‘E]ﬁ%DJ"E_ fﬁ:iﬁl*ﬁ%‘-ﬂ; %£15% F8H 20214 8

Eco-Environmental Chinese Journal of Vol. 15, No.8  Aug. 2021
Knowledge Web Environmental Engineering
@ http://www.cjee.ac.cn E-mail: cjee@rcees.ac.cn S (010) 62941074

P e EEEDLESREL

% DOI  10.12030/j.cjee.202105070 SIS X705 SCRRARIRUS A

LIN Jiajia, ZOU Xiaoyan, WANG Yu, et al. Preparation of ceramsites with fly ash originated from sewage sludge-assisted
hydrothermal coupled pyrolysis process [J]. Chinese Journal of Environmental Engineering, 2021, 15(8): 2730-2739.

15 V4 B QAR - AL B = 10 i % MR

ARAEARD? grpe Rt 2202 2!
1. R R B R T R BB TET , o R RR BE R 05 e Wy AL T S %, 1] 361021
2. o R B S Y S R 2B L AL 101408

E—VEE WMEEQ997—), &, MR A. BRI BURE SS9 5L S5 Y i ¥E Sl . B-mail: jjlin@ive.ac.cn
SEEVEE . 4BEHE (1984—), %, WL, RIS G . P BAREFYEIRAF . E-mail: xyzou@iue.ac.cn

& B NIF AR ORI E b5 5 IR A b B AL R 38 VIR B, R S R B K B A i T2 R
PAEAT L RE LS, TS 08 ) R 40 5T 2 43 Jl B OB K B AR i A B R R BB TR i R E A
B E AT o S AL PLE . S5RERE, 7E 1200~1250 C WY E T, $EHl 20 min 7l 5% 20 ) & %5 B 2 9% 4 900~
1200 2% (4 s o B k7 s HoB R DU RS BE Al ad 19 MPa, WK R | A EYR G E GEY & 2 <0.000 5%, H&E<
0.22%) SEHE PR AF G GB/T 17431.1-2010 B Z AR . SRAT H BB B R sk RS Bk K A WA B TELEW
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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 AT, TS EE & )R 09 RIE s DL K RT3k 90% Y W BE I bk s 50, 5 e
P A FE A 48 S R XS VR AT I A AL B, LR AR R R A A W kI AR ] R ARG
A, BRTE AT TS YR B TG EE A R VR AL b BEAL B 5T A SO B R 22— B A i AR IR
B, 5 ekl Bl €K SRR & A AL BERE Ak S KK be s, HL7E—E R LREMSIRIL WK E SR
A A BES A I RE o R, ASHIF R TS U8 S Bl /K SRR & B 1Y) D ik S BRI B I R IR A
A RO AR 72 Si AT ALY, DA B U 22 CORAE A B ki il &5 (0 IR, B ZER R — 45 K A5 e
[ 9% U5 AL A FH i 4%

1 MB5RF*®
1.1 i ER

AHIE G A A T B B ORI T AR SE T S AR TR IR . T AR R B A B
1500 t-d™", MHATARFE T2 R “SNCR Bk B AH+PNCR 32 Bt il +2F T 32 B R +116 T ok + A8 B 2, RO ™
AETWAEE B, REM KL 105 CHT R BiAKGTRICH E 5K, &K
RN T76.52%, BT 4 C RIS -

fT RS IR (HNO,), A H R (HF). & &R (HCl0,) Fl K2 (CH,COOH) % At 4li, Ty A [E 25
L AR F A R A B R ¥ e (NHLOH-HCI) 43 Hrati, W H 254 ARk 5 A |l 5 30% it
Ak & (H,0,) MG R % (CH,COONH,) M4y #Mrali, WA PR~ A RA T 20 Kb Rl
(GSB 04-1736-2004) % F B XA 6.4 J& i T ARk il i e . SE568 K i aligk o
1.2 BRERSE YR & SR

TG, BT TR AR B b 40 (T8 IR A A BIK A N 4 (FCF-2L, ), fnKiE
WE LR 4:1; RIT, BV EEE, THEZ KPR 180 °C, 7EB4A & 1F T /KU 60 min,
JELL 200 rmin”! MRS BERE ;. RONESHE , REKATE YR S, RS B FE AR S M EE 105 °C
W EEE, FEAKREM; 25, BKREMBEE, AR, R A 60 min,
PRIEE R 800 °C, THEH R N 15 C-min'; PREHRIG, HERTHEP TR, HRERmRE; &
Jo, PRI ES i 100 BT G2k P25),  LLICAE A B A il £ ROk

