Korean Chem. Eng. Res., 64(3), 105170 (2026)
https://doi.org/10.9713/kcer.2026.64.3.105170
PISSN 0304-128X, EISSN 2233-9558

EHlY ZEo| IB A4 T2

|0

BHHE - X|QIE e HMO| - Q0Is): - X[54el*

# =2 BN A A4, ekl
27003 THEE B 2SS 94 18-1
A MDI, A7 A4
28644 7% e e H YR 3330-56
it S s R
50936 ZAHE FsliAl A= 25964 83
(202613 42 3 H=r, 2026 52 208 AHE)

A Study on the Carbonation Reaction of Carbon Dioxide Recovered by Vacuum
Calcination Conditions of Carbonate Minerals

Dae Ju Hwang*:!, Young Hoon Choi**, Seong Dae Jeong***, Young Hwan Yu* and Hyung Won Choi*

*Advanced Materials Team, Korea Institute of Limestone and Advanced Materials, 18-1, Udeok-gil, Maepo-up,
Danyang-gun, Chungcheongbuk-do, 27003, Korea
**4dvanced Materials Research center, DaeSeong MDI, 330-56, Gangwonnam-ro, Hanbando-myeon,
Yeongwol-gun, Gangwon-do, 28644, Korea
***Technology Research center, M2 Inc, 83, Gimhae-daero 2596 beon-gil, Gimhae-si, Gyeongsangnam-do, 50936, Korea
(Received 3 April 2026; Accepted 20 May 2026)

FO

of
el

B 3EQ1 1)43]4 9 gl
E](aspirator) = Rt} 7t 3
Aot As]M o] A9, 2%
2~ 53.48% vol 574 HSch. 1
34 A], CaCO; 68.3~100 wi%S!
2ks} HhS- CO, 71~ Ao = A
AT Bk FER) 2y o] g
Al CO, 7} 63.77% vol 73 H3ick. 1
HIEE 3 Al, CaCO; 85.9~100 wi%S)]
‘g Al 238 g°] BRI WG CO, 7R B

) o~
4 2098 % 5 9%k

r>'
ot
iz
o0

S E3lo] gerilg) nksoll WESRE CO, 7RIS Wy 27481 o avgo]
0, 715 34=to] A7 ksl RS 53 whabkdes sk S8l A
Ao oF 650CY u CO, 712~ 0.03% vol 57, 950C & w Hf COo, 7+
2293} Ao A% gk HES- A]L CaO 1~3 wit% @ CO, 1 wi%2] W& =
-5 Ca(OH), 11.7-31.7 wt%= X312 8] A%, 500 g K& 474 A 218 g8 &t
A S =g wle] CaO 1 wi% : CO, 1 wt% HIEo] HA 2AYS &
2409 2707 ok 480CY W CO, 7H 0.03% vol 24, 850C < o
13 2437 A0 214 ek} WkS- A, Ca0 1~3 wt% : CO, 1 wt%)]
o} w8 Ca(OH), 2~14.1 wt%= M-2-22] 3% 500 ¢ W5 4
2haks} HES-S A28 w9 Ca0 2 wt% : CO, 1 wi% H]E&o]

o r

o
i
Q

N

i

k)
'L‘EIHO_L,

10
olo of EN

=

]

)
24
o, bt

ol 23

Ack
K
™
o}

5

iin
oX,
o
-l
o BN

Abstract — This was carried out to synthesize calcium carbonate through a direct carbonation reaction by recovering
the CO, gas released during the de-carbonation reaction of 1) limestone, a carbonate mineral, using a vacuum aspirator
in a simpler process. In the case of limestone, under vacuum calcination conditions, CO, gas was measured at 0.03% vol
at approximately 650 C and a maximum CO, gas of 53.48% vol at 950 C. In addition, when synthesizing with a ratio of
CaO 1~3 wt% : CO; 1 wt% during vacuum calcination and direct carbonation reaction, CaCO3; 68.3~100 wt% and
unreacted Ca(OH), 11.7~31.7 wt% were produced. In the case of limestone, 218g of CO, gas was generated during
vacuum calcination of 500g, indicating that the ratio of CaO 1 wt% : CO, 1 wt% is the optimal condition for inducing a
direct carbonation reaction. In the case of 2) dolomite, a carbonate mineral, CO, gas was measured at 0.03% vol at
approximately 480 C under vacuum calcination conditions, and a maximum CO, gas of 63.77% vol was measured at
850C . And when synthesizing with a ratio of CaO 1 to 3 wt% : CO; 1 wt% during vacuum calcination and direct
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carbonation reaction, it was found that the optimal condition is a ratio of CaO 2 wt% : CO, 1 wt% when inducing a
direct carbonation reaction with 238 g of CO, gas generated during vacuum calcination of 500 g, with a crystalline phase
structure of CaCOs 85.9 to 100 wt% and unreacted Ca(OH), 2 to 14.1 wt%.
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MgO 21.7 wt% 7152 % $t}h A 8|43 FdstA F917F e
= B4 (impurity)?] AlLO;, Fe,03, MgO, SiO, o] E331aL Q)
o], COy= 7] BgEC)7] Wil 1,000C oA EEsl RS
&3to] CO= t7] 2 WE3te] CaO-MgO& A Z3h}. wlg-A] 9
7%, B FEZ MgCO; 780T, CaCO; 850C 8] A3
& Eall CO, ks WESh A 3]4 3 FUSHA shaft kilns
&3] CaO-MgO(soft buring dolomite, 73481241 S | Z3H}(2].

=434, WA e Sd A R (kilns)o] F
F+ =% = (normal shaft kiln), ©]% 2] 4~*J 2 (double inclined
kiln), HE]-BW A2 Z (multi-chamber kiln), 8] 72] 4/d 2 (rotary
kiln), £3r-35 2] 2 Z (mixed-feed shaft kiln) 50|t ESZ+
=] Thi] A4 3] (Ca0), 4841 (CaO-MgO) A% Al ollA
AME- SO, AR F 7 GAPE Ao ANk Fejelot s
gk FIAR M)A, MM AR E 3 e v FYst
H, 273 AZRE OF 24 ARF Aol w, AR 7E A skt Al
Z9 A 3], AWML F7 AF/AEL gl AAgoR
AT EATE AAE L FAE wola, S FolY]
913l 1970 A€ AJzste] AA7EA] 8172 =22 A
A B 9 71Es B ok Qv 247 A E oA A=
A4 A7]= 50~100 mm, BEALSE RES- 217 2] CO, 7t WERE
A& 1~5%2] FFHES 2t 24129 3] 242 1AAE,
HANAE, 7IAAEE AFESto] Yo E ARSIt 3] AR
(rotary kiln)2] Z3-%-, AA A7 YAHAF, 714 AFH+= LNG
LPG 5& o] &3t &Asith A3 AR+ I 74 =4
(solid fuel + stone)/o| A /A d 82 e o] 44419 24 GAZ o]
oA m, Z}7te] WA o] HA g 2310 weba] A 3] (Ca0), B4
W22 (Ca0-MgO)S AZETH2).

