CrossMark
& click for updates

oh=2al| 22t A - ol 4 K| st3| x| http://dx.doi.org/10.7846/JKOSMEE.2016.19.1.18
Journal of the Korean Society ISSN 2288-0089(Print) / ISSN 2288-081X(Online)
for Marine Environment and Energy

Vol. 19, No. 1. pp. 18-24, February 2016

| Original Article |

alimet AxIeix)dztAle] BRI b3S ol 3k ol Akshek Mg AT

Zicha)! . 71 Z) 2f
1?5]'35H01:EH61~_1—]!_ 3Ho]: J,1r61~7] 6‘]—6]— J,]_
sersrslogolet 97 e

Study on Carbon Dioxide Storage through Mineral Carbonation
using Sea Water and Paper Sludge Ash

Dami Kim' and Myoung-jin Kim>'

! Department of Convergence Study on the Ocean Science and Technology, Korea Maritime and Ocean University,
Busan 49112, Korea
’Department of Environmental Engineering, Korea Maritime and Ocean University, Busan 49112, Korea

Ok
=

FO

*P% VL‘}EP A 24, EMlE 52 ST SSASHE T WhEAIA A 0 R Agshs Z]selth
oilElRAE AAal] 218l dlret e AMFARER] AR SHA LA (PSAYE
A& &3l sl PSAE o] 88 2 4RHis} whg-o] HA Bule] k@il PSAS] 8]t vt
SAE o]&3 AAuiits) vhol| srel g 2 SR AR RS wo] ojatsheka AR
vl waplet. o)ikskekA AR SAIsES 5 uAIST R A5 s ol &allA ArtsiSith. A E el AR
s PSA# wAIBEL 67.2%2] ZHgs E3EIAITE 25 °C, 17]1¢olA] S5 PSASE E§ste] oJ4lslebaE 0.05 L/min
Fow 9 h— *Ji}ﬂ&%ﬁl FH A gue] ot RESAIRRS Z42F 5 mL/g, 241301 lH sl el 2 s BlE *}
%aﬂ/q PSAS} 7}7} £38k thS whailalale u), o]akaleka Aeke 7k} 113, 101 kg CO,/(ton PSA)CIQITE. 342
ARt} Ewﬁ} AR O caleite FEIS] TR Aol elul vl o R A EOIRN AL, 2T E AF%
S w2l VAL calcite FES] BAFAUNS RIS

N

Abstract — Mineral carbonation is a technology for permanently storing carbon dioxide by reacting with metal oxides
containing calcium and magnesium. In this study, we used sea water and alkaline industrial by-product such as
paper sludge ash (PSA) for the storage of carbon dioxide through direct carbonation. We found the optimum conditions
of both sea water content (mixing ratio of sea water and PSA) and reaction time required in the direct carbonation
through various experiments using sea water and PSA. In addition, we compared the amounts of carbon dioxide
storage with the cases when sea water and ultra-pure water were separately used as solvents in the direct carbonation
with PSA. The amount of carbon dioxide storage was calculated by using both solid weight increase through the
carbonation reaction and the contents of carbonate salts from thermal gravimetric analysis. PSA particle used in
this study contained 67.2% of calcium. The optimum sea water content and reaction time in the carbonation reaction
using sea water and PSA were 5 mL/g and 2 hours, respectively, under the conditions of 0.05 L/min flow rate of
carbon dioxide injected at 25 °C and 1 atm. The amounts of carbon dioxide stored when sea water and ultra-pure
water were separately used as solvents in the direct carbonation with PSA were 113 and 101 kg CO,/(ton PSA),
respectively. The solid obtained through the carbonation reaction using sea water and PSA was composed of
mainly calcium carbonate in the form of calcite and a small amount of magnesium carbonate. The solid obtained
by using ultra-pure water, also, was found to be carbonate salt in the form of calcite.
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AFdsis Al A AAEA FFEA ol X2l ¢
=L oIS A (N,0), WIRH(CH,), = 318(SFy), A= s}et
Z~(HFCs), ZH=-3}5~(PFCs) ©3kFekA(CO,) 52 247k~7 gt
% om, o]akale A thE A7 HE) A2 dER] e
X0 AA] A7 A wlEFL) T7%S 2PX 8wl A7
717 (WMO)9} 5 A1 3H873 A1 (UNEP)- o|4lsterar) 2ytste]
FHolgta F41A 02 MASIATHIPCC[2007]). AlAl ZH=2 7]
SHIFE, WELYA, REARIEEA A T vkt R o ® o)
Z oAIstEA: FEE Aloal] gk S 7)ol glom, o]
AbstekAs 327 9l 2% (Carbon Capture and Storage, CCS)el| &gt
= sl Js A Qlot.
EEMlshe olilglRlAE A= Ve S shuE oliksl
= Zgolv ridls 55 FE aSAskEd WAIA &
o] EIFER P Aslk= 7ol 1 dElE the
2139} ZTHKim and Kim[2015]).
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Ca0 + H,0 — Ca* + 20H"
CO, (aq) + H,0 — 2H' + CO;*
Ca** + CO,* — CaCO; (s)

