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Storage of Carbon Dioxide through Indirect Carbonation
of CKD

Park, Seyoung

Department of Civil and Environmental Engineering

Graduate School of Korea Maritime University

Abstract

In this study, we have developed an efficient indirect carbonation technique
which stores carbon dioxide by making it react with cement kiln dust (CKD)
involving Ca. Since it contains considerable amount of CaO (43%) and its
particles are very fine (23.08 #m), CKD is a very suitable industrial waste for
mineral carbonation. Through Ca extraction experiment, at first, we have
determined the optimal conditions for the type and concentration of Ca
extractant, the extraction time, and the mixing ratio of CKD and extractant.
Results show that the most efficient extractant includes hydrochloric acid,
acetic acid, ammonium chloride, and ammonium acetate. The best extraction
performance occurs at 1.74M (10%) of extractant concentration and at 30 min
of extraction time. As well, the most economical mixing ratio of CKD and
extractant is 1:10 (g/mL). However, the temperature and stirring speed hardly
affect the efficiency of Ca extraction. To summarize, over 87% of Ca could
be extracted from CKD under the optimal conditions. In the subsequent

experiment of carbonation between Ca extract and carbon dioxide, it is found

_Vi_



that high efficiency of carbonation is obtained up to 89.2%. As well, high
purity of CaCO; is produced by ammonium chloride and ammonium acetate,
whereas no solid is formed by hydrochloric acid and acetic acid. We conclude
that up to 318 kg of carbon dioxide could be stored by 1 ton of CKD through
the carbonation at 25C after extracting Ca by ammonium acetate. It is
expected that this study would be helpful to resolve global warming issues
and make many contributions to reuse of CaCQOs, cost reduction of CKD

disposal, and environment-friendly treatment of CKD.

KEY WORDS: Mineral carbonation, Indirect carbonation, CCS, CKD, Calcium carbonate
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A3 ddA7E 2 HH

3.1 AdA s

3.1.1 95E4(CKD) g1

Aol ALE3l= CKDE D AMES| ALl A FFigton, 2 Hojq #2353k
o dHAACIHe BRyste] AR CKDE A8t A+ A
X-ray Fluorescence Spectrometer(XRF) 7]7]2 o] &3ale] HA = A
noem  AEg AAAVIE FAHS] A o|A3)d Y= EA7](Laser

#
Scattering Particle Size Analyzer)E o]&3l] J=EAS AA 4T

3.2.1.1 HHEA 24
Ca A&g HuF wWe] 828 F A& &
]

2o g 12HAE  Agde] 8243

9ol A2 7] 95t TS
TPtk sulfuric  acid,

hydrochloric acid, acetic acid, ammonium chloride, oxalic acid, citric acid,

flo .P‘

ammonium acetate, sodium citrate, sodium acetate, ammonium citrate,
ammonium oxalate, water. %7} 0.7M<] Z+zte] & 50mLE AHZEet2~=0
Yy pH &4 % CKD 5gs Yo 1HH|E 11102 yAAT &=
g gLmdtrlel ¥a 25T, 250rpmol A 2413 B9t wRkEk T wkgo] £
HErl S 0454m FWEH FEIZ A% thg §FN 9| pHE ZSAHBIL AAS
o] §299 Cadl F=E FHIATH
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3.2.1.2 ¥H-&AIZF A A

AZbol W& Ca 8% W3SIE dolBa FHZ HEGAILE EF37] 95k,
HA LA AR APoNA &&o] A U2 5714 £Al(hydrochloric acid, acetic
acid, ammonium chloride, ammonium acetate, sodium citrate)& AFH&3+3ar, Rt
S A1ZH10, 20, 30, 40, 50, 60, 120, 180 min)< ZElste |AFTES Y33

o U AFEEbE 2 2A4e 3211 FFeA 2R AF 3 L&

3213 ur& s AA
H

aWrEEE 100rpm, 150rpm, 230rpm, 250rpm, 300rpme.Z E8|ste] AdS
2133t k. Ammonium acetateE A2 ARESA L ZHZ 30min F<F &4
s APstAch A Ay 2 24 3211 HAHEA AR AP
L5t

