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Study on Geochemical Reactions in Supercritical CO,-Groundwater-Mineral Systems

Minjeong Ko

Department of Energy Resources Engineering, Graduate School
Pukyong National University

Abstract

For better understanding on -efficiency of geological sequestration of CO,, geochemical
reactions 1in supercritical CO»-groundwater-mineral system were observed and analyzed for
geochemical assessment. In this work, surface topographic measurement and cations concentration
analysis were conducted to investigate dissolution of various minerals - olivine((Mg, Fe):SiOs),
chlorite(Mg, Fe, Al)x(Si, Al)3sO2(OH)is) and K-feldspar(KAISizOs) - in supercritical CO, under
CCS(Carbon Dioxide Capture and Storage) conditions. A high pressurized cell system was
applied to create temperature and  pressure conditions(323.15K, 10 MPa) in deep saline aquifers
for sequestration. Groundwater collected from deep wells for hot springs at Gwangalli(800 m)
located in Busan, Korea was “applied for brine in the aquifer. During the 30 days of reaction
experiments, dissolution “of minerals was the predominant process-and precipitation of secondary
was not observed. SPM(Scanning-Probe Microscopy) was applied:to. measure the roughness of
mineral samples before and after the .experiments. At every 10 days, changes in cations
concentration in the groundwater solution analyzed-—using ICP-OES(Inductively Coupled
Plasma-Optical Emission Spectrometer). The results from SPM showed that the average
roughnesses of the tested mineral surfaces significantly increased - from 1.27 nm to 17.35 nm
for olivine; from 5.20 nm to 9.94 nm for chlorite; from 4.47 nm to 32.62 nm for K-feldspar.
Every 10 days, changes in cations concentrations in groundwater solutions were analyzed using
ICP-OES. For olivine, Ca’" and Mg”" concentrations in solution increased from 528.1 mg/L and
13.01 mg/L to 644.6 mg/L and 65.81 mg/L, respectively. For chlorite, Fe*" and Na
concentrations increased from 0 mg/L and 621.6 mg/L to 100.2 mg/L and 675.9 mg/L,
respectively. For the case of K-feldspar, the changes in cations concentrations were smaller than
that of other two minerals. It is noteworthy that concentration of K', which is rich in
K-feldspar, rarely increased after the 30-days of experiment. The results were analyzed as
interfacial changes in CO,-groundwater-mineral systems under high pressure and high temperature
conditions. These changes could imply changes in porosity and permeability of aquifer materials

and changes in composition of porewater in the early stage of geological sequestration of CO..
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Fig. 2. Photographs of equipment: (a) ICP-OES, (b) IC.
Table 1. Analysis of Gwangalli groundwater sample.

Temperature(°C) 37

pH 8.03

pe 0.12

Tons concentration(mg-L™)
Fe’' 0
Si*" 7.83
AP? 8.09
Mg™* 13.01
K’ 35.48
HCO5 61.61
NoTul 241.30
Ca’™’ 528.10
Na' 621.6
Cl 1719.85
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Fig. 4. A Schematic diagram of the system of measuring pH of CO,-groundwater

mixtures under high pressure high temperature condition.
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Table 2. Composition of olivine by XRF-analysis(weight percent).

Material Olivine(%) Standard
Name Olivine 1 Olivine 2 Olivine 2 Average deviation
SiO, 45.51 45.49 45.50 45.50 0.0221
ALO; 14.35 14.36 14.33 14.35 0.0303
TiO; 2.64 2.64 2.65 2.64 0.0345
Fe;O; 12.77 12.76 12.76 12.76 0.0366
MnO 0.19 0.19 0.19 0.19 0.0123
MgO 9.07 9.07 9.07 9.07 0.0011
CaO 7.44 7.44 7.44 7.44 0.0178
Na,O 4.45 4.46 443 4.44 0.0045
K,O 2.45 2.45 2.45 2.45 0.0177
P>0s 0.76 0.76 0.76 0.76 0.0011
LOI -0.06 -0.06 -0.06 -0.06 -
Total 99.55 99.54 99.52 99.54 -




Table 3. Composition of chlorite by XRF-analysis(weight percent).

