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ABSTRACT

As part of monitoring technology aimed at verifying the stability of CO, geologic storage and mitigating concerns about
leakage, a method for measuring the pH and alkalinity of high-pressure fluid samples was established to obtain practical
technology. pH measurement for high-pressure samples utilized a high-pressure pH electrode, and alkalinity was measured
using the Gran titration method for samples collected with a piston cylinder sampler (PCS). Experimental samples,
referencing CO,-rich water and CO, geologic storage studies, were prepared in the laboratory. The PCS controls the
piston, preventing CO, degassing and maintaining fluid pressure, allowing mixing with KOH to fix dissolved CO,. Results
showed a 6.1% average error in high-pressure pH measurement. PCS use for sample collection maintained pressure,
preventing CO, degassing. However, PCS-collected sample alkalinity measurements had larger errors than non-PCS
measurements, limiting PCS practicality in monitoring field settings. Nevertheless, PCS could find utility in pre-
processing for carbon isotope analysis and other applications. This research not only contributes to the field of CCS
monitoring but also suggests potential applications in studies related to natural analogs of CCS, CO,-rock interaction

experiments, core flooding experiments, and beyond.

Key words: CCS monitoring, High-pressure fluid, High-pressure pH, Alkalinity, Piston cylinder sampler

1. M B

A MARSE o) 715 @ido] WASAA AT
slol] thetk #ilo] moldlth. ey olA] Hgke] td
7oA, oikslekA: AFAE 71%(CCS: carbon capture
and storage)®] ¥go] ¢S % 3 e}k cese 3
A59] ARgOZ QlE) WAshe olilslEA: T AFA
Ao gy HF202 2A7EAE ST 7 e Vs
o|tiAjayi et al., 2019; Yasemi et al, 2023). thaidl

FAAE 904, " A

7
A

L
L

FARF TR, I A A7 A Q) At gk, Al
Simnl
*WAAR): B, Y A

Email: munarang@naver.com

Received : 2023. 12.28 Reviewed : 2024. 01. 14
Accepted : 2024. 01. 31  Discussion until : 2024. 04. 30
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EAGOEA CO, AL HHACE HAT 5 Y 7]

o= “ T

o

&% EFEoHLitynski et al., 2012; Jones et al., 2015).
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Ao vEhl= seprE]l pHeF S = &
2 o7 YTt pHY A7 AT AEE vradE 1L
& oA LA (in-situ) o] vlE3] O]'E}- ol A
%6 Y NES AR ti7IYF 2elM S §F
g A= <18 coyt 271 =l prh S7HE 5 3V
i-O|tH(Momer and Etiope, 2002) ole} HHAZ CO,
o A AT FA7E pHF =5 AT, ol A
| w2t 7] 5 Covt ARl FY Hol pHrt A
T Aok wEb AT s aHskA] ok
H =4S CO, she] Akl 23S Hlajjsh, ol &
UEE x5 Fske b As & 5 UTH(Vesper
and Edenborn, 2012; Myrttinen et al., 2015).

At A Ak co, "E‘* et s
A fAE AFsiEe ot A7 =L
t}. Kampman et al. 2014y v FE} 5 Crystal Geyser

