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Table 1 Compositions of the raw materials (%, )

Component Sewage sludge Clay Fly ash
SiO, 31.30 69.32 57.54
Al,03 0.13 14.27 24.38
MgO 1.30 2.69 1.60
CaO 4.03 1.99 6.00
Total iron Trace 2.47 7.12

F 2 FrmkBEE T BKTRER
Table 2 Property of dehydrated sludge from the second
wastewater treatment plant in Jinan

Moisture Volatile TOC Heat value (MJ/kg,
content (%) (%, dry basis) (%, dry basis) dry basis)
76.43 46.51 20.31 11.106

& 2 WA S, J5RAER T TOC MY
o, D, G RATRR I E R A, R, B
e BARE T AL HIRAIIIG, AL T R R A
ZER.

e IR RLAG ISR B G 2L AR IR, BRSO e
FRAL R (R A% 7 kb)) (GB/T50123-1999) (17
mm BFR)IEAT T 3 Bl SO RO BRI HS, S5 R IR 3. i
R, G TR RBEER R R, XSG S R
FHIATC. 3 BB REH I PE SR BT £ KT 10%H9
2R,

x3 ZHMERRNRERKELER

Table 3 Plasticity of the raw materials

Material Sewage sludge (dried at 105°C)  Clay Fly ash
Liquid limit, & (%) 103.0 36.1 69.7
Plastic limit, awp (%) 62.7 17.4 54.4
Plastic index, Ip 40.3 18.7 15.3

2.2 XWAHE
2.2.1 BRLfgE

B SRR 105 °C T, SRE R IFIE 100 H
(150 pm)fii. % HE— e e L s B s R KR S), F 0
PRI RIARAE 3~5 mm [FJARIER. A7 kA REER S K
ZiGE MRS R IR, SERAERIER T 105°C F R —
S I (], K T 5 1 2R R BR T — e W R A — e
i), SRJERRE. WAl RIfERM R, BAA T ZmER
L 1.

Sewage

sludge | Drvi
ying, >

grinding
|Keramzite|<—|Cooling |<—| Sintering

Bl 1 5Bk A= T2 nRE A
Fig.1 Flow chart of preparation of keramzite
from sewage sludge

Mixing,
granule forming

| orying|

|<_| Preheating |

2.2.2 BERIRAE

WERL ) P BEFRBRIR 22, AT 32 B 5 B L ) L
TR R 2 B FIOR %5 0K 3 TR bR, i4h, A TH
R IR 22 A, 3% Rl I S b R
B4 5 ) (GB5085.3-2007) %} B ki = i 33E4 7 H 4 J@ ¥
SEEY, EAJE S RO IRIS Intrepid 11 XSP HLEHE
B BB AR R G HEA (ICP-AES). W 7E A T2 44
I I ) B bR FH S5 [ FE RS {335 22 W] PoreMaster-60-4
RUFLBR A A e SGHAT FLBR h Rl . e 1 H AT 3k
BAT B RLAE A /K AL BRSBTS AR v, S OKARER
FHIEEL (CITA3-2005) WA T i br eI i 2 70 SR R ] v
.

3RS

3.1 ERIEC LR E

FRIE TR « B KOS L 2218y, 35 % Riley
HH MOV o2 JEURMAC EL . Riley 284010 0F5T, $2H1 T —NLL
SRR AL FIIEREY) AR . A . SR,
SR, SRR 3 AT ARE (W 2), ARATTIACK
JUAE SR AR AR P TR e DX s (M50 40) J LT A
LAk Thie. Hb, SiO, 53%~79%, Al1,0; 10%~25%,
Fe,0s, K,0, Na,0, CaO, MgO 2545712 F1 13%~26%7.

Silk
0 Ja0

m,oy
3

a0

S0 . SG
2030 ar

Al 1028 S . cao

(Fe0,. Ca0 . MgD. N2 0. K0)

Kl 2 Riley 11
Fig.2 Suitable range of chemical components in
Riley phase diagram[®!

