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Fig.1 Plasma high temperature melting system sketch



- 146 - i R I

SAaFMAS5HRR

PR P ARG R A5 S - AU A, A I A A
Sk, 7 AR B TCHL 5 A% R N RS TY BRI = T
V& Rl A BT M 958 18 M AT A0 B B 2 0 I,
PEA% R WAL TE SRS R | BB ARV H 1R IO 2 B
fEo —RRE AW AT AR R 58 R B 2L 1Y)
35 FHA K B N IR 5 KRR A TR IR
BRBE . BRSO MRS 5 oA R BT ik AR AL B R
4, MR G ERE AR AL JE RS R 20 R
SR BRIR A PR SS BROK S AL A iR A 2
P T AN B HE R AR5

SEBGHFE S A BT AR SR A AL EE X SRSt
AC(XRE) (fif 22 MR R 5 ZETIUM ) 5 55 5 71 i
T AL (ICP-MS) (2 $E 18 7700x) 5 [l 2 #4 43 #r A%
(TGA) (1% [ i 3 STA449F3) ; X SR T RETEX
(XPS) (3 E B € /R B A7 BR /A & Thermo K-
Alpha+ ).
1.2 KIEH&A

SIEHG P HUR (A 196 22 05 7 SR FRA WD) (PE
(I A b3 22 7K 28 s BHE A R W) AR S BT
B . MR SR >95% , IK453<10%; PE JE W)
BLAT R M B A AR A S i)

H [ A2 FU R 3B 7 4 A B R B L GB/T 406—2018
GB/T 40006. 2—2021 %5 A1 & Bk, FE BN SLHG PR
JCHUK AR A PE 4% B EE FE 1: 2314608 2. 5 ke/A il 4
AL B 125 g BEESIE BGRAT L A28 B, BEHC Se AR
KRR R A R AITR A0, 4 g BRIR
R R (SrCO5, AR, W H B[ H1 T A AL BHE B4y A FR
ANE]D . B REFRES 400 kg K PE 800 kg, %5 I 3% 35
JE L 60 ke R FRFERI AR 5 keo
1.3 XWAHE

LB TRME T2 70 kW , 44 Bl R b e R
T Tl A, BORkaT— 88 %= IS HBIR A 600~
700°C , 1k % I BE A 700~800°C ., 52y ik 72 v 4
3 min A — N HER YRR, S8 BRI | B2
G TFRIED R INPBINIAZE 1 150°C, 24 h 5 gk,

S0 1 R P A EORE U R 2 BT, SR T 4R A
TR BRI I R v B S IR A AR A L 5
5 L PR IR W R B FH A 4 OB 5 WA A A8 7E SE B0 i T
FREE . BRSSO IETE SC I 45 o S U . TE R AK
o BB AR M A T TR 1 5 EORE A o8 0 T
RS HIRA R

[SNCR] leéﬁiﬂ(l Iﬂﬁ*w‘ffﬂ(l
B e R P ] B e . |
| |
WK K AR N
T '.'~e/~f§ \%tfﬁt
RTEHS [= i
Rk
[P A N s_— T ] T O

B2 T s gE

Fig.2 Schematic diagram of process sampling

L4 #HFallliTx

R BRI 75 R A% ER SeAE AR HRAE 89 73 A - — KA
2 R I | 2R B HE K AR AR BR A AR HE K BTt
1 2 LR N 2 SIS IORE ) o X B B AR i ) S
05 SR FH X R GG A 2 AL HE (Sr0) 1%
i, AR B Sr i, AR M A i A

AR BT EANCRTIN | 28 TR A R T A s R S ARGl S 7% £
FRYE A CO TR A= Py IR
R = Y Mg, (1)

m

M

AR, N SETEHEO W DT R, % 5 i Fon R

R, AUAR BRI | DV B AT RS ER A F R K Bk
B35 WL 5 @, D HETC™ 4y i R A K I Y S ey g
E, %o s m, A HEROS 1) R W) B B T g5 m AL
AR Sr B, g

