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IR I AR iy Ak B A I A RO 2% 5, X RKH Y CL Na, K Fl Ca ¥ HA —Em A
PREORT, HAESALI AR T, TS & )R 09 RIE S DL R RT3k 90% 1Y I BE I bk s 5, 5 e
P R A FE A 48 S R XS VR AT I AR B, LR AR TR A A W kIl AR ARG
A, BRTE AT TS YR B TG EE A R VR A A BE AL BT A SO B R 22— B A AT P IR
B, 5 ekl Bl €K SRR A A AL BERE Ak S KK bedl, HL7E—E R LRENS IRAL CIKINE SR
A6 A BES o I RE o R, ASHIF 5 R TS U8 Sl Bl /K AR & S 1Y) D ik S BRI I IO 7 IR A
[ A KR AR 72 SiAT ALYE, DA B U0 B2 CORAE A Bk il &5 (0 IR, B AEIRER —4% K FS e
[ 9% U5 AL A FH i 4%

1 MB5RF*®
1.1 HiKER

AW G P A A T B B ORI T AR SE T S AR TR LI BB L ) AR I B A B
1500 t-d™, MHATARFE T 75l “SNCR B B A +PNCR 32 Bt il +2 T2 BERR+16 T =+ A8 Bk 2, RO
AETWAEE B, REM KL 105 CHTREH . BRGIRICH 5K, &K
RN T76.52%, BT 4 C RIS -

f RS IR (HNO,), & H R (HF). & &R (HCl0,) 1Kz (CH,COOH) % At 4li, T A =25
W0 A IR A R s Eh AR i (NH,OH-HC) 43 A2l g B B 25 42 AR 2230 2 7] 5 309% i
Ak & (H,0,) MG R % (CH,COONH,) b 43 M4l W A W B Bl ~ ey B RA 7 5 20 R bs I
(GSB 04-1736-2004) % F B XA 6.4 J& S i ARk Bl il e o SE56 K i aligk o
1.2 BRERSE YR & SR

TS, BT TR AR B b 40 1T 3R RGN A BIK A N 4 (FCF-2L, H ), fin/KiE
WE LR 4:1; RIT, BV EEE, THE Z KPR 180 °C, 7EBL A &1 T /KU 60 min,
FELL 200 rmin”! MRS RE ; RN ES A S, R KA Y R A, IERE A B BEA R I EE 105 °C
W EEE, FEARREM; 205, FKIRE B, 2AGERNE, R T A 60 min,
PRIEEE J 800 °C, THEH R A 15 Cmin'; PREHRIE, ERTMHEP TR, RERmRE; &
Ja, KRR IS R 100 Hf G2k P25),  LLSLAE A i b i 7 Rk}

O3 9 2 B8 1 18 R 4 1 B S8 B v (GB 5085.3-2007)M [ 5% F ORI K S48 3% 15 (HT 557-2010)1
Ty %k P25 1 AT A A A B N R & R RO MR B UE AT O o R A X £k 9 % 6§ AU (XRF,
PANalytical Axios-mAX, fif %) FIFEH 43 H1X (TGA, NETZSCH TG 209 F3, £ [E]) 43 5I%f P25 41k 2%
2 NIRRT 43T
1.3 FERLH & 0 M B8 4 4

FEAKRLEE 1.20<1.50 S50 1R A P25 A B 1K, T TR AR R 6~8 mm HYAEREK, 105 C +

RS b SRS (QSH-1700M, F [H) ke £ 1 BRAR DB ILER
il BB AL . AR B R 10 Comin', BRI E Table | Nomenclature of ceramsite samples and
P& M1 150, 1175, 1200, 122511250 C, sintering conditions
BB B B S 0, 5. 10, 20 F1 30 min, K i e JBBEIRE/C 1RSIt 1] /min
JBLFE S A AR A (Y B R A S AT A 4, R 1 C1150-20 1150 20
s o C1175-20 1175 20

il 1 L T BT (SEM,  Hitachi S-4800, C1200-20 1200 20
H ) F1 X 54607 571 (XRD, PANalytical X’ C1225-20 1225 20