9l kg2l et deeiy EE5E Za 9 vtdlsd §
ot £212]9 pH7F 55575 U W oF9 olilbslekiE At
T Qlth. 2R R FEesleA & ol ilshekaso) Nhg-ak Sk
o] o] W s s AR, oakslekA) SEtelEe] &
B3] WSS Qe S sk Aol TSl FEEAE)
o] daEdE Zgolut vilgs ofd et AdEE B o

HeS ARESE 5l AREA, 3, A 5
FAFEo] FEEIE daF AR EoIgT, Htoll= 3%
o AAFo® o]Fo] W AT 2k
EAL, ARE A, A7) 5)S wel ARgskaL Sl FAllo]
THKim and Kim[2015]).

AR &2 A 22+ A (Paper Sludge Ash, PSA)t A =] 37 (Paper
making process)olA 'Ash= SeAE AR AMHARER o
2ko] Z-S 3-3-81al JtHGunning er al[2010]). 23+ PSAE &
HES310] pH 12 o1de] =& SIS vER L, YA} rlAlste]
Erazo] 7] uiigel FEghiksle] vl fuldt 218 251 Qi)
A7 A AL CZE PSAE F=rHlste] 8= AFgsto] o
Abslebas A s 77 FE H J3E QL) Gunning et al[20101
6714 F572] PSAE o] g3to] ghitsl A3S WYsIel). o5
PSAS} E& E3t5lo] R W5g Ve ohs, oAkslekA ¢
2ol 2 bar® FA41% = WEE-87] oA 7124131 &<k ©Atksketo]
FHo)| 26%2] Bl E S-S A9t ATANE viFo R o5 7
2] ks 2] AT elstas s Atk 8
gk QiAkta AEAITE. S A A UlollA ol Alstzds
= el FeEE EAE o ehksiakgo] 2 dojdt. o

Table 1. Concentrations of elements in sea water (Leggett and Rao[2015])

Element Concentration (mg/L)
Na 10,800
Mg 1,290
Ca 411
K 392

H Perez-Lopez et al[2008] PSAS} F-A}sE AR 3-7g ol 4] WHAlsl=
4] H71E-8 30 bar, 30 °CollA] 48717 < ©AIEIEl] 218 kg
CO,/(ton waste)s #7g3I3ITt. o] A2 AR HFAHES 0] 83 &
FEESE At BlE) B2 o]Aksleka Aol A u, AT
Z71o] agtolg} o] ARg-EFo] Wil REGAIZE Bgth ul-g- o
A Aol Hgsh=d] oego] Stk
= RARSESoll Fofd = Sl 2t vhvlers 238k
Qlom, 1 Byt 5= 212 411 mg/L, 1290 mg/LO|CH(Leggett and
Rao[2015]). T3t a5 UEER, ZHE 59 ool Fehil, gt
59 ol v gHskal 9lo] dFargo] 7hest] witel
pH7F =2l §IsHH] o=ttt slidrel] ek o] s =E Table 191
HrERg ST
FE o] &ste] orlslRtAE
&Sk, OFEe A= LRl 3
Z12=|3]t}. Soong et al.[20041> 2, ZHE, UER, vl 1vlE 5
o] WFEZE EABH: AF2 pHE FAIEFECE 2Hg §, o]
Atk E Felste] 'lslshs A3 thekdt pH, olilsleia
= Sth o150] pHE 117H4] =39S
11.5 g/L9 1A 35813111, o] A= 95%2] CaCO,%) 5%2]
Fe,0yF £3=]o] QISitt. o] 52 ofatsleka A)akel] 7 &
g m|R)E AL pHo 1L, olabsleks hgolu) &% Z7lo] g}
A= olaksleha AR I GEbAA] okthar Rtk et