R XL T BB A o B B3 [ fL {4 Hh Se
A7 LEIE 2

2 SEEESHR S0y
2.1 RERE

P&l 3 7R T filk TR SRR AR Ay S s R R ot 1) S 5 4%
Ak Kt Ak S ] %) 3 B B RS 1) ) AR Ak S A AR

| X
P2



2026 4F 8 A 4

£ 5 SroRERSE B TR m R Rl AL BRARRUR Y B 5 - 147 -

SEPRIEAT T, Rk AT TR — R = R 2 675°C,
PR 2 675°Co BOBHH FE 29 50 ke/h, Sr 880K}
JEZ4210 g/h, ALBRRFK 24 h, b3 FE T —h %
PRREE 727.7°C, — R = WA BE 467.2°C. =
BRI 919.3°C, R M DR
781.6°C. BB R —BRE 1" 2P B TR IE S B
Tl AERF IR 70 kW o HREE R IR, 48 B
R 135 kW 3%45 B (4B [l 5k i3 0 Ok — 8%
FEIRBE TS, BBk B v A B TR IE T R B A ARk
x4 iR .

e R T
LAOO | T s
o PRSI

o Tishogr
1200 * TR /
N :‘:&?:-_‘ A

© 1000

600

400

0 6 12 18 24
IEf[R])/h

B3 s b IR R S

Fig.3 Furnace temperature during the experiment

T
B 52
O s

0 4 8 12

ifTal/h
B4 SRR TR RS

Fig. 4 Power parameters of the plasma torch during

16 20 24

the experimental process

S o i P R R B BN RRE L T R 32 R
52T T A B e e R A O . 1]
A, I A A AR — By B gl , RO BORL T X
TR ECRE, 3 min — U, PPREEE A A R
i AL A I AT R R B R O, R

PRBL R B A YRS B R 1T, 2 ~ 3 min 5 K3
Gy IR IR e RO RE R IR R R, BN —
LRI, 0T TE0 3 8 D 3 %t B8 S oAk & W &
ALl R . e T AR B B AL AR I S R
T Sr 3% BS [E AL ARRE S R R 712 ke, IE R
94. 0637% .

B5 Bl ik
Fig. 5 Physical picture of the glass solidified body

SR PR AT (TG A ) 32 068 B 335 [ A A% K ik i
B3 AAE I AR B o ) R AR AR UEA T S AS W
—E R E TR RS ED  ZHERES
PRI RN A A 1, AR R BT T RRakic sk
o i Jo e o AL 8 sF i) 4 AR Ak L SR AR AR R Y TG iR
2R, SEHINE 6 IR  BRIR M A 7E THIR £ 2 870°C
JE AR RTE, HE 12000 TS, MAER
20 31. 74% , 5% R AE B EE DX 1] P 43 fi ok A Ak
BRI A AR A S PSR TR AT o i B
FBARTE 1 400°C LA R H AR 5 1 A8 e M, i i
PR A B, ATAEAN T A B - 17 5 R B A A5 ik
PR T RS, K8 A BB IR F8 E i %
I3 R B ARER, T LT ABEES M5 S5 R, SR Ak
PR R T B R VR e v, IR IR AE TG Mt
NP A 2 Ak . oy — T, R B EE AR
AT REATI A% A /0 R O i A B R (HL Pl T o 0
FHUE HAL 216 P 0B 5E TP, B A 34 S A 7
— TR L I TR R R UKL () 0 — 2 . X
P 2R BRI T CO, 4™ % H | ] s 3 385 1R 2R
(R B P AR Bl 12 B RS T it S g B R AT, TR
U, BOE 76 S IR T, 2% B B R A R B RO R e
P BRI, UL 1] ) B 365 A 200 fl 1) Jo o 5 2 423
Horp /D R ERER A iR 5 | %