3.214 Wrg2x AR

‘3212 dEEAIZE AR AP A et sL7 57| A AFESER AL, WS
=5 25T oA 80C7HA] Z=A3ste] 30min & £&E54FS AystAt. YA
A3 3 2 2de ‘3211 HEFHEA AA APdH FLsT

3.2.1.5 1H] A7

AH&-E = CKDY &3 &4 F39 vl&(adn)d & Ca &5 43 3
o] AN E A9t ‘3.2.1.2 HESAZE AA AP et sLI S7HA] &
AE AHE3FY AL, CKDol kS 1g, 2g, 5g, 10go.2 ZH3le] 30min ¢ &&
AP E WYt Ur‘ﬂxl ZA3 AIPHE ‘3211 HHEA 2H AP
Y3t

3.21.6 A% 4

‘32.1.2 WS AZF AR AP ALEF 5744

1.74M, 2.64M, 3.48M=Z %43} 30min <+ &4
k3

A 9 xde 3211 FH LA A% A

o
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(a)

(b)

250

410

160

Fig. 3. Carbonation reactor schematic

(a) Floor Plan (b) Front elevation (c) Side elevation
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3.2.2.2 ¥43} Hk-g
Ca 8&4PdA &) ¥ 5714 €A F sodium citrateE A9 g 4714
£-A|(hydrochloric acid, acetic acid, ammonium chloride, ammonium acetate)&
=23 HAY ZAMFEAIZF 30min, RWEE 250rpm, HFELE 25C, 9]
1:10, &A= 1.74M)ellA CKD&F 242y wh-gAlA ghaksik-go] E a3k 4714
Ca =9 500mLE Zn3tgct zZ+ze] Ca £E9L
A8 "o ARl F, FEEEE 23 foEHE dojx

i
Kok "bgxo WHgHo| dbarrt 2 wWi7hA olitEEaE FES FAR

0min F WA g3 wSze] ol olAsHAE FEULE Jof )
Z3th 4714 Ca §2L o] §3 BABUSL 25T, 60T, 80T A 27 3

Fig. 5. Reactor for indirect carbonation
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A4 A3 5 1

4.1 45 E4(CKD) &4

D AREZ AL A F51-2 CKDE 9 2L Hon, Yxa7|7t Zof
A g B 9 g AAYTGAE AAA & vtE AP AE-SHATH
AHESEA] %2 CKD&= HiAAIOlH A Rty XRFE o] 834 #2493 CKDe
3lstA B A3t= Table. 13 2t}

rr
WL
flo
o

Table. 1. XRF analysis of chemical composition of CKD

/\cq) T't_" Ca0 Si Oz Al 203 Kzo MgO F€203 SOg
=

42.66 13.67 4.56 3.44 2.78 2.09 0.94

CKD+= CaO, Si0O,, Al,Os, K0, MgO so.2 FA=0o o, o] T Ca0 ol
42.66%= 714 E=dth ©kshEkEo] FAER Ca &Eel £ CKDe ZEW
Akt ATE sl A9 dE]de FRAskATh

R e4kst jES-S Fal oldtsetAE Ty H o R AASr] fdlAE Ca A4
e HUZ &=3t= zlol sa3stH, CKDo dAA7|I7E §EA = FFS
mE S oduta 2o HolASd =4 A, CKDE 2717} 23.08 4msl of
F A dAdE & ATHFig. 6). e vA A RAEd vad o
CKDE 94A =717} A3 Ze #Holtk: fly ash(40 xm), oil shale ash(100 . m),

slag(z}a] % 45 4m). wWehA CKD= &4 2 o] MAedA glo] eatshdt
s YEE AT o fdon, MAgd Bad AduA7t defEo] Al =
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100 _— Sample Name x(50 %) [T TTTTTTITI T T T T T T[T 06
= ag - ? -
— | = Sample-1 23.08 0.5
g B S I
£ e 104 §
S B0 £ 5
o L o
£ s0f 103 5
= - =
an |- 1T
z - 102 &
E 20 - Hpq O
o 10k - [ TITT 11 |
oL [ . AT Y O T Y Ll 00
01 0.5 1.0 5 10 50 100 500

particle size/ ?

