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HoAst H|O|E| AE: K (T)

H;O = H* 4+ OH~
AG°w = — RTInKy = p°u+ + p°ou- — 1 He0 AG =3 apip — 2 Orpsy
p r

—

Chemical potential of H* ion (25°C): 0 cal mol*

1y, (T)— Partial molar ionic entropy : -5 cal mol! degree!
| Heat capacity: A=0, B=9.35 x10%, C=0

H°h20(25°C): -56,720 cal mol* 1° on.(25°C): -56,720 cal mol-

M°ho0(T)— Molar entropy : 16.75 cal mol K+ Lon(T) Entropy(25°C): 2.43 cal mol! K1
l—leat capacity: A=16.03, B=0, C=0 C,: A=0, B=-1.77 x10, C=0

Cy(T) =A+ BT + CT?

2 —
K (T) =0 @)+ AT, =Ty =Ty ] 4 B[y, = = He o[- - ] - 1 - ToSecmy

D.F. Taylor, Thermodynamic Properties of Metal-Water Systems at Elevated Temperatures, J.
Electrochem. Soc. 1978, Vol.125, p808
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12 HHAsS MoJH AHE: K (T)

At 573 K
14.5
AG =3 apip — 3 ok
P r 14
— =] o —_ a
= u H+ + KL°OH 1° HoO 135
= (-2160.5 -31571.4) — (-63,088.5) 13
3
= 29,356.6 Cal mol'l= 122.828 J mol-. z
12.5
12
AGQW p— RT ].n KW
11.5
log Kw(573) =-11.195
11

290 340 390 440 490 540 590
Temperature (K)

M, M 377 BAt=tet WSAE (Hf= o2 OhE), ok (2024)
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xB(OH); + yOH™ == B.(OH )azs ¥ ~

1573.21
log Q1® = ° T + 28 8397 + 0.011748T — 13. 2258 log T

8.1
log 0,8 = 23"%:.—' — 18966 4+ 5.8351og T

3339.5
log (5,49 = —T"‘ — 8.084 + 1497 log T

12820

log Qs,2° = T 134.56 + 42,105 log T

14
log 05l = 200 _ 118115 + 36.287 log T
T

MESMER, BAES, AND SWEETON, Inorganic Chemistry, Vol. 11, No. 3, 1972

Initial conc. A B 0
Change -X -X +X
Eq. conc. A-X B-x X

xB(OH); + yOH - === B,(OH)sps ¥~
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OIR WHN 22| 3N

4.169641
0.000109

[OH-] => 3.4858E-05 p[OH] => 4.457698

pH == 6.842302

OIRFUHA 4

pH ~6.90 from EPRI guideline @3

OIM R, M 377| LAtztat

pH ==

<Low conc. boric acid>

7B sk= 550 ppm => 0.050874 M @ 573K
ELi sk= 1 ppm => 0.000144 M
log K of B(OH)3+OH- => 1.7933 K => 62.12981|
O|AFEFAI Al Aps <High conc. boric acid>
a== 1

2 p] |E7IB BE= 1200 ppm => 0.110998 M
b=> -4.169749716 A I °P _

o 4 |ELisk= 2.5 ppm => 0.00036 M
c=> 0.000455381 =

— b4\ Llog K of BOH)3+OH- => 1873 K=>  74.64488]

r=—7

ar’ +br+c=0
=9 24

Lo b Vb’ — dac

2a

a== 1
b=> -9312321714
c=> 0002984237
olxt WAl 2| BN
X1= 9.312001
D0°C 2= 0.00032
[OH-] => 3.97065E-05 p[OH] => 4401139

6.698861

pH ~6.97 from EPRI guideline @300°C

T oF=21(2022)
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Reduced Isotropic Raman Spectra of Boric Acid

P. Tremaine et. al, Speciation and Thermodynamic Properties of Aqueous Poly-borate Species under PWR
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12 pH &% : Ni/NiO/YSZ/H*, H,O

Fully dopped

Ni / NiO / ZrO,(Y,0,) / H*, H,0

Ni Oo ’)

N
NiO + 2¢ Vo kS

Ag/AgCl/0.1 M KCI
Ref. electrode

ion)

