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Si0,. Na,CO;. CaO. ALO;. MgO Jyifi B FUBHE £ T S B3 . Hheg5iiE " 1030 °C i), A3
TS DL ME BE B P, HE EOh 2.81 grem . BT A SR Oh 83.78 MPa. W i A i Oh 7.40 GPa.
PONSOT %5 F 5 A6 b8 I . M BEIK . IR . ARV . P2 B 38 R0 a0 oAy T o 4% Bl A
PeEs, IRAFUEHTE 1050 °C F B be 4 5 159 20 09 b 3 38 HLoA St i BEALR M e, H%E R
1.80 grem ™, HL A 5E & (38.20+5.40)MPa. XA SE U6 557 9 B8 B KR AR B B LA 301 i L IR &
FFGIA 3% Fit% ) TiO,, EibE Albe s vk T 48 T UM B IS, 7F 850 C T HR4515 21 g fe A i) S i 3%
B, HOBEE N 2.62 grem®, PSR EE 4 90.44 MPa, T FR B PES> BN 97.30% . 99.10%. TE ik HHF
g, BRI T B S B O R B AL cE e RE (Rl Ak A R A A R R R R R TR
Wy R B0 B B ) AR o R LA ) AN R I AR SR A S R, SR A PR A B RO
LI B 5E A iR

£ CaO-ALO,-SiO, T B IS R G, Si0, A& 3 B 114 B 55 W 2% T8 7 480 fL B, BB 1 56k 3 385 I 4% 119
AR . CaO & EE B EE M4 AMAEL Y, v LURBEIF RS A, FT Rt B 5 [ 45 25 4, {2t B 5
Bt im, 5 Si0, AEMHR . REFEWAFE S T CaO/Sio, XA H i CaO-Al05-Si0, il i 37 55
PERERYRZ M . 25 R, TS DRI 0 A A N RE K A1, PERBTE CaO/Sio, ol 0.72 B ik B i f, I
BN 301 grem™, WAHHE BN 6.49 GPa, K F K 0.11%, T FRYE R 96.51%, Tt k4 K 99.02%. I
PE RV JFGE T CaO/SiO, XKy B K CaO-ALO,-SiO, L it Bk 38 1 BE A 52 0 o 140 I 385 1) 32 v AH
BIREIR AT, WA KA, 24 CaO/Sio, bl 0.33 I, Ik B M A fe i, HI%B o 2.87 grem ?,
BUE SR 7 105.28 MPa, PUE5 3R H 45.62 MPa, K5 1425 T T CaO/SiO, H Xt & 4 R I & 3%
ETERER SE I . S5 R AR, fNh BE I 0Y J2 S AH Dl M A, CaO/Sio, LU Y IR /N XA S ) 2 1 g
M FERFZWAK, M CaO/SiO, L5 T 0.32 B, Iy PEae i, HPTdriRfE N 169.20 MPa,
RN 2.92 grem, TH R BRAE 4> BN 95.00% F1 98.00% ., H I AT AL, B EE X6 AN i) [ A4 15 ) R A Bk
EEPEREROAE FIDLEI A AR R o DRI, AR 5 6l 3 T 4 02 ) 356 ol o 1 30 1 B 1) 2 Ml AR AT AL B

PRI, ASBISE LB B b RO 2 JE0RE, D 3 C AT EL A 18 43 TR RE e AR S 0 R 92 % 35 4y
R, B AR SE VAT A T CaO-ALO,-SI0, R S8 G S 1 o W AN [7) 6k 132 il 367 65 1 7 & 30 g 2 1
MrERMLERIEAT T 408, I ELBF ST 1T B 0908 445 1 3 T I 30 88 b ™OIR ik falt ot B 368 1) S A B A8 L LA
YIHEERE | SIOULEE AL DL K TR 4 JE IR B 5
1 #MR5RE%
1.1 SEIEER

B e BE B KK (FA), KK (CFA) 1K B £1 BEMRBLERS
1 (WG) AN TIERE R R e s R T L ok Table 1 Chemical compositions of raw materials %

7 % BT FR B ES AU . SR A X BT ERE e BHAFER caO SO, ALO; MgO Na,0 CI SO, Hft

AL (ZSX Primus 2 %, H A B2 6] M E T BRBERE K 4280 192 054 082 12.10 24.5 7.43 9.89