234 2] 739, A 3|4 E 27330 CaOZ A AHGOE T2
sfslar 9l om, =3} Hk-S-(hydration)S 53191 Ca(OH)= 2%

] ©
B

23

H7HEGEE 99.9%), #ll= 3} A e]g-c2 dufsiet, et
FH(EHHH o2 BAFEE)S CaO+H0+CO, gas®] ®AF
(carbonation) WF3-© 2 A 3T} 3], A 84S 2Ads] Sl& 71
4 ARe] ddS diAlst] V]S ddor deta oo, A
719] A A9 A7| 28} mlo| AR o) B IR E o] &5t 4]
34 Ad3har Qlek A7 950°CellA] 4507 02 frAlef A7d
& 99%0| ARk, vlo]| A2 o] B 7} Z (microwave furnace, P}0]
ZYlo)B. A 2 (microwave kiln)E= 950C, 600 2 4|3} =
2gE 99% oAUA] 2=H] mgo] 7l SErH4-8].

WA 0] 7¢I A3 A 3t sdskA A wFhEE Zha glom,
gsto] CaO-MgOE A %3ste] 2 A AL Lo
o}, #2412 CaO-MgO 33HE= 735 o] 23|49
Az DF7PEA] AR BE-8l7] fleiME= Cadt MgE
|2 2 vkg- 9l o] 2 §hg-5 581e] A e Ca SRt

dg

L

d
-
d

B

oL

Lt

H o

o
32

2 2%
ol

=
AL
rlo
b

p

N
Ox
By
o
K5

ok Alzst F AWM 0] AR B8-S vlEEEel e
= F AT WA S A4S A A4 (soft burning dolomite,
CaO-MgO, Mg 16%)S AZ31aL o5 FAded vhSAAM &
% vldlg A7 9 o] 2] (magnesium crystal cluster, magnesium
crown)s A|Z8Hc}, W-A-S AAJse] A2 dt oA o]
3te] Mg crown® AZ3h= 4R 345 JE T4 (pidgeon
process)° ]2} 319, AL F 1A F SR (silicothermic reduction
method)°l] 3FCH11]. Mg crowns 235t EE2 A 2shd
Mg 57} 99.8~99.95%2] <= v 1U| (pure magnesium, Mg ingots)=-
AS 4= AU11-15]. W48 A F HAMLA 9] 50 mm IS
100 5] (mesh)= 28+ -, EHAAIQ] FeSi 60 ™| (mesh)<} v
¢l CaF,= &35l A (w3, briquetting)dte] Al 55 1,230
A ALY THSAIFA Mg crown= A Z3CH11]. 28y 2%

Q1 Ak A4 Z (rotary kiln, shaft kiln)2} TFAG A=
(silicothermic reduction furnace)™ 7} E2 2] A4 HEg-of &
sk 7k WA o 8 Als UR7EA] ddde] H7] A= 1A Al
7ro] 8 AIZF YIQI & o A] A7} Wk 11-15]. 5, & o= st
o] FrtdEel st e SE7F srol AR S Hh3o] =04
Al ezl Azl st Algto] 8 AR Uie]7) H e sk A
g5 St olst GHE &5 =ol7] HE vhe7] Uil &
M-S A EYAAA FRASE 85 o] A AR
A7 B Qlths-10]. olef st WS Ao A

HE-S-7] (retort) ol H-AF F(radiation plate) B HAF &
(radiation mesh)s A*|5t0] ¥H-3-7] A4 HHELS wES7] U2 4
A E9dste] ZhdakE Ui 7HE s el Wi 71l
Ho =z A Y AZHS 2-3 AIFECE ©@E3o] Mg crownd] A
M-S IAIH T Mg crown AAFE S| Al EA1H 0 2= W)
FAR= AHEHLWEA  FeSi) T AAWeAo] g4 AR 5
Na,O +K,O0i= Mg crown 55 A7 Al @74 55 <2 H(Removable
condensing sleeve)oll £A15t0] A4 Aol WAL, o]2fdt A

A4 sAsh] Hdl 550l MgCLe} Na,O + K,0)E RE-A|

%@ b
e\ ]

(o



Hwang, D. J. et al.

Korean Chemical Engineering Research 64(3) (2026) 105170

Calcination process

— | (a)limestone(CaCOs) (kiln: 1,000°C/1hr) Quick lime(CaO)

CO, gas etc 18 ~ 20% emission

(hydration(H,0)

(carbonation(CO,)

* slaked lime(Ca(OH,)) > calcium carbonate (CaCOs))

Carbonate mineral

Calcination process
(kiln: 1,000°C/1hr)

L., (b)dolomite(CaCO;MgCO5)
CO, gas etc 18 ~ 20% emission

The soft burning dolomite is for

Soft burning dolomite(CaOMg0O) > steelmaking : calcining rate

CaOMgO 85%

(a) Domestic conventional process — carbonate mineral : limestone & dolomite

Ve Calcination process
H (microwave kiln: 950°C/1hr, vacuum)

I CO, gas recovery : decarbonation

\ [CaO +H,0

=

Carbonate mineral

Calcination process
Il (microwave kiln: 950°C/1hr, vacuum)

Il
L (b)dolomite(CaCO;MgCO;) “ CO, gas recovery : decarbonation
Il

— (a)limestone (CaCO;) > Quick lime(CaO)

Soft burning dolomite(CaOMgO)

Microwave silicothermic reduction reaction 0

(CaOMgO + FeSi)[1,230°C/1hr, 0.05torr] I
Mg crown(metal Mg)) H
Non CO, gas emission Il

(b) new process — carbonate mineral :limestone & dolomite

Fig. 1. Scheme of (a) domestic conventional process — carbonate mineral : limestone & dolomite, (b) new process — carbonate mineral : lime-

stone & dolomite.
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2 EMEH (Rietveld method) o2 #4133t}

Ca0, CaO-MgO¥} A A o 2 HAs ehibd4o] Jes o
Za}7] flato] AAMIAL FAFAAFAR] 7S (FE-SEM, S-4300, HITACHI,
Japan)S- ©]-€-313Tt.

