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ABSTRACT

If CO, stored for geological sequestration escapes from deep formations and is introduced to shallow aquifers, it dissolves
into groundwater, creates acidic environments, and enhance mineral dissolution from rocks and soils. Among these
minerals, dissolution and spread of hazardous trace metals can cause environmental problems with detrimental impacts on
groundwater quality. This study aims to investigate geochemical effects of CO, in groundwater on dissolution of galena,
the main mineral controlling the mobility of lead. A series of batch experiments are performed with granulated galena in
CO, solutions under various experimental conditions for CO, concentration and reaction temperature. Results show that
dissolution of galena is significantly enhanced under acidic environments so that both of equilibrium concentrations and
dissolution rates of lead increase. For thermodynamic analysis on galena dissolution, the apparent rate constants and the
activation energy for galena dissolution are calculated by applying rate law to experimental results. The apparent rate
constants are 6.71 x 107 mol/l-sec at 15°C, 1.77 x 107~ mol/l-sec at 25°C, 3.97 x 10~ mol/l-sec at 35°C and the activation
energy is 63.68 kJ/mol. The galena dissolution is suggested to be a chemically controlled surface reaction, and the rate
determining step is the dissociation of Pb-S bond of surface complex.
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Fig. 1. Photographs of galena sample; (a) the bulk galena, (b) crushed and sieved galena into grains in size of 0.85 mm~2.00 mm, (c)
SEM images (x250) of the surface of galena sample prior to pretreatment, and (d) after pretreatment.
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Table 1. Chemical composition of the galena sample used in the
experiments (wt.%)

Pb S Ra Ca Fe
86.62 12.22 0.88 0.19 0.09

Total
100.00

3. AlE HHY

olplsterArt iAo gafol mRle dEs AEH
2 s ke Tkt 259 T 2319 ols
2 RolA wiA] AP st A gl A
Aol A, 84 ff oislerAe] 8 Fhe 2% Y
o 23 Rk o} 8 Al oA oister
A E7) Azt AFZAQ] Gaks HWtoug Hle A|E9
289 vt F=9 pHY| oPiisleha &S EFEstel
7] 913t dR1EESs it WA AP %0t }F
g Z271(20+2°C, 1atm)lA okslers 7|2 Alzd
oplstets -840 HUl F=E 43| flste] okt
ko] T7) AR B 8F HEo] WSS 2
th. o]& It 1L AAEERT] "ol 500 mLE
Yo & AR AAX|(Sr-110, Seungri)s o851
500 mL/min®] F#HOE &% 99.99%2] oM BlEAS £

71519c}. A A7 o} oRBlERAE E7)8) 8ol 1)

>
& 1o

it

l‘l

=

J. Soil Groundw. Environ. Vol. 20(1), p. 19~27, 2015



22 AR

2000

. . L]
jamcesgiesresassserssasssanssnnactsernsrasssnsnsasranans
= | S =
%msoo- &
c' '
o 'd
= L]
= 1000 4/
= .
g »
= )
o i
“ 4
S so0 ¥
=]
0
0 1 2 3
time, hrs

Fig. 2. Temporal changes in CO, concentration in solutions with
different CO, purging time.
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Fig. 3. pH as a function of CO, concentration dissolved in
solution at 15°C and atmospheric condition.
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Table 2. CO, concentration and pH in CO, solutions used in the batch experiments

A B C D
CO, concentration (mg/L) 1,712.48 171.25 17.13 3.0
pH 3.8 4.4 4.9 53
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Fig. 4. Temporal changes in Pb?" concentration in solutions with different CO, concentration at (a) 15°C, (b) 25°C and (c) 35°C (A:
1,712.48 mgCO,/1, B: 171.25 mgCO,/1, C: 17.13 mgCOy/1 and D: 3.0 mgCO/1).
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ZAsloll A Tt 9 CO, €9 UollA Hiddozy
H 859 Pb* Tow vk AZto] gl weEk Ay
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H|3)| Pb*e] HH =} 3~48] =A SAFEJCt Y A
TolMe] Axlel nlwshd, B Aol ph?t FEEE
7} g A SAES=, 53] COo, 23} R ¢
o Zpol7t 7P AA UeRd A= wFo] AF A
7re] olgfst Aol CO, ¥% 4 WHH Co, 3}
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Table 3. Dissolution rates of Pb>" in solutions with different CO, concentration

Temperature Dissolution rate of Pb*" (mg/L - sec)
C) A C D
15 5.15%x 107" 247 x 107" 3.78 x 10712 328 x 10712
25 3.50 % 1071 290x% 1071 1.55x 1071 253 % 107"
35 524 %1071 3.93x 107" 224 x 1071 276 x 107"