O3 9 2 B8 16 6 R 15 B 8 ) B v (GB 5085.3-2007)M [ 5% F ORI K S48 3% 15 (HT 557-2010)1
J5 ¥ %k P25 1 AT s ME A B B RN R & R RO MR B HE AT O . R A X £k 9 % 6§ AU (XRF,
PANalytical Axios-mAX, fif 22) FIFH /3 H1{X (TGA, NETZSCH TG 209 F3, £ [E]) 43 5I%f P25 41k 2%
2N ANHRR FEARRAE AT 43T
1.3 FRRIH) & FIMEEE 5 4

FEIKRHEE 1.20~1.50 F40R G P25 MA B 1K, T TR AR R 6~8 mm AYLEREK, 105 C T+

RS, A DY (QSH-1700M, F[H) ke £ 1 BRAR DB ILER
il BB AL . FHE B R 10 Comin™', BRI E Table | Nomenclature of ceramsite samples and
P& N 1150, 1175, 1200, 122511250 C, sintering conditions
BB B IEE S 0, 5. 10, 20 F1 30 min, K e JBBEIRE/C 1RSIt 1] /min
JBFE S5 AR AR A (Y B R AE 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¥& 2R H 2 1 4% (DIONEX ICS-3000, 32 [E) 17k, STR &
S BER T E 4381 (EA, Elemantar Vario EL cube, 8 [E) #E47 4081, it 58 & K H 7 Ge A4 kL 1
KA (ZL-8001, H ) SEATINE, #e B (1) THE SOk P s BT, L6 BB R I P 2 (A AR
i 2

o =2.8P/(nd) (1)
K. o FIPREURPTEGRE, MPa; P ok Fhi ik i fie KGRI IR 1, Ny d hy B n i BRI ) BLAR
mm,.
14 E€BDHHE

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

K BCR = 45 ¥ S 12 Bk U8 R R 2% o 5 s (H/T 300-2007)1 4353 $ BU T 4 g A7 7E T 25 0
BT, BEEUS R B RS AR B R Y (ICP-MS,  Agilent 7500CX, USA) #EA7K: ., Horfr,
BEIRIEAS N 4T A H3E (F1). "R (F2), A4 (F3) FIGRE S (F4).

I FH P A A 2 AR $5 B (RY) P4 ek v 2 4 VR 7 XU, 3 H A B il (2)~28 (4) i .

Ci=Gi/C, )
E =T,xC 3)
RI=3E, (4)

Lrf: CGHPR—FEHBITREE; C. C MRS KT SR (F1+ F2+ F3) 5 F4 524 50 i it 5
B, mgkg!; T.RaTEMEMWRE T, 4510 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 I AT PR B 0.341%, (RT (ZE %2 PBHWESBREIRE
15 B e B e RIR Y5 Je sl AR VS R A7) (HT Table 2 Heavy metal leaching concentration of P25
1134-2020)2" ¥ 5 ) 2% [ A 5 i B& HY 557- mg L
2010 il & AR P &4 Mn, Ni, Cu. Zn, LR B GB 8978-1996 i {2
CdMPb TSR, k2 n; HEHWkE Mn 0.194 2.0"
ANt (TG KEGEAHERHE ) (GB 8978-1996)12 Ni 0.022 1.0
WERM. Wik, P2s s A S EMES Cu 0.047 0.5"
J& 12 H 2 HI 1134-202001 X & K AL B 7= 8 G Zn 0.041 2.0"
T Y IR, AT AR Ry Rl IR ) £ P kL cd 0.001 0.1%

ME LW E 1 s, P25 i K%k &N Pb 0.010 1.0%
TF 499 °C, HHRFE 350~600 Fll 770~1 000 C X T 1) BRES 2875 Yo e SUVFHE IO P 2 R — AR AR

P 2 T B G TR G . (R B e e 1 DRSS R R ORI
SRR 2.87% . 2.12%, BARTEPIE AT 5%, X FH, P25 B4 K FUE WL S54% kK 15 &
BERAREY, Behl Bk B B DA & T4 i TR Y

G . RIKHI P25 BT R M4 RT3 3, 3K 3 prn, P25 1 SiO, i = 43 %1 (25.2%) ik T
Riley = AH P4 Fif 7= 8 1 B8 B AR 1 95 T (53%~79%) B9 R FR ,  ALO; Jfi 54381 (20.2%) 1A 5 T 5k 1
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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 1 Cl & 5 B A% .

