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Abstract: To address the issues of high melting temperature, high energy consumption, and poor
vitrification performance in the melting treatment of hazardous waste incineration fly ash, an
optimization method for the vitrification process and product control based on synergistic formulation
with inorganic additives is proposed. The addition amounts of three low-cost raw materials—waste
glass, silica sand, and biomass ash—were designed. Using melting point analysis, FactSage
thermodynamic equilibrium calculations, and high-temperature melting experiments, the melting
characteristics, liquid phase evolution, and amorphization behavior of the CaO-SiO,-Al, O;-Na, O

quaternary system under different basicity (1.0—1.5) and CaO mass fraction (25%—35%)
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conditions were investigated. X-ray diffraction and density measurements were employed to evaluate the
characteristics of the molten products. The results show that adding 50% mass fraction of silica
sand to fly ash reduces the initial melting temperature of the product to 1 190 °C, which is more
than 110 °C lower than without addition. The amorphous phase proportion reaches 95% , density
increases by 10%—20% , and mass loss rate decreases from 62% to 38%. The optimized formulation
system forms a dense glass network structure that effectively immobilizes heavy metals; the
leaching mass concentrations of heavy metals such as Pb, Zn, and Cd in the products are far
below the limits specified in Identi fication Standards for Hazardous Wastes-Identi fication for
Extraction Toxicity (GB 5085.3—2007). The addition of 50% mass fraction silica sand is
recommended, as this formula significantly reduces melting temperature and energy consumption
while achieving heavy metal stabilization and efficient resource utilization. The study provides a
technical reference for safe detoxification and low-carbon utilization of incineration fly ash.

Keywords: hazardous waste incineration fly ash, co-melting, waste glass, biomass ash, silica

%60 %

sand, vitrification

e W A be ik BB b R AR KRR (FA) B £
P4 Jm  WEY S A R A, B O fE K R
Y. FA M7= — i S A8 e ki ) 3% ~5%, H
FAE P8 7E 400~600 J7 t 0, A& TAE S5 Ak /Fa
SEALFNR LA T 20 i g AL AR v
W) 5 4 ik oK [ E 3% 88 AR P 9 3R AT 5 R 1k
FATT L SR K il B 385 Ak 3 38 17 76 BE FE 5 014 ]
R = B 9 vl L

SIA B AR 8 55 1k 2 4L o A1 b 7L
A A5 A 30 Bl R B 3 ) 9% 445 Ay, 2 B T % B Ak 3k
R A R AR T M A Y k2 B
R RS2 TCHL IR B By Chn i b L R BB L 2B W IR
AP S SI0, L AL O, 25 Hy 5 3% 385 19 i 4y, B
# BP0 B4 HANE 5 A P 3 7 b [9] 3 38 o
ZH KM,

ARTR) TG AL 53 X425 Bl AR 2R 10 1k 2 4 B % % 35 Ak
o EA SR, R /T KRS 2R
LI {40 1 10 F 445 g 0 s A B HE ) T 4 J i Ak bk
P R OC R W i 2 TR AN . AT SE Tk, A SCLL A
J5: 58 Joe TN 5 LY TG ML [ AR 2 0 Oy DR 3 Ao il
BB AL ST 7R 0 4R 78 U IR A R L 98 7% B 4 R
X8 77 Wy 46 A i Al S TR 4 T 1Ak B A 2 e AL 1
h IR A IR AL AR L S P

1R

1.1 SEIe##
BRI T B R E RGeS . i
K BEPIAL BREZ A, FA 5 28 8K 1 ¢ 3 Bl IR

zkxb. xjtu. edu. cn

AHEFE 24 hoadyg 105 CHET R REIE T = 150 H .
K VE K (WFA) , 5 IR K (RFA) X EEF
5. RIET(WG) R (SS) Al AE ¥ K (BA) 21
A b Al B 2 4E S R R O A3 2 150 H A&
1.2 EWigit
121 RIEEEE

SR DR Jets 100 2 6 TEA AN [ 7011 & %o 4 i
J I B 0 52 el AR 4R 1 AR ME GB/T 219—2008
CHRETI 5 Tl B9 T 5 7 3 )+ AO8F FHL ARMIL s o) K s ki AN
(H%5 TRHR-6) . F i >k I 4 5 35 080 12 i 4, 3
b LG RRE A AR 1 JE A2 ok F L B AR TR IR (DT |
AT (ST) 2 Bk (HT) M 8h il B (FT) .
FELL 3 A PATHE R AR e A 455 R EE U]
Y2 DT Ay 4 44 T8 o TF 4 25 i 09 3% B2 ST o #fE {4
2 i 4 fb FE 25 (R T HLT Ry 4 (AR AE Sl 2P BR 0 R
FT hy HEAR 52 4 465 Ak S WA 1Y) TR EE