W5 Pe LE BB WG R, it JLAS ARG EE
BEBIFERL, BC b A SIS R UK 4 o,

HI 4 WA, BEVS YR LLBIRGHE I, BEkL A 2
AR PR, FRE R SR A, R R AN RN EORFI AL 22
BEATVREE, XM Riley AR, ABLG e dn Rk i
40%, WIMCEHE) SiO, & A FEM I IAH NV I, ANfiE
BT & ZORIBRL, 55 SR A5 RANAF. Ik, AEORIIE
Pie SO 7 NP AN o= SR B S AN L W= A S 3 5
P LEy5 e AR 187 5 0 1:1:1
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Table 4 Properties of keramzite in different ratios of raw materials

Sewage sludge: Preheating at 400 'C Sintering at 1000 C Intensity Bulk density Granule density

fly ash:clay (mass ratio) for 30 min for 5 min (kg/m®) (kg/m®)
1:4:4 696 1173
1:2:2 Dense 661 1155
1:1:1 Not fragile Not fragile 633 1135
4:3:3 Slightly loose 609 1104
2:1:1 578 967
3:1:1 Fragile Loose — —

3.2 BRERERW
bl 28 THI AR RN 25 A2 VP A/ 7K A B o 2 6 1) 2 22
fabs. PERMIBUR, IR T AV A, AFEACR L
V/NKEE, BT AR LR TR RO, AR TR, PEAE
R, ASZIRE OB I AR LU e AR BBk, LA
EL e TIAN . HER 28 SRR 5 B A b i s i, % 820%
il Ve BREL ) e A 240
3.2.1 KEBEIEL R RE M
FEA R ER T (10542) C FF4 1 h, #RJ57E 400°C R
i 30 min, 43 5 4E 900, 1000, 1100, 1150, 1200°C
K5RE 5 min, W], WEBERI . SR K 3 s
(1200 CLeiflFRLIN IR G I G, DI AR B ).
i 3 AT LLE Y, £E 1100°CINF, Bk 2 B A,
PE R TR ARy, PERRSR L, BT LA S AR R R il P A

1100 °C.

1200} o —
r T —o 44 2
1100- E

I o i
“c 10001 8
2 o0l SRR
> 900~ —A—Bulk S
g 800L —O— Granule :/%)
8 7o00- 12 £
I g S
e — ]
600? X/ (%

500 | L | L | |

L | L | L
900 950 1000 1050 1100 1150
Sintering temperature ('C)
K 3 el B K s
Fig.3 Effect of sintering temperature on
characteristics of keramzite

3.2.2 JEIGarny Ta] 1) 5% M
FARIER T (105£2) 'C MT4: 1 h, SR)57E 400°C F
T4 30 min, 5T 1100 °C R - 5lk5%% 4, 5, 6, 8, 10 min,

AL, MERRIIPE T, S5 R W 4 PR

HIP 4 ATLLA Y, BEAIGE I TR 0, B (1 7 T
ARACARR AL, B BRI ALSE I K el X2
DR G e L AN e AN TE 20, Bk R e e A belik.
B RS BE M AE A, REER AR IEHT TR, BHTE,
IRk 7800, ABRGREIN TR AC, AR 2, Bk
RME IR S, 2 AR B TR, BT LU Be i
FIABERLAC, [FINBA T a0, W A, 75
KR INt 1] 8 min I B RE 230 AR T bR T ARESOR, #E
RERLUF, PTLL, ki) de s eI () 2 8 min.

4.5
1200+ _°\ % —_
r ><D7<D o 1 &
1100} o li0 E
T I 03
o 1000 o] =
> 900 135 8
3 : £
& 800 ?
o . o
700[- 180 5
[ A A 3
600} — o

| L | L | L | 2 . 5
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4 S5 AR N TR FR) 52

Fig.4 Effect of sintering time on characteristics of keramzite
3.2.3 WA 5L

AR ERAE R e AT — A AT AL B, DAk — 221
HORLERIOAL U BB AR IR R, AW ST et
AN SR, P BRI B LR R s, e
SE RN 750 B B R =10, TR R
(105+2)°C, FJmH] 1 h, REFEEE 1100°C, KEkem )
8 min, 43 AANTIHA 400 °C T Tidk 30 min YA T T
WESgs, SEIRA RN 5 P, WTLUEH, Zal it
) 2" BDRL ) 25 7 5 WK R AR A TR PR RN, T

x5 MAKBER
Table 5 The experimental results of preheating

Sample Preheating temperature (C) Preheating time (min) Bulk density (kg/m°) Granule density (kg/m®)
1 - - 674 1158
2 400 30 624 1138
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8min, A, ek R, g5 F8 b 5 .
5
1200} ——0 5
L NE
o 1100} =
E 4 g
£ 1000f ©
ES; ¢
2 9001 —A—Bulk 43 5
8 800 i —0— Granule g
L ©
700 42 f}’t)
/A
600—*2
200 500 eoo

Preheatlng temperature ('C)