SN AT BURERILE: i S 2SS Y NN & AW (o G F TR 3 D R SRR e

Bt /%
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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 B3 P25

Sio, 24.06 3.51 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 4 42 b ) e ol B, LB T 47 & o8 17 R 5 B2 A9 0.9
FERO2 BRI, 1150 °C B 59 R K R (42.5%) i i 50 e 5 BE (0.68 MPa) i ik, A4F5
FARUE; 1M 1200, 122581 1250 °C %8 6l 09 B Rz 0 HE B 2% B2 B0 R 58 B2 43 %1 o 1 183, 1 066,
898 kg'm > F115.0. 19.3, 10.6 MPa, it T GB 17431.1-2010 %5 Ji % 4% 900 2% i 5 5 L 42 KL T XoF 17
[ 77 FE 5 B2 6.5 MPa(T & UK 5 BE 24 5.85 MPa) LK, & T /=5 P by o ABCRE B (8] A9 52 ) (I 2(c) A0
2(d)) FHXTE /N, MABRE T [ i 10 min, TR AR TR .

W3R 4 FrR, 21200 °C il ke 45 i) B kr x4 TRIEBERFBENEEYRSE
HoK 7 CL & 54 T 0.000 5%, S 25 5 % T Table% Haz.ardous 31.1bsta.nces content of
ceramsite at different sintering temperature %

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

WRAEYR P25 C1175-20 C1200-20 C1225-20 C1 250-20

Wy T AAL Y S B <0.02% M R AL W) R R £

. CL(LICIHP) 00149 00039 00005 00004  0.0003
T <1.0% MEK,

S(LASO;it) 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%).
HeFRE B (<1200 kg'm™), Y& (<0.000 5%). B MEEIREL & & (<0.22%) W4 E % bk
#E (GB/T 17431.1-2010)"; i H., 7£ 1250 °C % 20 min J5, 7] DL #5 H A0 5 v o W b (58 i 45 4%
900 4%).
2.3 RIS 4

MIESR AL & (K 3), BEEBEEIRE M 1150 °C FHE & 1250 °C, P25 1 (b I HURE 32 WokG 25
TE RGBSR A . 12728 AT LLE i RORH e 4G BB PO SR e . MRS T 1150 °C, JERL IR AE Al
Sy IF IR L, T8 B WA S AR R UKL Z R i 25 B, S BOR K BUR A B R %R G, R, IR A
TR R W 4, B kL ) %5 S B RN P e 9 B2 20 T ey, WK R B0 R B M BRI B IA 3 1200 C
F, R R R S B M A R, SE R BN, I IR PR A R Rk e KA PR R R A% 0 A
TE 1225 °C, XA N YR EE M 1200 °C, FERLHOSS 5 RO — 3w, o002 ) B ok 1) 26 1 7 A=
TR G, U B B AR AL T R SR Y, XA Rk — 2B B R BT R 5 DA R 4 R A Y I K
. SR, Bk R EEE AR (1200 °C) [MA7EE A (1225 °C) 1of i [ RIFE A8 Ryt Bfa, (1 250 °C),
FH TR B8 W %5 3] 1 Rl T 18 /0N AL S g o Py 5 i i 2 - 3 i A 0 R SR R AL R 25 4, ik 2 Rl Fe,O,
T B U T M B BRI P A T BB A5 Fe,0,% FL&S M B 77 A it WL 388 138 11258 32 0/ )N

Sy
<

(¢) C1200-20
AT A R AR AR T R S B R

El 3 P25 FA IR E G HIMALE) SEM Elf%
Fig. 3 SEM photos of P25 and cracked ceramsite sintered at different temperature