I 0T G2 4 45 5L i KO LK Bk KO B =3 43 5l
5508 W38 e AR W) BT R A S R G R B9 TR S
db o USRS I (T A B0 S 30%6.40%
50 %6 o A ) R A () 288 Y K AS [ 9 n 2 A 98 Jon 75
WEA J5 Rl B 09 52 ), 0 128 Hh I A IE 1 DA )R
1.2.2 ek i e

S mh o 0 R B s A U o (5 GSL-
1700X) »#F 10 g FE 5l & TR EH B 2SR T
i, FHERF A ZERZE 1000 °C,# % 10 °C/min,
RN LL 5 °C/min FFZE 1 400 C,fHIR 2 h J5 H RS
. ¥R IE R,




5 239

<u

K S SRR RO S TE LA R RS 10 A% Fih 3 55 Ak b 1 B 1R 4 149

R PEAR AS [R] TE AL I 500 % OB 3% 3 APk BB Y 5
M) o 1 3% 365 Lk A0 A ) T K A4S 50 26 WS n i B
ARG COR K CIK L IR A TR HLS HEAT M il S 56
JEXT =y AT RAE

PLRERD M AR 2 BF 9T 3096 .40 % .50 %6 43 & %t
T e OB B 3 A 7 0 e A IO AR R R 5 T
30 0 A A A O R P A T LA
1.2.3 H#HZHEE/FER

X 36 R 1) B B Ak 7 1 B M TEAL E AT FE MR
PP (TCLP) 5280, %38 th 52 50 ok FH 26 1= 30 1R &
SW-846 R 5% Wil 75 ik iy 1311-TCLP k. Z
J&i s R H ICP-OES 3% i 2 12 H i v 8 4 J& 1) o
W
1.3 HHERLEFRZE

R X B4R 9t 1% L (XRF, S8 TICER., i
] A 5 T w0 R AR A . AR b
FARUE GB/T 18046—2017 ( fé [ & W % 51 4 i il
1Y R XS 2 At S 635 AX (D8 Advance, 8 [ 4
B n A D M E 36 A W b i B B S . R
Jade BRI BEEGAL 7= 4 XRD &3 % by 465 00 )2 B
45 & B A Highscore %1 %o 2% 3% 385 1k 7 4y ik
1140 R B AR Ay Br. R SR B TR B O6 % AY
(Optima2000DV, %[E PE A &) il i TCLP 521
Ab PR R A R T R
1.4 Factsage Bt & 5%

FIF FactSage 7.3 ¥ AF 4 i) Equilib 1 Phase
Diagram BH, X J54f €K L K P8 %K 43 501 5 1% 3%
B RERD BCAE ) K — R AR IR B IR BLUR A
Bt B B B CaO,Si0, AL O5 B3 1E = J0
1 (CaO-Si0,-AL O,) 1 145 b 4 F1 2447 A, Fi
AR HLEE A AR PE . % T 5. 87%ZnO M1 8. 93%
CAO (4 5T i 43 50 6 3% 5 A0 IR B2 T 1) 5 #5 &
KPP FRR AT R, RSy RFRES
J&E AL I 45 K K 3R AF . 3T FactSage $iE 2 1
TROAH T B35 LR 1400 °C 45 3R B &L 43 B R TR At
UCRE i D0 5 S B A 22 57
1.5 HEBERMITEPNERETERE

R AR ROK 5 Rk D I Rl i) P R 0N
T4 A Al A FUAR Ak K HAHE IR A He ], T E R
AV (E L IF 5 R B A A (0 L. BRI AR R
WV, OEA R

VSSB VRFAB

zkxb. xjtu. edu. cn

s Vsa Al Vipan 43508 B0 SS Ll FA 5100
TGt A BEE AR Visss B Viean 5331128 SS
FEA I Al BT AR Mss Bl Migea 535024 SS,
FA TEW IR AR R R A o 550 .
A Hh L A5 B K 5 RE DA Rl R O & 2B A
HAEF R AR LB . FF I AR A B e (S
SEE AT LR, L 25 (H A] S BRAR R TP OAS W] 4 43 22 ]
TWRTE L2 ROy . RS AR AR T 3 (M, O TR

o MS% MSSA MRFA MRFAA
= +
MSSI’: MRFAI%

s Masa FI Mypan 535024 500 SS FI sk FA 130
T 2 A Rl Ak RS B BT s Mssy, 1 Mgeas 539108 SS
A EA K il 38T Y BT Mss Fll Mgea 535024 SS,
FA TEPI & IR AR R R A o R 550 .
R - A 9 T3 0 3 A {E A T 53 2L WA B 4
il Ak 3 AR R R BES BE (B (DO S TR
D.we = Moo /V e

