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Study for the Geochemical Reaction of Ca-feldspar, Amphibole and Olivine
with Supercritical CO, and Brine on the CO, Sequestration Condition

Hyunmin Kang!, Minho Park!, Sanghee Park!, Minhee Lee'* and Sookyun Wang2

" Department of Earth Environmental Sciences, Pukyong National University, Busan, 608-737, Republic of Korea
ZDepanment of Energy Resources Engineering, Pukyong National University, Busan, 608-737, Republic of Korea

The lab scale experiments to investigate the geochemical reaction among supercritical CO,-mineral-brine which
occurs at CO, sequestration sites were performed. High pressurized cell system (100 bar and 50°C) was designed to
create supercritical CO, in the cell, simulating the sub-surface CO, storage site. From the high pressurized cell
experiment, the surface changes of Ca-feldspar, amphibole (tremolite) and olivine, resulted from the supercritical
CO,-mineral-brine reaction, were observed and the dissolution of minerals into the brine was also investigated. The
mineral slabs were polished and three locations on the surface were randomly selected for the image analysis of
SPM and the surface roughness value (SRV) of those locations were calculated to quantify the change of mineral
surface for 30 days. At a certain time interval, SPM images and SRVs of the same mineral surface were acquired.
The secondary minerals precipitated on the mineral surfaces were also analyzed on SEM/EDS after the experiment.
From the experiments, the average SRV of Ca-feldspar increased from 2.77 nm to 20.87 nm for 30 days, suggesting
that the dissolution of Ca-feldspar occurs in active when the feldspars contact with supercritical CO, and brine. For
the amphibole, the average SRV increased from 2.54 nm to 8.31 nm and for the olivine from 0.77 nm to 11.03 nm.
For the Ca-feldspar, Ca>", Na', Fe?", Si*, K™ and Mg?" were dissolved in the highest order and Si**, Ca®’, Fe?*
and Mg*" for the amphibole. Fe (or Mg) - oxides were precipitated as the secondary minerals on the surfaces of
amphibole and olivine after 30 days reaction. Results suggested that Ca®", Fe?" and Mg?" rich minerals would be
significantly weathered when it contacts with the supercritical CO, and brine at CO, sequestration sites.

Key words : CO, sequestration, supercritical CO,, geochemical reaction, mineral weathering
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A4 2087 nmE F7leted Astehitgo] osted Argsl 3 ZW F3vh SIS 4 5 ST AEHR T
Zgalo] Ao i SRVZF 254 nmé 0.77 nmolA Z4zF 831 nmet 11.03 nm= Z71sisic)h, kgl 93] 44
o 888 o8-8 CarbiAlel 79 Ca?t, Nat, Fe?*, Sitt) K¥, Mg @olglon, zHd4e] #9of= Sit, Ca®t,
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Fe¥*. Mg?t eo vehsth, b als b B8 gl whgel] os] H(Ee sladlg)-(FrishEe] 23 38
= 482 SEM/EDS HMZ%JJrE % Tk AF AREYE CaT, B, Mgtel 5% el A% CO,
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LN = o] AasH Fw Yot AF fAS) ukgsle]
2 e gaisio]l AR@ENE 4 9dchBachu ef al,

A-2ute TARE QI i) MiAdow & 1995; Ortoleva er al, 1998). =W #1&sks AL
W] A Sl vhed, B Ao tuE mEshs A% CO, A% A FARA st 4157
Al 2Ad7E2RI oS EA(COy) FE F7F A8 EAElE T H“*"Ol 2% A% FEANCE g
of ¥gE A A= Husl 9tkKim, 2009).  HI louh, ol A S AT ollstE: AlF
A 713 ¥ 31-9) 9 8 (International Panel on Climate A} AHEE E’_‘EJE%] o] 2x3 glew, ndy
Change: IPCC) Al47} Mol S47kae] Z7F o dash YeExa giiie] 7|Ee] 9+ F3E ©f
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8171 Slated i wiEder B CO8 I5dhe 3k (residual saturation ratio)?} Mol T W <]

7ed g R ded COZE sk AR A 5 Wsls e o glon, B 3Ee] &3 of
A e A% 71| side] AlFscHolloway, Yt ARAE st did ¢8E 246 35E,

A, NEA, A AR E horsh folela] xg kg I glo] o4 ol olilsbErae
H glont 11?5? 4: Adei A A RS AT A =

F 7lgo] 7 rhsidel e V1R BEEA s W olakslebs: XFAG rhsAel & tlgs5 (brine
(Akimoto et al., 2004; Bachu, 2000; Emberley ef aquifer) WellA Aol E g9 4 Alojol] 2