P25 5Pk XRD %458 (Bl 4) Won, miRREE, PR hryMmEELE s SEME, P25 h
) 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)
FIBEESEG 5 (Ca, (Coy o(PO,),). FAEEFRES (CaAlSi,Op) FITE HLE T KK CaO Wiy w7 E, HE5H
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T W R b 2 o AR 0 [ R RO 5 seAh, BRE
KiGRFPEEEEMPILE, WKMITREE
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JKAT (Cay CL(PO,)e) o Ml I AT TG A )9 40 h e Bt
SERIBERRER T YA, REASE I R A B T AR —
M4 8 B 7, W Pb* . Co™ Huft Ca™,
1M, FE# A BT R v A B T AR
71_“[31—3210
24 BHNFESENRESEEMESSHE
DR #EEME. ks Ha, P25 EERA
4 AN [R]J BE J58 45 Wi R v 4% 0 4 J 1Y) 3% Hh vk
& ¥ T GB 5085.3-2007"4 ML AU FR (8 . Bl &
Wi bir J58 235 ik B2 0 TR, B AR Mn, Co. Ni.
Cu. Zn fl Pb %5 & & )@ 192 s Th s o
YRR AR B IR B 1250 °C WF, Zn B9 N
P25 1 500 £ X SEZE LR, o E Ak
S5 R T RE M TR 4 B AR 2R AL, B EN
B
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Fig. 4 XRD pattern of P25 and ceramsite sintered
at different temperatures
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Table 5 Heavy metal leaching concentration of P25 and ceramsite sintered at different temperatures

mg-L™
HER P25 C117520  C1200-20  C122520  C1250-20 GB 5085.3-200 7k

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

¥ NDFRFKH

2) B &S . Bk 4 JE BCRIEA /AT 45 2R (K 5) 3R, P25 H1f9 Cr. Mn. Co Ml Ni % &
ERENGAHEESEENFLE, 95 38%., 41%. 72% F1 71%; i Cu, Zn F1Pb Ll FAZ K E, 4
Sl 68% . 84% F193%. fRlbeds)n, MR A RELIRA FAR G LT 85%. HE, WA
PG TR, Bk Cr. Mn. Co. Cu. Zn HlPb i F1 75 5 A A Rl R BE A3 I, 4 be4h iR i
1250 CHf, Cr. Cu, Zn 1 Pb ) F1 25 53l 4.5%. 6.0%. 9.4% F13.0%. H )5 K Al fE7E
T, ClonRA R R RS S bl S E I T ES )R, 2808 T F1 805 & E 48 &

el bl , AT G R 0 E AR I B A 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
R TE AR S MG IEN 45 R (R 6) o, BEA PSSR E R T, POk ) (B F0 RI(E IS A
Tt AAEILE TR BOKF (E<40, RI<50), 2 WIHAR NI 8 o 4 T e A B KU A

*6 MNMESEEELETSRRITMN

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 0.02 000 004 012 009 001  0.07 0.36 LI
C1225-20 007 000 019 043 029 003 043 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 IO TR EE Y Bk BCR A BT 4 AR (K 5) R,
o e S A B FA S KIENn, AR TESEORE, X rI 685 &k pe s ot B 40 6k R £k gk
YWY R A KA 56 . XRD 255 (B 4) TE 5L, PR A7 7R SR EE TR £5 (CaALLSi,Oy) 1 45 4t 1
(Ca,(Coy (PO, o — T T, AR A 1) 40 Ak TR 0 7 s 285 1o A v 3 X RG 5 700 O%), I a1 9/ T A e o i
B, AR E AR IR A L AR, GnRERRER | DY IAH SRR AR E MY R SR AE A, DT Y
Sif g ey P B 4 JE B R AR RRS s s S — i, PR A E 4 JE, W1 Pb. Zn M Cu, FE AL HLE R
W B A . BASEH, SANBRRA Ca i RS WS ERFE 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 H 245 ) BB IR, X 5 XRD K I 45 2R — B (CaALSi,Of F1 Ca, (Co, ,(PO,), I 51 JI I 55 ) ;
2) e I P B A A A P B I Uk U AR AR N, TR A R BEIRTRE M E S R R
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4 g

1) 75 V8 %l B €O K AP AL B PRI AE 1175 °C LA E L K58 20 min, AT BRAS TSR EE . WK
FOMEBEE SR EE . ARSI IR Y R E R AR ME GB/T 17431.1-2010 £H W 48 bR 9 225K (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 o 2ok B PR AR A PR S AN BE K A AR T A Jm Ak R P R EAE R . Bk E 4
J& = PR GB 5085.3-2007 brifE Bl , EAJE EERENF4E, BT 85%, EAJEEAE
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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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