Fig. 6. Laser diffraction particle size analysis of CKD

4.2.1 HAA&A 2A

25ColA &3 F=7F 0.7MS] 12714 8AE o]83k Ca 843 234E Fig
79 YetidT. o 57HA &Ale] AF Ca &' Eo| =4 UEETH
sodium citrate(40.9%), hydrochloric acid(37.5%), ammonium chloride(36.2%),
acetic acid(33%), ammonium acetate(32.3%). ®t@ ol citric acid(0.02%), oxalic
acid(0.2%), ammonia solution(0.7%), ammonium oxalate(2.0%), sulfuric acid(2.2%)
< 8AE ASEE e &=l AY ol FAAA Ask=dl, ol LT E
= &Y Ca Aol &52 Aolgkes A4 += vE A3

gZ88°] =4 Yy &4 F sl ammonium chlorides} CKDe] Ca €&
A& 2D Yepllon, Ca &4 o|4tste4ote] &4ksinkg 32 2
(2 YEFi AT

&%
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4ANH,Cl + 2Ca0 — 2CaCl, + 4NH; + 2H,0 @))
ANH;3 + 2CO, + 2CaCly, + 2H,O — 2CaCOs; + 4NH4Cl 2

21(2)¢} zo] ammonium chloride 4= Cas AgH oz &5 4 9oH,
& & B 2 ARE A7 Fste] Aa

o] &£ &4 o]tHBobicki et al, 2012).

Ammonium citrateE AF&3 SEFA oAM= FeaurdA 243 Bk &

go] CKDSF wkg-ate] TustA oM A o ol dds WL 71 |

At EE4F Ay Fo pH HIE AHEA &F o= ammonia solution

S AYstar= pHZF 0.36~8.4301 oy &= 3 pHe citric acid®} oxalic acid

Aestaies B 12 ooz A7 ZE7t S tHTable. 2).

21000 1 50

Ca elution amount (mgfL)
Elution efficiency (%)

3
R
i ;
s

Fig. 7. Dissolution of CKD in an aqueous solution of various solvant
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Table. 2. Ca elution experiments before and after pH

Solvent Before pH After pH
water 7.15 12.76
sulfuric acid 0.36 12.26
hydrochloric acid 0.37 12.04
acetic acid 2.13 12.27
ammonium chloride 4.67 12.05
oxalic acid 0.78 9.42
citric acid 1.41 3.22
ammonium acetate 7.02 12.28
sodium citrate 8.43 13.24
sodium acetate 7.87 12.76

ammonium citrate 4.89 -

ammonium oxalate 5.40 12.75
ammonia solution 12.6 13.3

a : Impossible to measure solution is solid by reaction with CKD

4.2.2 RH-3AIZF A4

CKD9} &40 &&43F WHSAIZEE FH& 30%oA Ao 2A7HA] HE &
T2 AFES Tk O Z3NFig. 8) APl AHEF dREEY A= wE A
ol §=o] dolom o] =F3t7]7bA] 3079 RF-gA|Tto| Fi3tth+=
RS & 4 Aok Hydrochloric acid$} acetic acid, ammonium acetateA A9
& WhEAIZEe] 3041 A9 2AIR] A £EE LY ¥t S Hol
30 oldjel] RE R®EZo] $EHEES & & AT ol CKDe Y==717F

o

23.08 ym= wj-¢- WA W] &A9} vhEd ¢ = HiEHH o] yo w
EAZE Yo Hkgo] ¢hd" Aoz FAk®EthKodama et al, 2008). WO
sodium citrate®] Z-¢-ol& ¥-&AIZko] 20% 7HA& ©E 8A9} &&o] Hlxs
U 1 o]F=E 5080 & wi7tA] AEA &F WSl JAAHL JFS & F
AATh. kA sodium citrateE A tFEE] AV 0% ool &Fo]

-
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SAIHE 30E o7 vABEY Y. Acetic acide}l slag
2t A3 Agolx o] o] 304 ol w3l

—&— hydrochloric acid

—B—acetic acid

—$—ammaonium acetate

—&—ammonium chloride

—&—=odium citrate

a 30 &0 90 120 150 180

Time (min)

Fig. 8. Kinetic of Ca elution efficiency

423 airEE AA

Fig. 9o ammonium acetate- 84 & A& §FH o2 WHIEEE 100rpmol A]