273 ¥ CaO-MgO(7 247 )2 1 Aad 3l Wk o] 851
Mg crowns A|Z2317] 218l 95 A4S Jaw crusher(BB
300, Retsch, Germany)= 1 mm ©]8}2 &2l|5k3L Al %1571 (Sieve

shaker, Ro-top sieve shaker(213-203, 3] 7] ©] 3, Korea))E ©| &3}

vacuum gauge . .
g g;, @ CO,, O, measuring instrument

L CO, gas —»

1.1kw Magnetron
R ——

heating
insulation cell

Thermal couple

Limestone & Dolomite

water
cooling

Aspirator

—_—

CaO(=Ca(OH),

(b) Cover

Water cooling

Mg vapor

1,230°C

vacuum

Mg crown

Magnetron
(2.45GHz, 1.1 kw)

briquetting
(CaO-MgO : FeSi)

Fig. 2. Scheme of experimental process with (a) microwave furnace — carbonation process(aspirator), (b) microwave silicothermic redcution

furnace.
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o1 100 ¥4 (mesh) (140 pm)Z F-5310] $-AA)Q1 FeSiol &35
Atk A A|Q] FeSi(75% Si, T)E 35~50 mm 17|15 #2451
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SkQlet. 2.19] wpA] et dhetel] A<dt nhel o] 213 A/d Wt st
AZ3F CaOF o]g3}o] ofxu|golE 9] 108]8] 3¢l Ya1, 742}
CaO 1 wt%(218 g), 2 Wt%(436 g), 3 wi%(654 g) 1L %
S 43810 XRD, SEM #4181t

Fig. 2(b), Fig. 3()2 2] W45 A]3] 4] 3} 5817 20 mm,
500 g ¥ 5 950T, IXRF B Ry 2 07 24390 we-a] 9]
739, 273 F CaO'MgO 262 go] Do om, H7F FHA=238 g0 =
o] EERES} WGl oJsl|A] WSt CO, 7Foth9-10]. H=F 7F
491 238gS CO, 712 715 1 wi% O & ¥hiks) Whe-9] Co, 71~
T2 o] g3t 2.19] mpx|ut whefol] A&st ukel o] HF A
T ste] A Z3 CaOF ©l-8-3o] okl go]E| 2] 108]H 3
1, ZVZF CaO 1 wt%(238 g), 2 wt%(476 g), 3 wt%(714 g) €L
T AAJste] RS FAd3te] XRD, SEM w433t
Fig. 39 (a) 38 vlo]AZ o] H 44 Z (microwave kiln,
M2(5F), Korea):= 3] %-2]0]™, 950C, 604 5t 22319 CaO,
CaO-MgO% #|Z5}0] XRD, SEM 415 33t} nlo]g 2 9ol B
7FER Y F 2 ALk W H A (heating elements)=A] SiC(1,500 ml,
purity 99%, t=5 mm)(F 1L-25%: 1,400C) A2 &] A (cylinder)E
AR89 o mlo] 3 2 1} wHAYAR] = v1Y| E E (magnetron)(LG
electronics Co., Itd, 2M 246(2.45 GHz, 1.1 kw, air cooling type),
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(a) limestone
(CaCO03)
Grade : CaO 53%, CO, : 44%, impurity : 3%

l

Microwave kiln
1) [950°C/1hr], 20mm,
500g[CaO 282g:, CO, gas : 218¢g]

2) vacuum condition

: aspirator(10 liter, water pump : speed 19 /min)
3) carbonation condition

(a) CaO 1 wt%(218g) : CO, gas 1 wt%(218g)

(b) CaO 2 wt%(436g) : CO, gas 1 wt%(218g)

(c) CaO 3 wt%(654g) : CO, gas 1 wt%(218g)

(b) dolomite
(CaCO;MgCO0;3)
Grade : CaO 30%, MgO : 21%, CO, 47.9%,
impuritf 1 1.1%

Microwave kiln
1) [950°C/1hr], 20mm,
500g[CaOMgO 262g: , CO, gas : 238g]

2) vacuum condition

: aspirator(10 liter, water pump : speed 19 /min)
3) carbonation condition

(a) CaO 1 wt%(238g) : CO, gas 1 wt%(238g)

(b) CaO 2 wt%(476g) : CO, gas 1 wt%(238g)

(c) CaO 3 wt%(714g) : CO, gas 1 wt%(238g)

l

Microwave silicothermic reduction furnace
1) [1,230°C/1hr], 0.05 torr
2) CaOMgO 100 mesh 82wt% : FeSi 60 mesh 16wt%

Fig. 3. Scheme of experimental process - (a) limestone, (b) dolomite.

Korea) 8711019, @& Al (heat insulation)= AlL,O; A2 ] @ &=
(t=50 mm)©] 1L, PLC(programmable logic controller) % 71315
ol-gato] mlo] AR 9ol B A4 2L ST nlo] AR glo] B
AT wAAs Tho]dA, 1 AR} rdEle] A RE v1d
k= Ul 71 Aolek3-10].