Druckenmiller e al.[2005] Al 714 72 G55 7F 1L vk

slgt=tl, o5 AA] ¥RsEgell 71 F S mIR)E A pHEfAL
B3tk 358 Soong ef al[20061 Z5H} nlvlge] S50} w2
el pH ZHEEAE Aeks|E Zgsto] eRksREe-S We3]3]
o} Bk 3w Ao A7) 21.9 g/L S8k, OF 30%7) BhAE
20 2 o) FO A= AE FRIBISIT. 0] 52 BAkshLS- o]
7 et AR o] o] aksleka Aol gk Flo)etar Fetsto] g
abstagS ARkelGitt. ool v st sigE o] 85k Al 7HA] A
Aol oJebd, 4 B vl w59 pHi kst a gl o
S w2z 7P F28k QAo tH(Kim and Kim[2015)).

I ATelA= PSAS) FlFE ol8ate] AAeilsl W o= o]
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# Aol AFESE PSAE Ul H AKX SJARA 53k,
Z3F vk dsiAl AlolAl vixAlelE ol Baalgint. sl iy
kel ZHF 3] 1 pum FElifrol A= o sigiet. sigee] 2+
7 vl vl 5% AAS(AA200, Perkin ElmenE ©]83l0] &
Aakelar, a9k Bkl F &e9]2) pHi= pH meter(Orion
star 211, Thermo)E ©]-&3t] S35 th. PSAC] - A2
g 9l sletE JHE 27] 28 XA 334 (XRF-1700 X-ray
Fluorescence, Shimadzu) 3! X4 3] #-4(XRD, XPert-MPD System
X-ray diffractiometry, PhilipsyS A5} T},

PSA°] e Zgdt vl oilslekiel Hig-sto] A
Ao ghiled ez At 1) ghalshiks- o]7ol] PSAC] o]
n] Exsh= §A0] S YO P E PSAS] AFHHEA(TGA-7
Thermo Gravimetric Analysis, Perkin Elmer)S A A|slo] g-4Fs}
A PSACl X3 'y, '’ e] e ARSIt
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2.2 ERSHES
=9} PSAE o]&3t BMlalHES- A3 & 2
Fojg o olaksleba AAS ek AFe] AA| JE = Fig.
o 3

2ot AL 8 g3l w25 21 A1ZSESIT) Pyrex Al
Acio] o

AP WhgFE 1L gego) 1, el opaksleka f94 9l 5
WHHE 247 ARSI}, g ol gAkskg-oll= 99% o) Akser
2 ARESISIAL, oSk A RRkE 2] S8l ] W
FEAE A
cheFet §me] oFat WhSAIRE oA 'SR X alEko]
al=9} PSAE o] 85t Axiehrlste] A xS A4, s
Agitator
€Oz regulator CO2 inlet CO: outlet
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Fig. 1. Schematic of carbonation experiment.
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2.2.1 PSA =] A gujje] o 4%

TheFgt gulo] F 23S W] 918l PSAS] 5 1St AE
ol 3tk el FulE 2Elsiglth W-8-20l PSA 2 Rk
R3] (40, 100, 200, 500, 1000 mL)2] al+= ZHz}F Qo] &ejg] AF
B2 BHE TR, 25 °CollA 250 rppm O 55 FQk wikEISith &
22]E wksPaA olikleAs 0.05 Limin F02 2417 B9t
Flste] gakslslolnt. SelElE 0.45 um WHE Q] JE|Z o]}
3t 5 ofF}l o] pHE SAINALE LA E TR TET] A