A CO%t Aletre] Feakg 9 CO0l A5S et
7] 8t ks FARBH A4 AlEE AFHSIST. ©f
£ f8ted ZRtuAlA RSk FAA S AHFH71(PDS:
positive displacement bottomhole sampler)?} -9 QY
7](HTB: hydraulic transfer bench)E 2}-8-3}%it}. PDSE=
E4 A=A A AEE AFHsks 71HEA, AEH W
Fo] giEo] S0l AT FAE WolEole FX|o]
th olu MAES AFY HES A 2A<I
HTB= A5 74| A5 s fAslaA Alse] ¢
H(aliquotys T 4= UA k= AX|o|t). Alfredson et
al.(2016)%} Matter et al.(2016)> Carbfix ZZAHEoA
PDS$9} 715°] fAKSE deep well samplers A3A| -AlZFs};
o] A AelA L83 oA dFe AlEle
AZHE 54 WA AES AFSk= wire-line W
Aoz FREW, 18§ AlES pHe EF 31 pH
o2 SHHUL $HH v|5 Frio Z2AE (Freifeld
2005; Kharaka et al., 2006; Kharaka et al., 2009)
o} 35 Otway ZZAEBoreham et al, 2011)= U-tube
vkALS 8LaEle] 119t A1 ANFHEETE U-tube 219
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S5 AFAS 2oy siE Z2AE A pH Sl
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pHe g oz fe] 502 SAEAN, IgolA
fre] A5 g f3o] ] Wil R A5S 1
o Aol A8k = Blo] IrbHeltt. 11st frAl]
pH S48< Sslixe el A5S ZHRlEx J*—E H
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dgstA 283h7] Slsh
HPH(Kampman et al., 2014; Matter
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2.1. x| 7o

211, IS pH =4 B

2%t #A4 A8 pHE Corr Instruments AHi)S]
pH A= (UltraDeg®, Miami, USA)Y} 71573 = (reference
electrode)S AM8-31e] S8 th(Fig. 1). A=<] Alo] &
7152 Rosemount™ 56 E‘“/H’\U]Ei (Emerson, Minnesota,
USAYE o833t pH A5 7Ie3d5-2 13.6 MPaZt

A Ave 3= *474]5495\‘:} =4 A% pH H=52 pH
4 AN (buffer solution)dll, 7|EHZFL 2F 4.6 MY
KCl 2E3Hg-elol] Hasilty. 578 Mo 7IEd=2 v
KCI 3888 A 907 (refill portyS F3I4 2ok
S}, A E AF vl A8 (filling solution)ye
0.1 M(mol/L), H3-&He | M| KCl &8 Algsletar
sI oL, AlzALel Fofgt Ay 7 89 B5F KCl Z3}
|l AR-S ARSI 7IEd=] 0.1 M KCl 89
A offsete] HFHAE Hojue 2F/7F A& o=
dRAlSte), hH B A (calibration)> pH 49} 7 S5-8-8S
ol-gatd =4 Hell Syt

A2 Al AE WellA F Aol 7, F8A e

2 X 5 UEE HE AUHE XA FoE ARs)
Fehelst XAAY: Corr Instruments, 2009; Kampman

et al, 2014). XAAHS] &3 22,5 mLo|th. XA-AH
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Fig. 1. Schematic diagram of transmitter, pH and reference
electrode. The electrode must be calibrated before measurement
and stored in the appropriate storage solution.

el AE o e dlojFAS Hoig RS flst
o 3§t Al AES o] e XA T FREeE
FA= o] ofeff WFOF wirEHEE SI3ThFig. 2). XA
At AFoll= 2%(<10 Mpa) ACWE Z5}7] Y8l 290
mL &9 453 2 NE(304L-HDF4-290, Swagelok,

Ohio, USA)S AX|}3tt. 2 HE] W] 882 syringe
pump(500D, Teledyne ISCO, Nebraska, USA)E ©]-8-3}
o CO, == No& 718kt

2.1.2. 1§ g ™Y AlE A;F7)|(PCS: piston
cylinder sampler)

A= S48 MRS AFY 9 HESs fAsk
CO, B715 WAl flate] vAaE Ay AR 237
(PCS)E AIZFAME3IATHFig. 2). PCSS UlF- &3
47.7 mLo|t}. PCS WRoll= 27H94 O-ringO] J= J==
(floating piston T plunger)e] 3L, o] IJE2] i)

Holl s 7o 24 ""‘Q—E— *LELPJ s =4
gt °1E} PCSe AEE FU517] o)A 1 MY KOH
BHE HA| FYt A5} WSS 3ttt KOH
= AR pHE ¥0lal, 9% £ COx= K,COE &
sl €& COs 1A= 98-S gttt pCSe uiF

of
o 4*&4 il 4% oo} golo] £ HHL B
=g Az A=A we)

mf'
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g:(_)l
Hi
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TP AEE S87 28 BTt 3