Pert Pro, fif >4 ) X i KL JE 35 11 i A 45 44 1047 3 C1250-20 1250 20
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Bro PRLRMERR R . SRR . oK R G & a2 B EFin e (iR R X )7
%) (GB/T 17431.22010)", CI¥& >R H 2 1 4% (DIONEX ICS-3000, 32 [E) 17kl . STR &
S BER FHICE 4381 (EA, Elemantar Vario EL cube, 8 [E) #E47 2081, it 58 & K H 7 Ge 44 R 1
I (ZL-8001, H ) SEATINE, #e MRS (1) THE RSOk P s BT, L 6 b R A T A AR
i 2

o =2.8P/(nd) (1)
K. o FHPREURIPTEGRE, MPa; P Ry Fhiak i fie KGRI R 1, Ny d hy P Riale B % I 1) BLAR
mm,.
14 E€BDHHE

Ve BRI L 100 Hfi . BL0.10 g FESE TR OIGE , LIRMRIAR (HNO;:HF:HCIO=6:3:2)
AT HES R .

K BCR = 45 ¥ S 1 Bk USR8 R 2% v 5 s (HL/T 300-2007)1 43 5 $1 B T 4 g A7 7E JE 25 0
BT, BEEUS R B A AR B T Y (ICP-MS,  Agilent 7500CX, USA) #EA7K: . Horfr,
BLIRIEAS N 4T 3 (F1). "R (F2), ALAMA (F3) fAkE S (F4).

I FH P A A 2 AR $5 B (RY) P4 g v 2 4 i v e KU . A 5 XP il (2)~28 (4) i

Ci = Ci/C, )
E =T,xC; 3)
Rl'=3E, (4)

L CGHR—FHBIGREE; C. C anMRE KT SR (F1+ F2+ F3) 5 F4 524 50 i it 4
¥, mgkg!; T.FaTEEMW R E T, 45 0 Ni6). Co(5). Cu(5). Pb(5). Cr(2). Mn(1). Zn(1);
E, Ry BT AE A A AR R AL

2 HBREQH

2.1 P25 FKAE

P25 [ A P PSS B 03419%, (RT (E %2 PBHWESBREIRE
15 37 e B e IR Je il B AR B VS A7) ) (HT Table 2 Heavy metal leaching concentration of P25
1134-2020)2" #L 5 9 2% [ A 5 Fi¢ B& HY 557- mg L
20101 il & A9 W P & A Mn, Ni, Cu. Zn, LR B GB 8978-1996 i {1
CdMPb TSR, Wk 20mw; HEHHkE Mn 0.194 2.0"
ANt (5 KGR HERHE ) (GB 8978-1996)12 Ni 0.022 1.0
WERRM . i, P25 s aA S MmES Cu 0.047 0.5"
J& 12 2 HI 1134-202001 X & K AL B = 8 G Zn 0.041 2.0"
T L IR L T R Ry Rl IRk ) £ B kL cd 0.001 0.1%
WAL E 1 s, P25 i K%k &N Pb 0.010 1.0%
F 499 °C, H SRAE 350~600 Fll 770~1 000 °C X T 1) BRES 2875 Yo e SUVFHE IO P 2 R — AR AR

A T B TR G . (R e e 1 DRI S R R ORI T
RN R 2.87% . 2.12%, FARTEPIE AT 5%, X FK, P25 B4 K FUE WL S4% & 15 &
AR, el Bk B B DA & T i TR

G . RIKHI P25 BT R M a5 Ry T3 3, W€ 3 fron, P25 1Y SiO, i 1= 43 %1 (25.2%) ik T
Riley = AH P i 7= 8 1 B B AR 1 95 T (53%~79%) B9 R FR ,  ALO; [ 54381 (20.2%) 1A 5 T 5k 7
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il (109%~25%) Z W, T HAR G 5 77 S5 (Na,0. K,O. MgO., CaO. FeO. Fe,0, %) 4043 &t |

PR AR O ] (139%~26%) WA =5 . P251Y Si Fll AL 5 &

N

1L (=

TE UG KK, 1 CaO F1 Cl & 4w B A% .