£ 148 - T E A E S &

SAEFASIHMR

100

F S

oo} kAR
D P =31.74%
& gob i
X
70
................................................
0 400 800 1200
R

Bl6 DI A A AR R B 5 1) TG ith £k
Fig. 6 TG curves of the glass solidified body and

strontium carbonate samples

2.2 RIEZESH

K X B OE BT RE 1S (XPS) F2 AR, AT 7R
A% ZE A (Sr) AE B 3 [ AR AR h i Ak 2o RS R4 T T3
RRBHEIE AR A g R an & 7 B s o #E 130 ~
138 eV [ RE 1 D[R] N, 02 58] (14 W 33 375 Oh o 48 7 17
BEAY 3 d BB P ARAE . IR TE AS S50 4 A I
W FE 7N Y, SRR [ A A b 32 B DL A AL 22 R S AE
16, BAKTI S 0T 132. 9 eV B smIEGT I T84 58 (19
AALEEL(Sr0) TP AY Sr 3d,, A, X R IR —IR B &
B e Ak R R 1 T A S AR P TR X5 1T 134. 06 eV
F1135. 81 eV Ak By U535 IH & T oK 56 42 53 fiff () i i
BH(SrCO,) WY Sr 3d,, F1Sr 3d,, 45, /s T 8 7E Ak
R — R EEIE A

TN A% 2R A LR 1 AR S AR (a0 SrO)
o B AR AR 33— 250 X0 PR AR R O b 2

AL PRSE 3d

S fa.u.

138 136 134 132 130
ZifrleV

B7 BEERAXPS-Sr3d i
Fig. 7 XPS-Sr 3d spectrum of the glass

FLSE PR I I, DA R e i — R B A A A
i B AT AR B B . HANUE
7N T ERAE BB AL R R e A AE L] R SR T
O e i R 3 2 A% 22 A A A v AR E 1A 1Y) 6
HEAE B o DEAL K XPS 0 Hr 2 S5 I M vk T A
BOHEHEAT X H, P B — B — 25 B T 4
1w, RIS RR 08 AR E ) S AL 8 XA 2% Ak 2E 36 55
b 3 — Bk SR IR W () & A Rb PR S A
e H R R AT B TR AL PRI TR 2 AR s -

P18 Sy s 5 SR A A6 B8 R e TR il TR LR
S o A G O, 3B T ARRAEHLNT S Se B WA AT
(R A 3 [ AR BOR, , S0 25 R s B I A P LR St
e, i1t 60%Sr PUFARFEBE IR N . WEM] T 1 000°C
DL F AR B TS A 1 300 CHEES AR R T 20 0]
A RSB R T Se AL A AT RAR
G5 LU S B AR T/ 1 S, T S5 A A% R
2R 8% MR AR K 5y JLT AN Se, Bl R B A
i Sr, £90.03%., EEANRBMIRGE TR
() Sr 25 AN I B Y 2% , KGN 2 ) Sr 4 5
HAEY R RN, R R EA RS ZRTIK
55 5 QA A T AR AR, I B G T S e Y
JHCST PR A% 3R 0 SR BURE 55 0 SR AE . AR, B T4
FGE 6 A I WD o5 (AL 45 S0RA YRR % [ AH 2L 1w
(1) 3 S ORE RGN Bl , mT UE S S e A% R i
BCEHAET RGN, KRR A% 2 At

Sk A B 35 [ Ak R 1 1 09 A e M e O T 3R
BEREIC RS , X a8 A5 [ AL AR FE S T T R G810

100
80
65.38
60
g
5
40
33.04
20
0 155 0 0.03 0
& & & ¥
& F&FS
& R

B8 ScrEHER =Y B A

Fig. 8 Sr distribution in emission products



2026 4F 8 A 4

T A Seon B A5 B 1 L Bl Ak B O ) B 5 - 149 -

HAUK IR S0 . SCR AR S IR R AR
AL AR BT LB 7K eS8 R R 247
W30 RAYZELLIR o BMEEAUS % A A 5 gt
IR AR E , 4 R R R R (A 3% (189) , 3%
B AR IR L R v 5 R 58 B PR DR R R o [
IR, Xt 5 R 4R (S ¥ B2 BEAT JRT I s 00, 3l
T R Srvfe FE G W E N (K1 9) o LRI
VAl Al A ) F I BRI 22 A BT GBI RE S,
ESE T iZ RS [ AL AR AE DR BT 2510 HAT I
SRR E M SO BHFRETT , Al A R BH HF Sr 2%
TBTESEHICR AR BT