A Aee olmd pcsY MY 71E2] 1 MPa Z7ollA
FPHRNeH, o] FHlM AL 7IE A7Y ARG
Aol e FHo|tk(3.4 MPa: Kampman et al., 2014;
4.4 MPa: Matter et al., 2016). ¥ 7= PCSE &8st
e 4 IS FYske 5o FYHI] o
ol W2 ol o] F¥EAar, 3% Ho =2
HHollA 25 = J= PCSE AR ool

22. 0% 7A AR pH &3

2.2.1. ACW(artificial CO,-rich water) A=

ACW+= Kampman et al.(2014)¥} Matter et al.(2016)
X BHiHE ARE Farsie] Axsom, HEAHORE
AZH ACWES ZHZF ACWx, ACWyO-E r&t3ich
Kampman et al.2014)°l4] DFS004 AlEE CO2W255
A 322mellA AAFHE], =& A (3.4 MPa)ll A
CO.E T (& ZE% 63.7meg/L)st] S pH
(5.13)E YeRl= 54| Ut olet fARE ACWE Al
%3}7] 918ke] CaCl,,2H,0 29g, NaOH 44g 2M
HCl 22.6mLE 1L DIW(deionized water)ol -83JA1ZT}.
Ty e 2] JAHEe] AE 1 RS BRe
2 EFT AHEL B AqollA kst Fx|e] wWH
of ¢t F2 FFE v F Ut £ A3x= CaCly
2H,0 1.5g NaOH 22g 2M HCI 113 mLE &35}
o ACW(E AZSIATE COS FUHA &2 ACWY]
pHE PHREEQC AXFE(12.37)3 Z4%k(12.31~12.38)°]
vl fAkSEA UERsTE o]w) pHe Hach AF] pH A
Z(PHC 101, lowa, USA)S.E Z4&}3c}.

3PH Matter et al.(2016)2] HN-2 AN xFF A
BE AUFog =& pHEB.79)9 e T =(1.45
meq/LYE HERNRITE. o]& BEA] 9131 CaCly2H,0
0.018 g, NaHCO; 0.109 g& 1L DIWol| 83A1A ACWy
< Azt o AFA di7] FelA ACWN] pHZF
A&EH o7 GolAle @48.279M 13771 Aol
At ol 7] COF ACWNCE e A%=
A5t ACWy2 Tedlar bagol] A Z/HE 0}931:]—,
Tedlar bag PET(Polyethylene terephthalate) A|ZZ
B WEE HXg & 84S il 71‘37“7](1mpulse
sealer)= B&-3t] A&t olef 2ol dojxAle] gl
= FEHE t7]9] frE2Ye gt ACWy AlES] pHe
8.19~8.38% Ao} PHREEQC At A<l 8249} F
ARt gks UERARIT

B 218 Kampman et al(2014)2} Matter et al.(2016)
o] AtollM EAJ3k Ago] RS FEsl] 7P Ala
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Fig. 2. Schematic diagram of the process for measuring the pH and alkalinity of ACW. G: Pressure gauge, PCS: piston cylinder sampler,
CP: CO, syringe pump, BP: back pressure pump, V: valves (V4:6-7: 2-way valves, V1-2:3-8:9-10: 3-way valves, V5: screw-type valve.).

£ Axg Aotk webx HFe HIYre FoH g AE]] WH(V3, VAHE T F folel= wRkst
CaCl,2H,0, NaOH, HCl, NaHCO;& %<& ulgo= At CO, U WRES: oF 14~163] HFESIITH
PHREEQC®IA ARt 3l Aoz A SHE H 6. NS XAAUY el AZslar, vas Eof 79t
wate] FAE| ST H ACWE XA 3}
7. VIS 22 FHIE V6 Eal, V55 3] =T

2.2.2. 319t pH 24 o] ACWiZ Bk 50 mL)gH}

obx w3t ulel o] ACWg= CO, | MPaZ 719} 8. V52 Eal XAUHE ACWE A9 ¢S 1 MPa
k] pH 52390 ACWE AZ/AY A3, ACWyS 2 fX3H olu e cpot ¢ AlolA Gle
COsZ FYsHA oIl Matter et al.2016)2] ZAx}s} =2 gRIgh.