199D, B 9 CO, ARl EI R A S 98 A e, ek oI s
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o

al, 2004; Hitchen, 1996; Choi er al, 2009). <4 gl xgbeka wgol] gk A PR v
oz EH e CO, AFAF HE Z2AEV} 535 2 Za% B opE AR oiFE A4 kX g
o) om, EHeZ w=4)o)o} Sleipner 7k BARAGA wEA] B Q5T B ® W o
oA $EEIT e NYeE(brine aquifer) A%, 71 atglers AEA4 gy SHEEE ddeR AF
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(Enhanced Oil Recovery) A%, €412 In Salah 7}~ A oMo B4 WIS APHor FEE IPs A
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Wolery et al. 1992).

CaAL;Si,04 + 8H* © Ca®* + APR* + 2Si0,(aq) +
4H,0 (Ca-AF34) D

CazMg5Si8022(OH)2) + 14H* & 2C32+ + 5Mg2+ +
8Si0,(aq) + 8H,0 (F2H414) ®

(Fe, Mg),Si0, + 4H" & 2(Fe?*, Mg?*) + SiOy(aq)
+ 2H,0 (4 3)

ol kgl ofaf UA A7t F BE FHS
Al F5E3 88 AEES FYE oiseAs
o RESSle] 23 BES IS sheul, 99 3
=3 oXiEEkAv whEle FAEE Yud 23
FE B W2 olet ZriGunter ef al. 1997
Lackner ef al, 1997, O'Connor ef al, 2000; Xu
et al., 2004).

CaAl,Si,05 + CO, + 2H,0 < ALSi,05(0H), +
CaCO; (CaAFgAY) @

CazMg5Si8022(OH)2) + 4CO2 A ZCaMg(C03)2 +
Mg;S1,014(OH); + 4Si0, (F7Hd A1) 5)

(Fe, Mg),Si0, + 2CO, 2(FeCOs, MgCOs) + SiO,
) 6)

Aol At FE X3k v AF CO,
A dATSe] TFEL HINA oikzleane A
Ad E Al FEE vXA Hed), B dpda
= A2/3% 2ABG0C, 100 barolA AAl x5k A

Ca-AFg4, 244, a4l Atk W} 125

B Qg o8 2UACO, AHBE s WHSol
ge 320 NS WIS Ay TR AEe 5
Sed FRSIA AT

2.1, AEO ASE oM ME R AE oY

o

o ARIRAE A S el Aske A AFe &
= W EAsk= CO, “Hphase) 7IA Btk 294
fA FHR At Ao AGeEe] Fn g o
TEE SN MR E, ZAAGEE EAG
A= A3t 800 mATt T ol EAlshs Al AH
sk o] whrdetttal Baso] Uvh(Choi e al,
2009). & A3JolMe AsH A A9 2R
< AA71981 110 ml B3] 289l 2t
Al(high pressurized cell)S AZ&9THEA 1.0 cm,
WA 56 cm, A2 Zo] 50 em?! ¥71% F). £
Z(P-50 purp; Thar AL AF et MiEHE 22
(Automated BPR; Thar 3JA} A|E)E 7tz Ao 92
¢ T AsdEA] ZEaAE o83t oikslEkA
o] F3t A HF e oY, AF 254
o7} 7Fsst GMS Al R dx3le] A 2EE o
A A" 7 JAEE 36t A Holl= Algo]o]
Aol A7 1 eyt A= glojA] A F
A U Fejre] kg HslE G YEE F%
t}. Fig. 1o 23td A% X A0E Jepigdcoh

AR U195 a5k YA FEE SN 2
AA o] dsl e} WhgAdo] okl EERl CaAlgA,
Mget Fe %8 xFsle ZHd4, 7S aekd A
Yol olgaion, Aol 283t FE AEEL v+
Ward 3JARESE TYsHAth 74 #FE AEE9

Fig. 1. Photographs of the experiment ((z) : a high pressurized cell and pH-paper holder used in the experiment and (b): instruments

for the experiment).
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Table 1. Results of XRF analysis for three minerals used in
the experiments (unit: wt%)

Material Name  Ca-feldspar Amphibole  Olivine
SiO, 50.97 47.59 3932
ALO; 20.59 14.13 0.54
TiO, 0.14 1.14 0.01
Fe,Os 6.97 15.68 9.26
MnO 0.12 0.21 0.12
MgO 542 7.55 48.62
CaO 11.76 7.33 0.19
Na,O 2.70 2.92 N.D.
K,0 0.34 0.93 0.02
P,05 ND. 0.10 N.D.
LOI 0.57 221 1.72
Total 99.58 99.79 99.80
*N.D.:<0.01