105 °CellA] 12413F 59k 1x=8le] FAE S48t
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222 HR3AIZE A%

FH 22 PSS AlRhs E=E3h] 213l 10-300% 57t REgA
7+ gl sto] st wkg-Zel PSA 20 gt 3l 100 mL
doj &) JEE TR T, 25 °ColA] 250 ipmlE 5% 5
aHEIT) £8E)E wikePa A o)A AE 0.05 L/min 3
o7 A% AIZH(10, 20, 30, 60, 120, 300%) E<F F98l0] AL}
STk o] F AL «22.1 PSA ©H) Aabd fuljo] oF A7g el g}
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223 &8} 2eTE 0] &3 'ksk

7t BAREEoll vX]= P &7 flEl 2ETMilli-Q
Academic A10, Millipore)E 2T 0.2 ARE-slo] AL 35
Stk 7 7 EiElret 227)E 7 o AY T
A3 st Hhg-z=ell PSA 20 g2} £+l 100 mL
2] JHZ e T, 25 °CollA 250 ipm o2 5% F
Atk EelelE wRisPaA oislRAE 0.05 Limin 0% 24
QF FYsto] eIt o] 5 A3 «2.2.1 PSA W] A
o] & A rexsl FLs W o= A3t IAE TGA
EAste] 'hlsiRgoll oal g 'Rk (§EA <, etk
F)S AL, o] ATE 7IE O dl5et 2EFE 083t o]
AR A 22 ARTsISitE. B3t IAlE XRD w4181t
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3.1 00 2 PSA &AM

Ao ARE3 a2 pHE 830.% oFe|AdS wQ)ar, 2yt
vl 55 42 474 mg/L, 1322 mg/Lo it} o)L B39 7
3k} Bl gloluh, AubA o 7 FEeldre] pHE o) AR Ul
sol wel G| 9k H 8.30] 1L (Waters and Millero[2013]),
2T uld 0] i ESs M7 411 mg/L, 1290 mg/Lolth
(Leggett and Rao[2015]).
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Table 2. XRF analysis of PSA

Components Content (%)
CaO 67.21
Sio, 15.02
Al O, 6.62
MgO 437
SO? 2.72
Fe,0, 1.77
P,0O; 0.53

t}. XRF 2414370 o&pa pSAcl S8 24 SRS 67.2%%
l]-§- 3=9kCH(Table 2). 01712 ©AFAE0] Folo] FAS AT
7] 9%t 3§ ks 9 FHAR v AREE7] wlito
vl SHRS- 4.37%% Zroll Bl vl Wkt
Fig. 2= PSAS] XRD A2 ¥o|t}h PSAS] Z44 F& lime
(Ca0)¥} dolomite[(Cayo,Mg,0e)CO;]Z T4 H ] a1, 71 9] 24,
&2ulg 4 27} AeE hibschite (Al,CazH; 10,80, 6)7F D
23] o)QIQItH(Fig. 2). 7L % dolomite= AIA|&7Fol AR Ak
4 T AF7F AR el EA] A vl A8E 3
2 PSAC] E&E Fo% A7t
RS- A PSAC] E8HE by} ghatnl )] Ske
W8] flal AAIEE TGA FA1A7HE Fig. 30 YERKSITE TGA
A eA FREAo] YR €912 25~105 °CollM= o T,
105~500 °ColM = 715, A4 w2, eAalulTu¢r S0 #3,
500~780 °Col A &= kA2 #8lE & 4 Uth(Chang ef al.
[2011]). ¥ A3 ol A}&3F PSAE F50] 0.069%, 7%, 94
Bl Bl d|gr So) 2.722%, BREAR0] 15.664% E3FE o]
SIth(Fig. 3).
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3.2 EMEEES

A B AFARES AAQFAES o] 31 A eitsl a8
=o]7] §18l] gull2] o, vESAIZE HES-2 =, oakslebao] 2 5o
& delsl] B2 AFE 85Itk (Kim and Kim[2015]). ¥
Aol s AAAJA PO ZE obksletaE As] H9l A2,
715t stellA] olatalerae] 3|
AL, A eRkst Gl 7k Qo] & QIRRI fulje] Fat vt

AR A 2212 FnAsint.
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Fig. 3. TGA analysis of PSA before carbonation.
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Fig. 4. Comparison of solid weight increase according to sea water
content.

