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Abstract: High-temperature incineration is the predominant method for managing municipal solid
waste, enabling effective heat and heavy metal recovery and facilitating efficient energy and resource
recycling. Fly ash generated from municipal solid waste incineration contains various heavy metals,

chloride salts, dioxins, and other harmful substances, seriously impacting the ecological environment
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and human health. Vacuum melting treatment of fly ash effectively eliminates heavy metals and
chloride salts, rapidly decomposes dioxins, and significantly reduces fly ash toxicity. This study
optimized the temperature, vacuum level, and holding time for vacuum melting treatment, identifying
the optimal conditions of 1 400 °C, 100 Pa, and 3.0 hours. The total chlorine removal efficiency reached
92.00%, and the soluble chlorine removal efficiency reached 96.85%. XRD phase analysis revealed that
NaCl and KCIl disappeared, while crystalline phases of Ca, Si, and Al minerals appeared under optimal
conditions. The removal rates of various heavy metals increased significantly, with removal efficiencies
of 81.34%, 89.26%, 90.86%, and 88.00% for Cu, Zn, Pb, and Cd, respectively. SEM imaging of fly ash
treated under optimal conditions showed a uniform and smooth surface, indicating a transformation to a
molten glass state. The DTPA method was used to assess the heavy metal toxicity. Results showed that
the concentrations of Cu, Zn, Mn, and Ba in the treated samples were 48.51, 92.41, 51.93, and 48.52
mg/kg, respectively. The toxicity of heavy metals (as measured by EDTA extraction) decreased
significantly compared to the original fly ash, although some ecological risks remain. After vacuum
melting treatment, dioxin content and toxic equivalents were significantly reduced, with an overall
emission reduction exceeding 96%. This study provides crucial insights for the vacuum melting disposal
of fly ash, offering technical parameters and practical guidance for its safe disposal and resource
utilization. However, this study only examined the phase characteristics of fly ash but lacked a
comprehensive analysis of pollutant migration and transformation mechanisms. Further research should
focus on the efficient resource utilization of the post-melting slag and investigate the mechanisms and
kinetics of pollutant migration and transformation to develop more effective control strategies and

technologies.
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23 EFEEMNCREEERAIRN
231 RREAZE AR 5T
TRORHE ity S 96 2% AR D RELIELIEE 1400 °CL R
JRESE] 3.0 h, FHEH A 10 °C/min, €RAFE 5 SR
4.5cm(40 g) . BEH RGH LR, FEALRHR
BEAIENN, R GEH SN 100 Pa iif, KRE RN
36.00% (% 3) o AR A BEAME T RO E 2 Bl
T BRRE S IO S — B, RIHBOLH, (HAE
WLEEE A /NI HeR 5 A A (181 11) ¢
R3I TREZELEHMIER
Table 3 Weight loss rates of samples treated at different

vacuum levels

H.Z3JE/Pa 50 000 10 000 1000 100
REHR/% 29.00 31.70 34.50 36.00

(c) 1000 Pa (d) 100 Pa

B 11 FEEZETEZEHMLEER SEM
Fig. 11 SEM images of samples treated by vacuum

melting at different vacuum levels
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HLFBA Na, K FEIEIE(E] 12) . HENFEMZE
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W5 R TH A NI R ) 2E(ELBR K, AR A
) 3% HH S L2, 75 & ) e 2%t ) % T4 T AERE
Wk 2, (AR Y 780 A - XRD LA
NaCl, KCI F#E U, JERT 43 4 )8 AL TE R i
(i) £ o R S L T BEAHE R SR 4. KK XRD W AH
FRIEWE R A T IR 284k, S RiAH T CaO., ALO;.
REMREL . BRIRERAE SR RNV 28 TR 20 Wi
1k, 55 2.2.1 Wghp—",
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Fig. 12 XRD patterns of fly ash after vacuum melting

treatment at different vacuum levels
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2 TF% 81.34%. Pb 1 82.15% 2T+ % 90.86%. Zn
i 75.72% T+ & 89.26%. Cd i 82.50% & T+ =
88.00%. 7TE & iR AT, = i 4 fl g B2 it K
HitE, B4R EES ClL. HCl MR ¥, B s
SUEAR Y 4 Jm AW, TR A R
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233 ARRAREMNAEHRE R