Material Chlorite(%) Standard
Name Chlorite 1 Chlorite 2 Chlorite 3 Average deviation
SiO; 25.93 25.98 25.97 25.96 0.0807
ALO; 19.09 19.09 19.09 19.09 0.0081
TiO; 3.66 3.66 3.66 3.66 0.0084
Fe,O; 18.46 18.46 18.47 18.46 0.0850
MnO 0.04 0.04 0.04 0.04 0.0081
MgO 20.65 20.68 20.64 20.66 0.0195
CaO 0.91 0.91 0.91 0.91 0.0206
Na,O 0.11 0.11 0.11 0.11 0.0006
K,O 0.06 0.06 0.06 0.06 0.0098
P>0s 0.55 0.55 0.55 0.55 0.0085
LOI 10.44 10.44 10.44 10.44 -
Total 99.91 99.97 99.94 99.94 -
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Table 4. Composition of K-feldspar by XRF-analysis(weight percent).

Material K-feldspar(%) Standard
Name K-feldspar 1 K-feldspar 2 K-feldspar 3 Average deviation
SiO, 68.94 68.93 68.97 68.95 0.0488
ALO; 16.20 16.22 16.20 16.20 0.0227
TiO; 0.01 0.01 0.01 0.01 0.0020
Fe;Os; 0.00 0.09 0.00 0.00 0.0275
MnO 0.01 0.01 0.01 0.01 0.0042
MgO 0.01 0.00 0.00 0.01 0.0017
CaO 0.11 0.11 0.11 0.11 0.0077
Na,O 1.24 1.20 1.22 1722 0.0054
K,O 12.32 12.32 12.32 12.32 0.0456
P>0s 0.00 0.00 0.00 0.00 0.0042
LOI 0.58 0.58 0.58 0.58 -
Total 99.42 99.48 99.43 99.41 -
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Fig. 5. Photographs of equipment: (a)-SPM, (b) reflecting microscope.
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iment, (b)' after ti‘le experiment.

II.

Fig. 6. Photographs of pH-pap

(a) before th
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-\._\_ -
e —

Table 5. pH of Gwangalli groundwater-C02 at different temperature and pressure.

Reaction Measuring Measuring
Temperature(°C) pH
pressure(bar) pressure(bar) method
20 1 1 pH meter 4.12
50 1 1 pH meter 4.25
20 100 1 pH meter 3.11
50 100 1 pH meter 3.69
50 100 100 pH paper 3.6

_17_
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Fig. 7. The olivine surface change visualized from SPM images at different reaction
time in a supercritical CO.-groundwater-olvine reaction experiment: (a) before the

experiment, (b) after 10 days, (c) after 20 days and (d) after 30 days.

_19_



Digital Instruments HanoScope Digital Instruments NanoScope
Soan size 20. Scan size

00 um 20.00 vm

Sean rate 1,969 Hz b Scan rate 1.969 Hz
a Humber of samples 512 Humher of sawples 512
Image Data Deflection Image Data Deflection
Data scale 500.0 nw Data scale 0 nw

[ view anale [} view angle

light angle % light angle
=] o
15 X 5.000 uw/div 0 deg 000 we/div 0 deg
2 500,000 nw/div / 500. 000 ne/div
LU} Ll
Digital Instrusents HanoScope Digwital Instruments HanoScope
Soan size 20.00 vm Scan size 20.00 uw
Saan rate 1.969 Hz d rate 1,969 Hz
C WenhglRERY sanples 512 Humber of sawples 51z
Inage Data Deflection Inage Data Deflection
Data soale 500.0 nw Data scale 5000 nw
|| wiew angle n wiew angle
ﬁ__smt angle 7 light angle
-
15 : X 5.000 uw/div 9 dey 000 ww/diy 0 deg
i- T S00.000 reddiv S00. 000 ne/div

Fig. 8. The chlorite surface change visualized from SPM images at different reaction
time in a supercritical CO,-groundwater-chlorite reaction experiment: (a) before the

experiment, (b) after 10 days, (c) after 20 days and (d) after 30 days.
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Fig. 9. The K-feldspar surface change visualized from SPM images at different reaction
time in a supercritical CO,-groundwater-K-feldspar reaction experiment: (a) before the

experiment, (b) after 10 days, (c) after 20 days and (d) after 30 days.
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Fig. 10. The operation principle of SPM.
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Fig. 11. The roughness value on the location of olivine surface during the 30 days of

supercritical CO,-groundwater-olivine experiment.
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Fig. 12. The roughness value on the location of chlorite surface during the 30 days of

supercritical CO,-groundwater-chlorite experiment.
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Fig. 13. The roughness value on the location of K-feldspar surface during the 30 days

of supercritical CO;-groundwater-K-feldspar experiment.