400 0.10
350 |9-0-0-0 ° ?
10.08
300 F = — . -
IS IPN I 1% %1%
1 357.25 0.00
250 3 356.34 0011006
111%&? 5 357.43 0.02 5
ng 200 7 356.52 0.02 53
15 356.61 002 | 00 I
150 30 357.17 0.02 :
100
/01' A @10.02
50 /O
& M 1 0.00
1357 15 30

ESOIIIIEN
9 LR A

Fig.9 Glass leaching experiment

3 Z5ie

B X B8 AR o ekl AR Ak AV e B A%
JE R HE R 22 4 (), AR SR SR FH S B %
RGBT RE SR (Sr) 76 R ) A Hi i 72 vp i 43 A
SRR SR LT LR

D) ARG is T REsiE  TRFENL RS H
50 ke/h IZRG A BRE T, B4 1S SR 8 81720 h
o R E AR B RS 2 I FE 400 ~ 500°CIX [H]
BEVE 1~ 2 min NI E] 10% B9 IR T, 5K 2 ke
B TR R 2 ~ 3 min, BRI T2 KRG & B3
T2

2)SrCE T REx SriZ E R B
() PRI, , B B AR [ AR 7k 60% DL b o R4 Sr &
BT 2R (JIBIR>99%) |, J5 4e kb BT
A B8 Srak . T A OCTE 2O I HEK I

P, SR O PR WA e STt S AR A
3) L EARARTT 1) - S5 B 30% kL5 R T

W, EEIAE T EA QA RAs R . e R

1 LART R Y IS4 HEORH I BRG] A S i 4505

(7 Fof 37 3 57 P e i A A R T, S R R AT

AR A R
Je S FEHs R S8 B A Al LA BT (R B Ao

y RETE M4 1) 5 RS W BOR B, ST

B R WA AT AL LB AT 50 s UG E I T 22 A o

R EARZ R 2 B GE IE R, RGIEAG K

WP AR B A e S XU, O TR AR 4R

3 e X

[ 275 30K ]

(1] SRARH, BRRTG , SRIR , 55 . B R BRI 4 i U A g /K il
M2BR0 ] A @R 42 ,2025,54(2) : 114-124.

Zhang Yishuo, Lyu Xinyi, Gong Yi, et al. Removal of uranium
from water by new iron barium bimetallic hydroxides [J]. China
Nonferrous Metallurgy , 2025,54(2) : 114-124.

(2] 5K, BRBE ATENEN, 55 . AZHL SR ) A RS A LT .
Wit 4,2022,21(1):104-111.

Zhang Gen, Xiong Xiao, Ren Lili, et al. Reflections and
suggestions on radioactive waste management in nuclear power
plants[]]. Nuclear Safety, 2022, 21(1):104-111.

(3] XFRWN, SCARSE . TR e 45 2 ol T i 0 11 e Ak 2
JrEBEFELY ). BiH,2023,50(7) :2-8.

Liu Chunyu, Wen Yanli. Research on high temperature melting
glass solidification treatment method of radioactive soil plasma
[J]. Glass, 2023, 50 (7): 2-8.

[4] REF EW,REH . & Ba® Rl s K R 2ok ALHE A
IR eI ()], A R4, 2025,54(3) 1 169-177.
Song Chuncao, Guan Cai, Zhang Ruijun. Research on the
mechanism of improving cement clinker with ba*waste residue
and the environmental safety of products [J]. China Nonferrous
Metallurgy, 2025,54(3):169-177.

