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Abstract: Quantitative analysis of radioactive nuclides is essential for the disposal of radioactive waste generated
during the operation and decommissioning of nuclear facilities. Among these, trittum (CH), carbon-14 (**C),
and iodine-129 (**’I) are representative target volatile nuclides requiring strict management due to their
significance in radioactive waste handling. This study established optimal conditions for simultaneous separation
and quantification of *H, 'C, and "I in various waste matrices using high-temperature thermal decomposition
and wet digestion methods. The pretreatment conditions were optimized by comparing the recovery rates of
’H, ™C, and '®I under varying temperature and flow rate conditions during high-temperature decomposition.
Additionally, selective application of liquid scintillation counting (LSC) and inductively coupled plasma mass
spectrometry (ICP-MS) was proposed for precise measurement of the target nuclides. The established
pretreatment methods (high-temperature decomposition and wet digestion) and measurement techniques (LSC
and ICP-MS) were applied to various waste samples, including soil, concrete, sludge, resin, metal, plastic, rubber,
and paper, to evaluate the effectiveness of the methods.
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Fig. 2. Diagram of wet digestion method with 3-neck flask digestor.
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Fig. 3. Analytical procedures of *H, C, and "I for the
radioactive waste.
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Table 1. Analytical conditions for [CP-MS and LSC

ICP-MS LSC
Parameter Value Parameter Value
RF power (W) 1200 Target nuclide H e 1291
Spray chamber Cyclonic, PFA Channels 5-180 50-550 250-500
Nebulizer (uL/min) PFA 400 Counting time 20 min 20 min 20 min
Coolant gas flow (L/min) 14 Repeat 3 3 3
Auxiliary gas flow (L/min) 0.8
Nebulizer gas flow (L/min) 0.85
Uptake time (s) 60
Wash time (s) 60
"C SQP(E) st A2t B ARE dUYEE vase Uy
w0 T W © 2 WAFsS 2SIt olu) 7t A B9 A E
o - (SQPENE ST A=Y W {75 3715}
3 26 Fo8 > 810] 5
< 5 3 of SRS R8-S st
g £ 3. @M ¥ E9
w22 65 'O
= c
£ i
£ 20 - 2 31 88 ¥ 2= T2 ME 12 Py Wit
o
. _ %9 Aut o2 A Re| AR &L AR wjHo] ne
| gels}oty 540 el wEA e, Aaviea]
16 . : . . : 45 o wet GFE ] 2ol oo i x4
700 710 720 730 740 750 760 o
H SQP(E) 37t dasity WA, kol tigk HAss sl
Air 2 0, 7}* °1 %%‘ T ;Pﬂ 30, 60, 120 mL/

Fig. 5. The counting efficiency calibration curves for
and 'C of a liquid scintillation counter.
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18-25 %, 49— 82 %o.2 AT} LscE ol g
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Table 29 YERA kel 2o, Air 2 0, Y %
30 mL/min®l| A1 €] *H, “C9] 3]4& FFAAH)S 2zt
101 £1.09 %, 101+0.89 %%].2™, 60 mL/minol A ¢] 3]
TEL 102+£022%, 98.6+0.97 %S BTk F3
120 mL/min®1 A= 102+ 1.46 %, 99.9+ 0.67 %2> 2
ettt weba CH, 4ce F f3d o2 01?*01
A9l gl Aoz HrIEJT) vhd, Pe] 5482 3

Table 2. Recovery yields of *H, *C, and °I under different flow rates and temperatures (N = 3 for each condition)

Recovery yields (%, Mean + standard deviation)

Flow rate/Temperature

SH 140 1297

30 mL/min 101 + 1.09 101 + 0.89 62.2 +4.54
60 mL/min 102 £ 0.22 98.6 £ 0.97 89.8 + 1.05
120 mL/min 102 + 1.46 99.9 + 0.67 88.6 = 2.02
600 °C 101 + 1.61 99.8 + 1.31 83.2 + 0.55
900 °C 101 £ 1.95 99.4 £ 2.20 929 +2.15

“Values for I were analyzed by LSC

Analytical Science & Technology



Optimization of volatile radionuclides (*H, 'C, '*°I) analytical methods of radioactive waste 377

60, 120 mL/minolA Z+zb 622+4.54%, 89.8+1.05%,
88.7+£2.02 %2 BN = Atk &% 30 mL/minol| H]3] 60
2 120 mL/mino|A 35&o] <k 90% FFoE T4
He A4S 2t ole 43S SR EN &4