NiO + 2H* + 2e 2 Ni + H,0
E(T) = E°yuniolT) - (2.303RT/F) pH,

1<

Ni/NiO
pH electrode

J.-W Yeon*, et. al., KAERI report, KAERI/RR-3186/2009 (2009)
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A : Ni/NiO/YSZ/H*, H,O

280°C
=
(4
7k O ©
| o
2
A O Measured
r A Caleulated
4 1 M | N | L [l M
0 2 4 6 8
Liconc. / mg 1~

Fig. 3-19 22(280C) g&/54kr &4 SA € pH
Test solution: x ppm-Li / 1000 ppm-B
Pressure: 100 kg/cm’, Flow rate: 10 ml/min (0.51cm/min)

J.-W Yeon*, et. al., KAERI report, KAERI/RR-3186/2009 (2009)
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8 T T T T T
o : Deionized water
R | AT AS W 7122 pH X3t
7} & o . Qo= %g
R S e | - MIBK, MEK: &l 4 &
_ - =4 JjojA § —» CO,+H,0= &5
L 6|l -
L
= C.F.: o}21 (EDTA): pH &7}
5 L _
‘ ﬂ B e T 1
4 N
1 i 1 L 1 1 | i 1 i
0 10 20 30 40 50

Gamma dose (kGy)

Changes in the pHs of MIBK and MEK solutions and deion ized water after
gamma irradiation: Deionized water (O), MIBK (), MEK (A). Gamma dose
rate: 10 kGy h™1, irradiation time: 0—4 h, temperature of irradiation
laboratory: 20.5 °C

Minsik Kim, Jei-Won Yeon*, et. al., J. Radioanalytical and Nuclear Chem., Vol. 326, p. 121 (2020)
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pH value (-)

14 | N I N | v L N I

(T - N—— y NS N - NO; - HNO;

ol O : Deionized water ]
" [J : NaOH solution (pH 11)
2 : NaOH solution (pH 12)
g b b d
B 8.
@, .
g
6| . i
‘o..
B R ®
4t i
1] 100 200 300 400 500
Gamma dose (kGy)

The pH changes of NaOH solutions with initial pH values
adjusted to 12.0, 11.0, and 6.9 under 0—400 kGy gamma
irradiation conditions. Dose rate: 5-10 kGy h-1. Error bar:
standard deviation of three data points

Minsik Kim, Jei-Won Yeon*, J. Radioanalytical and Nuclear Chem., Vol. 332, 5225 (2023)
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o
« S&:0 - 2000 ppm 1°B (&4
« Al BO]: 1, 2 ml
o YUXZ MK} T A}

e Thermal neutron flux : 2.81x10'3 n cm2 sec!
o fast neutron flux : 7.46 x10° n cm sec’’

o XA} A|Z
1,2, (4) hr

o 2=

« 100 °C 0|5}
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Photos and elemental
composition of the
PWR crud samples.
The unit at.% refers to
atomic%.
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J.-W. Yeon, et al., Chemical anaIyS|s of fuel crud obtained from Korean nuclear power plants J. Nuclear Materials 404 (2010) 160
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Cladding oxide (ZrO,)
& Nickel (Zinc) ferrite o Nickel oxide
2¢ Bonaccordite, LiBO, / Nickel oxide needle
& Zro, o Metallic nickel

A2t 19



A1 Cl0[E{ ZHA|: Ni-58Cp

Postulation: 8Co moves with Ni in reactor coolant system

X NiO

Under same core condition
A

58CO

y NiO

Ni

n

¢

S.-H. Jung, J.-W. Yeon*, D.-H. Lee, et. al., Investigation on exceptional fuel CRUD samples by using radioactivity ratios of cobalt
isotopes, Applied Radiation and Isotopes (SCI), 2013
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58C/60C0

71 day

= 1,920 day

S.-H. Jung, J.-W. Yeon*, D.-H. Lee, et. al., Investigation on exceptional fuel CRUD samples by using radioactivity ratios of cobalt

isotopes, Applied Radiation and Isotopes (SCI), 2013
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AB Al2: 3 F7| Al The ratios of radioactivity of *8Co to the Ni content of the CRUD
C.D Al&: 2 F7| A8 sample obtained after fuel exchange period 16.