3.2.1 PSA @] A& &ne] & 4%

PSAS] k& 20 go = sk AelelA] 2] S 40~1000
mLE ZAste] A5ebslgle o 1] FAS7 RS Fig. 400
YehlSIe. sire] a7t S, S 8ule] o] Sk

20 40
Position [2° Theta]
L :Lime(Ca0), D :Dolomite((Cay94Mgo0s)CO3), H :Hibschite(AloCasHz35012Si2.16)
Fig. 2. XRD analysis of PSA.
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= HF uAQ] FAE eI dlE 9, #le] F9)7} 40 mL,
1000 mLY ] #HF 31419] FAI= 2127} 26.9 g, 23.0 go] 2tk ©]
2L g2 o] A&4= ghakshik-go] o £ o] gkt
e kvgre] o] Wol A EE RS ofnlgitt. sk &)
97} 40 mL, 100 mLY o] IA] FASTFES 247 69 ¢, 67 g0 &
zfo]7F A2 §lSiTh.

gufo] oko] JgkS AW E Chang er al.[2011]2] AA7-A3}e] ]
sl gto] e gl Adelers Sl eiksla o] vg- v
A9k AA)/aA v]Eo] 10 mL/g ©] =W BAksla-go] 57.5%00 ©15
AER F7HICE v gue o] ¥ STRIE &80 Hile
A2 QISlt. -2 ARIFAER R E o] 25 o)ikslgt
27F galiEo] @AksREgo] dojupr|9la] Aoja o F st
Ty Fge] Bo) glow EAHY o] A7, o] 27 =T}
wrolr] ZHgo| 9] fall& o meR]7] wjitel A= eilERESo]
HhalikS 4= QIth(Kim and Kim[2015]; Chang et al.[2011]). Ukwattage
et al.[2013}= AR E o] g5t Axehilsl A3 elx] dA|/aA] v
£o] 029 Wl 7P S BARIESS AT, AA9 vgo] =
7VrE Bkl E So] Asigltt. 158 o] 45 =d 2N
ZEs S3A71 L AEEES AdshE A3k sk, TR
o] 7k A2 F=o] v o ikl A3 gt
=]7] o571 wiiZell 'Rksiikgo] 2 dojur] ko m s A% of
A/ A vEE ARshs Zlo] Fasirta A e

 AgellA] ] o) ASTS witstago] Tk,
PSAS} a7} sl Edate] Sele] et E ¢ s Al
dlom= D osttt A7 A7} PSA 20 gt E3ek= allsre] Hulvt
40mL, 100 mL & ] Z-2+e] ghiksla gl xfo)7t A< L, 38l
7] §39]7} 100 mL ©181d wli= wiko] o ik, 1ejA 42
grjle] oF A8 20 g/100 mLE A3, vk AeS o] x

A4 st

ol

SBIRLAT} AAIERE ) HhgSlo] BAIGhS AV Slait

Azro] B e stk ek U 21 AIZE 59k o) ksleka g
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rala
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Fig. 5. Comparison of solid weight increase according to reaction time.

