30. Influence of liquid to solid ratio on the carbonation conversion of BOF
slag.(Carbonation conditions : P=850psig ; T=150°C ; t=2h ; particle
size<44pum.)
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Figure 4-31. Influence of slurry composition on the carbonation conversion of BOF
slag.(Carbonation conditions : P=850psig ; T=150°C ; t=2h ; particle
Size<44pum.)
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Figure 4-32 Influence of Ca/S ratio and slurry composition on the carbonation
conversion of BOF slag. (Carbonation conditions : P=650psig; T=40
C; t=2h; particlesize<44ym.)
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Figure 4-33
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Influence of acid added on the carbonation conversion of BOF slag.
(Carbonation conditions : P=850psig ;

t=2h; particle size=53~62

Table 4-6 Comparison of carbonate conversion for wollastonite and BOF slag under

various operating conditions.

Carbonation conditions

Raw Particle size Time Temp. Pressure  Solution Conversion Reference
Material [ m] [hr] [°C] [psig] chemistry [%0]
Wollastonite  88~105 2h 150 850 Digtilled water 55 Ly
Wollastonite 88~105 6h 140 1240 Distilled water 75 F# (2003)
Wollastonite <106 15min 200 580 Distilled water 45 Huijgen et a.
(2006)
Wollastonite <44 6h 150 1250 Digtilled water 99 Ly
Wollastonite 53~66 6h 80 1240 Distilled water 81.6 F# (2003)
Wollastonite <44 6h 80 1240 Distilled water 80 F# (2003)
Wollastonite <38 15min 200 290 Didtilled water 70 Huijgen et al.
(2006)
Wollastonite <44 2h 150 1250 IM NaHCO; 55 LY gy
Wollastonite <44 6h 1 1240 1M NaHCO;  90.2 F# (2003)
BOF slag <44 6h 150 1250 Distilled water 99 rEEY
Steel slag <38 30min 100 275 Distilled water 70 14 (2003)
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Figure 4-34. XRD spectra for both fresh and carbonated BOF slag with peak
identifications.

Red line = fresh BOF slag(53~62um)
Black line = carbonated BOF dag(850 psig, 150°C, 53~62um, 2 hours,
L/S=10g/g)
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Figure 4-35. XRD spectra for both fresh and carbonated BOF slag with peak
identifications.

Red line = fresh BOF slag(<44um)
Black line = carbonated BOF slag(850 psig, 150°C, <44um, 2 hours, L/S=10g/g)
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Figure 4-36 Comparision of different operating factors on carbonation conversion of
wollastonite.
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Figure 4-37 Comparision of different operating factors on carbonation
conversion of BOF dlag.
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Table A.1 Experiment conditions and results of wollastonite.

Sample Name Temp.[°C] Plpsig] Timehours]  Size[pm] L/Sg/g)] AmS500~850[mg] mios°c[mg] CO,[wt%] Conversion[%]
WB1 fresh frech fresh fresh frech 0.17 18.34 0.93 0
WB2 fresh frech fresh fresh frech 0.19 18.9 1.01 0
W1H 150 1250 1 <44 10 1.81 13.9 13.0 41.5
W2H 150 1250 2 <44 10 2.28 13.57 16.8 55.9
W4H 150 1250 4 <44 10 3.9 16.91 23.1 83.0
W6H 150 1250 6 <44 10 4.82 18.24 26.4 99.5