JECBM A2 4y, W3R 1 TR . KK 245 51.10 37.30 0.67 021 0.06 0.68 7.53
1.2 #MRIEEH PR 104 6920 1.44 3.79 12.90 0.08 0.35 1.84
RmBEE UR . EBRABERKLL I H 2 FERALHRMOLESS

R A GRE Ll an 2 2 froR), MAAT 23X Table 2 Chemical compositions of raw materials under

BR B HL b A B 20 min LARIEIR &), 153 various mixing ratios %
34 [ Y mE OB 43 00 AR e S GC1. GC2 il LR CaO  Si0,  ALO; MgO0  NaO
GC3(fL 2 48 N 35 2 TR ) o A [ B Jilt A GCl1 1896 3932 1368 166  8.18
Wl EH, ZES D g b L 10 °Comin! 59 FF GC2 20.18 3505 1542 135 7.50

EE%”H;}SQ 1500 °C #ﬁﬂ 2h, ?ﬁ)ﬁ)l%’_/ﬂ\:ﬂ GC3 21.40 30.78 17.17 1.05 6.83
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BRI, BTG R K A B LR B3 o BE SR SR B B R A . BB L RO, A5 B SE A B 5 Ry
Ko TERRZE B, BRI 3 g JEREBEIE M A, IMARNFE WA, 78 5 MPa [ J) F-FERFH] 30 s,
PR B A R 20 mm, JEBESH S mm W RLRBEES , ARSI LIS CominT 19 T IR
TN Z 850~1 050 °C, MREMEE N 50 C, P+ HARR AN RZF IR 22 Y BB
1.3 WRWBERIAE

FIH TG-DSC 43 4L (SDT/Q600 %Y, & [E] TA {8 ) Xif He it 3 B (1 45 b A7 Sy R ATT & 30 ) 2% 2 4K
HEAT TISE 3 SR P X 52 7T 904 (Rigaku Smartlab %, H 28 bk 23 4k B2 ) MR T 16k b B 380 R 119
X S ERAT IR AR S B HOR AR A TR B R B RAE (MR 3. W
AR B AR XS B B A A RE ) (GB/T 3810.3-2016) A5 1 34 5 B 55 A WKk 3R 5 fiff
FHHL 0 BRI L (WDW-200 5, K FRE BT 0 75 A7 B R W0 32 5okt 36 388 A 0 s B FH b
fCRE B 3 (HMV-2T A, H A S J 2 &) W0 A5 7 34 0 D% 58 10 3 BB BE R A R P 4 R R
(S4800 AU, H A H 3728 7)) $A15 660 5 B 58 2 1/ 19 SEM IR B MR B AR AE IR R P (TCLP) il & T
A B B 032 T, R R ORI A A5 B R B X (PerkinElmer NexION 300X %, 38 [H 8 2k KA
A WA T3 B B A 4 SR R IR
2 #HR512
2.1 EHAIHEER DSC ek M| HE S

GC1-GC3 FE il 3% 35 %) 22 $443 by it 2k an & 1
It 7R o GC1-GC3 &t B B 1 205 Jih e I B2 () 73
WA 910, 926, 940 °C, BB & (1) T =5 1 32
FhE . —RORE, CaO REMSIEALIF RS A, WIR
Si-O-Si B I I 2% 45 4, AR FE AR AT . H2
it 21 CaO 2t B fith 3¢ 35 76 AR B i B B AT o 4t
VANLTE AN B S iR iR NTE K TR
Priftie SivEEr, BEE BRI, GC2 &

T B B AE 55 — > 4% i G 5 gk 2 5 B H il Ao 600 700 800 900 1000 1100
7], GC3 JEREBLESTE 1000~1 050 C = [f] ! 31 /T

T2 SR, UL TR B 3G A T B 1 EREIHIEA DSC Bk

T T B 7 2 TR B 45 A A L S [ R S Fig. 1 DSC curves of the parent glasses

35 35 19 In(T, /) Fl T, %107 1 £& 1k #0044 /&1 2

BT R . T B 5 ) 35 1k A B, B Avrami 45 % P
n 7 Sl AR §E Kissinger 243X (1) Fll Augis—Bennett ol .
AR Q) IFESRE, k3 FR. AU 4 “oa
i 16 T BE B, 7F 199.49~245.10 kJ-mol ™' 2 [1] H. i S ol AGO
A RCRE ) HE W AR, 5 DSC 2 B B9 45 2R — T
. Fr A SIS R Aviami F5 5 n #OK T 3 A ol
BT 4, XULHISE AT R T =R ikt i, N
ln(%‘%) = RLTC,, +ln(%) (1) 108 F | a | | |
2.5RT? 0.95 1.00 71|.05 . 1.10 1.15
= ATE:, 2) T (10K