_25_



<
T

ol

g

stgich Al FEo] XRF

S|
~

FXS

—

0

N

A

o] 7.44%, 9.07%, 12.77%(Table 2)=

g

0

A

<ol & Ca, Mg, Fe

Jan(

°] 79 Ca, Mg, Fe d°] 0.91%, 20.65%, 18.46%(Table 3)= 4] & o]

A

}Z(Table 4) A9 F& W <&

3

B UEIF 0.1%9)

3}

A

FAl skt w0l

5

B

x4 A

=5 =

5 3t7 dojut sPMollA-Ak

ST
5

HA o7

1=
©H

Y%O

[y

7 9AH(Fig. 14, Fig. 15, Fig. 16)% 302 ©]F RES- A

Fol v) sk Ak (Fig. 17)l A & A 3 354

=98

SEMC %

7}2}

g

sl

= w3 5 m¥ ARE AH

ICP-OES® #2413t A3} Fig. 18, Fig. 19, Fig. 2091 e SATH

Ca® 7} ¥+% A 528.1 mg/LollA 30

).

0

A

¥k A 13.01mg/LollA]

R

‘5‘]—91_(2_135" Mg2+1__

7t
}93 TH(Table 6).

S

=
[e)

644.64 mg/LE 7}% o]

b 5o

S

65.81 mg/L= 57}

_26_



Fig. 14. The olivine surface change visualized form relecting microscope images at
different reaction time in a supercritical CO,-groundwater-olivine reaction experiment: (a)

before the experiment, (b) after 10 days, (c) after 20 days and (d) after 30 days.
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Fig. 15. The chlorite surface change visualized form relecting microscope images at

different reaction time in a supercritical CO,-groundwater-chlorite reaction experiment:

(a) before the experiment, (b) after 10 days, (c) after 20 days and (d) after 30 days.
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Fig. 16. The K-feldspar surface change visualized form relecting microscope images at

different reaction time in a supercritical CO»-groundwater-K-feldspar reaction experiment:

(a) before the experiment, (b) after 10 days, (c) after 20 days and (d) after 30 days.
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Fig. 17. The mineral surface change visualized from SEM images at different reaction
time in a supercritical CO,-groundwater-mineral reaction experiment. In all photos, the
left-hand side is from before the reaction and the right-hand side after 30 days: (a)

olivine, (b) chlorite, (c) K-feldspar.
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Fig. 18. The change of dissolved ions in groundwater sample during the 30 days of

supercritical CO,-groundwater-olivine experiment.

Table 6. The concentration of dissolved ions in groundwater sample during the 30 days

of supercritical CO,-groundwater-olivine experiment(mg/L).

Reaction - - 2 + 4+ + 3+
. Ca Mg Fe Na Si K Al
time(days)
0 528.1 13.01 0 621.6 7.83 35.48 8.09
10 535.5 41.93 0 619.5 1.61 3.16 8.03
20 568.7 45.61 0 602.7 0 0 8.09
30 644.6 65.81 8.34 655.8 0 0 7.54
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Table 9. Relative mobility of selected elements-in.landscapes(Polynov, 1937).

r Composition of
Composition of ) i ] o
Element i mineral residue, Relative mobility
igneous rocks -
river water

% by weight percent

Cl 0.05 6.75 100.00
SO4 B15 11.60 57.00
Ca 3.60 14.70 3.00
Na 2.97 9.50 2.40
Mg 2.11 4.90 1.30
K 2.57 4.40 1.25
SiO, 59.09 12.80 0.20
Fex05 124 0:40 0.04
AlLOs 15.35 0.90 0.02
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Element Weight(%)  Atomic(%)

0] 18.51 42.14

Mg 4.19 6.28

Si 2.79 3.62

Cr 4.81 3.37

Fe 66.52 43.38

Mo 3.18 1.21
Totals 100.00

Spectrum

Full Scale 544 cts Cursor: 0,000

Fig. 21. Result of the principle component analysis by SEM-EDS for the precipitant

created form supercritical CO,-groundwater-olivine reaction.
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Fig. 19. The change of dissolved ions in groundwater sample during the 30 days of

supercritical CO,-groundwater-chlorite experiment.