FALE pHE YERNZ] witol]l N, 1 MPaZ 71t8lsith.

3% pH 34 HFS 1198 HYshd that 2oy

%] 7} WAL Fig. 2 FX).

1 A3 A, 19t pH A5 HYs 92 wup B
S gt B £ 3qtolA Hach A pH
A53 5 Az 54 Al Hlusislt

2. BAS vzl pH A5 7RSS XYY ol
Aech(Fig. 2).

3. Syringe pump(CP: CO, pump)®l CO,& 1MPaZ
oF 400 mL A&, k.

4. CO, 71t A ACWi ¢F 200mLE A &
o} CPe} 23 ¥ “J(constant pressure)O-Z
CO S ACWioll FH3itt.

5. CO7F ACWoll gsil=ol wel cpel e 7ha Fig. 3. Schematic diagram of the process for measuring the pH

Sample cylinder

NP

- - - . and alkalinity of ACWy. The process is similar to that of ACWk,
sk, A9 #7157] Sistel cp ) Co, ¥ < in that No s 5 .

) but it differs in that N, gas is used instead of CO, gas. NP: N,
2Aasi) olnf 3] vRe-S wk=A Asst) s syringe pump.

J. Soil Groundwater Environ. Vol. 29(1), p. 1~9, 2024



1%k FA AR pH R Bl S 0 7P ARE B89 284 W7} 5

9. EJXATE] pH gho] ¢HE ¥ pHE 7153}

ACWy 378 WS 919 ALY, N2 719eh7] o
Fol| V3ol A= syringe pump(NP: N, pump)S Il
Astar, 9 A3 oA F 49 55 AFSIAThFig. 3).
TS ACWy 7] 9 COvE i o 7] wiol
Tedlar bagollX] ACWyS B|AE &4 T I8 7}
% mpRel] ekt

23. 09 |F Al T S
pH =73& vl ¥ pPCSE olg3le] 9w =38
SF W HaE flste]

AEE AHsIATE PCSE ©]&-

il

PCSE olgalA e WHE ool VUelES =3
sjo] mamslTh. ACWe] A QLR 24 Fo

v

Coyt 7] & 5 SloER PCSE ol83te] g3l
U}, ACWyS] 749 =2 pHE <l8] Co, 277} s
I 7] Wil A}t w4k 3kt

d

2.3.1. 43N Sl S

a9k pH SAo] B # Fig 29 Vst V6s Eoj
ACWLE ©F 50mL A2 3o}, Wz2ags Age)
g A3 & ARE HAd £ €3l 1N HNO;
gdo] F71 FaS o]83sle] Gran A OZ SH3IA
TH(Drever, 1997; Kim et al., 2019). Gran &% A] pH
+ Hach A}e] AF02 ZA3IGTE ACWy A159] 75
A=} =X &) "o Mettler Toledo AF2] T50
73 7] (titrator)Z ]85 th. o|u] pHE= Mettler Toledo
AF] DGill5-SC =5 o]-&ste] S4313th. Hach pH
=3 Mettler Toledo pH H=2 =7 7ol pH 4, 7,
1002 BASIAIL, FF8H02 FE SRIsHiTt

2.3.2. PCSE °l83% 1%t A Al ¢ZeE= &3
ACWg AlE9] CO, B715 WAE7] 93t PCS ©&,
= =4 He U2 2th(Fig. 2).

1. = S48 Al AF o)X PCS9t V7 Alele]
W 947 (nleys €, FAPIE 831 15.1
mLe] 1M KOH &85 Fisit}. ojuff PCS ujF
o] o] (G2 FRI)elojo FAPIE "ol ¥e
A4Eo= KOH 8] Y& + Aok w2bx v8
< 7Pt Beke WEkeE dolEth KOH 89
F9] ZollE ves 2ETh

2. BP(back pressure pump)ll N,= ©F 200 mL =}
o} olm) N9 e ACWiY] ¢FE¢l 1 MPaRTh
wro QS GAFHHeF 0.95 MPa). e BPS}

G22 ERIgi.