WE & 7S FE I RRAR, S SBRACR 23 T
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Fig. 13 Effect of vacuum level on heavy metal removal

from fly ash by vacuum melting
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Fig. 14 Effect of vacuum level on chlorine removal from

fly ash by vacuum melting

24 ETBRREIZOM

HRAE L IR BIF I N 2%, LA I Tl e R I
IR 1400 °C. PRIEES ] 3.0 h, E%5 B 100 Pa,
I Tl Ak TS Y RO IS R 2 38%, AR PR M UL
F4, K5, HBT CRIEH, 2GRS
iR Cd. Se. Cr. Ni, Sb ¥ Ji 4 {% T 46 il PR A,
As H14.54 mg/L &K% 0.77 mg/L, Cu 1 53.35 mg/L
B ZE 1.33 mg/L, Ba 1 57.63 mg/L &K & 3.33
mg/L, Zn i 74.05 mg/L [ ik & 7.95 mg/L; TCLP
32 LR, Se. Cr. Ni. Sb ¥ B 245 T 46 10 BR 1H,
As H1 7.50 mg/L (K% 1.10 mg/L, Cu Hi 2.68 mg/L
A ZE 0.50 mg/L, Ba H1 27.03 mg/L &A% & 4.60
mg/L, Pb i1 20.80 F#{KZ 1.90 mg/L, Cd i1 0.50 mg/L
FEAR 2 0.06 mg/L. Z85d 4, a5 g il b 13 fo A
i, 4 i W AR, o Cul Zn, Pb, Cd Y
EFRFHH 81.34%. 89.26% . 90.86% F 88.00%,
AR R EEART 2 bR e BR A, W 2 — b
TR IE AR R E
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A %39 EH 4 W

®4 MERB-HERBRENESR

E 4R E (GB 5085.3—2007)

Table 4 Leachate toxicity concentrations determined by the sulfuric acid-nitric acid method (GB 5085.3—2007) mg/L

i H As cd Se Cr Cu Ba Mn Ni Pb Sb Zn
GB 5085.3—2007 5 1 1 15 100 100 1 5 5 1 100
WIUAFE il X2 SR 4.54 0.03 2.50 1.83 53.35 57.63 2.98 0.85 438 ND 74.05

F At A A B R i 2 R 0.77 ND ND ND

1.33 333 0.80 ND 1.33 ND 7.95

TE: NDFIRAKH

R5 RIFETCLP EMESHBHEIRE

Table 5 Leachate toxicity concentrations determined by the TCLP method mg/L
TitH As cd Se Cr Cu Ba Mn Ni Pb Sb Zn
TCLP 5 1 1 15 50 100 1 5 5 1 50
TR A 2 2R 7.50 0.50 0.95 1.70 2.68 27.03 2.08 0.68 20.80 ND 5.83

F AR A A B R i 25 R 1.10 0.06 ND ND

0.50 4.60 1.15 ND 1.90 ND 3.90

Z S I AL P IS W EDTA, DTPA 48
1= I B2 AR, P i JsURE R 380.52 mg/kg FEAIG
% 30.52 mg/kg; Mn i JFUFE 1 120.54 mg/kg B AIX
% 40.22 mg/kg; Cd H 125.52 mg/kg B % £ 10.37
mg/kg, DTPA £, JF#EH Cu, Zn, Mn, Ba & &

¥R T 50 mg/kg, b P AR5 B E A Bk 48.51,
92.41, 51.93, 48.52 mg/kg, Fe. Cu. Zn, Ba Hi#
TRk BEREAR VT 2, (A4 EDTA %l T
60 mg/kg, HIABEA Y5 3 1A, J5 2 b B a]
T T 2280 — PR AE Y faEE (R 6),

*® 6 HIRMARHER EDTADTPA ZELRBRINE
Table 6 Leachate toxicity concentrations determined by the EDTA, DTPA method mg/kg

Ti H Cu Pb Zn cd Cr Fe Mn As Ni Ba
JFFEEDTA 135.41 380.52 330.41 125.52 85.52 415.73 120.54 35.46 10.48 83.74
JFFEDTPA 148.52 320.51 392.33 110.52 100.59 391.51 152.45 48.09 13.29 65.46

EDTA 70.11 30.52 60.52 10.37 30.36 160.22 40.22 27.04 6.01 70.10

DTPA 48.51 20.73 92.41 20.62 18.52 126.32 51.93 18.23 9.51 48.52

RIKZ T BELZS IS AN PR (1 400 °C. 3.0 h. 100 R7 WIRIFEHESLEEDR PCDFs XEREE

Pa) 7, WRIEIWZIKEPE@:R%%ﬁ%Iﬁ o W]
filk(F 7. 8, & 15) . #R4l WHO-TEF(2005) 5ifETt
STk, L TCDD #EE B, TR s 4 43 (10 3
PR ((1D) .