Huntzinger et al.[2009] 732, t7]¢}ellAl Cement Kiln Dust(CKD)
£ ol &slo] o w RIS W 70% o] H2 vkska
S5 Ao, vk Azko] 2-124 2 w9 At} A Teramura
et al[2000F>- AFAHES §u2] & 50%, o)iksleka: 9 04 MPa
ZolA 2geitsl e w gaksiibgo] 1413 oulel] ¢k
L ekt a g2 oF 96% it #HZ glshhg- AR AR
AHE 9] F5F, 9] &, oakslebA o Sl wek 2] EEkA
b dwislshy |7k ook e ghilksl Alzte] Ui AW Vs
oM Gzt HAPEF A 7 A, oUA] 257F 7] whizel
Aest HhSAITRS: ZH= Zlo] S8}, 1 213 Ayjollx= 120% ©]
Ao oA s FURS W AHEIE Sildao] A
g=lo] BRbsla-go] vobslnt. wba A7zl F
AP AIZES 120802 AT}

)
lo Jr
@ ofp

323 359 2EFE ol &t vhlkske

e} S Sl = AMESo] PSAS) 217} SiEt E<k WESAIRL
&8 Q] pHE T 7H4] A9 BF 127 oo 2 =3kt 18y
o|akglekaTt 91w 31 gHaks-go] ZIS A pHis A &2 0%
ol Atk 53] 27 Sul2 AR Aol pH HEL o
A5 Uelsth S 59, gAla-go] A2k 1 45 Foj 8
9} 2eFE ARS F9-9) pHE 22 11.3, 9.80]91H). ¥AkEE
HEE- AlRto] 20i0] & w7k sllgE ARESE -0 pH7F 2
FEARIS vEg 4 1 HE 8 Eop 1 o)5oe HYs
Fek #l572] $F-s0] TR A7 Wil 'hkskgo] X
EE 2 pH7F A AAERE Alze] B dojA| 1, gHitksta o
t A veRgthal AFEETh 58 pHellK olilsle = o E
B2 EAfsl] wiel adatsla) whgato] 2890 YikaS
Ageitt 1B R =2 pHZ) A $A1E5E o B ko o]
abshekig A7e 4= Qi
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Slrel ARERIRA 22 FERR ] RES-S: o] 83t o) rksleka A A 23
100
Decomposition of ¢ @
CaCoO, |
9% I z N Ll c ¢
1 2 TR VU | UV W S, WU, | W W U
~ Decomposition of MgCO, £ (b)
9 £
5
)
3 80 . A A A AI A AL NN
[ 20 40 60 80
.g Position [2° Theta]
Q
x Fig. 7. XRD analysis after carbonation: (a) Sea water (b) Water.
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Temperature (" C)

Fig. 6. TGA analysis of solid after carbonation.

AIRS-S X3RS w), 353t 1A|2] FARE 22t 26.43 g, 2463 ¢
olqlct. dlE A W] TAITT ROl T Arhs 21 o W
e o kslekAE AASISS on|sitt. 'hlskg-ol 23 *ﬁ
A)E Bkl o] kS Asksls)] o7 el PEEAL A A6
71 A3F= Fig. 60l YERASIT

Fig. 6ol Bz kel o), a9} 2575 ARS8 73901 105-
500 °COllA S22 217} 6.49%, 6.35%0] 1L, 0142 BhAlshikS-
F aAof Eghe gkl S on ] D}. w3k d)Re)
For S AFEEE 790l 500-780 °ColM FEREALS- 72t 25.92%,
26.38%0] 11, l&% EJL 9] S ov)ith
ERbskgol oJal] A1k olatslekao) oF

l

M Wm 1

(O €= O} xS

—x10° (kgCO/tPSA)  (4)

W,: solid weight after carbonation (g)

C,: CaCO; or MgCO; content after carbonation (%)

W, : solid weight before carbonation (g)

C,; : CaCO; or MgCO; content before carbonation (%)
MW, : molecular weight of CO, (g/mol)

MW, : molecular weight of CaCO, or MgCO, (g/mol)

2 (= WAISHES - HE:AG] T, TR 25
A A3, 283 BAEsHES A PSAC] o]v] gHrE o)
S ILE% stof RESoIRIth A A e eatele] eibdsr
ik dlERl 7ol thel] 247} ol adshekA AR Al
T e "X F olaksheka ARe ASlH slaret &¢~’F§
Sz ARESiA PSAS AR ERISIE W o]iksheka ARk
Z}2} 113 kg/(ton PSA), 101 kg/(ton PSA) ©]11 3L, 35 AFHE-3S
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