XRF(X-Ray Fluorescence Spectrometer; Shimadzu
XRF-1700) ¥4 A3E Table 100 vehliic), Cart
Aol A4 Ca AFo] 12%8 Ao, Zh4dA
< Fe Aol Mg ARRCE oF 29 Bty 7L
Mg d&o| 49%E A3k o2 ekt
ZYUAICO4E-BF ¥ AS 2slA dA) =3t
800 m ZioJolA e A S AE Bt A

CATIONS

ANIONS

AER - s - ubs - ojle - 9w

o] 2xAGA A o83, ICP/OESE ©)
235te] AAFE A ek AR B4 Z3ls Table 2] U
ehlglon, o|& Trilinear diagram(Piper, 1944)%] =
AstathFig. 2). ¥4 23 CI3 Na* go] vl
Fol d)57F EFE E4brine)st FARE AsedE
& 4 it

22, CO, KT XM& 25/213 =Z0|M ZRAo0|
AtajEtaofl o8t Yol pH Bs AE

ot o) BEty FEle Bl g g @ds] Ao
Un, Bof x3}ets 5A4Jd) ul$- Rizksict. 9 pH
Walo] olgt FE¢) gais sk e sty F
3 &g AYsle F9 JIIAZAM CO; AF F
Qoll 93k 49 pH Hahks 25 d95EY 3=
La/AAELE FANA AFE CO AF BF
£ & AoE WekEckFaure, 1998). wkA B A3
e COp AFAG FAA olatslgld: FYd) ¢
& d4e9) pH WHEE k] A8 29 A
B2 WA BT I iR 28 gEe
ZAA sl EAERE AFE9] 50°C, 100 bar
2 exsiarh. 2399yt pH 3.2-5.69 234 pH
24 720 E-8X) (pH-paper; Advantec )AL AIFIE 2L
A Wl 2N F G52 A ol 80 ml
Zel5l] pH &4 ZEnlEgR7} &438) A7e% 8
At o] F ZYACINEEAE Mo s dF
o} A& st ZA IR 23t H
pH W3h= Aol Aag Alvlolo] AES-E Fato] &
ol 271 pH-paperd] AH3sE 345 72 Model:
Canon 400D)2 %/33l3to 2R FE A7k we o
9] pH H3lE AA7he 2 EAsich. 48 ¥ pH

=
Q)
h=

=% T
227)(PDC-70N, ISTEK)E olg3l] th7id 2710
A 4] pHE £X AHA9 pH-paperZ °183
Ao} vngomM FEdsle] we |4 pH W
58 gelstazat sith

2.3. XEXE ZZ0lM ZAAO[LISIE 8-
Hg A4H

Fig. 2. Trilinear diagram of groundwater sample (@). 3] gai9t 23 AA e o W IS5
Table 2. Chemical compeosition of the groundwater used in the experiment

Temp Na*  K* Mg Ca* SiO,(aq) A’Y Br NO, NO;  CI' 80,> HCOy
Ground 37 803 012 14650 369.8 0.1 2549.0 2434 00 00 00 1217.0 22011.0 20388 203

water
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Fig. 3. Photographs of experiment process ((a): cutting to make the mineral slab, (b): a Ca-feldspar slab, (c): an amphibole

slab and (d): an olivine slab).

=9E WA FUE 2YAoIstEAe] A W
A ler FRIE oS FEE 43
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N AE vlE 4 gl B A¥elMe CailbdA,
VA, RS R AEAF 2490 294
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3 A9 HAAEKICE 2UAotslE A} HE Y
2 X9 A Axs} FF F AT mE Ad)
AEE vlwho A odlsiekho o3t FEFIE =
A3

