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Thermodynamic equilibrium analysis of heavy metals speciation
transformation and distribution during sewage sludge incineration

LIU Jing-yong, SUN Shui-yu

(Faculty of Environmental Science and Engineering, Guangdong University of Technology, Guangzhou 510006, China)

Abstract: The chemical thermodynamic equilibrium calculations were performed to reveal the migration and
transformation of the heavy metals, such as Pb, Ni, Mn, Cr, Zn and Cu, during incineration of four sewage sludges. The
actual sewage sludge compositions and combustion conditions were utilized in all simulations. The results show that the
heavy metals Ni, Mn and Zn are affected greatly by the minerals, such as Al,03, CaO, SiO,, Fe,0s, and form some stable
solids easily which exist in the residual slag at low temperature. Under the same condition, Cr is easy to form its oxides
and does not affected by the minerals, but Pb is transformed to other volatile forms easily and affected by many other
factors. With increasing temperature, the heavy metals Pb, Cu and Zn transfer from their solid salts, oxides to gas metal
chlorides oxides and finally to gas elements, which enter into the fly ash or the atmosphere. The elements Mn, Ni and Cr
are easy to form some stable, high melting point and non-volatile oxides existing in their residual slags. During the
incineration, the element S reacts with Ni, Cu and Pb, and forms sulfates, while the transformation of Mn, Cr and Zn
affected by sulfur is less. When there is Cl in the incineration system only, the effect of CI on the volatilization of Pb is
the greatest, followed by the volatilizations of Cu and Zn, Ni, Cr and Mn has less effect or no effect.
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Table 1 Description of waste water treatment plants(WWTP)

Waste water Treatment scale/ Service area/  Population

Treatment process

Disposal and usage

Proportion of

treatment plant ~ (10*m®d ") km? equivalent of sludge industrial wastewater
4 Activated
KFQ 3.00 9.6 6.0<10 . . Landfill 70%
biological sludge
4 Activated .
DTS 60.66 89.7 142.7><10 ) . Sanitary landfill 40%
biological sludge
LJ 40.00 124.5 134.3%<10* A2/0 Building material
4 Activated biological . .
LD 103.67 158.0 225.8><10 Building material
sludge
2

Table 2 Proximate and ultimate analysis of different sludges

Sample Mass fraction/%
C H 0 S cl M,q" A\ A" FCY
S1 4.483 33.73 5.245 22.976 2.551 0.213 8.73 56.12 31.33 3.82
S2 4.702 30.30 4.009 21.459 2.154 0.355 7.58 49.72 36.27 6.43
S3 4.562 25.95 4.294 19.165 1.677 0.497 5.50 48.80 43.38 2.32
S4 2.876 17.46 3.513 16.144 1.220 0.213 4.76 33.05 58.92 3.27
1) M,4: Moisture; V,4: Volatile matter; A,q: Ash; FC: Fixed carbon; ad: Air drying.
3
Table 3 Contents of heavy metals and minerals in different sludges
Sample Content/(mg-kg ") Content, w/%
Pb Ni Mn Cr Cu Zn Si0, CaO AlLO; MgO Fe, 05 K,O
S1 81.2 148 1844  121.0 4567 785 28.41 3.71 4.14 0.250 2.186 1.359
S2 104.0 132 1152 87.0 274 987 30.14 3.96 7.53 0.333 1.943 2.202
S3 82.4 74 214 49.6 190 909 3541 2.82 6.73 0.283 2.057 2.227
S4 69.9 78 394 51.9 146 609 37.16 3.21 9.16 0.217 2.271 3.403
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Fig.2 Equilibrium distribution of Pb during incineration of four sludges: (a) S1; (b) S2; (¢) S3; (d) S4

Pb PbCly(s)
PbCly(s) (PbO)-(ALO3)4(s)
1 000 K Pb PbCly(g)
1200K PbCly(g) PbO(g)
PbCl(g)
S1  S3 600~1 000 K
Pb PbSO4(s) S2 S4
PbSO4(s)
(PbO)(ALO;s)s(s)  PbCla(g) S
Cl 2
1 300 K Pb PbCly(g)
PbCl(g) 1400 K Pb
PbO(g) Cl Pb
S Al O4 Pb
3 4 (S1 S2 S3 S4)
Zn  400~1 800 K
3 4 Zn
ZnALO4(s) ZnySiO4(s)  CayZnSirO4(s)

ZnCly(g) Zn(g) 400~1 100 K
Zn Al ZnAl,O4(s)
1 200 K ZnAlLOy(s)
ZnySi04(s)  ZnCly(g) 1300 K Zn
Ca Si Ca,ZnSi,04(s)
1500 K Zn Zn(g)
4 CaO SiO, Cl
S2 S3 S4 ZnCly(g)
S1 ZnCly(g)
S3 ZnCly(g) S3
Cl Zn 1100~1 600
K ZnCly(g) 1 600 K
Zn(g) Zn
ZnO SiO,
Al,O; ZnO+Si04~Z7Zn,Si0,
Zn0O+A1,0;—=ZnAl,0,
(Zn,Si0y) (ZnAlL,Oy) Zn
JUNG ¥ Zn



20 8 1649
100 @ 100 ©®)
. 80] . 80
= =g ’ :
K= =
ﬁ 60+ '—ZnA1304(S) L\_] 60F '_ZHAI204(S)
© 0—7n,S10,(s) S 0—7n,S10,4(s)
8 4—Ca,ZnSi,04(s) 5 +—Ca,ZnSi,0(s)
S 40 *—7n(g) S 40f o—7ZnCly(g)
£ £ *—Zn(g)
2 2
S 20 S 20
0 0
400 660 S(I)O 1 {}IOO 1 ZI{}O 1 4l00 1 6IO() 1 800 400 660 S(IJ() 1 Ol(JO 1 2lOG 1 4|00 1 6|()0 1 800
Temperature/K Temperature/K
100 - — ©1 100 R @
- 80F - 80r
& =
= =—7nAl,04(s) = =—7ZnAl,0,4(s)
N 60k 8—7n,Si0,(s) N 60+ 8—7n,810,4(s)
< ‘—CaEZnSiQOT{S) o O—Zn(fh{g)
g a—7ZnCly(g) 5 —7n(g)
S 40F *Zn(® 3 40
= &
= =2
£ 20 < 20
0 0
400 660 S[I)O 1 OIO(] 1 2l00 1 4l(]0 1 6IOO 1800 400 660 860 1 OI(]O 1 2|00 1 4|00 1 6|00 1 800
Temperature/K Temperature/K
3 4 Zn
Fig.3 Equilibrium distribution of Zn during incineration of four sludges: (a) S1; (b) S2; (c) S3; (d) S4
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Fig.4 Equilibrium distribution of Ni during incineration of four sludges: (a) S1; (b) S2; (c) S3; (d) S4
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Fig.6 Equilibrium distribution of Cr during incineration of four sludges: (a) S1; (b) S2; (c) S3; (d) S4
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Fig.7 Equilibrium distribution of Cu during incineration of four kinds of sludge: (a) S1; (b) S2; (c) S3; (d) S4
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