2 ZER 518

2.1 T®IRSER AT B K 5 b

IR SE I EZE LA R 1 Fis, af
PIE L RFA BA B CaO(FR 500 45. 10 %) Fl
i SO, (JRE T HHN 1.51%) AL O, (i & 43 5k
0. 47 %) By B4 AFE, Cd 1 Zn JT & 43 505 9
10.04 % F1 6.89%, 5 SCHR [ 14 ] #F 5% 45 S H 4% .
RFA f Cl Al SO, Jit & 43 £ 43 il 55 35 13. 60 %6
777 % % BE B A Y B A . KR . CL AR
SO, MR FEZE 1.12% M 5.18% ., 1 CaO
JH Ay BT R A 68. 0206, B R K Y A B v R
R0 BR 5 R s AN L H SIO, AL O, BT
I3 B IRARAR (43 590 h 3. 21 % F0 1. 03 ¥

XFE AT M 6 FPES SR Al A, WG LSS A BA ¥ &
& SI0, (T & 43 8047 0 S 68.86%6. 94.21% .
58.20%)  Horr WG Fll BA 38 23 51 & A 5 5 o i 43
B Na, O(16. 53 %) F1 Al O, (16. 80 %) , 7] 43 54
SRy 3% 385 IO 2% DA M R0 RN TR R B 4. FA o 45T 1
(S0, BT & 43 A 1.51%, M &% o i) &
(AL, Oy \MgO . ZnO) A & 10 % . M DL K2 2 # 2 3% 5
Mg zE g, B, 51 A WG, SS #l BA 25k & &5
TSN ) B A B 04 B4 BRI T, AT B R R
TR 1R B 35 Ak Vs 91 5 AR AR S

M e




150 [/ | B NI S ¢ % 60 %

A1 kRLEHRmMG ELHS

Table 1 Major chemical components of fly ash and additives
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i Wix RFA  3c#k[20] WFA 3C#k[20] IRFA IWFA WG IWG SS ISS BA IBA
Si0, 1.51 2.21 3.21 8.20 3.29 4.94  68.83  67.96  94.50  96.90  58.20  60.05
Al O 0.47 0.52 1.03 2.25 3.97 8. 40 1.03 2.06 3.82 3.82  16.80  16.79
Na,O  11.20  6.59 1.59 1.48 0.17 0.40  16.53 12.63  0.10 0.10 0. 99 1.37
K,O 1. 60 6.08 0.54 2.53 0.41 0. 50 0.93 0. 26 1.15 1. 33
MgO 1. 00 0.78 2.06 2.49 1.71 2.12 3.97 3.69 0.06 1. 90 1.59
CaO  45.10  44.55 68.02 59.96 81.08 74.65  8.29  12.34  0.06 10.05  9.68
Fe, O, 0. 30 0.61 0.58 3.01 0. 65 0.75 0.56 0. 34 0.12 0. 06 6.97 7.38
SO, 7.77 7.74 5.18  10.62  2.87 2. 80 0.26 0.17 0.05 1.96 0.03
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Cr, O, 0. 05 0.01 0.13 0. 05 0. 06 0.11 0. 05

PbO 0. 09 0.21 0.17 0.15 0.08
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CuO 0.43 0.08 0.93 0.08 0. 82 0. 74 0. 02 0. 04
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S50RFAS0WG 50RFA50SS 50RFA50BA GB 5085. 3—2007
Cr 0.15+0. 04 0.1940.01 0.27+0.02 15.00
Cu 3.1540. 04 1.3740. 04 2.714+0.06 100. 00
Zn 78.80+5. 10 17.4441. 20 62.38+6.90 100. 00
Cd 0.15+0. 04 0.0240.01 0.0740.02 1. 00
Pb 0.20+0.02 0.0440.01 0.0340.01 5.00
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for enhanced vitrification
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