(5] BRRs, BB W, 200, 45 S5 o 1 IR R R e HL s U

PEIR P Ak B S T B [T ], B B 5 BOR 7 4l
2022,42(7) :483-490.
Chen Simiao, Cheng Changming, Li Pingchuan, et al.
Application progress of plasma melting technology for disposal of
radioactive waste in nuclear power plants [J]. Chinese Journal of
Vacuum Science and Technology, 2022, 42(7) :483-490.

(6] FEE W], FERAL, 246 . BT ARMRIBEIE (Y 55 58 (M H ke

WRFEL)]. B S SFE TR, 2007(3) : 247-250.
Cheng Changming, Tang Deli, Lan Wei. Study on the
electrothermal characteristics of plasma torch based on similarity
theory [J]. Nuclear Fusion and Plasma Physics, 2007 (3) :
247-250



- 150 - v ECH & L EF A SHE

(7] FEEW], FEHAL, WA . B AL X A Al 5 78 0 45 8 A Sf radioactive waste [ J]. Glass, 2018, 45 (2): 5-10
LRI [ ], B AR, 2008(1) @ 27-30. [14] MR i, YR8, 55 . 1 el v 00 VR B 0 [ A B R B
Cheng Changming, Tang Deli, Zhao Jie. Influence of anode PERELT]. HE5B,2014,34(6) : 404-406.
structure on the characteristics of DC non transfer plasma jet [J]. Liu weiping, Gao Zhen , Fan Chengrong, et al. The latest
Nuclear Technology, 2008(1) : 27-30. progress in glass solidification technology for high-level

(8] B SCHy. [ B e I A B 1A Wil ) 5 DI 1A i Bl 15 51 radioactive waste in France [J]. Radiation Protection, 2014,
BT [D]. K RHRA, 2020. 34 (6) : 404-406
Shi  Wenbo. Theoretical and experimental study on the [15] iy REE. 7 Mo Mk 14 45 3 385 N2 38 165 Py 2 AL AR A w58 [ D .
preparation of glass bodies by plasma melting of solid waste ZRH VYRR R, 2022.
incineration fly ash [ D ]. Tianjin: Tianjin University, 2020. Gu Yuxin. Study on Mo containing borosilicate glass and glass

(9] BER A . W InFalxt by e 36 5 COR i i sl i sE ma A 5E [D . niy ceramic waste form [D]. Mianyang: Southwest University of
JRIE R EE Tl K 2%, 2019. Science and Technology, 2022.

Tao Yingxiang. Study on the effect of additives on high [16] Ojovan m I, Lee W E. Glassy waste forms for nuclear waste
temperature melting of waste incineration fly ash [D]. Harbin: immobilization [J]. Metall Mater Trans A, 2011, 42 (2) :
Harbin Institute of Technology, 2019. 837-851.

[10] WL, Bz BT, sk b, 45 . ARl ol R 15 38 3 A Al 78 ¢ [17] Weber W J, Navrotsky A, Stefanovsky S, et al. Materials
BT AR5 (1), B3 0 TR, 2017, 38(3) ¢ science of high-level nuclear waste immobilization [J]. MRS
172-175. Bulletin, 2009, 34(1): 46-53.

Cao Qi, Chen Yunming, Zhang Jinsong, et al. Optimization of (18] kFF &, &, TS, &, LKEWREL CRSEE TR
key process parameters in the glass solidification process of low ARER (1], R ERMATIA , 2023, 29(2): 121-129.

to medium level combustible waste [J]. Nuclear Power Zhang Chunfei, Cao Tengfei, Yu Xiaoliang, et al. Plasma
Engineering, 2017, 38 (3): 172-175 melting test of hazardous waste incineration fly ash [J]. China

(11 RUL. A2 P Ak B 35 T Ak [ B F 2 s e [ ). vl [ A ) i Powder Science and Technology, 2023, 29 (2): 121-129.
2016,35(7): 481-488. (191 250t 505 9, 2PN 55 . SR AR Tl Sh P A ik 1 6
Xu Kai. International research progress on glass solidification of TS W A B R MR S B ST (T ). BB ) TR, 2024, 45
nuclear waste [J]. China Materials Progress, 2016, 35 (7) : (S1): 185-190.

