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ABSTRACT In 2020, the municipal solid waste removal and transportation volume reached 235.117 million tons, of which 146.076
million tons were incinerated in China. Because it can reduce the harmfulness of waste and recycle energy, municipal solid waste
incineration (MSWI) technology has become the primary method for the disposal treatment of urban domestic waste in China. However,
this method produces MSWI fly ash, which is defined as a hazardous waste rich in dioxins and heavy metals. Calculated based on 5%
(mass fraction) of the original waste, the output of MSWI fly ash in China nearly reached 7.304 million tons in 2020. Moreover, the
stockpile management and treatment capacities are seriously out of balance. At present, the main disposal method of MSWI fly ash is
landfilling, which consumes land resources and poses an environmental hazard. As a result, the harmlessness and recyclability of MSWI
fly ash have become a bottleneck for green development. In this review, the harmless melting and recycling of MSWI fly ash are
introduced in detail. The mechanisms of heavy metal solidification and dioxin degradation during MSWI fly ash melting have been

explained. MSWI fly ash can be transformed into glass slag containing CaO—Si0,—Al,0; after co-melting with other solid wastes rich in
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silicon aluminum oxide. Heavy metals in MSWI fly ash can be solidified at the atomic scale in the silicate network of glass. More
importantly, as the temperature increases beyond 800 °C, dioxins undergo dechlorination and degradation, reducing the harmfulness and
revealing the harmlessness of MSWI fly ash. This review also describes how to deal with the glass slag that forms because of co-melting.
The glass slag has low added value and poor mechanical properties. Future disposal trends for vitrified slag from MSWTI fly ash,
including glass—ceramic, glass—ceramic foam, and cementitious materials, have been proposed. Given that vitrification can solidify heavy

metals in the process of subsequent resource usage and product service, the migration and leaching characteristics of heavy metals need

to be further investigated. This study provides a reference for the comprehensive usage of MSWI fly ash.

KEY WORDS MSWI fly ash; melting; vitrification; glass ceramic foams; heavy metals
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Standard for leaching Criteria for landfills
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elements (mg-L™") in China/ waste in Europe/

(mg'L™) (mg'L™
Zn 3269.0 100.00 50.00
Pb 1515.0 0.25 10.0
Cu 563.2 40.00 50.0
cd 36.7 0.15 1.0
Cr 157.0 4.50 10.0
He 358 0.05 0.2

22 JERLPERE IS RHLIE
TEHLAE 800 °C LA L AT LA B i, T X il

AR P IREEAE 1300 °C LA E, HE R A 1500 C,
PR LG A 5 e o i v W e gl A 2 pl T R IR A
TR R, fff B89 53 i CO,. HCL 1 H,O
SEW BT, NI A B L BRT5 Qe iy H Y. e il 24 —
W A T A P R A2 i (1) If . Zhang
SRS SR T AR B R A 3R A AR B L
M, RMEE IR RSt e 2, HY
N, VB %8 F SR, BP9 7= 42 1 CO Fl H, 7647
Jhi T AR JR e VA B0 I T K 7R T B Lk R Y
KA I

C.H,Cl + (x+(y—2)/4)0; =

xCO; +zHCl + (y—z)/2H,0 1 (1



- 1912 -

TREREZ, 5 448, 5 11

I il 6% i T G S SRR A Ak P G R Rk
Bo 78 M0 SR IR B B — I R A DSk A R N,
AR A L. DA BN 52 e R 2R 7R T
WE e 24 g = AR AR L AR AR L TR (200 ~
450 °C) LU K 4 @A), SR BT A A
e F B A DR 3R, Rk R L Y ) U Y
AFHERC S EART BERT, A4 774 PCDD/Fs!',
PLog + 4 8 E ALY CaO R AR A & A &b T
3 Sk A R Ji DT LUK PR I A TROK Ak
W HEAT S e g Ak B, WE DN T R R e 4 A
MR B, e B WE S Y R A R 5 COR E A R AL B
PE S WARAK R, K7 ERA 5 g5 0
R 23R LR AOIR K 5 $E T 27.6%.

3 BRMETEXRFREFARIVIK

3.0 BRELELLE

H Z< Takuma 2~ @] # Katou £ U8 3R 16 H 1991
AR IR ORI ml A BEEE R, F 1998 4F 3k %]
25 ¢d AL BT, IR LA R T 40 K, T &
A 45 BRI 5 F TROKTE 1400~1500 °C
A7 965 il A B AT [ it BB 99% PCDD/Fs, JE i i1 45 fil
TS AR TCHE Y, AT LA Ay 4 2 % T sl VR 6 1 i
POBHME . AR, 3R E ST RO AL 8, (X
TN et AR — S 3L ) R SR AT T IR B
Y, o fl Ak B — R BH RS R 2 RE AR R, PR 22
B SHESE TS AR A Rl B 5 e,
SERE A T RS SR R DR A SE R OK
B4 G 4L, Zhang 51 43 51 LUy HE B FAE R
T AR T AR 0 RO Ry JEORE, BIESE T RO 8 A
B = JeARIE | JE Al sl 12 . R AR DL O G307 iR
P, RIS B & T K SR A A LR EE . B
Yy 5T o3 itk . R R R NPT AR HAN Y B, o ) &
A 7E 70~120 °C. 300~450 °C. 600~800 °C. 1000~
1140 °C 1 1180~1400 °C, I HEb 7= A= 1 €K S ER
TR, SEPK ELE 34%~70%, MG F LR =
A 1 RO R Tl 8%~27%, I HLH P AR 1 RO
HSi0, & AR, XA A T 5 CaO. MgO, Fe,0;
M ZnO ¢ A 3 5 I, JE i Ca,MgSih05. Zn,Sio,
1 Mg 74F e 265104 K i 5 AT JK 45 Fill i B2 . Wong
LD W RO P B Y CaO 2 AN H A AR
B R, LA LA E & Si0, MR KA AT
T30 i ] Ak 2RO K ARG R iR B, B T =T A
34T, 453 CaO. Si0,. ALO; Y Fi 7 £ 7>
WA T 309%~40% . 45%~60% F 10%~15% I}, HETE
PR £, I 38 2 i B 7 U8 DU AN (] 3 B Y