2-3. 22 No|I=Y 0| AAPERIZES| Mg crown M=
A mfo| AR OB 22 JF 24 T (Fig. 2(a))ell 2
A Foj AWML 100 H4 (mesh)= 38T 4
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3] kg0 A9l H 2 AT E(FeSi) 1.5 kg2 60 #4] (mesh)Z
Eafate] 150°CelA] 12 AIRE 5 EF AZsIqth A4 9
CaO%= 23} F2 8| Whg-810] =3Ha(Ca(OH )R] 7] wiieell,
T ARG WA S Al TS AT AL A A

of] - NayO + K,08} ¥-5-51°] Mg crown 55 44 &
Aso] A4 o] a7 wiioell T8 11xsto] ARESISITH3S].
38 (4, briquetting) 292 A8l 2] A3 7] (model : JCB250T,
: max : 350 Kggem?, operating : 100~200 Kggem?,
power : 0.4 kw, &4, 220V)E o238} 7 49241 (100 mesh)2}
H 24 2] (60 mesh)2 82 : 16 wt%Z E33lo] BRI S 45 x 25
mm EFE 3715 wHERl)

Fig. 3(b)<] vle] 2290 B 114 F 3¢ 2 (microwave silicothermic
reduction furnace)(M2(5%), Korea)2] T-%+= =2 HE| 2, nlo]=
ZlolH B AFof vl 14| E & (magnetron, 2.45 GHz, 1.1 kw,
321 LG electronics Co., Itd, Korea) 147]7} x| =|o] njo] a2
glolBE ZAR} A A 2= SisN,-SiICE AHE-5Hl 2w (F H):
%714, 3,000 ml £, 77 : 7 mm, 3L 2% : 1,400C), TAA)
o] &= ¥-8-7] (retort)= STS 310 24(2,500 ml, 7] 5 mm)
o|r, ZAA) 9)Folli= LFuu} GAA(ALO; board, F7: 50 mm)E.
Astlnt. WA= vlo] Az o] A Aol A o] Ay
sk mkdlE S717F 65, e e, Wk kAl
Gejolrt. 2l ghlel X AZ(R-9H2], model : MVP 24, 0.005
~0.5 torr, 713 £ 20 m/hr)e} AAAA 2 3-& FASFATE 45

x 25 mm EFIE 3719 AR5 1|5}, Fig. 2(b)Q] vlo] 229

Ek
4

oil compress

Table 1. XRF analysis of limestone & dolomite (DS MDI).
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9

>
|z

T4 d 3 2 (microwave silicothermic reduction furnace)©l]
500 g5 Y1, 1,230C, 603, 5 x 102 torr 733} TFAde-
SAIAA Mg crowns A|Z3FATE, A28 7 aweAE A
19l WES-0 2 |23 Mg crown ©]& =8°] 80 g thH] 76.5 g =
95.6%7} ARt ol Mg crowns XRD 24 31t}

ol (I

r
e of

3. 48 & I
3-1. A3|AMdn} EH2Mo| 2A
B Ao M 2748 407 gy S A3, We-A
(DaeSeong MDI Co., 1dt) (20 mm Z71)Q] v A4 948 o] &3}
Atk A1 84, Wle-4 9] Ca0, MgO, Si0,, ALOs, Fe,05 #4135}

7] 818 XRF #2418 A&} Table 1] (a) 2134 9] F7)140 %
(Ca0, MgO, ALOs, Fe,03, Si0,) 0 2+ CaO 53.36 wt%, MgO
0.2 Wt%, SiO, 2.33 wi%, ALO; 0.01 wt%, Fe,03 0.1 wt% = 2]
= Ueh. XRF 24 A}, AR 2314 9] F215= F591010H1,3-8].

wle-29 o] o] 2 318} 2402 CaO 30.4 wt¥%, MgO 21.7 wt%, CO,
47.9 wt%©|T}. Table 18] A5 vlwshd 57 22 5 &4 <+
AT}, W2 0] AAIE(Ca0, MgO, AlLOs, Fe,03 5)C. 2 CaO
29.9 wt%, MgO 21.55 wt%, SiO, 0.11 wt%, ALO; 0.38 Wt%, Fe,03
0.12 wt%= 2= $1TH9-10,35].

Fig. 49] XRD #2] A3}, (a)= calite(CaCOs) AHN T2 3}
=0, Si0,9] quartz A7 TEE FAE .0, Table 19]
Si0; 233 wt%oll 913t 2o % WSt} Fig. 4(b)x= dolomite

Samol Component(wt%)
ample
P ALO; CaO Fe,O, MgO SiO, Theoretical chemical composition CO,
(a) limestone 0.01 53.36 0.1 0.2 233 44
(b) dolomite 0.38 29.94 0.12 21.55 0.11 479
6x10° - D
Dolomite : CaMg(CO3)2, Calcite : CaCO3, Quartz : SiO2
5x10° |-
. 4x10° (b) dolomite : Daeseong MDI Co., Ltd
z o Joep R p p D
(\._// C
2 3x10° |
2
E L
.5 %1 05 | (¢) Calcite - CaCO (XRD ICDD card : PDF#01-086-0174)
, C
¢ c ¢ ¢ ¢ S -
1x10° |-
- L (a) limestone : Daeseong MDI Co., Ltd
0 ? A Q J A A A .fu.
) 1 . I 1 N L A )
10 20 30 40 50 60

Two-Theta(deg)

Fig. 4. XRD patterns of (a) limestone (Daeseong MDI Co., Itd), (b) dolomite (Daeseong MDI Co., Itd), (c) Calcite — CaCO3 (XRD ICDD card :

PDF#01-086-0174).
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(CaCO3MgC03)2] A4 39} calite(CaCOs) AZA=A T32 Fig. 2(a), (b} & A9 ¥4 02 234, Weas =23 w}
eSS, ()= XRD ICDD card®] calcite®] A4 32 olZZ o] B AR HF A 2 2siA geitsl wkg-o =
peak® A 3147} WM O] AN 2 Rt | 218l VEREIT WA CO, 7hAE W 27191 ofavl o] o] wilFe] avte] 2
alx] Z3A| slpste] ofAaT|glolE 9] =229] Ca(OH), &N RE-3}
3-2. Ma|Mu} WRM X5 Yol S H COo, 71N S& o] ¥kt /o] 7hsstm, Al &4 ¥ Ca0, CaO-MgO7}
Fig. 1(a), (b)= 71&2 343 2 A7-2 13 24 2d& v A z¥ch
37] Y&l =aF o R sk Aolut, 183l Fig. 29 (ays 434w Fig. 5(a)= A13]4, (b)= MAS Fig. 2(2)2] 248 rlojaz
ul9-A1 0] LA mjo)|FZ o] B A E O T AAS Eoto] & dlo)B A2 AT AA 2707 A3)4 500 g, W4 500 g

1, 950C 523} 4] A| Exbiba)l w80 2 W%k COo, 71AE
HA| 3]47817] 918l W 27490 ok golH R ujEste] CO, &