SN AT BURERILE: i S 2SS Y NN & AW (o G F TR 3 D R SRR e
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Fig. 1 Thermogravimetric analysis curve of P25
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Table 3 Chemical components analysis of

sludge, fly ash and P25 %
oy 151k KK P25

Sio, 24.06 351 2524
AlLO, 16.28 0.81 20.18
Na,O 0.88 9.80 1.38
MgO 1.41 1.09 2.39
K,0 1.41 5.64 130
CaO 342 44.72 16.21
Fe,0, 17.91 0.89 12.58

Cl 0.56 24.53 2.30
P,0; 10.20 0.30 10.67
SO, 3.056 6.20 2.89
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Fig. 2 Influence of sintering temperature and time on compressive strength, water adsorption,
bulk density and apparent density of the ceramsite
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B R W A R B WK BRI ST T R A A ST R FHERIE B A g BRUSORL B R A B AR (R
OB RS T 1 ) (GB/T 17431.1-2010)2 A 2 42 b ) e ol B2, LB T 47 & o8 17 R 5 B2 A9 0.9
FEEO BRI, 1150 °C Bl B89 R K R (42.5%) 3 s 0 e 5 BE (0.68 MPa) i I, A 475
FAriE; MM 1200, 122551 1250 °C % il i e ki Y HE 125 B2 A B0 58 B2 43 900 Oy 1 183 ¢ 1066+ 898
kg'm? M1 150, 19.3. 10.6 MPa, iC#8id T GB 17431.1-2010 % Ji 25 9% 900 £ i 5 52 4L 42 LT X 17 114
2] FE 9 6.5 MPa(#T & §1L 6 38 & 24 5.85 MPa) (1 ZLoR , J& T sk Pk o ABObS s Rl Ad 52 i (181 2(c) Al
2(d)) FHXTEL /N, MABRE T [ i 10 min, TR AR T RUE .

Wk 4 FroR, 21200 °C il ke 45 i) B kr x4 TRIEBERFBAUENEEYRSE
HoK 7 CL & 54 T 0.000 5%, S 25 5 % T Table% Haz.ardous SI:leta.IlCCS content of
ceramsite at different sintering temperature %

0.22%, %513k %] T GB/T 17431.1-2010% i 45

HWRAEYR P25 C1.17520 C1200-20 C1225-20 C1 250-20

Wy T AAL Y S B <0.02% M R AL W) R R £

. CL(LCIHP) 0.0149-0.0039 00005 0.0004  0.0003
T <1.0% MEK,

S(LASOif) 3431 02115 01290 0.1643 0.174 8

DL EZE RN, HEflR RS 1200 °C,
Vi BL Y B R 38 BE (=10 MPa), W /K 1 (< 10%).
HeFR B (<1200 kg'm™), ALY &R (<0.000 5%). Bk MR & & (<0.22%) W4 E % bk
#E (GB/T 17431.1-2010)"; i H., 7£ 1250 °C &) 20 min Ji, AT DL #5 A0 5 v o W b (538 i 25 4%
900 4%).
2.3 RIS 4

MIESR AL & (K 3), BEEHEEE IR 1150 °C T 2 1250 °C, P25 1 (b I HURE 32 WokG 25
TE B B A, AR A AT LLGE 1o A B 45 HLER P50 SR . MR T 1150 ¢, JEUR R IR S A
Sy IF IR L, B B WRORE S A R R ) A B, S BOR ORI R R G, R, IR R
TR R W s, B kL 1Y) 5 S5 B RN P e 9 B8 2 T 8y, WK R i B0 R B 5 M BRI EE IA 3 1200 C
F, B R R B i B M A R, AR AR BN, I IR PR A R Rk e KA PR R R A% 0 A
TE 1225 °C, XA N SRR T 1200 °C, FakL 45 5 B OE— 2 3w, o0 22 ) B ok 114 26 1 7 A=
TR G, Ud B B I A B AL T Rk T Y, X A Rk — 2B B R BT R 5 DA R 4 R A Y I K
o SR, Bk R E A AR (1200 °C) [MA7EE A (1225 °C) iof i [ RIFE A8 Rt Bfa, (1 250 °C),
FH TR B8 W %5 3] 1 Ry 18 /0N L S W o Py 508 i 3 2 - 3 i A8 0 3R R AL R 25 4, ik 2 Ry Fe,O,
T B U T M B BRI L7 AR T BB A5 Fe,0,% FL&E M B 77 A8 it WL 388 138 11258 32 U/ )N