£a5E TPsyo] ZolE AT
SAMH olel @ AHE MY, B ATAE 3

SAARY] ALV FYFFE 60 mL/mine 2 A

Aezo WE 35HEe s 4
]| 2 60 mL/mino. 2 X3 Aejol A,
F2 37t A EA e L= 600°Ce 71
o A 1291 A &of] 2-g% 900°C ZANA z}tz}
139 TIP3t 2 A3 FHo A4h2% 600 °C
Ao SHeF UC F5&e 42 101+1.61, 99.8+
131 %21, 900°ClX = ZHzh 101 +1.95, 99.4+
220 %% et wEkbA CHeE HecE da 2x 9]
WH3lo] A9 JFg wx] S sk ¢ AT
1P 3580 B, H) A2LE 600°C Z700A
83.2+0.55 %21}, 900 °COlA = 92.9+2.15 %= oF
10 % FFE AT 23 Y 600°C o] LA dF
AR wEe AlE FElst dodo] LAsH, A 587
(boat) &4 5 7171 TE] SHAA A eFo] HAY 3T
wepA B Apois dEse] HI 2% 600 °C7t
A Aoz AT o] Z7A H & Hce
3L oF 100 %0 =2 on, P[] s
°F 85 % T2 B A

32 9 X dhH

o AFS o ozl 2ARLLE 600°C, 7H=
% 60 mL/minyg 483t I FR3HS oLt
SH, I4C, ]29194 _irg 23\
dEHHAME °H, PI7F 129 0.
0.01 M NaHSO; &l Aol 3] 5]
W 7 aFs a4xez 78 ¥4
WS HESAD o5 3
s BY H7E AEEZRE e VE G
ICP-MS¢} *HeF 'P19] SA| &4 o]
Zt Baste] A9g vtk 24 W
Ag FaAEe F AT 1 4T A
2 3HA| (Minimum detectable activity, MDA) <~
At 2 dEHE Fol Dol 19| L
AFgAe Hrlsled LSCo R AZ3F A3, EY,

FYE, 87, g7 9 3% A8 I FF 35E

\i
o,
olr
o
ot
N
)

ol
ol

o=
<
Z
e
+

[0 32 o
e 12

ox gz E
o
i

N
)
olr
o
=
w2
(@)
fru

oy
b b i

o2l
o
N )
o

ol

(i

o

Vol. 38, No. 6, 2025

1.4
®  Soil ® Concrete
1.3 1 A - Sludge - v -Resin
¢ Metal
1.2+
11 1
mo®e A v
2 ] " ° AL, AvY
w® 1.0
] []
14 ° \
N M X
094 N\ ool %o ]
1.01+0.08
0.8
0.7
Ratio = LSC/ICP-MS
06 T T T T T T
0 5 10 15 20 25
Sample No.

Fig. 6. Comparison of '*I analytical results between LSC
and ICP-MS measurements.

071%, 77.5+042 %22 YEPgoH, U3 A EE
)} BA3le] [CP-MSO2 ZA3 7 So= zhzt
7734021, 66.7+225, 769+1.62, 727+096, 87.1+151%
olth. Fig. 6olE F &4 WHOo=E ALl 35g
H](R=LSCACP-MS)E YEFA S ™, H++ ¥]= 1.01+0.08
(0.89-1.15, n=25)2, F+ Wy o] SAAI7} 2 XS
gl sttt o128, paired testE: 8+ F 12 W9
ztolel Az BAA F948 Bkt A3, Aole
fFefstAl &2 o2 HERTHp value=0.23). °]2{gh
Ades 7189 AF A" o B, T 54
W ZF ek HE A Ao & 4% FX
%S AARITE H LSC 9 ICP-MSe] 342 ol
gk MDAE Currie(1968) 413} 71712] 7Z3HA|(LOD,
Limit of detection)E 2]-§-3}o] AFZEstch dvby o
2 MDAE AlE%, dH9 x, a8]a &4 A7k
ofs] AAHETE & AT 1-5 g9 AIEE o=
607+ LSCE &4 3 749, MDAE 0.02-0.11 Bg/g
HQPoen, U3 A2 ICP-MSE =33 3%
= 0.01-0.07 Bg/g HSIZ 1=}