IR, RAE CIK SN 10 5 B S8
FIFAKAA 1190 °C, T A% A B 585 1 Bl 2 1t 2 1 6 I
Wy 52 BIARE (GB 5085.3—2007) 23k, I H L
A il £ T B

T I 45 B I B RO S H At [ 1 TR A b
B, FI| F B % PCDD/Fs F i 21 A4 56 Rl B B3 44
Chen %5 P10KE €U Rl J5 AF b A B DA 4
VT 24 (14 5 =X S PR A, R T A 3] 4 v 7
Mt 50 ng LN, W62 €K PR bR, [ B 5 5
— bR AR L, B R SiO, T ALO; [ 5 b E
AEA 2 il PCDD/Fs (5% 4k, 11§ 25503 & ik 96%,
FEXHMEHLEESEAT TAFSE. Lin 552 462200 WK S
15 R AE 1400 °C 3 [A] #4 4k B HE Ca0—-Si0,-Al,0;
=GR R BB, IR PR R ) Ak B
B 1% BRI E £ R IR R S E B
B, AR5 2 B A R T B ac . IR AUA T
(5 kA 5 ) A IR kB B A P ST
8 [E 4k, Cd. Cr. Cu. Ni, Pd I Zn & H 53l £ H %
PR (GB 30760—2014), H:H Zn F1 Cu (1Y [E {63 i
43 55 98.82% H1 99.61%, TR A K 80.5~98.2%
P AL N Rl B B4

Kim %5 B 5] A KN [6] ok 5 89 & 3 58 5 KK 1E
1300 °C #E17BE AL AL H1, K BUAE PR () HL S S5 N
J& 5 Na,O Jii i 5 503 VI AH G, 7F 29%~4% Na,O i,
A F T ARAT BRAR KA BLRRAE, JF R AT B R
KBS T %A (ToF-SIMS) BIF5% 1 M5 Bl AR 7 E 47 %
MBS 3= S8 (TCLP) 1l Je B9 2 1 G 2 40 A5, 78
PEAT TCLP 5288 Jm & PR H B T R85 1 21 4 a4
N, B, Na. Al fll Ca %8 EZ /0 7F H R A7 & 4
KB FE, X A] BE A P Ol Na #l Ca 1 Ry 3 55 oo v
5 H T T A5, 1 B A AL FE 24 B 55 W 45 7%
JG AR B o) A 25 DR O A, Si R4 AE U 5 HC Al
JCE M, X AT AR H AL TR B H eSS Si Bt
51 py
3.2 AR AEIREL

KK I Rl Ak B T K B 3 A 0 v B
BAR, J12E VR IR 22, A5 50 7 1 2 W LR A7 S Ak
B e A AR 2225 2 R AR s i Ak B 1 B 288 A
5 T B R A BRI 3 A B R A
3.2.1 fR AP

o0 0 R — P el R T B 2 9 A% 4 o
28 1 LA it A B 3 A B T LR 4 s A R
Ty 2 P R R RS ok 1 i S AR R 2 T
BR 40, B ST, KK EA Cao, Sio,,
ALOs. MgO 524 43, 5 1k it B 38 A= 7 i o 2



SRR AN B AERE ORI il I T A S B IR AT BEAR

- 1913 -

) RN EE AR AT, O AR B 38 1 I A k), R
FLa| A il Bl BRORE N AR B, w] & R e
TS B 38 . Fan 2509 UK A 3252 J50RE, 4%
TR E N 3.42 g-em ™, 4 [CHEE 4 6.91 GPa 1Y
Tl it B 35, HL T 4 R IR R I S [ IR B AR
B REER EOR, I LR TRAR S T4 )R &
A0 0 %o T o B 0 1) 5 S O OR: 85 A R & P 1
M, 2498 A Na,O Fl K,0 J&, 1A S8 Bl 1 I 26
FERRARG, HF— 200 oF T 4586 5 7 P 8, kK
AE 71, ) 1 Rt B 385 g 2 M e LA K R e
I A8 JE T B AR ) 1 2SRk 27

TE I K filf b, Zhao %58 DL KK B[R] 1 B 5
FRYETS URAE 1400 C FRIE 3 h UEA7 4 il b A 31 3
il 3% 35, J5 28 800 °C R 0.5 h #% 4k . & 1b15 25U
i B B, BIF ST TR TR S N A TR Uk s Ve (5 A A B
109%~26%) F1 & 3¢ 55 (Jit £ 53 50 34%~50%) %} IE
¥ i AR EE R SE e, kBTSN 22% 1 R Pk TS T
BF, BT IR S B B A AR TR (8] 22 177 °C, B W
Lt B BT A RE ) s, T (R A A AT AR
54 A B 13.11 GPa FI4L 25 38 & 135.84 MPa A
AR S, HAA R Factsage 7.3 #2481 ¥ 309%~
70% [ 43 % K K AE 600~1600 °C FH i 78 &
)i 8 B A2, & B B 2] 900 <C i), KC1 Al
NaCl H & AHE A8 R SM, IFFEREA HCL 7R, ik
#| 1300 °C B KCI F1 NaCl F % DL S M R AEALE,
TR BN 2 AR R b 5B A A S R TR A
1My H AR 43 HCT,