Bl 5 FiAARE 1) 52 0
Fig.5 Effect of preheating temperature on
characteristics of keramzite

H I 5 AT LU HE, Fihar Bl 1A B PR RE 1 T
e SIS T i S BRI R A, TR R Dk TG R A
200°C I, LT THEREE, MR AHE, kLT
P S T R I i, ORLER R AT MU Ak
Zoad e, fERE R R b Nk B AL B LR RS,
NI 50 L TR /N, PRI, R 118 e A At i
5E 4 300°C.
3.2.4 TRARISS ] (1) 5% )

FAERIER T-(10542) C R T4 1 h, #RJ57E 300°C
43 AT 10, 20, 30, 40 min, 5T 1100 °C R 54 8 min,
AL, e BRI YE T, AR K 6 Fros. e LA
B e bk T A B AT (1] (1 S S 38 K s k)

Hodp, PRSI A 20 min BE 5] i B bE 26 1 AR ok
1200 p— 5.0
1100} 2

P ! Ha5 &
£ 1000t 3
900 440 8
? L —A—Bulk B
S sool —0O— Granule 7
o (S}
8 & 435 &
700} ®
o
L A (D
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Fig.6 Effect of preheating time on characteristics of keramzite

T2 DR A AN TR JE I, BRI A2 Aoy BEA AN
RAEAR, TIEAT L B ERL BRI E R, 1T
TR T KA LTS RIS 2. L, BRL i) s i
IR ) 22 A 20 min.
3.2.5 THJEINS [H] ) 50

BB REBR T (105+2) 'C R 4344205, 1,1.5,2, 3 h,
SRJEAE 300 °C R Fi#A 20 min, 7T 1100 °C FA5EE 8 min,

AH, MR, SZE AR K] 7 s
1200 4.75
P —a—0 0O go———F | —
1100} 13 Né”
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£ 1000 i
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f &
600 e " 3.75
0 1 2 3

Drying time (h)
7 TN 18] FR) S

Fig.7 Effect of drying time on characteristics of keramzite

7 v LLE Y, fESRIe I BRI e L,
RIS TEDRT BRL R PR TR AN K, DR, FEORAUE TR 1Y
LA TSR b, i PR ) e R TR TR 4 1 h,
3.3 EXKIE

DLEC R TIRA  H R B RO 2350 B Ay i b
T ok 1 AE S BRI % TS AR T L, Rt |
PR S, A T L AR 2 R A I %
FPRIZR AT, 1E 4 AN R R A NG, 1
TR 2 =K IEAS S0 Lo(3Y), HE—2b 0k b2
FARIAS T LI R )28 45 A, AR AR 6. e ml 4,
A B AR 3% S0 0 A 753 2800 0 e K i it PR M IO, ARG 1A
SEEIG BT A T 10 85 2 W o P e T A 2

G RS LR G M AT SEIG 25 R, K b ke il
() de A T 24 PR e A AR 1) 1 h, TR 5 300°C
THARIS ] 20 min, Keild & 1100°C, K5HEI TH] 8 min.
3.4 ERIELLLRY TR

R —FBe s, NI =, Bk
HEAT R0, FERCRR, K SoRG 1 32 B e 1
H, b, RS EAERR S AIER. 2llle, WK S
R 11 HF 13 SiO,, AL Os I FEAH Y, PRI, EORIIE
BT RS A PE R 45T, AT LA R A AR 20+
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MERCER. FERT BT IUET 5 LR LLAR B ARl Rl RIS RIRK, TR SRR T 16.7%(RI5 e A K
ZAF T ebIbRL, MILER. g 8 P, K R h=10:15:5)1, JsURHSGERER A R e, T LUR E e G
DL H, Rl 38 i (A A o) B ks B 2 THIRRURN 78 FE 1 Eb A v 8 R K Rl 1-=10:15:5(B]) 2:3:1).
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Table 6 The results of orthogonal sintering experiments of sludge keramzite

Sample Preheating Preheating Sintering Sintering Bulk denssity Specific stzjrface Granule dgnsity
temperature ('C) time (min) temperature (‘C)  time (min) (kg/m) area (m°/g) (kg/m®)

1 250 15 1000 7 641 3.596 1174
2 250 20 1100 8 637 3771 1202
3 250 25 1150 9 - - -