J. Soil Groundw. Environ. Vol. 20(1), p. 19~27, 2015



ATAZ oltsletae] rEo] RGN WAX e o Aol A= I 25

Table 4. Initial pH and linear regression equations

Temperature Solution Initial pH log Rp, Linear equation
A 3.96 -10.2919
. B 448 10,6075 log Rpy=-7.2456 —0.7773 pH
4. -11.422
¢ 9 3 k=15.6807 x 1078 [mol/l * sec]
D 5.64 —11.4845
A 3.94 -9.4557
S B 446 -9.5375 log Rpy=—6.7456 — 0.6502 pH
¢ 4.98 —08103 k=1.7964 x 1077 [mol/l - sec]
D 5.72 -10.5973
A 3.92 —9.2803
‘e B 445 -9.4062 log Rp,=-6.4981-0.6713 pH
c 303 —9:6503 k=3.1761 x 1077 [mol/l - sec]
D 5.82 —-10.5586
-8 -14
* 15°C @ 25°C A 35°C
9 4
&~ s -15 - .
g A
710 4 £ = .
k=] . i
. L 16
=11 4
* . »
=12 T 17
35 4.0 45 50 55 6.0 3.2 33 34 3.5
pH 1000/T

Fig. 5. Relationships between dissolution rates and initial solution
pH.
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Fig. 6. Relation between rate constant and temperature.

ol o

s

< St SHsklen, o3 AL olgHer A
= o
o

7] Sfsted whgo] Ael] sl S8 BAelA Be

N

2ol FAUAE A3} ol A (activation energy;
D= oISt Brown et al., 2014). 4] (9y= Arrhenius
1S 283l Ao e BhE S gk vhe 2
o] AE R Aot

—Ea
RT
e

U‘Jr_?t_‘,

~

b2

k=4 ©

AA7IM, 4= WIZ=AST [mol/l - sec], E;= E433) olUA
[J/mol], R 714 35 [8.314 J/mol - K], T= A} 2%
Ko™, 21 (98 A¥skehd vheat e A% =
FAT + Slrk

Ink = lnA—(%)(lT) (10)

Fig. 62 Table 4°] AF2ld ¥ke Lo )3l Ssi&
] ALt AE A (1000 F83t In k9F 172 B

J. Soil Groundw. Environ. Vol. 20(1), p. 19~27, 2015



=2 2AIB Ao F | In k) 1/T AlelollE FEIgH Ago)
A BAE BYon, AYEIARAS 53 3749 7]
719} 2=l e AR 247} 7659.87 9.9971=

Ink =9.9971-7.6598 x 1000/T (11)

3| oz RE AN g5 Wkl &A3) uAE
AEsb] flste] 4 (1] 718710l Z1AVE tidst
W, B AdFelA i Ao ArEiE Ak U
A1 83l Bk &3] olUAlE 63.68 ki/moldl AS=
Yepdt} 9] g3 vkl thdl okt Ay Ao
A A8} o9 ZvIE S Wk V1R 448 A
Hah=t], dubdoz vke Mgle] A3 oy (10~21
kl/moly= 3F Whgo] Bt 71zfo] ofsf A|ujgS <
s, AriFeR =2 Wele] &4t U] (40~90 ki/
moly= 313 W-3o] 318k Hkgl] oJsf Auj=Ele Aoz
A ETH(Lasaga, 1981). Wb B oAt S=8= o]t
SlEkA g U] Welae] 83 W0 2RE TEE
3} ool wp=wd o] Hkgo] WAl oA Yot
= 31814 ukgoll 3l AplElE vhg-o2A] ZREAQ] wk
S X gdolMe] pbse] sfg] wkeol <Js)

o

[e)

AgHE Aoz BUET) B ol SaE Age

A% O3 A UZ G498 AFAY olsiekhel
= Fol Ao]} Wl g3 %

>

1ol F+3E Aghd 878 =4 slollM s}
Ao, TRl F=rdol EAshs Al tha il
4 B 83l vk AP flsiMe AskEhy
gl tigh Bt Al a1ei7) o FojFof & Flojd

> o o o
rsﬁm

l

m

|

[‘

rhu

5. &

o] 23}, ol o) wkg- Asjol ulwsle] olilslg
& EZgole) v APl §21 3] ok

J. Soil Groundw. Environ. Vol. 20(1), p. 19~27, 2015

olo

oo wet 6.7~-38.88 =A YERT) ol oJils

SSli= gk &4 W pH 7He] FEoE WAY
7h X9 AR gy 13 15~35°C9] 2
HlollA olksleta kgl Y2 829 P v
Ne} L7} =&55 o] A Yehg=], o] A9E
S5 HAO AHEate] AME SERTE 15°CoA
6.71 x 107 mol/l - sec, 25°CoNA 1.77 x 1077 mol/l - sec,
35°ColA 3.97 x 107 mol/l - sec®t 2UTh. Z+ L0 o
g EEATE oY Ao digsie] aPgE iy
Lakgol B3+ B3} oUAI= 63.68 kl/mold] Ao 2
el meba] i) Bafuhg-2 dAe] EHo|
Al dofu= 3l whgof o3l AujEm, HukEQ]l wk
§ &mE i wRdA dohuks pose] she] HhEl
o3 A== Aoz FAETh

o] Aol Y B3 HPS FI =2
T oilslelA: AFAge] AAE Hse A
H oRlsletag QlE) op|d HRulE Ul T
ROlE S5t V1EYEAE T 4RE &€8E &
oltt. T, AFAY oklslgkae] AR UTE fE