3. V82 PCS WEkow di, BPE Yo A3
%, V7 V55 Eo] ACW¢E PCSZ T3ttt
ojuf V5= FS A3t ACW7t 53] PCSE
AR = Fo3it), m|aEo] E714] olF3h

Folle GIE B3l PCS U A1R9] §Fo] 1 MPa

FrEg).
5. O1F V7 S| doid SAE
sEL FlokE Nyt ol k.
6. 35E gAe HaddGeE RuE A5, IN
HNO; 8N S 2 Gran A4S 3315t} ol pH
+ Hach Ale] Z=& 0|83l A3t
PCSE |83t ¢ZE|= =4 &, KOHol| 9t &2+
T SRS 2ptele] AAl ACWS] SLEEE Alla)
Ak 1).

Alk-sample = (Alk-measured_ Conc-KOH x RKOH x 15000) /
(1-Rkom) )]

A7, Alkampe A2 GZEE, Alkpesuwa= PCS
ARE & 243 4=, Conckor= KOHS] &5 (mol/
L), Rgor= KOHY] &3tH]elt}. pCSe] 3= 47.7mL
o], KOHZ 15.1 mL #H7}8It). 1 MPaolA] &< ¢
ZE5S 1P B AYoNA Reoi= 031501t}

3. 41 9 E9]

3.1. 1% 73 Al pH 34 H3}

ACWg, ACWy®] pH ¥4 Z7E Table 19 UERY
Ak ACWie] 7% 719 8o Az =), ZH2t
2% CaClL2H,0, NaOH, HCI&] o] ZFH x}o]
Wk AT o SHE 7F Aok dR Y Al %
£ 383l 2+ ACWx2] pHE PHREEQCZE ALkt 2
= 522~5230F YASITK(Table 1). ACWiE IS
ZFo 2 ZH3 pHe 54804 5.672 UetoH, Akt
2 0.25~0.45 A= ZfolE YR ot AXKSE gk
S 7FOE 3R QAR 4.8-8.6%% ALK zlolE
A %SkcH(Table 1). 3 ACW\e] 7% pHE 8262
2 AREYEY, 24 2= 10 vHIg) 0.25~0.56 &
7.70~8.012 ERHTHTable 1). ARKRES 71E0=2 3F @
ZR= 3.0~6.8%C1tF ACWol HISl] ACWy2] Q318-0]
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Table 1. Comparison of the pH predicted by PHREEQC and measured using high-pressure pH electrode

Sample Sample Vol. Temp. (°C) pH Error (%)
No. (mL) Measured Calculated Measured
ACWg 1-1 200 23.3 5.23 5.59 (5.96) 6.9
ACWg 1-2 150 22.5 5.23 5.48 (5.97) 4.8
ACWg 2-1 200 21.8 522 5.51 (5.99) 5.6
ACWg 2-2 200 22.6 522 5.67 8.6
ACWg 3-1 200 22.7 522 5.62 7.7
ACWg 3-2 200 23.1 522 5.63 79
ACWy 4-1 295 23.0 8.26 7.70 (7.14) 6.8
ACWy 4-2 295 23.0 8.26 7.78 (7.06) 5.8
ACWy 4-3 295 23.0 8.26 7.92 (6.90) 4.1
ACWy 4-4 295 23.0 8.26 8.01 (6.80) 3.0

Error (%) = |Calculated— Measured| 100(%)
| Calculated |

(): The pH of ACW that exposed to atmospheric pressure after being pressurized.

%o o]f= ACWNS pHZF E7] wlEo|th. ACWS}

ACWy 2%t pH 34 2318-2] Hit-2 6.1(x 1.8)%°|t}.