481-448 Li Xiaobo, Yuan Qingging, Li Pingchuan, et al. Study on the

[12]  TRSCEs, Bokar, BRI A 45 . IR U BEARESOL I S ke influence of molybdenum electrode heating on the microstructure
YR (1], #sh ) TR ,2015,36(6): 175-179. and properties of radioactive borosilicate glass [J]. Nuclear
Xu Wenbing, Lyu Yonghong, Chen Mingzhou, et al. Power Engineering Nuclear Power Engineering, 2024, 45(S1) :
Experimental study on thermal plasma treatment of simulated 185-190.
radioactive waste [J]. Nuclear Power Engineering, 2015, 36 [20] =& H 2500, ok ms 45 . SR RE Rt T2
(6): 175-179 WWFIE[T]. #Eh TR, 2024,45(S1): 202-206.

(13] BKZAR  ARIKE BEAT, 55 . 0% e £k FH 0k 2 5 b1 L B Yuan Qingqing, Li Xiaobo, Zhang Zhenghao, et al.
SEHERRLT]. BEES 2018, 45(2): 5-10. Fxperimental study on plasma high temperature melting

Geng Andong, Zhu Yongchang, Cui Zhu, et al. Research

progress on borosilicate materials for solidification of high-level

treatment process [J]. Nuclear Power Engineering Nuclear

Power Engineering, 2024,45(S1) : 202-206.

Sr tracer plasma high-temperature melting treatment of low—level radioactive wastes
Wang Wei', Liu Jian®, Wang Yaoxuan®’, Zuo Chi', He Xingxu'
(1. Hainan Nuclear Power Co. , Ltd. , Haikou 570100, China;
2. Southwestern Institute of Physics, Chengdu 610200, China;
3. East China University of Technology, Nanchang 330013, China)

Abstract: The safe treatment of low and intermediate level radioactive waste remains an unresolved challenge in
nuclear energy development, particularly in the case of radioactive strontium, which is readily absorbed by living
organisms and accumulates in bone tissue, posing a serious threat to human health. In this study, experiments

were conducted using a plasma high-temperature melting engineering prototype for low-level waste, developed by
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the Southwestern Institute of Physics, to investigate the application of plasma vitrification technology in treating
radioactive waste from nuclear power plants, with a specific focus on the stabilization of radioactive strontium (Sr).
Experimental results indicate that the prototype system has a processing capacity of approximately 50 kg/h and
operates stably under continuous conditions. The temperatures of the primary and secondary combustion chambers
were maintained at approximately 727. 7°C and 919. 3°C, respectively. Fluctuations in temperature following the
introduction of simulated waste were minor and had negligible impact on process stability. In the solidified
products, over 60% of Sr was incorporated within the glass matrix, demonstrating effective stabilization. Trace
amounts of Sr were detected in the emergency cooling tower wastewater and in the ash collected from the baghouse
filter, while particulate matter in the flue gas contained only minimal levels of Sr. Additionally, XPS analysis
revealed that Sr within the vitrified product primarily exists in the form of strontium oxide and undecomposed
strontium carbonate. These findings provide direct guidance for the practical engineering application of plasma
high-temperature melting technology for the treatment of radioactive waste and hold significant scientific and
innovative value. With further optimization of process parameters and equipment design, this technology is
expected to become one of the effective solutions for treating low- and medium-level radioactive waste.

Key words: plasma melting technology; radioactive waste treatment; Sr tracing experiment; vitrification;

strontium-containing phases
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