AFE FEQ A3 3} Wl -4 o] ehekaks) Hh-g-o oSl A WAy st
CO, 7}25 AF ehAla} ukg-o] A8 7 o] &30 2% 7|F shaft

o

o df,

kiln® g8l 7|2 WESh= CO, 715 & s 23 gibs) S5 599 HFet el ge3oln) Fig. 5(a) 248142 950T H-2
WS- o] g3h= A& A& QA (—HER)sA Bdslr] S8l =2 Al 9F 650C (52 A2 F 27 v gekatd) gkgo] Al&ato]
3}et Tk B3 Fig. 2(b)= Fig. 1(2)Q) A 24 CaO-MgO©] #1 7 CO, 7}~ 5571 0.03% volo] S0, o] g} FAlo] XF

AH g0z &4 == 318 Fig (b9 2ol 13 24 F dojx HSRE 7007 (-2 AlZE 5 oF 28%)d w] A= SITE 950C B

re e

123 CaO-MgO7F MR TER] vl Al o] o] 8- & 5= 9 T oF 12 5 2RAIS} Aol 2% CO, 7R wiEE HY 53.48%
FAY vlo] Az o) B raAgkd R 72 TTolth Vol 57 - ehehils) Hkgel] o)k CO, 7R s sttt

Fig. 1(a)> ARHAR1 2 7ol eJaiA] 27 5 43142 CaO, ol o} FAell FU2950TC =k F oF 43 Aol 2 308 mm
3 1Hg& 714 Ca(OH),, ©HAFS} WEg-2 8tef CaCOsE T4 Hg 57 § AA# 0% Agste] 2ehalsl nkaof 23t o, 7k
FTH3-8]. Fig. 1) AWFAQl 247l oA w4 E7F sk B AAIBITHA 1), Fig. 5(a) 419149] a8
CaO-MgO= Az, 2 Al A0 =nt 285 a1, 4 2} FE (A 5D - (24 F YR A A4 0%
7golr] vt CaO-MgO7} 8=t A 1= HI R G IR 99%°]tt.

-85 3 Gt WA A 5] of| v]s)| A 717} Sk A4 7EAE

s£017] SIAAE Ca and Mg 2] W3317] 913 40 1 13 (930 CaCOs ™ Ca0+ 200:1 W

Ca0-MgO®9] =8} kol 7]zt 9 7} nks- 8l kg ol Fig. 5(b) W41 950C & Al F 480°C (5 A2+ §- 213%)

W3k Ao) Qe He)7} 7FsslH9,10] Hd 31 WHSA] Ca0-MgO2) o wf gekibst wkgo] dofit CO, 7k F%7F 0.03% volo] 57

Az v - FE vhle Al 3ol DA olh(35]. Uk w10, o)e} FAlel FFeto] 7HAsk] ARt o= 2 (2)9F

2l shaft kilnol| A= A o] 85% = WhE 3} Whg-of 7|13k o] WA ol MgCOy7} BEHits} ko] Yojuhi= 3102 2

Ca and Mg 2] HEgo] g~4] ¢t ()%} Fig. 5(2)2] W39 3! CO, 7k 528k 27 3t 2 Al
(a) limestone (b) dolomite

0 50 100

900 —1 - J. 900 845°C u
[ / }:T:::i::;’go‘)ffz:gi‘; 710 In-950°C. 60min | I I heating temp of microwave kiln - 950 'C, 60min
600 £ s 600 / | dolomite 500g — CaOMgO 262¢
300 [ 4 .8 300 /
ok 4 0 —
= vacuum press change of decarbonation reacting - 950 'C, 60 min
700 vacuum condition : aspirator

heating temp(C)
heating temp(‘C)

J vacuum press change of decarbonation reacting - 950 C, 60min I

e

O,

—~
) 600 / vacuum : aspirator %’J '
E L . . = | vacyum drop starting@480 °C., 21min
= vacuum drop starting{@700 ‘C, 28min = 560 -
% 500 ]
7] 9] +
5 \ / 5420 -
o 400 o -
g . : E] I 328mmHg@842°C
= [ 306mmHg@950 C, 4 2
& 300 s 280 ] . A ]
S F T
iesion - CO, gas emission : 238g
54 CO, gas emission : 218g 60 AN\ ‘ 2 o
— CO, gas emission volume o) / ‘ CO, gas emission volume
2 . | 53448 % vol max of COJemi M’C. Imin | :0218kg/1.977=CO_ gas0.11m’ S 40 63.77%vol max of CO, pmission C| .0238kg/1.977= CO. gas 0.12m’
J - g ) + 2 .
c;\,, * CO, gas density 1.977kg/m 2] | | * CO_ gas density 1.977kg/m’
< of ‘ 2
oh
~
o
@]

18 - -1 20 | -]
| 0.03%vol of CO, smission@650 T, 27min O | 0.03%vol of CO, emi ion@480°C.,21min¥ J
0 = 0 ==

[
1 L | 2

0 l 50 I 100 0 50 100
time(min) time(min)

Fig. 5. Temperature, vacuum press and CO; gas % vol profiles of (a) limestone, (b) dolomite by microwave furnace (950°C, 60 min, vacuum
condition (aspirator)).
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5x10° limestone(DS MDI)
-950°C, 60min, vacuum condtion
Phase Source wt%
. Lime - CaO PDF#01-070-4068 97.6
Aellr > Quartz - SiO, PDF#01-085-0798 2.4
PR XRF(wt%) Ca=69.8%, Si=1.1%, 0 =29.1%
2 . L:Ca0,Q:SiO,
O 3x10°
= L
‘3
&
= 4
= 2x10"
4
1x10* |- i
W= JL k
I . ) N 1 1 \ I . L ;
10 20 30 40 50 60
Two -Theta(deg)
5x10° -
(b) dolomite(DS MDI)
L -950 C, 60min, vacuum condtion
L Phase CaO  MgO
4x10* |- wt% 540  46.0
XRF(wt%) : Ca=38.6, Mg=127.7,0=33.7
L L(Lime) : CaO, Pe(Periclase) : MgO
—
L 3x10° |
O
z -
2
g 2x10* "
'5 Pe
1x10* Pe
L
I Pe JL
0F L
! . ! " ! 1 i 1 . 1
10 20 30 40 50 60

Two-Theta(deg)

Fig. 6. XRD patterns and SEM analysis of (a) limestone and (b) dolomite - microwave furnace (950°C, 60 min, vacuum condition (aspirator)).