2 FEMGHEE In(T,/p) F1 T,"'x10° B X R [E

e BONTHRER, Comin™'s T, i It
A p AT r T Fig.2  Plot of In (T,*/B) vs T,"'x10° of glass-ceramics
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RN XSS R, °Cs E, SRR IS Y *3 TREBEMBRWIBHERIERE (T/C)
g5 G AE, Kmol™'; R AR B, HAE N MR NFEH (E,n)
8.314 J:(mol'K) ;s v MK K T ; n Ny Avrami 1§ Table 3 Crystallization temperatures (T,/'C) and

crystallization kinetic parameters (E_, n) of glass-

s AT IS5 RhIER)EIETE, Co

ceramics with various basicity

=
2-2 =]=] *H ﬁ*ﬁ ) . }]I‘Iﬂi%%/("(]mm 1) |
Bl 3(a) AN [R] b8 45 I B T GC2 fll it 3% 3 FranghiS E f0dmol’) — n

5 10 15 20
f) XRD 3% . MIE 3(a) R af IFE H, KA

. . GCl 910 927 940 948 245.10 3.90
S T }EU% Y 2 i A g %[5 kf (Anorthite, GC2 926 960 960 970 204.44 4.59
CaAlZSiZOS’ PDF#041-1486), U din Ay B 17( fi GC3 940 961 984 982 199.49 7.08

(Wollastonite, CaSiO, PDF#043-1460) F1 £5 4} &
K1 (Gehlenite, Ca,ALSiO,, PDF#035-0755), Fifi & b8 25 il B2 00 Th sy, G0 303 b AH 19 b 28 380 2
AR B A AT S5 R B e 45 R R 1 AE SR B R BT, (HAE 1000 °C B RS R RE
BE B AT B AT 5 5 B2 BB R 235 1R B W T e, RS R B A AT S R R A T R AR . X R T A
R A AL BB R, B KA BT T B R AL A, PRI T R R A A
PEHE T AN Er AL EE AT BIHT H .

& FERAT S REA AR KA SEERA o BEIRA v FERER A

~ -

1 1050 °C : 1 GC3
s oy 1000°C 1

s gy 950 °C .

M o e GC2

$ J . 900 °C +
L 850 C s,
v GCl
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(a) AN[lbessiE GC2f i B B (b) 950 °C HE45GC1-GC3 T b BE 1S

3 TEIREEEE M E T M &AW IEE XRD Ef&

Fig. 3 The XRD patterns of the glass-ceramics under various sintering temperatures and basicity

AN [R) B2 o B 35 1) XRD & an 1] 3(b) firm o AT LAE i, GC1 Al GC2 fll i 3% 38 vp 3 S AH Sk 5
Ko, WANA M aE A A ER 8 K o BEE B 0 T, 5 A RIS R B I A S o B T s i
BEJK A7 B AT S o B R AIG . MR % 2 PSS SR, GC2 B S B 38 P A CaO AT ALO, & 855 T GC1 3L
i3, LA R85 KA SR B K A T . 78 GC3 L An B 3 v A MK, IR AR
FEAR TR A, HLAS AR AT B B B S R AIG, DB B IR ) AR S R AR, 5 DSC 4R B
2.3 HLEIEE M RE

FEAS [R]85 1 B2 T 45 2 1% GC2 T b 35 385 1) %% B A K SR AN 5] 4(a) T o AL 4(a) H AT LLE
W, MBEEE IR AE 850~950 °C NI, %% B Rl bE 45 R EE A TR R, X% B T AT AR R A R A
HEZ (A A, A B M B 2 T A R B R, DR AR A BT R A B G B S 1) % 1
PR MBEEEIREE N 1000 C B, WA IR R, SORHFRARMA RS TR B BRI,
W= A A /NP 8E , (O B IR A %% B N I . AR SR M be 2 IR, B BRI B RS, Sk
] A 25 6 T 0 %, (o 28 B PR R i U500 AN ) A T ot 3 0 1 5 B R K SR AN &) 4(b) s o B
R R T, B INRIE R, X EH T CaO & B {2 gk T iR, S8 T HER
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Fig. 4 The mechanophysical performance of the glass-ceramics

Fhigi . ARE DSC F1 XRD Z5 L AT A1, GC3 fll i B 35 b iy f iR & it e b, IR A BRI B . A
Pl 4(a) A1 (b) AT LAE L BT (0 BB A BB A BRI A WK 6, A AE 0.05%~0.11% Z 1] .