tololRE AWr)E o83l A AE FE
< €9 Z7](10 mm x 10 mm)Z 293k, FE &
F EUE Nedelsz dAngt §F DAPV tia
(Sturuers A} 29} tioloREE o] AES o] &3]
Fedeict A9kl gl st BE FH AW
H3E ERisly] Yol FelAdh BB Ewe) R
< BoE Isl AF FH B d@59) HHol A
GEHES Fo2H 59} ukgo] dojt Hia Fo
2 F¥Eo] ghgo] dojuA] & EWE vwsitt
(Fig. 3). 14 #E EHE YHAFED|ZA(OPTIPHOT-
2POL; Nikon AE)02 #asle] #2143 FTHe A
A7 Ae P AR E Yol A% &, 4 Ade
FAoZ Zk7} 20 umx 20 pm A& t)sle] SPM
(Scanning Probe Microscope; MultiMode TM SPM,
Digital Instrument A1) £41-& sk, sig w3 o)
51270 A pixe)d] =o] 3 AF HHe) 71Fd F9
Ztoll Tk RMS(Root Mean Square)@to 2 el ¥
2rEHEad FHAA7IZHSurface Roughness Value:
SRV)E bt B¢ i WA (20 pmx20 um)
FHo| gk SPM Fd8lE Arsled A8 145 35
AEe| ¥¥ B4 WslE 24Ect SPM #4d0] ¥
¢ AE AEE AR A 2AAA I R
of A F HA 4 100 miE FYstd BE A

E AAE Ed A71A ok 29 R e
g el MiEPERAGAE o83l 100 bar2
FAAFIZ ARGME o183 4 U 258 50°C
B AN CO, 7IAIEE 99.99%)8 A W
of sl Al Y- FE Ao BN 2YANTE
COy7t Aol Sal=lA] B13it. & 30Y E<F WhgA
Aom, 102 7HHog ¢ 27 FE MEe ¥FH
AR7|geE GAoImAE v W Ay e Fge
2 el we 3 109 7o g yghd Re)
I 2 miE A3 ICP/OES(Optima3300XL, Perkin
elmer)2 g4 W &5 0|59 T8 HAFgoH,
o] BY ¥ FE AE E¥d AHH 27 FEL
#3795t F58 FERHA e SEM/
EDSHITACHI $-2400) ¥4-8 4814

3. du 9 E2

3.1. CO; XE ME 2=/ =ZolM ZAHo]
MEtEA0 o8t Yo pH M3 dE N

AF221(50°C, 100 barplM ZdA ol dsbirt &
ol g3i=EHA ik (carbonic acidy& BAJsPH pH7T
vtopxled] 39t Wi} pH-papers] AWzt As=
HE @4 of 5% ool &7] pH 7.22%F pH

Fig. 4. Photographs of pH-paper in the high pressurized cell
(before (a) and after (b) the supercritical CO,-brine reaction).
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37HA] HolA L, o] F2 A fAES ¢
AT AFZ70A pH-paperg o83l 233 4
2] pH 2(3.6)°] th71¢27A%A pH 23718 ol &
sto] ST Y E59 pH 2B A9 dAsh=
Aoz Jept gz <3 pH 3ol HEe A
e Aoz Uehgti(Fig 4). 48 23 5 & ol
o @4 pH ko] 3.67FA dorx #e A7+ ol
ZYA ST F5el $31E S o & Usien,
ol2dt d9] pH 7ol o3l FE 3w Z
71 Aew At}

3.2, XsME =ZoliMe] =AHolLtsErs - HE-
T g A8 do

A CarPA, ZHdA s A Bde) S=g3
AR = AR ARIES 2YA CO-FE-F5
ks A9 A2 =3l Fg. 5, Fig. 6, Fig. 70l
YERARITH ARLE 2493 A2 29ACO-FE-d5

Hels - s - olRls] - 95

dhgo oJaf 2AoltstRAT} SeiE Pt ik
Al FE BT, B8 FHHA ¥2 2EF B9
< e 10858 T3 SIS Ushlo] & =
93 A% g Huye W ALt g S
A& ¢ F 0Tk 74 A¥ FE e B ARG
FHE 34 2 LEFFEAAM YN 20 umx
20 pm BAe Fels FEE Wk AIEE FE3)

3 SPM 24 A3, 9h¢ 1095H 38 2He AR
717} E71e AE B s B 5 IUTHEg. 8,
Fg. 9, Fig. 10). 2o} AFAH 2&F I3} =& 7
o}s}719)5k] zt B FH thale] Yol RF F
H W20 umx 20 pmpeld SPMez Ak vk
AlZbl] & EHARZIEE Fig 119 Hepfith
CarPgae] A9 3W 323 EHAAZL Heto]
Y Al 2.77 nm, ¥ 108 Fol= 624 nm,
204 Fol= 1106 nm, 28X 30¥ A} Foe
20.87 nmZ vehie], 20814 309 &<kl 10 nm

Fig. 5. Ca-feldspar surfaces visualized from reflecting microscope images (the light red color part was golden coated) at
different reaction time in the experiment ((2): before the reaction, (b): 10 days and (c): 30 days).