LSCE o] &3t *He}l P19 FA £4 & 7} g
ROIZ ZATo2X 7Hesttt. 2y, Fig 4914
et vpA 9, 28 EY 9] AA7F HEelA] %ol °H
9 P[o] 7} ROIE FA A7 3t A #alofvt sic,
ol & Zt HFo AZF G &o] AHER e
MDAE fA1317] o=t =3 A 2E A|F9
23R =l wet dFo] vEf= ROI F+7Fo] JaFat
S & glo} B Aol tidt B3] S8 S,

Zyz} 829+4.03%, 72.1+£2.69%, 80.7+1.54%, 774+
[e]

o)

1% do o



378

Hae-Ri Kim, Jong-Myoung Lim, Da-Young Kam, Mee Jang, and Jae Hwan Yang

. . 0 . . . . B
Table 3. Previous studies on *H, '*C, and '*°I analysis in environmental and radioactive waste samples

Radionuclides Samples Methods Measurement Recovery yields (%) Ref.
. High-pressure oxygen bomb com- HTO: 101 £ 3 %;
3
H Cellulose matrix bustion — collection of tritiated water Lse OBT: 97 £ 13 % 31
High-temperature combustion (tube
Simulated resin and furnace, AirtO,, Pt/Al,O; catalyst.
3pr 14 s 2, 2Us3 yst, 3y 4. 0
H,7C oil samples trapping in HNO; for *H, Carbo- LsC H, 7C:>97% 9]
Sorb®E for C)
High-temperature combustion (tube
3L e Simulated sludge furnace, up to 900 °C, AirtO,, Pt/ LSC H: 99.5 %; [10]
’ sample AL O; catalyst, trapping in HNO; for 1C: 96.7 %
3H and Carbo-Sorb®E for “C)
H: 98 + 4 %;
3y 14 : : s : 5
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sample ALO; catalyst, trapping in HNOs+ Trio furnace: 81.9 £ 19.2 %
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(LLW) NaOH — re-precipitation with PdL- > g
0o waste: 42-54 %
)
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Nuclear power . Energy
12 plant evaporator absorption; Germanium (1) 75-80%; [19]
1 1 ) - 0,
concentrates 2) Chr(.)matographlc resin (Ag'-loaded) (Ultra-LEGe) (2) 80-85 %
separation
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Sequential oxidation (HNO;) — NaOH
1291 Simulated waste absorption —reduction to '*I'— Agl Nal(Tl) gamma 121 ~90 % [20]
S counter
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Simulated LLW Ml.xed acid digestion .or .alkalme Ton 767+ 1.7 %;
129 . fusion — solvent extraction into CCl, . . .
1 (UO; pellet solution, . . . Chromatography Fiber (alkaline fusion): [21]
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Table 4. Recovery yields of °H, *C, and '®I in radioactive waste sample matrices analyzed by high-temperature thermal
decomposition and wet digestion (N=15 for each sample media)

H 14 129
Recovery yields MDA Recovery yields MDA Recovery yields MDA
(%) (Bq/g) (%) (Ba/g) (%) (Bq/g)
Soil 101 + 5.68 0.059 - 0.076 100 + 1.62 0.021 -0.028 77.3 £0.21 0.013-0.014
Concrete 106 + 0.30 0.059 — 0.069 97.0 + 1.25 0.027 - 0.034 66.7 + 2.25 0.014-0.015
Sludge 101 £ 5.82 0.129-0.178 105 + 1.58 0.041 - 0.051 76.9 £ 1.62 0.027 - 0.035
Resin 105 £ 1.50 0.270 - 0.362 96.4 + 0.39 0.066 — 0.091 72.7 £ 0.96 0.086 — 0.091
Metal 102 £ 3.30 0.272 - 0.345 100 £+ 1.62 0.103 - 0.130 87.1 £ 1.51 0.055 - 0.069
Plastic 98.9 + 1.69 0.059 — 0.060 98.4 + 0.11 0.017-0.018 86.1 £ 13.0 0.032 -0.034
Rubber 98.6 +2.18 0.059 — 0.060 98.0 + 1.61 0.016 -0.017 86.4 + 1.17 0.040 - 0.043
Paper 104 £ 0.97 0.097 — 0.098 91.0 £ 242 0.015-0.017 93.1 £0.17 0.064 — 0.075

*Recovery yields were presented with mean + standard deviation
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