4 300 15 1100 9 667 4.494 1251
5 300 20 1150 7 - - -

6 300 25 1000 8 636 3.921 1152
7 350 15 1150 8 - - -

8 350 20 1000 9 648 3.866 1155
9 350 25 1100 7 643 3.726 1141

x 7 FERE Rt

Table 7 Design of mixture ratio

Sewage sludge:fly

. 10:11:9 10:12:8 10:13:7 10:14:6 10:15:5 10:16:4 10:17:3 10:18:2 10:19:1
ash:clay (mass ratio)

Clay content (%, ®) 30 26.7 233 20 16.7 13.3 10 6.7 3.3
Balling situation Good Good Good Good Good Difficult Difficult Difficult Difficult
1200 5.0 Ui V5 Ve BERL ™ b I PR BEAGE , AN SRR B IS
L D\D O o o \a %
1100 - = :
"’E 1000 - 145 g #9 SRMNREREERESE
> \ e Table 9 Contents of metal elements in lixivium
}; 900 |- S Concentration in Maximum allowable
@ \ —A B 5 Element leaching concentration in leaching
& 800f ulk 440 © i i
a —0— Granule o solution (mg/L) solution (mg/L)
700 ’aa: Cu (total copper) 0.0418 100
[ o Zn (total zinc) 0.017 100
600 | A ‘A:‘—lfA A 35 @ Cd (total cadmium) 0.001 1
16 18 20 22 24 26 28 30 Pb (total lead) 0.073 5
Cr (total chromium) 0.006 15
Clay content (%, o) Hg (total mercury) Not detected 0.1
. . Ba (total barium) 0.019 100
Bl 8 Kb Rgm Ni (total nickel) Not detected 5
Fig.8 Effect of clay content on characteristics of keramzite As (total arsenic) 0.011 5
3.5 SRR EEN E 4 w
e = lﬂ
XA Fd g R C B A g £ T 2045 A1 b il 1 B b
BEATYEREN E, JHCRHIBUY 4.222 m?lg, HERUEE N T I DAk v K AL B ) B K T P R Sk A SRR R
635 kg/m®, UKL 1146 kg/m®, fLBRE N 22.4%,  WIBERLIOBETT, {3 R Eiie.
ERRR AT 0.18%, MR 0.4%. KM IR ST (1) DAy5dedER LR, IR SR A D
LRI E, S5 RATK 8. HEL, RTLURE e RAT AR R, V5T R A
e ] 4 R I G R 5 e o B Rl 12=2:3:1, il B i e A 1
=8 RIS TP C EE A V5 8 Ry B JoE Tl Bl 4 ) e
Table 8 Pore characteristics of the sludge keramzite AN TRITE] 1 h, FUAMLEE 300°C, TR (]
Pore distribution (um) Total porosity (%) Pore tortuosity 20 min, JEBEUEE 1100°C, fEEBEmta) 8 min.
0.005~10.6 22.4 1.9722

(2) B4 AT T Bl R B R LR A Y 4.222
GRS R EESBIR B LA A mig, HERSFEE K 635 kg/m®, WUk k) 1146 kg/m?,
FEn ., K 9 I TG RO B LR E S fLBUR A 22.4%, ERIRATAE N 0.18%, M 0.4%.
BRI IE, HET E ks GB5085.3-2007( (& #1451 (3) Vol bR TE G Jm iR th o w TR, Bk
P2 BRI S0 ) B e IRt i e e SO VIR I PERERRE , AN PRBE R e RS L.
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Preparation and Characterization of Keramzite from Municipal Sewage Sludge

YUE Min, YUE Qin-yan, LI Re-bo, GAO Bano-yu, YU Hui, QI Yuan-feng

(School of Environmental Science and Engineering, Shandong University, Jinan, Shandong 250100, China)

Abstract: Sewage sludge was used as principal material to sinter lightweight keramzite aggregates. The optimized preparation conditions
were selected. The impacts of main factors (dry time, preheating temperature, preheating time, sintering temperature, and sintering time)
on characteristics of lightweight aggregate (specific surface area, bulk density, and granule density) were studied. The results show that
the optimized mass ratio of sewage sludge to additives was that sewage sludge:fly ash:clay=2:3:1. The optimized preparation conditions
were as follows: dry time 1 h, preheating temperature 300 ‘C, preheating time 20 min, sintering temperature 1100 °C, and the sintering
time 8 min. Under these conditions, the characteristics of lightweight keramzite aggregates were obtained as follows: specific surface
area 4.222 m?/g, bulk density 635 kg/m®, granule density 1146 kg/m porosity 22.4%, weight loss in hydrochloric acid 0.18%, and
abrasion loss 0.4%.

Key words: sewage sludge; keramzite; preparation