Vu S5 PTG TR RS K AR B AR SRy g B
T R RE M AT 4 T AR 1 ¥ IR B RV )
o 5 T 7T R A B B A SOWUE B L A DA
AL A e, B2 80% JIX K A 20% KK T B 1 15
Rl R 7E VA 21 3R g 10 Comin”' (997 AR IR 1 h Al
DGR T AR 5 40 3K A L 5 BE K A R RE K
A1 AT T B

PR DA DL RO RN I B B B M AF 5T 6 42
I s il v BT B B B, R BT R
940~1030 °C yE [ Py, Pl 2 7+ CaO-AL,0;-MgO-
Si0, 1A 2 BT 4 i oRE RS 88 i, e AR IR R
1030 °C, F£ 5 P ARFREE BE | Hrassm B | A B 3k 31 i
K, 4351k 2.81 grem >, 83.78 MPa Hil 7.4 GPa, 1Ei%
BT R Z2, MO B i 9 38 i 35004 2R B 3 e AR
T P R Tk W L B S 0 34T A I, 3 R A R MR
AT, HLA5 A b o R R AR A B RE 4, Y
MgO [ i 53 B0H 8.0% B, ShIRTE A AR A
PRZW KT RERIR, Sk & & E Ak, #E 5 EeE

JEE AT, A8 S BRI K SR AR, At 4% T B AL
PEREHE b5 2 0B T Rl s B B Y. &t DL B Ay
BT, ROK 2065 bl 28 T A B B 2 T AT Y, JF HE 4
J& L BE A 15 21 4 400 [ £k
3.2.2 TR B

SRS 20k Al Ak L AR K v b 3 S T A5 ]
P B 28 A A A AR AL s ) 9 T ot B 3 0,
PP B B 5 AR A LA ZUR IR S5 A, A B AR A
T B S 3 TR B S A A B, B R AR
Y M | WS M DA R T 2R, TR R LR R
et AR L IR A R S S LA A R
J:Hﬁﬁ%[ll,%%ﬂ'

H R LA 6O Ay TR 8 v TR it B B R A
By R e 45 vk RN JCAILEE I SR 18 1%, Wy oK e 4 vk 3l
R ZR S ARG, £ THRMIR A 8L
U B R 2 SR M W AR, [R] B o3 A 2R TR A R i
R FNHT HH SAH, T B B AR DR I B[R] SE
o, H5 Rl DX R R, AR T R O R,
B AR, 7 il DX B R, AT Ak A R
IR PIIE AL, A3 B IR 5 F Y. Lin 85506
14% “RIKHN 74% Ji& K Sy J5ofk 38 1 B8 /> 2 CaCO,
& 7], NasPO, A B IE FIZE 1150 °C £l 0.5 h i
il T LB N 76.03%, R FLSE EE Ky 0.67g-cm >,
PUE T N 10.56 MPa A TR T i B B8, T 4R i
S 8 Sl 7R Cr. Pb, Cu., Cd 1 Ni ¥k BE 14
fICF 28 1 B RIS AR PR BLE 1 B, C A
Jii LAY R e 485 1 i B 0 VR T ot B S R X R U
Gl IR 2N ST X ik e 3| B E O 2 N Ol b K E
BRIREL . BRAREL . 7% BB | SiC A1 AIN ZEH021 ek
B R R 45 & i o FE Y G B8 X &, Fernandes 45
T 2o B 5 B A A R T B I A R, A E
VAR BE A T 10°~107 Pa s B & Y 50 B iS4k, A
AETE LI ) By S FLZ5 #E . Peterson %5144 DL [H] #h
FPE YIRS JFORE, 38 I IR & i 1 SR AR A
B it e K I 23 1) 26 B2 DX TR], AT A B 5 4
Ak 86 B Y B B R T R R R R, K
)k MnO, 14> J@ ik 2 £k (CaCO5. Na,CO5. Mg-
COj3. SrCO3) A, N A ARE EEJEFIFE 10*°~10° Pass,
1M SIC AE & #7575 B2 IG A 0 1A 2
(10%°~10*° Pa-s). {HIX S 7 BEAF 57 35 J2 D) 4l (1 3¢
AR JFRE, R ENT M E N m. BT CKIE
SRR 1, T A O A [ S B AA, Y P R A T A
Wb R, 37 4 I8 AL AE R 2 AR AT RO, T
i AE B BT 2 5 3O B I R AR, PR e A RO K
() 52 2 s A AR 2 v B 205 e o) 280