GC2 T B B (10 B R B 58 R I8 A 4 Rl B8 ot 8 &5 3R 8 1 A8 AR AN 1A 4(e) BT/ o 70 o 38 B o
SR BT N 195.75 MPa | F+ & 501.09 MPa, 7E sk 8 E A s, XA, fIRE BT
AR T @ PR, PSR W R B I 0 R B R R, R R M E e, R T
s AR B BT, DT T 5 T O (EE AR R AR, GC2 BB BT R SR B E 1000 °C B &
RN B8, 35K 2 T W AR 198 R T T 3 R R AR ) 280 R A v o B T B B P A T RS R T, AT
FEAR THURTREE . INIE 4(c) HaT LLAE Y GC2 T3l i 35 355 1 Sl fol 2 DG RS i o o 8 ik B 1 2 v 3 ¥ o
Ik 2 PG T sl B A s g R 38 R 28 24 AR AR 2R BRI AR AR R K/ . AR K] 3 XRD 25 2%
AL, e h I B I oA el A o B I e A R AR SIS IR R AR AR S e 2 R R b o AR AR A RN
R VIR A0 B0 30 A TR B ) R . FER BRI, RS A AR R B B SR 2 ) A
TEAN/N RS, ERUM RIS h 1 M RE B AR B, MR A K SR, i 7MY R
PTG R, PRt 3 T A G B A R IR

TE 950 °C T 4515 2 iy HAT AN [R] 66l B2 G204 32 38 i 0 Hs o B2 an 181 4(d) s o T LA H S B8 A
0.48 B4 ZE 0.56 B, P K 5% BE M 277.66 MPa 38 il & 545.35 MPa, X &N, CaO & & 1Y T & e it
T AR RS S BT PR SR A T R (E Y BRI & 0.70 B, B0 5 B R AR & 488.46 MPa, iX &
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i T i B i CaO S A T AR EHT B GC3 T B ES A 45 T R AR, DRI i A TP B
T B o BEZEBREE A FE, G B %) 0 Al A A B S T B AR BN, X T e 1 4R e R
TARREIHTH, L GC2 AR BE3E b GC1 b B 3 LA S = I 45 An . 80T S8 A 4 FCRE 3 1
RIS, M GC3 S B g v HUA A s g S AR i, L S BUS R BRI 2, iR A AT )
RBEIA, 1 EL I ARG 0 30 e P A7 e R R A, DRt HG b R 5 T GO b B AN GC2 TR T B B
2.4 WML DR

ARV BE4E TR T GC2 13 fb B 38 () SEM B8 F W [&] S(a)~5(e) AT/ o 7F GC2 falt &t B 55 2 18 T LAV
LR PWORLIR 1Y SR . B Zh TR R 850 °C i, /D i (R SRS A FE B BE LA I B SRS IR
FER T, AR AR AR B A K H AR B WG I . YRR IREE 1000 °C B, URLIR A R A7 i A
TR BEES R IF B RAE—E . YBEA5IRE A 1050 °C I, 00T B B 6 A8 9O 1 Bus , 1WA s L
S AL BEREAR, BN T SRS B S A 2 M A A, 5P B AN A A FCRE R 45 R — S

1E 950 °C T He45 415 5 1) GC1-GC3 13 & B 55 19 SEM BE F 20 Sl an 18] 5(f) . 5(c). 5(g) Fias . GCl-
GC3 Tk i B 38 9 11 [R) FF 43 A7 B URDIR db ik . @ad k)5, GC1 Aok it 3% 38 e 1o A1 A7 7 — 2 B3 A
Bl R A TR, AR BB AR B T T R, X B W 5T UK SiO, B R IR S B .
7E GC3 T M B Is R I F 2R B, HA D& IR

4 pm

S P4 pm

(c) GC2-950 C (d) GC2-1 000 °C

40 pm -,

(e) GC2—1050 G (f) GC1-950 (g) GC3-950 °C
B 5 FRKREREMEETHIHEENEMEN
Fig. 5 The microstructure of the glass-ceramics under different sintering temperatures and basicity