300rpme ® GAEE SRS W, Ca §F8 &S YEUWAT. ubtE=E S7t

ANA B stHgte Cadl &= = 7

#v} 300rpmeo. 2 Wy S 7
A

ayrse] 47 EeaaE 49e Bugds 1Teb
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= 40
£
g
=
E 30
.
.E 20 —+—ammaonium acetate
<
d 10
0
50 100 150 200 250 300 350
Stirring speed (rpm)
Fig. 9. Stirring speed of Ca elution efficiency
4.24 WHg&% AR
S-S ME Ca 85 &8 A9 Fig 10 oA B nHiel o], %9

=
|28 &9 WHIle £2%E YEhde ZoE Hol 257 £FF &0
MR s dFS AY fle AeE2 UeEt o= Ca §=wkgo] T4drkgolr]
= | Yol &S =7t YolA7] wjZeltt. Teir 52
acetic acidg& &A2 AF83ld] slage] Ca &= 4Ad 2 <
!

4 A
B FEEEL WoP1, WIEEE F/ldgnin R

rlo
rlo
b1
2
X
i
I
N

e
T AAARE, T Zpol7t HA 5%® 1w A FUTE LEdte] o] o] F9
HoHE vl ew s 25CE nAste] A¥S st
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50
= 40
E .
. - 2P —=— hydrochloric
o - — A
; g h HE : o acid
=] —B— acetic acid
=
LT
E 20 —&— ammaonium
E chloride
o —— ammaonium
310 |- acetate

—a— zodium citrate
a
QO 20 40 60 B0 100

Temperature (C)

Fig. 10. Temperature of Ca elution efficiency

Table. 3= CKDS} 8A17F whg-3k7] A3t whg8tw & Fo) pHE vehioh
£2uke Mo pHE &4t g8 CKD9} #wHealx W 3o pHE 84
o} 2o F#glo] pHI2 o4 o2 =A ERTH
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Table. 3. Ca elution experiments before and after pH by temperature

Temperature
Solvent . Before pH After pH
(C)

25 12.04
40 12.21

hydrochloric acid 0.37
60 12.07
80 12.24
25 12.27
40 12.43

acetic acid 2.13
60 12.33
80 12 .45
25 12.05
40 12.19

ammonium chloride 4.67
60 12.09
80 12.21
25 12.28
40 12.46

ammonium acetate 7.02
60 12.33
80 12.43
25 13.24
40 13.47

sodium citrate 8.43
60 13.41
80 13.49

4.2.5 1148 AA
Fig. 1104 ¢} Zo] &4 50mLell ¥g-3k= CKDo| ¢S 1gollA 5go= FS7hE
s . 22y w3k CKDe| <
1 ol FHE &5 = Cadl 2 W3t flglt. pH¥sK(Table. )= 5g°]
%ﬂﬁt:ﬂlmﬂﬁgi.%%[)% BAth agste] &A 50mLelA F&3t
Cadl &= 8= 4 U= CKDY ol HA 5gds FUsdth. Caol &=4

Obo
i
i
r
®
o
o
o
o
o[N
N
uli}
filo
0
4
X0,
32
u)
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3 59 CKD HElE 1#Este] 1HHE 1002 vASY v A

skt

Ca elutiion amount {mgfL)
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INNRSNNNAY

o
ftlo

B hydrochloric acid
Elacetic acid
Eammaonium chloride
Hammonium acetate

O =sadium citrate
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1 2 5

Solid to liquid ratio (g/30mL)

Fig. 11. Solid to liquid ration of Ca elution amount
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Table. 4. Ca elution experiments before and after pH by solid to liquid ration