- 1914 -

TREREZ, 5 448, 5 11

T AL A 0 R B K B T A PR R AR A U TR B
B AR 0T A 500 0 B R R v kAR 5 ), e 2k
PR hedh T2 mm Ak Sy 2# gk, vl 3KA5 & FL B R 1
IR RIS, T2 k1Y 3%, Zhang %517
SR SR RIS I fill = 1) 35 38 44 R TR, LAAS [
W S 1) NaOH 1B N it 3 & 1, SRASBE 1A, DL
YR DB AE Ry 2 0 R i 30, 36 08 i 2 fL R A4,
1F T A A 3R AR ELAT 2 AL 45 R T TR B B
I, & S B L S i B e, LR
79.23%~88.35%, /R £ 4 0.68~0.76 g-em °, Btk
5N 0.36~5.55 MPa. AR 7R DL 50% Jii i 4340
IR 50% J57 43 BOR KA IR, 7E 1450 C PR
2 h EAT 0 Rl Ak, R T R e, i — 2B D
fi] & 1 5B 20 80 S 65% 1Y S5 14 8 2.5 mol-L™!
NaOH #AT I &, IH7E 75 C TIRFA N IR 24 h,
5 5] 35 B A% (< 0.1 MPa) (19 0 7K #14K (41 & 2(a)
FI7Rs ), W98 & BIAE 950~1150 °C #7 4L BH 30~90 min
Je DU SR B R T, HFL B K S A

T0 um

B2 RORIERLE A B IR BB 2 () SO (b) JEARE
Fig.2 Macromorphology (a) and micromorphology (b) of glass—ceramic
foams prepared by melting MSWI fly ash!**!

323 BREEM R

TR 2R KT O IS B K B B S R R
ALRARE KU, AL BL T RIKTEFE AR, BT
TOKE, TR T R HERL . 7K A3 38 v 5 e
KANRA G2 K AT RN, 2680 H R e B
Ferk. SR R SR BUR i IR Eh WA R, B IR D
oA A R AR, X 0] 5 A AR S N Y R 4 Ak
Y. BT RIKEE A CaO. Si0,. ALO;, 1E
I il 3k R 25 7 A B T AR RSB R R 1 R TR B AH
Lin W0 K 5 AR &2 (1) CaO. ALO; 7 TR A
JEAE 1400 °C T AR 30 min PEFTBE RS AL AL B, K5
W 8 3 A R R /K U8 5 T B 0 B 10%0~40% 1) 3% 3
IR A 5, TR SE g, 45 R R B A B
A il 28 DR B A K B 5. Lee 5507 DA3K
B AR )RR AR 20% A RE R Eh K U, & B B B AL
KA AR 5 1 KL R R, XFPR A K R Y

60 K F1 90 K1) L TR 5 B HE X m K e R AR T
2%~11%, I H 33 VEIR H 5256 45 8 b it 1 45 s Wk
e TR0 2 H 1.

4 ZRERE

B BB vk AR DR AR 8 L Y 2y b RN B
IS DR, TEAE T AL e s vk . AR T b7 3
BEpet B e A T W 4 B M 4 )8 (Cul Pb.
Zn Fl Cr %6 ) A BERE R KK, 18 (E R EREY
&y, RS R HW18 25 G B % 7, T
RO 4 Ab B R A R G A, AR T R AR G
F AL R GEIR AR vk 0 ml e B AL SR A Ab
BB K ARG . AR A I 2 AR sk
R G, O 2RO D S A RO B
Z—, 5 H w7 A L ] T 2

(1) %1% 475 il 2o 22 BB FE B AR 1y 45 (] flE, 5 2
5S4 B COR B B2 W B 48, A i e fk ik &
fR2E 4047, T8 AR A0 Rk X, S AT T 0 e,
FEARAEFE.

(2) H A5 B A b 0 il O 2 B S 0 i
AR A R A B A H v TR R S AT 4R
KB, P A 54 F 0 T < ik 24 m, W+
o oy SR IR, RE A% DR S B W Y i
HRESEGHEPA I T AL, S8 TR Ny
o T R T R A A R A A S T R IR S
e T B 2 i 7, O A i TR R S R N T
KRB SR A, AR S T A PR 5t £ AR T b
IR A A i, )28 A 7= AR

(3) E bR GB/T41015—2021 ¢ 44 5% ¥y %
SEACAL SR BOR BEOR DV AE 2022 4F 7 H 1 HIE
2SI, 2 b WY Aff ] 15 3 36 Ak 7 0 AT R T B O
M AF U, X KA Bl A RO B 3 Ak Ak
PERR. EARBE S AL 7= 5 AR M AL R E A A,
P2 3 38 Ak 7= i PR P 2o A b 4 T e LA
ORI A R — B0, HiERESEN
T G AR

2 % X #t

[1]  National Bureau of statistics of the people's Republic of China.
China Statistical Yearbook 2021. Beijing: China Statistics Press,
2021
(AR NRIERIE E g R, hE g HFE 42021, e
geitipst, 2021)

[2]  WuH, Liu H B, Tian S L, et al. Current situation for utilization
and disposal and environmental management of fly ash from

municipal solid waste incineration. J Environ Eng Technol,


http://dx.doi.org/10.12153/j.issn.1674-991X.20210083
http://dx.doi.org/10.12153/j.issn.1674-991X.20210083

TRAR AN BRI BE R ORI Rl O A b B IR AR I BUIR

- 1915 -

(3]

(4]

(5]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

2021(5): 1034

(RE, XETE, WA, 8. A im SRR oM AL B 3
RS FRBVE . PRET TR, 2021(5): 1034)

Ma W C, Shi W B, Shi Y J, et al. Plasma vitrification and heavy
metals solidification of MSW and sewage sludge incineration fly
ash. J Hazard Mater, 2021, 408: 124809