Table 19= Gran &4 %7] pH g 35 < 1}
BRI ol 1% frAl AIEE il =Este] et
ol =43 grolth. ACWk2] 7% Hachr}e] pH A=
oF A3, ACWy> Mettler Toledo ARl pH
Fog =43l9th. ACWS] 749 5.96~5.992 =AHEY
ok AR 5.22~5.23 BT} 0.73~0.77 ¥ FOZ, 31
3 pH H=oz 2449 ol visty o =A YeRth
o] ACW(ERE CO, 8717} Aste] pH7F =0kl
Ro=Z ATt A ACWyS] 72 6.80~7.142 ALt
ol viste 1.12~1.46 SA VERTE ol 1% pH A
Fog 249 ol vskd 0.56~121 T & gholth

o

g7l F9 coyt AEE 799 232 sdEch
A4 AlES] pHE d)olA di7]eh A&
AIZE Yol Wslshy Yo} 7hagit

ol=
%t
< e
pH 574 A7t H Agsidar & 5= glv}

—_

32 QAT =X I}

ACWSF ACWy,S] &ZE]= =3 Z3E Table 201
UeERAITE Fig. 4ol Gran ZAH oAAIE YERJA
o} Gran AAHL x Sl H7He Ake] 13, y Solle=
ake]l g 1213k H'O122] B ((VaampietVacia) * 1071
£ TABk] FEdel sigele kel FuE Feke W
o]ti(Drever, 1997; Kim et al., 2019). Fig. 404 A&
o] H o]l tigt a7 ARAE, H7IeE Ake] F

Table 2. Comparison of the alkalinity predicted by PHREEQC and experimentally measured using Gran titration

Sample Alkalinity (meq/L)

N(r)). Calculated Measured Error (%)
ACWy 1-1 33.07 30.54 7.7
ACWy 12 E‘(’:“S' 33.07 29.45 11.0
ACWy 2-1 3247 31.73 23
ACWy 22 336.57 (32.41) 315.64 (0.93) 62
ACWy 3-1 PCS 336.50 (32.38) 314.88 (-0.18) 6.4
ACWy 32 336.48 (32.38) 310.53 (-6.53) 7.7
ACWy, 4-1 130 125 3.8
ACWy 4-2 non- 130 127 25
ACWy, 4-3 PCS 130 123 49
ACWy 4-4 1.30 123 53

Error (%) = Calculated— Measureﬂxloo(%)
Calculated ‘

( ): The alkalinity obtained by subtracting of KOH using equation 1.
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Fig. 4. Gran titration plot. x-axis: volume of injected acid (mL),
y-axis: Gran function = (Vgmplet Vacia) <107,

o]l ] H'e] B} d¥H o= FrIeit). o] Ado]
x5 vhbs e 2] H7hE o]$RE AR d5E
(buffer capacity)°] $ITH= 7] FHo| =1, ol 3%
Hoz Jolr G =E ALK

PCSE ARE3HA] @431 2783 ACWo| ¢aE|Ee
29.45~31.73 meq/L= UEFHTE o= AL 3247~
33.079 B3k °F 0.74~3.62 megq/L S+ Fho® ARk
S 7IEoZE 23~11.0% 2] Ys= Frolth(Table 2).
ACW\O L4ZHE) 55 1.23~127 meg/LE AAME 1.30
meq/LET} 0.03~0.07 SHA YERATH(Table 2). AXHES
71Z0 R 3 QA= 2.5-53%E AR wl-¢- 248k
ERT.

HhH PCSE ARSSIE 749 KOHS| &g sl s
o, YA o] AXIEES 336.48~336.57 meq/Lo|aLl, =3
ZrS 310.53~315.64 meq/LE AAFgo] HIS] 20.93~
25.95 meq/L Sl YEPATHTable 2). AXRES 71Eo 2
Bhe Q8L 6.2~7.7%= PCSE ARE3HA] S A$-H
o} ARl 238t Be=rt sl J7HE = v
T 2] 18 o]83le] KOHY FEFS wlFlS 7%
I = 2t —6.53~0.93 meg/LE AXFH(32.38-32.41
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