AT 5 e HAHD B 9L 5T 5 9

gl

r
B>

Ir b Lotk

r

P oo of op

iin)
[
v 7

o
:

o
A
A

)

X O

o By s of

Q
-9,
>
i
e
)
of
2;.7
OE
r o
o
o,
%)
12
i)
oX,
o
2,
]
o
o

A A

o] =2 20108hdE FAte Ad wg Z|@Ak
Hell ot AFE AFUTHPS-2010-0357).

References

Acero, P, Cama, J., and Ayora, C., 2007, Rate law for galena
dissolution in acidic environment. Chem. Geol., 245, 219-229.

Aydogan, S., Aras, A., Ucar, G, and Erdemoglu, M., 2007, Dis-
solution Kinetics of galena in acetic acid solutions with hydro-
gen peroxide. Hydrometallugy, 89, 189-195.

Bachu, S., 2008, CO, storage in geological media: Role, means,
status and barriers to deployment, Prog. Energ. Combust., 34,
254-273.

Bateman, K., Turner, G, Pearce, J. M., Noy, D. J., Birchall, D.,
and Rochelle, C.A., 2005, Large-scale column experiment:
study of CO,, porewater, rock reactions and model test case, Oil
Gas Sci. Technol., 60, 161-175.

Brown, T.E., Eugene, H., LeMay, H., Bursten, B.E., Murphy, C.,
Woodward, P., and Stoltzfus, M.E., 2014, Chemistry: The Cen-



ATAZ oltsletae] rEo] RGN WAX e o Aol A= I 27

tral Science, 13" edition, Prentice Hall, New Jersey, 1248 p.

De Giudici, G, Rossi, A., Fanfani, L., and Lattanzi, P., 2005,
Mechanisms of galena dissolution in oxygen-saturated solu-
tions: evaluation of pH effect on apparent activation energies
and mineral-water interface, Geochim. Cosmochim. Acta, 69,
2321-2331.

Eisler, R., 2000, Handbook of Chemical Risk Assessment:
Health hazards to humans, plant, and animals, CRC Press, Boca
Raton, 4141 p.

IPCC (Intergovernmental Panel on Climate Change), 2005, Car-
bon dioxide capture and storage, Cambridge University Press,
Cambridge, 431 p.

Karri, S.K., Saper, R.B., and Kales, S.N., 2008, Lead encephal-
opathy due to traditional medicines, Curr: Drug Saf., 3, 54-59.

Korea Ministry of Environment, 2009, Regulations for Drink-
ing Water Quality Standards and Examination, Drinking Water
Policy Division.

Kosnett, M.J., 2005, Lead. In: J. Brent, K.L. Wallace, K.K.
Burkhart, S.D. Phillips, J.W. Donovan (eds.), Critical Care Tox-
icology, Elsevier Mosby, Philadelphia, p. 821-836.

Lasaga, 1981, Rate laws of chemical reactions, In: Lasaga, A.C.,

Kirkpatrick, R.J. (eds.), Kinetics of Geochemical Processes.
Rev. Mineral. 8, 1-68.

Lashof, D.A. and Ahuja, D.R., 1990, Relative contributions of
greenhouse gas emissions to global warming, Nature, 344, 529-
531.

Lowell, S., Shields, J., Thomas, M.A., and Thommes, M., 2004,
Characterization of Porous Solids and Powders Surface Area,
Porosity, and Density, Springer Science, New York, 339 p.

Staudinger, K.C. and Roth, V.S., 1998, Occupational lead poi-
soning, Am. Fam. Physician, 57, 719-26.

Wang, S. and Jaffe P.R., 2004, Dissolution of a mineral phase in
potable aquifers due to CO, releases from deep formations;
effect of dissolution kinetics, Energ. Convers. Manage., 45,
2833-2848.

Zhang, S., Li, J., Whang, Y., and Hu, G, 2007, Dissolution
kinetics of galena in acid NaCl solutions at 25-75°C. App.
Geochem., 19, 835-841.

Zheng, L., Apps, J.A., Zhang, Y., Xu, T., and Birkholzer, J.T.,
2009, On mobilization of lead and arsenic in groundwater in

response to CO, leakage from deep geological storage, Chem.
Geol., 268, 281-297.

J. Soil Groundw. Environ. Vol. 20(1), p. 19~27, 2015