Jiang X G, Chen Q, Zhao X L, et al. A review on hydrothermal
treatment for stabilization of heavy metals in fly ash from
municipal solid waste incineration. Chem Ind Eng Prog, 2021,
40(8): 4473

CETBG, PRk, SR, 45 K ETUE RSB R 4 )8
WIEHERE. (L THEE, 2021, 40(8): 4473)

Kang D, Son J, Yoo Y, et al. Heavy-metal reduction and
solidification in municipal solid waste incineration (MSWI) fly ash
using water, NaOH, KOH, and NH4OH in combination with CO,
uptake procedure. Chem Eng J, 2020, 380: 122534

Li W H, Ma Z Y, Huang Q X, et al. Distribution and leaching
characteristics of heavy metals in a hazardous waste incinerator.
Fuel, 2018, 233: 427

Zhou J Z, Wu S M, Pan Y, et al. Enrichment of heavy metals in
fine particles of municipal solid waste incinerator (MSWI) fly ash
and associated health risk. Waste Manag, 2015, 43: 239
Bernasconi D, Caviglia C, Destefanis E, et al. Influence of
speciation distribution and particle size on heavy metal leaching
from MSWI fly ash. Waste Manag, 2022, 138: 318

Cai P T, FulY, Zhan M X, et al. Formation mechanism and
influencing factors of dioxins during incineration of mineralized
refuse. J Clean Prod, 2022, 342: 130762

Mao L Q, Guo H J, Zhang W Y. Addition of waste glass for
improving the immobilization of heavy metals during the use of
electroplating sludge in the production of clay bricks. Constr Build
Mater, 2018, 163: 875

Zhang J J, Liu B, Zhang S G. A review of glass ceramic foams
prepared from solid wastes: Processing, heavy-metal solidification
and volatilization, applications. Sci Total Environ, 2021, 781:
146727

Gao J, Dong C Q, Zhao Y, et al. Vitrification of municipal solid
waste incineration fly ash with B,0; as a fluxing agent. Waste
Manag, 2020, 102: 932

Morsi R M M, Basha M A F, Morsi M M. Synthesis and physical
characterization of amorphous silicates in the system SiO,-Na,O-
RO (R =Zn, Pb or Cd). J Non Cryst Solids, 2016, 439: 57

Huang B B, Gan M, Ji Z Y, et al. Recent progress on the thermal
treatment and resource utilization technologies of municipal waste
incineration fly ash: A review. Process Saf Environ Prot, 2022,
159: 547

Zhang J J, Zhang S G, Liu B. Degradation technologies and
mechanisms of dioxins in municipal solid waste incineration fly
ash: A review. J Clean Prod, 2020, 250: 119507

Lin X Q, Chen Z L, Lu S Y, et al. Emission characteristics of

polychlorinated dibenzo-p-dioxins and dibenzofurans from the co-

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

combustion of municipal solid waste in a lab-scale drop-tube
furnace. Energy Fuels, 2018, 32(4): 5396

Ji Z Y, Huang B B, Gan M, et al. Dioxins control as co-processing
water-washed municipal solid waste incineration fly ash in iron ore
sintering process. J Hazard Mater, 2022, 423: 127138

Katou K, Asou T, Kurauchi Y, et al. Melting municipal solid waste
incineration residue by plasma melting furnace with a graphite
electrode. Thin Solid Films, 2001, 386(2): 183

Zhang S, Chen Z L, Lin X Q, et al. Kinetics and fusion
characteristics of municipal solid waste incineration fly ash during
thermal treatment. Fuel, 2020, 279: 118410

Wong G, Gan M, Fan X H, et al. Co-disposal of municipal solid
waste incineration fly ash and bottom slag: A novel method of low
temperature melting treatment. J Hazard Mater, 2021, 408:
124438

Chen Z L, Lin X Q, Zhang S, et al. Thermal cotreatment of
municipal solid waste incineration fly ash with sewage sludge for
PCDD/Fs decomposition and reformation suppression. J Hazard
Mater, 2021, 416: 126216

Lin X Q, Mao T Y, Chen Z L, et al. Thermal cotreatment of
municipal solid waste incineration fly ash with sewage sludge:
Phases transformation, kinetics and fusion characteristics, and
heavy metals solidification. J Clean Prod, 2021, 317: 128429

Kim K, Kim K, Kim M. Characterization of municipal solid-waste
incinerator fly ash, vitrified using only end-waste glass. J Clean
Prod, 2021, 318: 128557

Kim M, Kim H G, Kim S, et al. Leaching behaviors and
mechanisms of vitrified forms for the low-level radioactive solid
wastes. J Hazard Mater, 2020, 384: 121296

Yang J, Liu B, Zhang S G, et al. Glass-ceramics one-step
crystallization accomplished by building Ca®* and Mg** fast diffu-
sion layer around diopside crystal. J Alloys Compd, 2016, 688: 709
Fan W D, Liu B, Luo X, et al. Production of glass—ceramics using
Municipal solid waste incineration fly ash. Rare Met, 2019, 38(3):
245

Fan W D. Manufacture of Glass-Ceramic Made from Municipal
Solid Waste Incineration Fly Ash and the Solidification
Mechanism of Cr [Dissertation]. Beijing: University of Science
and Technology Beijing, 2018

(L0 BB AL ORI AR B Ak B CrlB AL LB [ 038 .
Jemt: LR, 2018)