Solid to
Solvent o _ Before pH After pH
liquid ration

1:50 0.92

hydrochlori il 125 0.38 7.90

ydrochloric aci 110 . 12.30

1:5 12.21

1:50 4.69

0 4 1:25 5 15 10.58

acetic aci 110 . 1243

1:5 12 .45

1:50 9.51

) 1:25 10.44
ammonium acetate 4.88

1:10 12.15

1:5 12.22

1:50 9.72

) 1:25 10.69
ammonium acetate 7.15

1:10 12.43

1:5 12.47

1:50 13.13

) . 1:25 13.26
sodium citrate 8.51

1:10 13.27

1:5 13.33

426 &Asx A%

Mol A 1.05M, 1.74M, 2.61M, 3.48M WH3IA|Z S w Az
o e &AM F8A R AY w&7F ok E C
o] &E8 &0 FUIeA oY, L74M o]} e] FEAFEHE &858 W3V}
AN HIFFE o =&3ATh. Sodium citrated] A$-olE &3 Yo}
26IMs=2= ZAE717F o#H Y] 43S L74M7HA] Jgstson tE &4
o} mIZIAZ 1.74MY W oo Ca §&F &) vl aglste] &4 9
TEE 1L7AME A3 Table. 404 YEH ARl &Alsxl Wt &=

ofo
12
lo
off’
i
O

rr

e
oQ
=
Ky
o
o
=
30

o
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Fig. 12. Solution concentration of Ca elution efficiency
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Table. 5. Ca elution experiments before and after pH by solution

concentration
Concentration
Solvent Before pH After pH
(M)
0.7 0.37 12.04
1.05 0.28 12.17
hydrochloric
] 1.74 0.09 6.83
acid
2.61 - 0.54
3.48 - -
0.7 2.13 12.27
1.05 2.07 12.47
acetic acid 1.74 1.54 11.67
2.61 1.45 5.09
3.48 1.33 4.64
0.7 4.67 12.05
1.05 5.02 12.16
ammonium
] 1.74 4.91 10.57
chloride
2.61 4.88 9.92
3.48 4.92 9.63
0.7 7.02 12.28
1.05 7.23 12.50
ammonium
1.74 7.33 11.03
acetate
2.61 7.41 10.38
3.48 7.56 10.16
0.7 8.43 13.24
sodium citrate 1.05 38.38 13.23
1.74 8.23 13.53
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4.3 ©AFSES
4.3.1 Hydrochloric acid &4

5

4
]
i & blank
-
2 O25%C
i A A 60°C
z A é Fa
= @4 X KX
X oK XX ¥ BOC
1 %ﬁ@%{x X *
0 H
0 200 400 600 200 1000 1200 1400 1600 1800 2000
Time (s)
Fig. 13. Kinetic of pressure drop (hydrochloric acid)
1.74M hydrochloric acid® 250rpm, 25C, 30min ¥-3 ¥, Ca A& S 853 &
=9 500mLe} o]4tslebAole] BH4ESE W3S REE FEste Y% AAE
Azl wE  pressure drope YEFU ATHEFIg. 13). Blanke 25C oA Ca A&

f

o] £EFHA &2 L74M 4+ §AF o] Er Aot WhES UERH T zo
t}. Pressure drop®t XM hydrochloric acid &AAFg Al, o]4F3lekA7) A # o
He A4S Yeploy, A4S 3% BE 2504 Hkgo] Ed §MofA
+ obF-§ W37 itk AlRte] ARt E A EHE aAE gl

]
]

4.3.2 Acetic acid &4
=7 1.74M<Q1 acetic acidE A3 §&HS 250 wet o]itsieri o) HE
%/\1213 ) Ax= Fig. 149} 2t} Acetic acid®] 79l blank Bt} &=

o W o] pressure drope] @Al WEbY pressure dropZ FRE-eS B3-S wol& o]
abslek a7t AAE A et @]*L%EP g & 25T, 60C A$os ofF-#
Wel7h UEhpA esou) 80C WS eEelA £uE A A4 dol A
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Fig. 14. Kinetic of pressure drop (acetic acid)

4.3.3 Ammonium chloride &=

Ammonium chloride §A2 Z-$-o= gakshitgo] ¢ 2 dojythFig. 15).
A Zbell w2 pressure dropds}t ApE s gh4kspik-go] 2 = Yye= o
= A+=d, YA 2¥3 hydrochloric acid®} acetic acide] 7-$-RE.t} pressure
drope] H& A= WEA doltom, Apgte] 3HEE BAHSREES A&
Holgds & & vk I8 v 3, AAEHE S do o] HlwE Ht

o},
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i  blank
-
@ Oa2sc
=212
8 A 60°C
o