840C A ul CO, 7k F5% A 63.77% volo] F4 F AR Aoz
skl om, o) gRiilsl whgo] ek o] 7he Z1S ojwlsle,
AFUE FH A 328 mm Hg 574 F Az 02 Frtsielnt. o] &=
2] (3)g} o] W4 Yol CaCOy7} Btk REg-o] dojita
850 |5 W24 20 mm 27| UF71A] EEALS] HEg-0] o] o]
A= A& g1kt Fig. 5(b) 9124 9] 2AJE2 {([(& A

Ay - @ F FANAS A FA0.479) 02 99.3%0] T

(480C) CaCO; - MgCO; — CaCOs - MgO + CO, 1 @)
(850C) CaCO; - MgO — CaO - MgO + CO, 1 3)

Fig. 6(a) Fig. 2()2] 528 vlo]|ZZ2 0|8 22 AT &
A A0 R 434 500 g2 950, 147 B3t ol v o] E o]
g-5to] @ehaksl Whg-S sho] CaOF Al $ XRD, SEM 418t

AtZo]th, XRD 4 A3}, Ca0 97.6%, SiO, 2.4%%= 1] HH-5- A3
21(CaCO0;)2] peak LFERIA] b= A0 2 Hof &Ebabs} wk-g-o]
zho]Folx A& & 4= Utk SEM o]H| A& B Ca0 44 §l
Ap# ERITE Hwang[3-819] th7 19 4240 227191 mo] A= glo] B,
2AE L CaO WA Ats} s AES Bl

Fig. 6(b)= Fig. 2(a)2] 28 nlo]aZgo]B. A0 21F 24
ZA0 7 WA 500 g2 950C, 147t F9F o} Ay o]HE o] &
slo] grebaksl uk-e-S- 310 CaO-MgOE A% 3 XRD, SEM 24
3t Al 5o]th, XRD 4] A3}, CaO 54%, MgO 46%% 1] Hh-S- ]
#4(CaCOsMgCO03)2) peak> WEFA] o= A 0 & Hol dehils)
HE-g-o] o] Folxl Z1& & = UUTH SEM ©]u]| A& B CaO
24 JA= JEATE Hwang[9,1012] th71 24 27491 mlo] =
290|824 29] CaO-MgO 4] Ao} FUst BES HIIT)
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0z

3-3. M3|Mu} WRMO| XIS M| 2T B E B

Fig. 7<= Fig. 2(a)8] 743 wlo| =2 ¢lo] B A ZE L] JF 24
Z71 07 o} Ad|go]E &) 4239 Fig. 3(a)2] carbonation process2}
7¥o], Fig. 2()2] 41314 500 g, 950°C, 1417}, W3ol oJafia] uhyst
CO, 71229] 218 g& 1 wit% 7|2 2. =, Fig. 3(a)2] (a) CaO 1 wt%
(218 @), (b) Ca0 2 wi% (436 g), (¢) Ca0 3 Wi%(654 g)< o} 23]
glole| 2] Frzzel 247} A3 Aol 3} AlAH Ca(OH), dEdE I

S 1 23S A3 Fig. 7(a)i= CaO%} CO, 7k~ 1 :
wi%2] &= 213 27 — §aksl ihE-E wAl ol X138k A Z’ﬁ
o, & &5, pH, 3% W3} T8 zolm, CaO(=Ca(OH),) — &
2H(CaCOs) mﬂ 7gto] o] Fo) %= pH WMsh= 5 § °F 42
T

B A3, 52 25 950C T2 & ul pH 12 — 702 ghakzi4ro]
S B A S #9113,5,6,8]9] carbonation reaction¥} 5 3+ pH
W7t dojykom, Z1F9% pH #igh Al W2} SU3shAl vl
o] Fig. 5] Wa 24 T2 guhiks} uh-gof o3t IAlE o,
7t % vol2] SR TUTE T2 E 4] 3]4] o] RS} HES-2
A&} F5 CO, 71 % vold} 20] carbonation process”| LofLf=
A& &ql & <=t} Fig. 7(b)= Ca02} CO, 7FA~ 2 1 1 wit%2]
HEE F 24 - Bk i8-8 SAlo JstiA 54 &
2 2%, pH, ¥ A3} 7= o)r, CaO(=Ca(OH),) — BHAHZ
F(CaCOs3) T/ HFho| o]FofA]= pH M= 950T -4, 403+
73l pH7E 120114 1102 Wgkeiet. o]= Fig. 7(a)2] pHe] Wiste}
O A2 Ca0 g&Fo] S7lof] & Ao 2 Rlth Fig. 7(c)&
CaO%} CO, 7k 30 1 wi%2] BI&E X3 &4 — ') REg-S
ZAo] Wb EA =4S & &5, pH, X3 W3} 17 zo)
], pHe] WS} ATkt 950TC 741, 4030l w2 8HA pH 112 ¥
S} ©]= CaO T S7tell 2gt A Bl ] Ca(OH), & CO, 7F~
o] ek 3 wkgo] =7l dojuls RS g1 SISith

Fig. 8 Fig. 2(a)2] 728 vlo]AZ glo|H A F o] Xy A4

(a) limestone - CaO: CO, =1: 1 wt%

(b) limestone - CaO : CO, =2: 1 wt%
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Z0 =7 ofAuHo]E 2] 229 Fig. 3(b)<] carbonation process2}
7o), Fig. 2(a)Q) WA 500 g, 950°C, 1A17F, Wg-of oJafiA] w4
3k CO, 7F~9) 238 g 1 wt% 7|52 =2, Fig. 3(b)2] (a) CaO 1
W% (238 g), (b) CaO 2 W% (476 g), (c) CaO 3 wi%(714 )& o}

ouslellolEl ] Sel 247} A1 Aol 5} A17] Ca(OH), BEFHE

wH5o] T3 A3S XY, Fig. 8(a)= Ca0%t CO, 7F~ 1
1 wt%8] BIEE 213 &4 - &bs) RS Aol ZsgstaA =