Zhao S Z, Liu B, Ding Y J, et al. Study on glass-ceramics made
from MSWI fly ash, pickling sludge and waste glass by one-step
process. J Clean Prod, 2020, 271: 122674

Zhao S Z, Zhang X Y, Liu B, et al. Preparation of glass-ceramics
from high-chlorine MSWI fly ash by one-step process. Rare Met,
2021, 40(11): 3316

Vu D H, Wang K S, Chen J H, et al. Glass-ceramic from mixtures
of bottom ash and fly ash. Waste Manag, 2012, 32(12): 2306

Li B Q, Guo Y P, Fang H S, et al. Effect of crystallization
temperature on crystallization and properties of CaO-Al,03-MgO-


http://dx.doi.org/10.12153/j.issn.1674-991X.20210083
http://dx.doi.org/10.1016/j.jhazmat.2020.124809
http://dx.doi.org/10.1016/j.cej.2019.122534
http://dx.doi.org/10.1016/j.fuel.2018.06.041
http://dx.doi.org/10.1016/j.wasman.2015.06.026
http://dx.doi.org/10.1016/j.wasman.2021.12.008
http://dx.doi.org/10.1016/j.jclepro.2022.130762
http://dx.doi.org/10.1016/j.conbuildmat.2017.12.177
http://dx.doi.org/10.1016/j.conbuildmat.2017.12.177
http://dx.doi.org/10.1016/j.scitotenv.2021.146727
http://dx.doi.org/10.1016/j.wasman.2019.12.012
http://dx.doi.org/10.1016/j.wasman.2019.12.012
http://dx.doi.org/10.1016/j.jnoncrysol.2016.02.018
http://dx.doi.org/10.1016/j.psep.2022.01.018
http://dx.doi.org/10.1016/j.jclepro.2019.119507
http://dx.doi.org/10.1021/acs.energyfuels.8b00408
http://dx.doi.org/10.1016/j.jhazmat.2021.127138
http://dx.doi.org/10.1016/S0040-6090(00)01640-0
http://dx.doi.org/10.1016/j.fuel.2020.118410
http://dx.doi.org/10.1016/j.jhazmat.2020.124438
http://dx.doi.org/10.1016/j.jhazmat.2021.126216
http://dx.doi.org/10.1016/j.jhazmat.2021.126216
http://dx.doi.org/10.1016/j.jclepro.2021.128429
http://dx.doi.org/10.1016/j.jclepro.2021.128557
http://dx.doi.org/10.1016/j.jclepro.2021.128557
http://dx.doi.org/10.1016/j.jhazmat.2019.121296
http://dx.doi.org/10.1016/j.jallcom.2016.07.027
http://dx.doi.org/10.1007/s12598-017-0976-8
http://dx.doi.org/10.1016/j.jclepro.2020.122674
http://dx.doi.org/10.1007/s12598-021-01770-9
http://dx.doi.org/10.1016/j.wasman.2012.05.040
http://dx.doi.org/10.12153/j.issn.1674-991X.20210083
http://dx.doi.org/10.1016/j.jhazmat.2020.124809
http://dx.doi.org/10.1016/j.cej.2019.122534
http://dx.doi.org/10.1016/j.fuel.2018.06.041
http://dx.doi.org/10.1016/j.wasman.2015.06.026
http://dx.doi.org/10.1016/j.wasman.2021.12.008
http://dx.doi.org/10.1016/j.jclepro.2022.130762
http://dx.doi.org/10.1016/j.conbuildmat.2017.12.177
http://dx.doi.org/10.1016/j.conbuildmat.2017.12.177
http://dx.doi.org/10.1016/j.scitotenv.2021.146727
http://dx.doi.org/10.1016/j.wasman.2019.12.012
http://dx.doi.org/10.1016/j.wasman.2019.12.012
http://dx.doi.org/10.1016/j.jnoncrysol.2016.02.018
http://dx.doi.org/10.1016/j.psep.2022.01.018
http://dx.doi.org/10.1016/j.jclepro.2019.119507
http://dx.doi.org/10.1021/acs.energyfuels.8b00408
http://dx.doi.org/10.1016/j.jhazmat.2021.127138
http://dx.doi.org/10.1016/S0040-6090(00)01640-0
http://dx.doi.org/10.1016/j.fuel.2020.118410
http://dx.doi.org/10.1016/j.jhazmat.2020.124438
http://dx.doi.org/10.1016/j.jhazmat.2021.126216
http://dx.doi.org/10.1016/j.jhazmat.2021.126216
http://dx.doi.org/10.1016/j.jclepro.2021.128429
http://dx.doi.org/10.1016/j.jclepro.2021.128557
http://dx.doi.org/10.1016/j.jclepro.2021.128557
http://dx.doi.org/10.1016/j.jhazmat.2019.121296
http://dx.doi.org/10.1016/j.jallcom.2016.07.027
http://dx.doi.org/10.1007/s12598-017-0976-8
http://dx.doi.org/10.1016/j.jclepro.2020.122674
http://dx.doi.org/10.1007/s12598-021-01770-9
http://dx.doi.org/10.1016/j.wasman.2012.05.040

- 1916 -

TREREZ, 5 448, 5 11

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

SiO, glass-ceramics from fly ash and waste panel glass. J Ceram,
2018,39(4): 443

(BEORIR, SR, T2, 45 R AR BEXS R/ 2 J5 B 56 I 1) ]
5 Ca0-Al,03-MgO-SiO, RIS BT it B Mk REA SR, P g 27
#iz, 2018, 39(4): 443)