1 * BO°C

a 200 400 o©00 800 1000 1200 1400 1600 1800 2000

Time (s)

Fig. 15. Kinetic of pressure drop (ammonium chloride)

4.3.4 Ammonium acetate A

Ammonium acetate®] 7 -%-oll & ammonium chloride®] 7 -$-(Fig. 16)9} 7 &Fo)

Ml UEhgon, Bashbes] AZLE MED EEE Futh Argel 2
JEgom, BE WSLE ZUo)A A4 do] YU

4 bW
8
i & blank
-
& Oz25%
22 * *»
g ABOC
(=T

1 X BOC

a 200 400 600 BOO 1000 1200 1400 1600 1800 2000

Time (s)

Fig. 16. Kinetic of pressure drop (ammonium acetate)
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SAEg & A" de BlACd K710 Aeds UL 2EFE oY
H Aol freeze-drierE AF83te] 7=x3FSth Acetic acid@0C), ammonium
chloride, ammonium acetate &A1& Ar&ste] AHH A2 2T 49 wAE
ZolAth. XRDE o] &3t AdH Ao HA&e 4% A= Fig 173 2t
Ammonium chloride(Fig. 17b)¢} ammonium acetate(Fig. 17¢) &#|& A}-&35}<]
AAE Ao 937} calcite(CaCO;) 3 A (Fig. 17a)9 & L3 Ao Z Hol o]

27t 2 calcted & AT = AT

=R I E A

(a)

ER

ecd B

13
o 18 20 I8 0 B VA0 &S00 80

(b)

(c)

u_-. (Y |__L _-I__,"!_'I:._ S— J\.l__.__.l'h I P—

Fig. 17. XRD analysis results generated by the carbonation reaction:

(a) CaCOs(calcite), (b) ammonium chloride, (c) ammonium acetate
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Table. 6. Precipitation and yield due to the

carbonation reaction (1.74M solution, CaCO; standard)

Solvent hydrochloric acid acetic acid ammonium chloride ammonium acetate
Temperature
() 25 60 80 25 60 80 25 60 80 25 60 80
Precipitation
() 0 0 0 0 0 7.4 41.6 41.5 41.9 21.8 30.3 39.7
g
Carbonat ion
) 0 0 0 0 0 14 .8 89.2 89.5 90.4 47.9 66.5 87.2
ratio (%)
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;30
g N
3 125
- M acetic acid
g 20 =
e O ammonium chloride
g L
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“ 10
5 I
a
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Fig .18. Effect of carbonation temperature upon precipitate yield at 5 bar.

ARE S AEYdeS VIELRE 49 olista A TS UEdT
(Fig. 19). Ammonium chloride &A1& A3 74-¢ W20 ot AA ==
ojibstREA o] Fe & Apol7tb gle 1

COy/ ton CKDZ @& o] oxtaletAE A3t Th. whdo] ammonium
acetate®] ZA-tolv WHE2E7F Foldd wel AFEHE ot ae] dE F
7Vel= AdS Yyellor, 80Ce A% 297 kg COy/ ton CKDO.Z  ammonium
chloride Bt} o]4bslerao]l A AFeFE HUT) Acetic acid o Agol= W2
= 80CY w o]4ksteha Aol 61 kg CO ton CKD o2 7bg %9ttt
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350
3 by N
300 % §
. N N
58250 % §
% E 200 | %
E - % O acetic acid
8 & 150
g v # ammanium chlaride
g % RO B ammonium acetate
50
U 1 1
257C GO°C BO°C

Temperature ['C)

Fig. 19. Temperature of CO, capture amount

B Ao 33 A7 A= 318kg COo/ ton CKDo = slagE AF&3F 7]
o] FHHEASL AFAF R oj4tslE A AAFEo] 2 ~ 358 =A UER
(Table. 9).

N

«

Table. 7. Reference comparison of the indirect carbonation of industrial by

products.
Waste Solvent Results
CKD? ammonium chloride 318kg COs/ ton CKD
Slag” acetic acid 90kg C0s/ ton slag
Slag® ammonium chloride 160kg COo/ ton slag

a : Performed result, b : Eloneva et al.(2008), ¢ : Kodama et al.(2008).
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