At 52 25, pH, X3¢t s} 182 o], CaO(=Ca(OH),) —
ERAEAR(CaC0;) T4 K gko] o] FoiX| = pH Wdl: 5 F oF
2% A3}, 52 252 950C =2 ¢ uf pH 12 > 702 gkt
o] T4 Hi= A2 #<91[3,5,6,8]2] carbonation reaction?} <
pH W 3l7F dojuton, 23t wsh= pH W3} ARt
¥ = 31 MgCO0;9] getits) whg-o] A dojutar, 71 o]
CaCO57} doju}7] EHTOH AES H A7) pH 7R U oF 45 0
e O™, Fig. 7(a)2} AE 24 — gAke -39 )\*19:, pH, i
ok wis}9) =ola}7) ure}»hﬂr °]%= Fig. 5(b)2) A3 24 52
RS} kgl ost WSk CO, 7HA % vol] & Mki} Y3t
o2 wle-a o] 'ehilksl whg-2] AlZ FE CO, 71 % volzt
70| carbonation process”} o= Z1& &2l & 4= 9IT}9,10].
Fig. 8(b) CaO%} CO, 71 2 1 1 wt%2] HI& 2 Xg A4 — eiks}
S-S sAlel Adshad ST, S 25, pH, I3 W3t 1
#3Zo]m, CaO(=Ca(OH),) — BHFAE(CaCOs) 34 Hgho] o]
IR = pH W3H= 950C 4], 405 Aol pHZ} 120014 1102 ¥
skatalet. o= Fig. 8(a)2] pHO] WISt9} ThE 212 CaO §Hgol &
7kl w2 Ao 7 Belt) Fig. 8 ()= Ca0%} CO, 7FA~ 3 1 1 wt%
O HEE Wy 2 — A} RS FAlol FalshHA S5
S &5, pH, Z& ¢t ®st 1320l pHe| WSk} §lth7E, 950T
A, 4020l 245 pH 112 HIghE o] CaO 3 T71el 2
ok gl o] Ca(OH), 2t CO, 7142 ©akztgr 3HA wh-3-o] 527

>'EOO\
rﬁrsL'rmJ

¥

oX Al off _YE,

(c) limestone - CaO: CO, =3: 1 wt%

time(min) time(min) time(min)
20 40 60 80 100 120 0 20 40 60 80 100 120 40 60 80 100 120
T T T T x T o T
—~ 900 eaxmgtemp(C) { 5 900 |-[heting temp C | 5 ot hmung temp('C)
e g =
o £ &
£ 600 | i £ 600 | p £ 600 |-
3 2 3
» S ®
= L 4 = E ol =] »
= 300 5 30 3 300
= = =
o . o E o
! L L | L )
138 F 7 1216 [ eof H
change of pH 125 change of pH|
o]
Z1s - 1 0= Bai76 |- |
& £ 1881 E S
=3 g o
S 921 1 2 I Zi140 | 1
8 E st E £
5 5 H
69 |- b 11.02 | B
110 | E
1 1 1 1 1 1 [ 1 1 1 1 1 1
2 660 [ S esof 1 2 660 |- 1
E H g
3 2 £
‘;: 550 - g £ 52| i £ 550 g
2 E E
2 440 |- g g £ 440 | E
s o 30 E %
g % £
£ 330 | e £ E 330 [ 4
£ £ 260 [ i £
- 1 1 1 1 1 1 1 1 1 1 1 1
o 40 so ao 100 120 0 20 40 60 80 100 120 0 20 40 60 80 100 120
time(min) time(min) time(min)

Fig. 7. Temperature, vacuum press and CO; gas % vol profiles of (a) CaO 1 wt%
CO; 1wt% by calcination process and carbonation process :

tor : (a), (b), (¢) - CaO + H,0)).

: CO, 1 Wt%, (b) Ca0 2 wt% : CO; 1wt%, (c) CaO 3 Wt% :

microwave furnace(limestone, 950°C, 60 min, vacuum condition (aspira-
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(a) dolomite - CaO : COZ =1:1wt%

(b) dolomite - CaO : CO1 =2:1wt%
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(c) dolomite - CaO : CO} =3:1wt%

time(min) time(min) time(min)
0 20 40 60 80 100 120 0 20 40 60 80 100 120 0 20 40 60 80 100 120
] o] gme] ]
— A | | heating temp( C) i | | heating temp(C) i
o 900 - o 900 5900
= = ]
) \g 600 %600
§ 00 - {1 § - - § L -
on I ]
g 3 ki
® 300 — ‘ﬁ 300 E & 300 -
o 2 2
= - = 4q
0k 4 0t 4 ot .
1 1 1 1 1 1 Il L 1 1 1 1 1 1 1 1 1 1
12 b change of pH| _| 125 | change of pH - 1216 - change of pH| |
1 =] o
=178 e
o1 1 S0l I
s S °
[=] of o o
° > D11.40 | s
2 = 41 Ens| 4 g
LI 5" 5
5 J
6| J 110 | i 1.0z - .
Lo 1 L L L 1 Ll 1 1 1 1 1 P 1 1 1 L ]
2 [ mmig, vacuum pressure | o [[mmHe, vacum pressure] p 70 [ mmHe, vacwum pressure]
z 700 b 4 Emf 4 3 -
Z B g
£ £ 5 560 |- .
£ 560 - — = 560 |- - g
5 E] g
g 3 S 420 | ]
Z 420 | - > 420 R =
= = -1
= = £ 280 | 4
B 280 ¢ 1 1 1 I 1 1 | E 280 | I 1 1 1 1 7 E I 1 1 1 1 L E
0 20 40 60 80 100 120 0 20 40 60 80 100 120 0 20 40 60 80 100 120
time(min) time(min) time(min)

Fig. 8. Temperature, vacuum press and CO; gas % vol profiles of (a) CaO 1 wt% : CO; 1 wt%, (b) CaO 2 wt% : CO; 1wt%, (c) CaO 3 wt% :
CO; 1wt% by calcination process and carbonation process : microwave furnace(dolomite, 950°C, 60 min, vacuum condition (aspira-

tor : (a), (b), (¢) - CaO + H,0)).

dojupi= 218 FRIsIqlT).