Li B Q, Guo Y P, Dang H F. Effect of MgO on crystallization and
properties of glass ceramics from fly ash and waste glass.
Multipurp Util Miner Resour, 2020(1): 135

(CZEARPR, SBHEF, 56065 0. MgOXT 6 5 3 55 B3 R] il 75 o T %
TN KRB RN P LR SR, 2020(1): 135)

Elsayed H, Romero A R, Picicco M, et al. Glass-ceramic foams
and reticulated scaffolds by sinter-crystallization of a hardystonite
glass. J Non Cryst Solids, 2020, 528: 119744

Zhang J J, Zhang X Y, Liu B, et al. Phase evolution and properties
of glass ceramic foams prepared by bottom ash, fly ash and
pickling sludge. Int J Miner Metall Mater, 2022, 29(3): 563
Sasmal N, Garai M, Karmakar B. Preparation and characterization
of novel foamed porous glass-ceramics. Mater Charact, 2015, 103:
90

Tarrago M, Garcia-Valles M, Aly M H, et al. Valorization of
sludge from a wastewater treatment plant by glass-ceramic
production. Ceram Int, 2017, 43(1): 930

Liu TY, Liu P, Guo X G, et al. Preparation, characterization and
discussion of glass ceramic foam material: Analysis of glass phase,
fractal dimension and self-foaming mechanism. Mater Chem Phys,
2020, 243: 122614

SiR Z, Dai Q L, Guo S C, et al. Mechanical property, nanopore
structure and drying shrinkage of metakaolin-based geopolymer
with waste glass powder. J Clean Prod, 2020, 242: 118502

Liu B, Yang Q W, Zhang S G. Integrated utilization of municipal
solid waste incineration fly ash and bottom ash for preparation of
foam glass—ceramics. Rare Met, 2019, 38(10): 914

da Silva R C, Kubaski E T, Tenério-Neto E T, et al. Foam glass
using sodium hydroxide as foaming agent: Study on the reaction

mechanism in soda-lime glass matrix. J Non Cryst Solids, 2019,

[41]

[42]

[43]

[44]

[45]

[46]

(471

(48]

[49]

[50]

511:177

Han J S, Li G H, Gao H N, et al. Foaming mechanisms of different
foaming agents and their effects on the microstructures of porous
magnesia ceramics. J Aust Ceram Soc, 2020, 56(3): 1005

Li J, Zhuang X G, Monfort E, et al. Utilization of coal fly ash from
a Chinese power plant for manufacturing highly insulating foam
glass: Implications of physical, mechanical properties and
environmental features. Constr Build Mater, 2018, 175: 64
Fernandes H R, Andreola F, Barbieri L, et al. The use of egg shells
to produce Cathode Ray Tube (CRT) glass foams. Ceram Int,
2013,39(8): 9071

Petersen R R, Konig J, Yue Y Z. The viscosity window of the
silicate glass foam production. J Non Cryst Solids, 2017, 456: 49
Rincon A, Giacomello G, Pasetto M, et al. Novel ‘inorganic gel
casting > process for the manufacturing of glass foams. J Eur
Ceram Soc, 2017, 37(5): 2227

Rincon A, Desideri D, Bernardo E. Functional glass-ceramic
foams from ‘inorganic gel casting’ and sintering of glass/slag
mixtures. J Clean Prod, 2018, 187: 250

Zhang J J, Liu B, Zhang X Y, et al. A novel approach for preparing
glass ceramic foams from MSWI fly ash: Foaming characteristics
and hierarchical pore formation mechanism. J Mater Res Technol,
2022, 18: 731

Zhang J J. Preparation and Mechanism of Glass-Ceramic Foams
Based on Municipal Solid Waste Incineration Ash [Dissertation].
Beijing: University of Science and Technology Beijing, 2021
CIRARAN. B3R BELE I it ] 28 VL TR AR U T 2 A LB [ ar
3. Abat LR R, 2021)

Lin K L, Wang K S, Tzeng B Y, et al. The hydration
characteristics and utilization of slag obtained by the vitrification
of MSWI fly ash. Waste Manag, 2004, 24(2): 199

Lee T C, Wang W J, Shih P Y. Slag-cement mortar made with
cement and slag vitrified from MSWI fly-ash/scrubber-ash and
glass frit. Constr Build Mater, 2008, 22(9): 1914