Table 7. The concentration of dissolved ions in groundwater sample during the 30 days

of supercritical CO,-groundwater-chlorite experiment(mg/L).

Reaction

. 2+ Mg2+ Fe?' Na* i K AP
time(days)
0 528.1 13.01 0 621.6 7.83 35.48 8.09
10 530.9 14.84 23.98 632.1 522 36.03 8
20 522.5 14.35 0 644.3 0 39.49 7.96
30 5234 15.32 100.2 675.9 0 38.55 797

_35_



il oY ¥
Fig. 22. Photographs ~ of. - [pHipitaﬁfE.--"éreated form supercritical

CO;-groundwater-chlorite reaction: (a) before drying, (b) after drying.
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Element Weight(%)  Atomic(%)

0] 51.83 74.75
Na 0.67 0.67
Mg 0.59 0.56
Al 0.60 0.51
Si 8.93 7.33
Cl 0.88 0.57
Ca 2.38 1.37
Cr 5.47 2.43
Mn 1.07 0.45
Fe 24.90 10.29

.~y Ni 2.69 1.06
Totals 100.00

1l Scale 3324 cts Cursor: 0.000 e

Fig. 23. Result of the principle component analysis by SEM-EDS for the precipitant

created form supercritical CO;-groundwater-chlorite reaction.
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Fig. 20. The change of dissolved ions in groundwater sample during the 30 days of

supercritical CO»-groundwater-K-feldspar experiment.

Table 8. The concentration of dissolved ions in groundwater sample during the 30 days

of supercritical CO,-groundwater-K-feldspar experiment(mg/L).

Reaction - - 2 + 4+ + 3+
. Ca Mg Fe Na Si K Al
time(days)
0 528.1 13.01 0 621.6 7.83 35.48 8.09
10 522.4 12.98 47.6 618.3 4.29 35.59 7.94
20 540.6 13.09 39.33 636.1 5.1 35.54 7.96
30 5243 13.52 39.01 645.5 0.26 35.59 7.92
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Fig. 24. The change in weight of olivine sample during the 30 days of supercritical

CO,-groundwater-olivine experiment.
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Fig. 25. The changes in weight of dissolved ions in groundwater sample during the 30

days of supercritical CO,-groundwater-olivine experiment.

Table 10. The weight of dissolved ions in groundwater sample during the 30 days of

supercritical CO»-groundwater-olivine experiment(mg).

Reaction

. 2+ Mg2+ Fe?' Na* i K AP
time(days)

0 47.78 0.99 0 64.66 0.54 4.19 1.16

10 45.25 23.04 0 65.26 5.30 3.87 1.04

20 45.93 45.31 0 68.37 7.86 4.01 1.06

30 14.79 54.30 0 69.67 8.57 4.05 1.08
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Fig. 26. Photographs of ohvgne surface (a) fore the exp ‘mentz,-(.;b) 30 days after the
1 “ﬁ >
experiment. $ i‘j E ﬁ%
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Element

Weight(%)  Atomic(%)

(0] 42.74 55.95

Mg 30.93 26.65

Si 20.34 15.16

Fe 5.40 2.03

Ni 0.59 0.21
Totals 100.00

! 100um ! Electronimage 1

0 2 4 G g 10 12 14 16

LIl Scale S0O36 cts Cursor: 0.000

Spectrum 1

Fig. 27. Results of the principle component analysis

supercritical CO,-groundwater-olivine experiment.
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Element Weight(%)  Atomic(%)

(0] 34.99 63.80

Mg 1.83 2.20

Si 1.89 1.96

Cr 0.42 0.24

Mn 0.75 0.40

Fe 60.12 31.40
Totals 100.00

20um Electron Image 1

Spectrum 1

] 2 q B g 10 12 14 16 18 20
LIl Scale 2029 cts Cursor: 0.000 ke

Fig. 28. Results of the principle component 1 analysis using SEM-EDS at 30 days after

the supercritical CO»-groundwater-olivine experiment.
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Element Weight(%)  Atomic(%)

0] 52.30 66.36

Mg 7.80 6.52

Al 12.27 9.24

Si 19.19 13.87

Ca 6.61 3.35

Fe 1.82 0.66
Totals 100:00

Spectrum 1

——
] 2 q B
LIl Scale 1023 ots Cursor: 0.000

Fig. 29. Results of the principle component 2 analysis using SEM-EDS at 30 days after

the supercritical CO,-groundwater-olivine experiment.
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