TEQ = ) (C,x TEF)) (1)
K TEQ I EEME Y (H, Col 45 T AR L,
TEF,; 2 % 17 S A8 AR ) i > o A 1

e T LA R AR BB 1RO [ R B

FPE Y44 8.753 ng I-TEQ/kg, H: ' PCDFs £ 1
2N 4.363 ng I-TEQ/kg, i MLEEM: 2411 49.85%,
PCDDs B &M 2450 4.39 ng I-TEQ/kg, 4 bk
A 50.15% 17 i R4 5 52 0 ok B e v
4 1,2,3,4,6,7,8-H,CDF 10 ng/kg, 48 T JF K K
320 ng/kg [ AK £ 96.88%; O,CDD & 20 ng/kg,

Table 7 PCDFs dioxin content in raw and

treated fly ash samples ng/kg

PCDFs JE TR A B
2,3,7,8-T,CDF 71 0.8
1,2,3,7,8-PsCDF 120 1.2
2,3,4,7,8-P;CDF 180 4.0
1,2,3,4,7,8-H,CDF 110 6.5
1,2,3,6,7,8-H,CDF 130 3.0
2,3,4,6,7,8-HCDF 190 8.0
1,2,3,7,8,9-H,CDF 62 3.0
1,2,3,4,6,7,8-H,CDF 320 10.0
1,2,3,4,7,8,9-H,CDF 49 7.0
O4CDF 140 3.0
JPCDFs 1372 46.5
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J IR 3 100 ng/kg MEAIE 20 99.35%, YL 1
0k AT, 25 A S 96%.

F8 XIREHELREHT PCDDs XREEE
Table 8 PCDDs dioxin content in raw

andtreated fly ash samples ng/kg
PCDDs TR b B

2,3,7,8-T,CDD 2 1.0

1,2,3,7,8-P;CDD 73 4.0

1,2,3,4,7,8-H,CDD 40 3.0

1,2,3,6,7,8-H,CDD 130 6.2

1,2,3,7,8,9-H,CDD 68 3.0

1,2,3,4,6,7,8-H,CDD 970 15.0

O;CDD 3100 20.0

SPCDDs 4383 522
0,CDD
1,2,3,4,6,7,8-H,CDD
1,2,3,7,8,9-H,CDD
1,2,3,6,7,8-H,CDD
_ 1,2,3,4,7,8-H,CDD
E\\v, 1,2,3,7,8-PsCDD
W& 2,3,7,8-T,CDD
i 0,CDF
X1,2,3,4,7,8,9-H,CDF
#1,2,3,4,6,7, 8-H,CDF
2 1,2,3,7,8,9-HCDF
11 2,3,4,6,7,8-H,CDF
1,2,3,6,7, 8-H,CDF
1,2,3,4,7, 8-H,CDF
2,3,4,7,8-P,CDF
1,2,3,7, 8-P.CDF

2.3, 7, 8-T,CDF . . . .
0 0.5 1.0 1.5 2.0
PCDFs/PCDDs #¢#/(ng I-TEQ-kg ™)
B 15 YRETERMAEFERZIRXRERMKE
Fig. 15 Concentrations of dioxins and dioxin-like
compounds in fly ash samples after vacuum melting
treatment
3 & @

A5 30 2 LA M Ak B A 9 3 R R
TR, ZGMFFE T ARTEIREE | PR IR AT ] | BC2S B AR
BE PR 2 B 4 i A BRI, IRA T TR
JRAL PR S PIAHAL R OB SR . 4R I B A,
Sh A R MEIR AR E RN A A O i, TR A
JE B AT R KA TR A S A AT

(1) EAS AR A, S S (R R R
1400 C. E55JF 100 Pa, fRIEATA] 3.0 h, &K
EBRE R IRF] 92.00%, AT % M5 2 PR ACR 14 5
T 96.85%. XRD W#HFEM, FwfE &M T LK
NaCl, KCI ¥4, ¥ Ca. Si. Al LR W)
i Al 22 R0 A 8 0y S PR R W E S S, Cul Zn,

Pb, Cd % B &% R 1K # 81.34%. 89.26%. 90.86%
1 88.00% .

(2) B4 FAR B () R P R F 4R L A
RS YA LS IR, AR A S AR AR B, R
AR Y5 LG, T A A SORE AN T, 2 B A B
Je 08O R BT SBURRE 2 A8 SR s B BB AR 1) R A

(3)2R FH DTPA vk, 4t a7 i mloRe ot 9 2 4
JEEE, 45220 Cu. Zn. Mn. Ba Zb3H 5 AR 5L &
5k 48.51, 92.41, 51.93. 48.52 mg/kg, EDTA
X b SO RE I Ve FE AR B 2, A B — e A
AR . AR, THES YY) T2 HLAS I Rl A B
HEEUIR TR, St Y5t W PR, 20 WS
8 96%

AHIEFE LAIH Ry €K LS s A AR — R )
HESH, R €T ARG A A
TESHMEEIE T ARG CRKIET Y
FHARAE A3 BT, /0 58 8L 189 15 Yo 0 38 B 5 A LA
T, Hes b Ak BT [ A iy S B v R IR AL A
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