CRUD sample “%Co[Ni (arbitrary unit) of sample obtained after 16th
code period

A 3.52 = 10° + 6.00 = 10°

B 1.04 = 107 + 8.77 = 10°

C 3.01 = 10° 4+ 1.91 = 10°

D 3.20 » 10% + 2,02 = 10°

The ratios of radioactivities of °8Co to 6°Co of the 4 pairs
of CRUD samples obtained after 16" and 17t periods.

CRUD sample code “5Co/*Co

Sampled after 16th period Sampled after 17th period

A 0.41 4.70
B 32.4 6.28
C 44.6 4.96
D 39.7 12.4

S.-H. Jung, J.-W. Yeon*, D.-H. Lee, et. al., Investigation on exceptional fuel CRUD samples by using radioactivity ratios of cobalt
isotopes, Applied Radiation and Isotopes (SCI), 2013
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The fuel exchange period and points of CRUD sampling from the fuel bundles.
The numbers 14-17 in the table are the fuel exchange period of the power plant.
A circle symbol (O) refers to a period of storage in the pool. Asterisks indicate
the points of sampling.

CRUD sample code Fuel exchange period

14th 15th 16th 17th
A 15t use 2nd use o* 3rd use®
B 1st use 2nd use® 3rd use®
C 15t use* 2nd use*
D 1st use® 2nd use*

S.-H. Jung, J.-W. Yeon*, D.-H. Lee, et. al., Investigation on exceptional fuel CRUD samples by using radioactivity ratios of cobalt
isotopes, Applied Radiation and Isotopes (SCI), 2013
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Tube Number of tube | OD of tube Tube thickness
material (mm) (mm)
Old type Alloy 600TT 3,330 22.23 1.27
New type Alloy 690TT 4,689 19.05 1.09

ncrease | o \itigation of SG tube PWSCC
€ tnhancement of Plugging margin
€ Power uprate

Replacement g

of SG numb. &
surface

area

‘ Short term: Mitigation of fuel crud activation
NiFe,O, + Zn?* - ZnFe,O, + Ni?*

/N injection

Long term: Stabilization of surface oxide layer

SALZFS] 54



sigig 32 E

2009 <O}AHFEQ1<2011

| 2009 2011 2009 2011 | 2009 | 2011 2009 2011
I - DO - DO
]
Co . - DO - - 03
cr 64 98 45 . 35 49
Fe | 251 406 278 284 345 A1 234 327
]
Mn 03 D0 0.8 0.4 0.2
N 822 225 200 234 167 187 166 285
m [ 04 o8 0.2 0.6 1.1
x| 330 1583 287 289 208 301

Unit: wt%, * DO: detection only
A2t 25




Cr-51
Mn-54

Co-57

Co-58
Fe—-59
Co-60

Zn—65

2009 (x 13.5)
9.609E+06 * 7.662E+05

1.231E+06 + 5.196E+04
8.997E+04 + 3.148E+04

2.059E+07 £ 7.817E+05
4.448E+05 + 5.427E+04
1.092E+06 + 5.318E+04

< 6.357E+04

Sample—-C

2011
<1.194E+05

2.077E+06 £ 5.407E+04
7.105E+04 = 1.001E+04

3.637E+06 + 1.367E+05
<1.468E+05
1.139E+07 £+ 2.901E+05

1.537E+05 £+ 5.988E+04

Zr-95
Nb-95
Ag—-110m

Sb-125

4.385E+06 + 1.674E+05
7.081E+06 + 1.862E+05
4.120E+05 + 3.496E+04

2.867E+05 £+ 1.175E+05

4.455E+05 £ 2.715E+04
9.373E+05 + 2.845E+04
4.828E+04 + 1.145E+04

1.868E+05 + 4.290E+04

A2t
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A

I
21+ OH — I, + HO" e |, + 2H,0, — 2 + 4H* + 20,
I
|
I

pH 2.15 pH6.04  pH632 pHG654  pH6.72  pH6.96  pH11.72
(PH2.17)  (pH3.09) (pH3.53) (pH3.99) (pH5.50) (pH7.87) (pH 11.87)

Photograph of 5.0-mM Nal solutions after 2 kGy-h~ ' gamma irradiation for 4 h. Temperature at irradiation laboratory:
15°C. The values denoted above the photograph were the pH values measured after irradiation. The values in the parentheses were
measured before irradiation. The vials were replaced with new ones after gamma irradiation.