* e . i i .‘r ! g '
(c) C1200-20 (d) C1250-20

T AT A E R AR AR R RS i e o
B3 P25 FIAE)R B RSB AIE) SEM E %
Fig. 3 SEM photos of P25 and cracked ceramsite sintered at different temperature
P25 S ALY XRD B4R (K 4) s, mildbesin, Kok iy sAl kA i S E A . P25
) Si0,. A K A (Ca, CL(PO,)) TH 2, B ki v I i (% 3= 22 Ji A R Fe, O, 0 AE R 45 (CaAl,Si,Of)
B S5 555 (Cay (Coy (PO, FATEMR M (CaALSLO,) HITE IR H1 T KK CaO W4 77 1E . HB
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Table 5 Heavy metal leaching concentration of P25 and ceramsite sintered at different temperatures

mg-L™
HER P25 C117520  €1200-20 = C122520  C1250-20 GB 5085.3-2007Fi{H

Cr  0.014£0.001  0.002£0.00 © ~0.001£0.00  0.001+0.00 N.D. 15
Mn  323.6£12.60 14.75+0.180 . 19.30£0.278 38.16+1.785  76.78+0.663 —
Co  0.020+0.012 /0.006£0:00 © 0.008+0.00  0.027£0.00  0.083%0.001 —
Ni  0.046£0.017 0.007+0.004. 0.004£0.00  0.012+0.00  0.0330.001 5

Cu N.D: 9.191+0.313  7.892+0.283  12.5130.338  15.00+0.073 100
Zn  0.099+0.027 +.0.091£0.001  0.264+0.032 1.451£0.064  54.32+0.900 100
Pb N.D 0.001£0.00  0.001£0.00  0.002+0.00  0.002:£0.00 5

T NDFRAK

2) B4 o Bk H 4x J8 BCRIE A /AT 45 2R (1K 5) 3R W, P25 H1f9 Cr. Mn. Co Ml Ni % &
SENAHERESEENFILE, 95 38%., 41%. 72% F1 71%; i Cu, Zn F1Pb UL FAZ K E, 4
i 68%84% 1 93%. TRlbeds )G, MR & RELIRM FAR G LML T 85%. HE, WA
PRAE R ETF R, MR Cr. Mn. Co. Cu. Zn I Pb ¥ F1 25 /5 WA AR RRBE RO I, Y pess s
31250 C B, Cr. Cu, Zn 1 Pb ) F1 25 53k 4.5%. 6.0%. 9.4% F13.0%. H )5 K Al G 7E
T, CluuR MR pehl RS @ THESE, X% NE T FL S5 HEEEES)EA

eyl sl , AT G R 0 E AR B I A TR G, X

BT LI BE J1 R4 @ X CL Y 35 Fl T A 68T,

RS A ERE T RSy
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Fig. 5 Speciation distribution of heavy metals in the P25 and ceramsite sintered at different temperatures
2.5 FRRCGBRELESKEITN
o R TE AR S XS RN 45 2R (R 6) W, BE A RS IRE R T, PRy (R0 RIS A
Tt AP TR BOK K (E<40, RI<50), WA SRR o s e A B KU A

*6 MHNMEESREBEEETSRRITMN

Table 6 Ecological risk assessment of heavy metals in ceramsite sintered at different temperatures

e £ mig RS
Cr Mn Co Ni Cu Zn Pb U
C1175-20 001 000 002 011 000 000 009 0.23 LEE
C1200-20 0.02° 70.00.  0.04 012 009 001  0.07 0.36 LI
C1225-20 0.07 . 000 019 043 029 003 043 1.45 LET
C1250-20 0.13 . 001 037 029 053 014 033 1.79 LI