Fig. 6. Amphibole surfaces visualized from reflecting microscope images(the light red color part was golden coated) at
different reaction time for the experiment ((a): before the experiment, (b): 10 days and (c): 30 days).
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Fig. 7. Olivine surfaces change visualized from reflecting microscope images(the light red color part was golden coated} at
different reaction time for the experiment ((a): before the experiment, (b): 10 days and (c): 30 days).
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Fig. 8. Images of the Ca-feldspar surface (20 pm x 20 um) before (a) and after the experiment of supercritical CO,-brine-Ca-

feldspar reaction ((b): 10 days and (c): 30 days).
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Fig. 9. Images of the amphibole surface (20 pm x 20 um) before (a) and after the experiment of supercritical CO,-brine-

amphibole reaction ((b): 10 days and (c): 30 days).
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e 302 WS F CaAbA W ojnd 4 A3
o} dX|sbei(Fig. 59} Fig. 8), 2 ARSI &
e B W A CarbiAel afugol mhe
£ A7) ol 4 &g Sielat, 2Mel A,
FAAR IRt Bzel 4 Hele 254 melA 109

Fole 412 nm, 204 Foll= 536 nm, 308 A T
ol 831 nmE ¥R 309 B<E oF 3w ol AHA]
7t sl eH (Fig. 110), HEe] Asols ¥
Aole 0.77 nmollM WHE- 308 o)Fele 11.03 om
2 1 ol SUsIvkFg. 11(c). ERARTI3E
78 Az 8 EHAYE ke CarbPPY, 4
A ZaA o2 JERTh
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Fig. 10. Images of the olivine surface (20 pm x 20 um) before (a) and after the experiment of supercritical CO,-brine-olivine
reaction ((b): 10 days and (c): 30 days).
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Fig. 11. The change of surface roughness values during the Fig. 12. Concentration change of dissolved ions in brine
supercritical CO,-brine-mineral reaction ((a): Ca-feldspar, during the supercritical CO,-brine-mineral reaction ((a):

(b): amphibole and (c): olivine). Ca-feldspar, (b): amphibole and (c): olivine).
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ZAA VIRl o5 FEZHE 5o g8
ol-e] EFHel SsiERe 1Edly] sl whg A7k
2 E5E AFsle] 4818 o8 =g e

o A Jael Fee) ¥\l (Fig. 12). ICP/OES
2 o]&3led BME 9ol wx FF, CaAFY
A% 27] 949 Ca?t $EE 2549 mgl olslent
2 109 o)FelE 2096 mg/LE Evislgion 30
o= 3307 mgLE o 30% o &3=0r FU18
HrohFig. 12@). Nate w8410 uje} Mgdesn
L2t 2715k 30 Folle e A G B
Bt} 24% S7190H(1819 me/ll). 859 KT e
vhe A 370 mg/lLolAl 309 Fol= 461 mglE &
7Y8led 25% GSlE FU1E vERiRied, St wEe
243 mg/lLeld 304 % 398 mgL® Vet Ca-
AV FE 7%} 5%E AAEAL et &) ¢
Tl Aol EgEo) A 24 Fesh Mg ols
WS 308 ¥ =0t 747 324 mg/lel 94 mgl®

Electron inage 1

Z7ksled ThEFe) Fe?'o} Mgh'7) olabslehiol o))
S35 Ao® Jepton], Carld| o8 B3
HE ool (¥, Naf, F?*, Si*, K, Mg>"
£ol9th, 2 A AEEAS AT A4BETR
HhE 2] WS 309 olF de] oolREd FhEE £

2] Frdl & TE 3olF Rl wer, ¢
o o)3t FEo] faiw Wzle A9 gith 4%
A AT} Sl dpol o3 CaAbd
o] gaukg-e e WA AP P& & F
olgiq_.

ZpAle] Qo vk 30U Fo| Cot R 4176
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Element | Weight% | Atomic%
0O 33.15 60.33
Na 0.79 1.00
Al 1.19 1.28
LS 2.53 2.63
Cl 3.99 3.28
Ca 4.00 2.91
Fe 4478 23.35
others 9.56 5.22
Totals 100.00 100.00

Fig. 13. Results of SEM image (left) and EDS analysis (right) for the precipitant created on the amphibole surface after the

reaction (‘Spectrum 1’: the point for EDS analysis).
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Element | Weight% | Atomic%
@] 18.51 42.14
Mg 4.19 6.28
Si 2.79 3.62
Fe 66.52 43.38
others 7.99 4.58
Totals 100.00 100.00

Fig. 14. Results of SEM image (left) and EDS analysis (right) for the precipitant created on the olivine surface after the

reaction (‘Spectrum 1°; the point for EDS analysis).
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