http://dx.doi.org/10.3969/j.issn.1000-6532.2020.01.028
http://dx.doi.org/10.3969/j.issn.1000-6532.2020.01.028
http://dx.doi.org/10.1016/j.jnoncrysol.2019.119744
http://dx.doi.org/10.1007/s12613-020-2219-5
http://dx.doi.org/10.1016/j.matchar.2015.03.007
http://dx.doi.org/10.1016/j.ceramint.2016.10.083
http://dx.doi.org/10.1016/j.matchemphys.2019.122614
http://dx.doi.org/10.1016/j.jclepro.2019.118502
http://dx.doi.org/10.1007/s12598-019-01314-2
http://dx.doi.org/10.1016/j.jnoncrysol.2019.02.003
http://dx.doi.org/10.1007/s41779-019-00443-2
http://dx.doi.org/10.1016/j.conbuildmat.2018.04.158
http://dx.doi.org/10.1016/j.ceramint.2013.05.002
http://dx.doi.org/10.1016/j.jnoncrysol.2016.10.041
http://dx.doi.org/10.1016/j.jeurceramsoc.2017.01.012
http://dx.doi.org/10.1016/j.jeurceramsoc.2017.01.012
http://dx.doi.org/10.1016/j.jclepro.2018.03.065
http://dx.doi.org/10.1016/j.jmrt.2022.02.090
http://dx.doi.org/10.1016/S0956-053X(03)00131-4
http://dx.doi.org/10.1016/j.conbuildmat.2007.07.030
http://dx.doi.org/10.3969/j.issn.1000-6532.2020.01.028
http://dx.doi.org/10.3969/j.issn.1000-6532.2020.01.028
http://dx.doi.org/10.1016/j.jnoncrysol.2019.119744
http://dx.doi.org/10.1007/s12613-020-2219-5
http://dx.doi.org/10.1016/j.matchar.2015.03.007
http://dx.doi.org/10.1016/j.ceramint.2016.10.083
http://dx.doi.org/10.1016/j.matchemphys.2019.122614
http://dx.doi.org/10.1016/j.jclepro.2019.118502
http://dx.doi.org/10.1007/s12598-019-01314-2
http://dx.doi.org/10.1016/j.jnoncrysol.2019.02.003
http://dx.doi.org/10.1007/s41779-019-00443-2
http://dx.doi.org/10.1016/j.conbuildmat.2018.04.158
http://dx.doi.org/10.1016/j.ceramint.2013.05.002
http://dx.doi.org/10.1016/j.jnoncrysol.2016.10.041
http://dx.doi.org/10.1016/j.jeurceramsoc.2017.01.012
http://dx.doi.org/10.1016/j.jeurceramsoc.2017.01.012
http://dx.doi.org/10.1016/j.jclepro.2018.03.065
http://dx.doi.org/10.1016/j.jmrt.2022.02.090
http://dx.doi.org/10.1016/S0956-053X(03)00131-4
http://dx.doi.org/10.1016/j.conbuildmat.2007.07.030
http://dx.doi.org/10.3969/j.issn.1000-6532.2020.01.028
http://dx.doi.org/10.3969/j.issn.1000-6532.2020.01.028
http://dx.doi.org/10.1016/j.jnoncrysol.2019.119744
http://dx.doi.org/10.1007/s12613-020-2219-5
http://dx.doi.org/10.1016/j.matchar.2015.03.007
http://dx.doi.org/10.1016/j.ceramint.2016.10.083
http://dx.doi.org/10.1016/j.matchemphys.2019.122614
http://dx.doi.org/10.1016/j.jclepro.2019.118502
http://dx.doi.org/10.1007/s12598-019-01314-2
http://dx.doi.org/10.1016/j.jnoncrysol.2019.02.003
http://dx.doi.org/10.3969/j.issn.1000-6532.2020.01.028
http://dx.doi.org/10.3969/j.issn.1000-6532.2020.01.028
http://dx.doi.org/10.1016/j.jnoncrysol.2019.119744
http://dx.doi.org/10.1007/s12613-020-2219-5
http://dx.doi.org/10.1016/j.matchar.2015.03.007
http://dx.doi.org/10.1016/j.ceramint.2016.10.083
http://dx.doi.org/10.1016/j.matchemphys.2019.122614
http://dx.doi.org/10.1016/j.jclepro.2019.118502
http://dx.doi.org/10.1007/s12598-019-01314-2
http://dx.doi.org/10.1016/j.jnoncrysol.2019.02.003
http://dx.doi.org/10.1007/s41779-019-00443-2
http://dx.doi.org/10.1016/j.conbuildmat.2018.04.158
http://dx.doi.org/10.1016/j.ceramint.2013.05.002
http://dx.doi.org/10.1016/j.jnoncrysol.2016.10.041
http://dx.doi.org/10.1016/j.jeurceramsoc.2017.01.012
http://dx.doi.org/10.1016/j.jeurceramsoc.2017.01.012
http://dx.doi.org/10.1016/j.jclepro.2018.03.065
http://dx.doi.org/10.1016/j.jmrt.2022.02.090
http://dx.doi.org/10.1016/S0956-053X(03)00131-4
http://dx.doi.org/10.1016/j.conbuildmat.2007.07.030
http://dx.doi.org/10.1007/s41779-019-00443-2
http://dx.doi.org/10.1016/j.conbuildmat.2018.04.158
http://dx.doi.org/10.1016/j.ceramint.2013.05.002
http://dx.doi.org/10.1016/j.jnoncrysol.2016.10.041
http://dx.doi.org/10.1016/j.jeurceramsoc.2017.01.012
http://dx.doi.org/10.1016/j.jeurceramsoc.2017.01.012
http://dx.doi.org/10.1016/j.jclepro.2018.03.065
http://dx.doi.org/10.1016/j.jmrt.2022.02.090
http://dx.doi.org/10.1016/S0956-053X(03)00131-4
http://dx.doi.org/10.1016/j.conbuildmat.2007.07.030

	1 垃圾焚烧飞灰产生及环境风险
	2 飞灰熔融无害化机理
	2.1 熔融固化重金属机理
	2.2 熔融降解二噁英机理

	3 熔融无害化及资源化研究现状
	3.1 熔融无害化处置
	3.2 熔融玻璃体资源化
	3.2.1 微晶玻璃
	3.2.2 泡沫微晶玻璃
	3.2.3 胶凝材料


	4 结论与展望