3 iTig

FERAE PR B, A A R M AR M I TR BB B R BCR 4B 45 R (K 5) R,
o e s A JR FA S KR, AR THESEORE, X rI R85 &k pe s o #2406k R £k Bk
U YIY R A K A 56 . XRD 255 (B 4) TESE, B R v AF 7R SR EE TR £ (CaALLSi,Oy) 1 45 4 1
(Ca, (€00 (PO o — 5T, AR A 1) 55 A TR 05 7E B8 205 o AR vh S8 ARG 45 700 %), A 0 1 3R/ 8T 4 sz o 3
B DR AR IR A O AR AR, GnRERRER | B I SRR AR E 1Y R SR AE A, AT Y
oif P o P e 4 JE B R AR RnRS s s S — i, PR A E 4 JE, W1 Pb. Zn M Cu, FE AL HLE R
W B A . BASEH, SFNBRRA Ca i RS WS ERFEE N A, B,
TR, WAlfE—E B FRE E AR,

B, MPEZ5EEMN 1150 CTHE 1250 C, EEER B RN FLAMN S LB ERM, Bk
Bk (19 B 4 JR R AE TR AL, SXRTRER A R s 1) ao e TR AR A AR B TC ML ) (RE R AR ) K A= 43
Ca-Al-Si B2 45 2IREIR, X 5 XRD £l 45 5 — 3% (CaAl,Si,04 Fl Ca, (Co, (PO,), W LIS ); 2)
e R P A5 ol 2 e S5 0 U ) U A SRR N, R A AR i O i SRR 1 G R
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4 g

1) 75 U8 %l B €O K AP AL B PRI AE 1175 °C LA B L K58 20 min, AT BRAS TR GR EE . WK
FOOMEBEE . S EE . A RS IR Y R E R AR ME GB/T 17431.1-2010 £H I 48 Fr 922 5K 1)
BekLl it o o, 1200~1 250 C Beifil i 1 %5 B 45 9 900~1 200 2 ey 5 B 4

2) e ks e 2k R TP OR B4 A TR S RN B K A A ) A TR 4 i T Ak R rh R R EAE ] o Bk E 4
J& = PR GB 5085.3-2007 brifE Bl , HEAJE EEIRE N F4E, KT 85%, EAJEEAE
A S KRS Ak TR UK (E<40, RI<50).

3) EAJEAEL BB IR T R AR, IR EEERIN, FLAS S LA Eag g, H SR
AT RETE T i 5 Cl oo L [ 1F F IR e i A AR 45 4
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Preparation of ceramsites with fly ash originated from sewage sludge-assisted
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Abstract There is an urgent need to develop non-landfilled treatment and disposal technology for the aim of
innocuity and recycling of municipal solid waste incineration (MSWI) fly ash. In this paper, sewage sludge-
assisted hydrothermal coupled pyrolysis process was applied to achieve detoxification and dechlorination of
MSWI fly ash, while the silico-aluminum component of sludge was contributed to sinter the end-product to
make ceramsite. The solidification behavior and mechanism of harmful heavy metals during the roasting process
were analyzed in the meantime. The results indicated that high-strength ceramsite with a classified density of
900~1 200 level could be successfully prepared by firing the green pellets for 20 min at the temperature of
1 200~1 250 °C and the optimal compressive strength was up to 19 MPa. Water absorption, harmful substance
content (chloride content<0.0005 %, sulfur content<<0.22%) and other indicators met the requirements of
national standards GB/T 17431.1-2010. The  calcium aluminosilicate and apatite minerals formed during
sintering was conducive to the solidification of heavy metals. The residual fraction accounted for more than 85%
of the heavy metals species, and the leaching of heavy metals was lower than the limit in GB 5085.3-2007. The
potential ecological risk of heavy metals in the ceramiste was at a slight level as well. Therefore, fly ash
originated from sewage sludge-assisted hydrothermal-pyrolysis treatment as raw material for preparing sintered
ceramsite is one of the potential ways to realize the safe resource utilization of MSWI fly ash.

Keywords municipal solid waste incineration fly ash; hydrothermal coupled pyrolysis process; sewage

sludge; ceramsite; heavy metal
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