Fig. 9(a), (b), (c)2] XRD, SEM +4]-& Fig. 2(a), Fig. 3(a)2]
carbonation process 2} ¢, Fig. 2(a)2] 4134 500 ¢, 950°C, 1A]3E,
RZo] A BE CO, 7HA9] 218 g2 1 wi% 7|F0 2, A9
37 Fig. 3(2)2] (a) CaO 1 wi% (218 g), (b) CaO 2 wt% (436 g), (c)
Ca0 3 wt% (654 gy ok~T g0 ] Fe3eof] 242t A3 el 475}
AlA Ca(OH), dEtNE ¥50] 11 AYE X 3sto] 33 et
ZH5(CaCOs3)°]th. Fig. 9(a)2] XRD #4] A3}, Calcite (CaCO3)2]
AA} T-Z 88.8 W%, Aragonite(CaCO5)2] AAA -5 11.2 wi% 2
2ol ¥ glom, o]i= A 5] o] ghetaka} 1-5-2] CO, 71~ 1 wit%s}
Ca0 1 W%} TR 100% A8 E|QIUh= 218 g9l & 5= 9o,
SEM ©o]n|%] ¥4 Az} Wk5=8 © 2 VeI Fig. 9(b)2] XRD £-4]
A3}, Calcite(CaC0;)2] A7 T3 66.8 wt%, Aragonite(CaCO;3)°]
A T3 21.5 wt%, Calcium hydroxide-Ca(OH), 11.7 wt% =
oF 10%7} §FFs} RES-0] LojubH] o= 71 0 & e ] Ca(OH),<]
FE 57l 7191 = R o2 skt 3,5,6,8]. SEM ©]n] x| A},
Wy © 2 gkl B9t} Fig. 9(c)2) XRD #4] A3}, Calcite(CaCO3)
o] AR T2 47.6 wi%, Aragonite(CaCO3)2] AAA T-% 20.7
wt%, Calcium hydroxide-Ca(OH), 31.7 wt% = <F 30%7} gHxts}
HEgo] dojupx] ob= Zlo 2 HEl O] Ca(OH),2 &= 57t 7]
9l 3l A o7 AdEvh3,5,6,8]. SEM ©| v %] A3} w53 9

oT ©

CaCO;8} T4 &S] Ca(OH),7F 231 HI9iTt.
Fig. 10(a), (b), (¢)&] XRD, SEM %412 Fig. 2(a), Fig. 3(b)2]

carbonation process2} 7°], Fig. 2(a)] ¥-2] 500 g, 950, 14]

Zh A gof A A3 CO, 712 238 g2 1 wi% 7O =2,
Fig. 3(b)2] (a) CaO 1 wt% (238 g), (b) CaO 2 wt% (476 g), (c) CaO 3
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Fig. 9. XRD patterns and SEM analysis of CaCO; - (a) CaO 1 wt% : CO; 1 wt%, (b) CaO 2 wt% : CO; 1wt%, (c) CaO 3 wt% : CO; 1wt%
by calcination process and carbonation process : microwave furnace (limestone, 950°C, 60 min, vacuum condition (aspirator : (a), (b),

(¢) - Ca0 + H,0)).
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2 Eske] Bkt A4 82 wi%s) FeSi 16 wi%s &
Fatgion, Sl CaF= ARS3HA] QEQITH35). =3 Alme A E
(%, briquetting) 29 #1374 233 7](model : JCB250T,
oil compress : max : 350 Kgf/cmz, operating : 100~200 Kgf/cmz, power
2 0.4 kw, T, 220V)E o83k 424 (100 mesh)e} 24
2](60 mesh)S 82 : 16 wt% = &3t5to] BRI S 45 x 25 mm EF

11

48 7718 4=k

7422924 (CaOMgO) 9} ol 22 2] Z(FeSi)e] 124 8hel W&
Ca0$} Si] WFg-& 53t Ca-Sio] HFES A F o] HFE]

MgOE FHAAI7]= RESF) Si7t 214 MgO el o] £ Si0,7}
Ca0%} HH3-& 3to Ca-Si 53 4lelE-S Bdshe vhee] HE-A
3j HESol oJsliA Y sle] Mg gasE SF/A74 AT 4-
735]. 930~1,175°C AFo]ellA] 2] 49} 2-& ukgo] aloL}, Ca02)
g Wh3-5 E3 Ca-Sicl HFER! CaSiyZt A E T CaSire= &
M) 3}5hE (intermediate compound)® 873 ©] 1,060TC]™, Ca,Si0,
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_ (a) dolomite, CaO : CO,=1: 1 wt%, synthesis CaCOs

C
2.0x10° |
~ 1.5x10° |-
2]
=1
=]
]
O
=
R 1.0x10° |
=1 A <
i \£of
b=
g | ' " a0 5
5.0x10° | C: Calcite (CaCO )

00 \&*___.A.&J LAMWW

Two Theta(deg)
(b) dolomite, CaO : CO,=2 : 1 wt% synthesis CaCO;

3x10° | c

~~

£ 0 f

=]

]

@)

N—

)

=

a

2

E 1x10° C: Calcite (CaCO,) 72.8 wt%, A : Aragonite(CaCO ) 25.2 wt%,

CH: Caldum Hydroxide(Ca(OH,)) 2.0 wt%
40
Two-Theta(deg)
(c) dolomite, CaO : CO,=3: 1 wt%, symhesls CaCO;
C
3x10° |

P e ¥

2

£ 20 b
O
N

2
R

=1

5]

=
= 1x10° F C : Caldite (CaCO,) 71.5 wt%, A : Aragonite(CaCO,) 14.4 wt%,

CH | CH: Calcium Hydroxide(Ca(OH, ) 14.1 wi%
1 1 1 . 1 1 {

10 20 30 40 50 60
Two-Theta(deg)

Fig. 10. XRD patterns and SEM analysis of CaCOj; - (a) CaO 1 wt% : CO; 1 wt%, (b) CaO 2 wt% : CO; 1wt%, (c) CaO 3 wt% : CO, 1wt% by
calcination process and carbonation process : microwave furnace(dolomite, 950°C, 60 min, vacuum condition (aspirator : (a), (b), (c) -
CaO + H,0)).
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1.0x10° - .
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Fig. 11. (a) XRD patterns and (b) photo images of Mg crown using microwave silicothermic reduction furnace (1,230°C, 60 min, 5 x 102 torr,

Ca0O-MgO 82 wt% + FeSi 16 wt%, 500 g).

4CaO0(s) + 5Si(s) = 2CaSiy(s) + CaySiOy4 (s): AG® 400k = -6.7kJ
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2Ca0(s) + MgO(s) + Si(s) = 2Mg(v) + Ca,SiO4(s): AG® 400k

= 152.5kJ 7
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