25 EERERESHESN

M TR AR RO & A JE PR by AT A 0 1 B 3 1 TR 4 SR R S R R T I
AP E LI . AV ER TCLP B # A J7%, X Cr. Cd. Cu. Ni, Pb. Zn#f7i2
BEPEMNGR . BT S B IS R A R R IR AN 4 FoR . PTRUE I, FE T 0T B SR S b 8
KA F] Cr F1 Cu f32 Y, Zn B3R H W BE AE GC2-850 °C {8 B B8 vh 4G 1, 4N 0.01 mg-L™'. [F]
iF, Cd M Pb 1Yi2 1R 5 B AE 2.36~2.75 mg-L ™' A1 0.41~1.43 mg- L™, Pt Ik F 36 [ [ KR 1) 5 45
AEIZ R P TCLP 1 [ [ S bm vl i B 2 0 S bl 332 1 B 45 591 ) (GB 5085.3-2007) # & 1Y
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Table 4 The heavy metal leaching concentrations of the resultant glass-ceramics

HEREHMWKE (mgL)

FEdb

Cd Cr Cu Ni Pb Zn
GC2-850 °C 2.52 ND ND 0.97 1.96 0.01
GC2-900 °C 2.36 ND ND 1.43 3.13 ND
GC2-950 C 2.44 ND ND 1.30 1.30 ND
GC2-1000 °C 2.54 ND ND 1.30 2.74 ND
GC2-1050 C 2.59 ND ND 1.23 2.59 ND
GC1-950 C 2.75 ND ND 0.41 0.75 ND
GC3-950 C 2.47 ND ND 1.23 2.56 ND

A 5.0 1.0 - - 5.0 -
FEIE R (E® 5.0 1.0 100 10 5.0 100

F: NDIZRAARMH ; * US EPA TCLP Bl ; *rivE E5bniE Fap B Sbrt 152 h etk %
) (GB 5085.3-2007).

SRR MW RE, XRWA TGS EARMKNESER SN B, 80 mbe 25 2ok b
WA e K e Ak TC B J0 F M IO B 7 R — N R AT T
3 %ig
1) BB A 1 0 A SR VA o I Bt 3 S A 2 TR B, (PR R T R B R A R U A B 1 AT A
] JITAT SEAH 338 (T & 7 2O = R4
2) P 5 BE AE S b B A58 45 Tk B RN e A o e T AR . (MR EE IR EE S 1000 °C B, BT R
SUR R R o I A G R B b 4 e R 1 T v i AR AR R R %) T R T R
aaﬁ&mmmm%%%,%ﬂ%%ﬁmﬁ%$A@6%@@%@&@%?%@@%%%%
PERFE =t F2J7 TCLP Frb [ B S bn ol Al 8 9 45 0 hn o 12 3 %251 ) GB 5085.3-2007 i E
(1) 7 4 Ja v LR VR B B, 7 O PR T W AE XU o

= 3
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Abstract Municipal solid waste incineration fly ash was categorized as hazardous waste and its management
had drawn widespread attention with the promotion and application of waste-to-energy technology. An entirely
waste-based glass-ceramic of CaO-Al,0,-Si0O, system was synthesized from municipal solid waste incineration
fly ash, coal fly ash and waste glass. The effect of sintering temperature and basicity (CaO/SiO,) on the crystal
phase transition, physical-mechanical performance and microstructure of the glass-ceramics and the
crystallization kinetic of parent glasses were investigated. The results indicated that all the parent glass exhibited
three-dimensional bulk crystallization when basicity was in range of 0.48-0.70, the increase of basicity
decreased the crystallization activation energy of parent glass. The coexisting crystal phases in the glass-
ceramics were anorthite, wollastonite and gehlenite and the type of crystal phases was not affected by sintering
temperature and basicity. When basicity was 0.56 (GC2), the compressive strength increased in general with the
increase of sintering temperature but the microhardness exhibited the opposite trend. With the increase of
basicity, the compressive strength increased firstly and then decreased, its maximum value was 553.77 MPa
when basicity was 0.56, the microhardness increased and its maximum value was 5.89 GPa when basicity was
0.70. In addition, the toxic leaching test results of typical heavy metals showed that the leaching concentrations
of heavy metals in glass-ceramics were far below limitation and there was no potential risk to the environment.
The results of this study can provide theoretical and data support for the resource utilization of municipal solid
waste incineration fly ash.

Keywords municipal solid waste incineration fly ash; glass-ceramic; entirely waste-based; heavy metal
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