QO Oxidation of I- by H,0, (pH < 6)
s 21"+ H,0,=1, + 2 OH-

O Oxidation of I- by HO radical (full pH range)
% OH + I = %I, + OH"

S.-H. Jung, J.-W. Yeon?*, et.al., Nuclear Science and Engineering: 181, 191-203 (2015)

SALLfSf 28
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[] : Without irradiation, 0.5 mM I,~ solution

A 0.8 O : 15 conc. in irradiated 5.0 mM I~ solution & OFO|QEl 3|t AAl
i . - B ZH:pH > 10
—_ O Irradiation condition - Al =Z: pH > 7
- % 0.6 O
o| & o4 \
> 8 ‘w/o irradiation
I i
0.2
&

pH (=)

S.-H. Jung, J.-W. Yeon*, et.al., Nuclear Science and Engineering: 181, 191-203 (2015)
B Aretet
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pH H|2|E B3 pH 37t pH °|= Hi2
o] Mgt
—0.536 V 0.665 V @pHO

-

AE= Erex - on = rex (RT/I’]F) In([l ]Z/PIZ) - (Eoox (RT/nF)'In([HZOZ] /(POZ'[H+]2))
= (0.536 — 0.695) — 0.059 log([I)/P,?) + 0.059 log ([H,0,]¥2 /(P5,*2-[H*])

= (-0.159) + 0.059 pH + 0.059 log([H,0,]%2 -P,12)/(Po,2-[1))

A2t 30



O ZFA|0F JH Al 22 "ghARY
Q HWALd ofo| 2t 2L |
- I|3$=9| pH 10 O] & &%

o
O LHFE2| A HiE2 H

=1
x

b |
(=]

jot
2

- B 7teE26l 4d=at9|

OH

d O}0| &l 2|’ <
O H,0, &§™ o

|
2 0|
- pH 70| &0{[A O}0| 2Tl 2|’ A

|8
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OH,0, 7} + pH =H = HME M
Q pH 7 0| &0f| M Sr SE

—\#- FeCl; + SrCl, (a) e
100 [|-A- FeCl, + SrCl, (b) 7
~E3-FeCl, + SrCl, + CsCl ey
Q |-©5—FeCl, + SrCl, + CsCl + Nal o A
o
= 801 ]
%9
S2 60
5 8 - |
o
% &
w
Q
SO0 40F )
==
%
20 | |
0 A L 1 A ] 1 1 1 1 L L L 1

7 8 9 10 11 12 13

TaeJun Kim, Jei-Won Yeon*, et. al., J. Radioanal. Nuclear Chem. (2018) 316:1261-1266
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OH,0, H7l + pH ZE = HHTE &4
Q pH 8 O|&0llAM Cs B&!, sr 24 3%
3. | |

V FeCl, + CsCl (a)
/A FeCl; + CsCl (b)
3.0 O FecCl, + SrCl, + CsCl
O FeCl; + SrCl, + CsCl + Nal

N
o
' I

Mass fraction of
Cs(l) coprecipitated (%)

TaeJun Kim, Jei-Won Yeon*, et. al., J. Radioanal. Nuclear Chem. (2018) 316:1261-1266
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600 | @@)' | O iExperi]mentalldata' —~
— Sigmoidal fit ] ~
n
500 | 1 @
. ®©
4 =2
//" 2
— - ya=
> % 400 /// 8
= = Sr .,/ 2
c g 300 R 1 ©
- o
Q 8 // // =
> N + ,Cs o
— 200 ) 1 B
, /
’ Vs >
’ /’ o
100 - S 1 &£
/ 4 <E
/7 /
/ /
) e — — T s =1 -
2 4 6 8 10 12
pH of gamma-irradiated solution
TaeJun Kim, Jei-Won Yeon*, et. al., J. Radioanal. Nuclear Chem. (2018) 316:1261-1266
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