T40 P2500 150 1650 2 <44 10 0.99 11.66 8.5 25.7

T60  P2500 40 1650 2 <44 10 2.42 20.75 11.7 36.6

T90 P2500 60 1650 2 <44 10 2.84 17.96 15.8 52.0

T120 P2500 90 1650 2 <44 10 4.28 16.45 26.0 97.4

T150 P2500 120 1650 2 <44 10 3.18 16.65 19.1 65.4

T40 P2100 150 1250 2 <44 10 1.53 19.44 7.9 23.7

T60 P2100 120 1250 2 <44 10 2.36 16.7 14.1 45.6

T90 P2100 90 1250 2 <44 10 3.09 14.26 21.7 76.6

T120 P2100 60 1250 2 <44 10 2.91 16.05 18.1 61.3

T150 P2100 40 1250 2 <44 10 2.28 13.57 16.8 55.9

T40 P1700 40 850 2 <44 10 2.03 14.7 13.8 444

T60 P1700 60 850 2 <44 10 3.05 19.35 15.8 51.8

T90 P1700 90 850 2 <44 10 2.66 15.47 17.2 57.5
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T120 P1700 120 850 2 <44 10 2.78 14.25 19.5 67.1
T150 P1700 150 850 2 <44 10 3.36 15.08 22.3 79.4
T40 P1500 40 850 2 <44 10 1.59 20.14 7.9 23.7
T60  P1500 60 650 2 <44 10 1.58 11.44 13.8 44.4
T90 P1500 90 650 2 <44 10 1.71 10.98 15.6 51.1
T120 P1500 120 650 2 <44 10 1.79 10.14 17.7 59.4
T150 P1500 150 650 2 <44 10 3.17 14.72 21.5 76.0
Stirring rate=0 150 850 2 <44 10 3.67 18.57 19.8 68.2
Stirring rate = 35 150 850 2 <44 10 3.28 14.72 22.3 79.4
Stirring rate = 50 150 850 2 <44 10 4.03 17.28 23.3 84.3
L/S=5 150 850 2 <44 5 343 16.15 21.2 74.7
L/S=10 150 850 2 <44 10 3.28 14.72 22.3 79.4
L/S=20 150 850 2 <44 20 4.13 18.23 22.7 81.1
1M NaHCO3 40 850 2 <44 10 1.39 20.5 0.8 20.1
1M NaHCO3 60 850 2 <44 10 1.21 11.07 10.9 34.0
1M NaHCO3 90 850 2 <44 10 2.01 16.65 12.1 38.0
1M NaHCO3 120 850 2 <44 10 247 18.05 13.7 43.9
1M NaHCO3 150 850 2 <44 10 1.79 10.81 16.6 55.0
T40 P1700 40 850 2 88~125 um 10 0.71 14.63 4.9 14.1
T60 P1700 60 850 2 88~125 um 10 1.33 15.05 8.8 26.9
T90 P1700 90 850 2 88~125 um 10 2.25 16.47 13.7 43.8
T120 P1700 120 850 2 88~125 um 10 1.62 11.84 13.7 43.9
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Table A.2 Experiment conditions and results of BOF dlag.

Sample Name Temp.[°C] P[psig] Timelhours] Size[pm] L/Sa/g] Am500~850[mg] mis’c[mg] COzwt%] Conversion[%]

FB1 fresh frech fresh fresh frech 0 0 0 0
FB2 fresh frech fresh fresh frech 0 0 0 0
F1H 150 1250 1 <44 10 2.6 20.11 129 50.1
F2H 150 1250 2 <44 10 2.9 19.18 151 60.1
F4H 150 1250 4 <44 10 2.69 125 215 92.5
F6H 150 1250 6 <44 10 4.49 19.64 229 99.9
T40 P2500 40 1650 2 <44 10 247 17.61 14 55
T60 P2500 60 1650 2 <44 10 2.03 13.45 151 59.9
T90 P2500 90 1650 2 <44 10 1.89 11.09 17 69.3
T120 P2500 120 1650 2 <44 10 24 12.37 194 81.2
T150 P2500 150 1650 2 <44 10 214 134 16 64.1
T40 P2100 40 1250 2 <44 10 2.88 18.51 15.6 62.1
T60 P2100 60 1250 2 <44 10 1.63 10.14 16.1 64.6
T90 P2100 90 1250 2 <44 10 3.03 17.03 17.8 73
T120 P2100 120 1250 2 <44 10 2.6 15.52 16.8 67.9
T150 P2100 150 1250 2 <44 10 2.9 19.18 15.1 60.1
T40 P1700 40 850 2 <44 10 2.23 15.01 14.9 58.8
T60 P1700 60 850 2 <44 10 2.92 16.95 17.2 70.2
T90 P1700 90 850 2 <44 10 2.82 14.69 19.2 80.1
T120 P1700 120 850 2 <44 10 243 12.17 20 84.1
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T150 P1700 150 850 2 <44 10 2.3 11.45 20.1 84.8
T40 P1500 40 650 2 <44 10 1.82 13 14 54.9
T60 P1500 60 650 2 <44 10 2.46 14.75 16.7 67.5
T90 P1500 90 650 2 <44 10 3.67 19.2 19.1 79.7
T120 P1500 120 650 2 <44 10 3.51 18.11 194 81.1
T150 P1500 150 650 2 <44 10 2.78 13.89 20 84.4
Stirring rate=0 150 850 2 <44 10 2.55 12.88 19.8 83.2
Stirring rate = 35 150 850 2 <44 10 2.87 14.39 19.9 84
Stirring rate = 50 150 850 2 <44 10 2.84 13.82 20.5 87.2
L/S=5 150 850 2 <44 5 3.13 16.01 19.6 81.9
L/S=10 150 850 2 <44 10 3.13 15.72 199 83.8
L/S=20 150 850 2 <44 20 2.68 13.12 204 86.6
1M NaHCO3 40 850 2 <44 10 1.56 16.65 94 34.9
1M NaHCO3 60 850 2 <44 10 1.86 13.07 14.2 55.9
1M NaHCO3 90 850 2 <44 10 3.26 20.37 16 64.2
1M NaHCO3 120 850 2 <44 10 29 17.7 16.4 66.1
1M NaHCO3 150 850 2 <44 10 211 11.72 18 74
T40 P1700 40 850 2 53~62 10 1.76 12.76 13.8 54
T60 P1700 60 850 2 53~62 10 3.54 20.66 171 69.7
T90 P1700 90 850 2 53~62 10 3.26 17.33 18.8 78.1
T120 P1700 120 850 2 53~62 10 3.07 15.24 20.1 85.1
T150 P1700 150 850 2 53~62 10 3.77 19.27 19.6 82
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