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Prediction Model for Lead Release During Coal Combustion Based on Ash Fusion
Temperature
Song Guochang, Xu Wenting, Song Qiang*
(Department of Energy and Power Engineering, Tsinghua University, Haidian District, Beijing 100089, China)

ABSTRACT: The transformation of lead (Pb) during coal
combustion affects its emission characteristics. Herein, a
fixed-bed experimental system was used to conduct
combustion experiments on 47 types of coal at
1100-1300 <C. The migration behavior of Pb in coal
undergoing high-temperature combustion was analyzed
through the characterization of coal and its combustion
products. The release ratio of Pb varied when different types
of coal were burned and the amount of released Pb increased
with increasing temperature. Pb was almost completely
released when the temperature reached 1300 <C. Pb in coal
mainly existed in the carbonate- and oxide-bound,
sulfide-bound, and residual forms. Each form of Pb was
unstable during coal combustion. Part of the Pb was released
into the gas phase and the rest was converted to the residual
form in the ash. The ratio of Pb retained in ash correlated
well with the melting degree of ash. Based on the prediction
equation of ash fusion temperature obtained from ash
composition and the experimental data from different types
of coal, a prediction model for the Pb release ratio during
coal combustion was established. The relative deviation of
this equation for coals used in the experiment was between
-9.1% and 19.3%.

KEY WORDS: lead; release; coal combustion; prediction
model; ash fusion
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SH R AR R B TR A 3%, 45 2 IR SR B, 2T
TR BE P B B TSR, %220 3% S8 FH A Fol
TR PRI AF X i 25 76-9.1%-19.3% 2 [7] .
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Tab.1 Pb content in coals
SR Pb % & (ug/g) SR Pb % & (ug/g)
1 31.020.8 25 27.340.9
2 16.740.2 26 13.440.7
3 36.720.7 27 7.920.4
4 28.540.9 28 9.240.3
5 16.740.4 29 9.840.5
6 263.320.9 30 3.440.2
7 18.540.5 31 11.940.7
8 39.440.6 32 77.640.8
9 138.020.8 33 22.140.4
10 36.620.6 34 141.640.6

-
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12.740.2 35 22.140.7



12 10.940.1 36 47.240.8
13 28.140.3 37 54.930.6
14 24.230.2 38 7.9340.4
15 8.840.1 39 1769.540.9
16 20.420.8 40 20.240.4
17 18.940.5 41 40.440.2
18 18.740.4 42 12.040.2
19 9.740.2 43 13.540.5
20 13.340.5 44 5.040.2
21 19.140.6 45 5.040.1
22 49.3+0.4 46 3.74.2
23 22.930.8 47 5.140.2
24 7.630.1
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Fig.1 Schematic of the fixed—bed reactor system
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Tab.2 Extracts and extraction time used for sequential
chemical extraction

Pb 563 FRHOR FREUN K
F1 1 mol/L CH3COONH;, 20 min
F2 3 mol/L HCI 90 min
F3 2 mol/L HNO3; 40 min
F4 2 mol/L HNO3+5% H,0, 60 min

F R IR FRTE 2 AT PRI TS AT T 3
Y430, {8 ICP-OES & % AR B+ Pb
e, MR R K ZE A P 8
o FEM T A LK B B A0S . BRI Eh K
AUPEEES. MIMEEE. ANSASAE
() Pb (528 RS P BHIELE Psy (%, s
FIRFEM R “coal” 8K “ash™) i@t 77 (2)
THEER], BEPERES Pb 1 & Peoarrs F1KH
BRIEZAS Pb I 5 EL Pashes 73 7l 1 7 F2(3) F1(4) %
T EA R
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Ms s 2 BRAEH DL Fj 455 S AZ1EM) Ph &
(ng), My Z52ib Mt P (M B (ng). ZiEHIL
PR T IEX TR P 4 B 1 IR R AR
95.3%-101.9% 2 8], K Pb 43 #r i [al Wi 2 £
95.7%-104.3% [H] .

B A oy &R A X SR iE
( XRF; ARL PERFORM’X, Thermo Fisher
Scientific, USA) 734, 1 JeiH 5 #hoxt 47 Ff
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h, SREHUHAH. [ XRF AT K4, 45
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fE R s~ B8 (SEM; Merlin, Zeiss,
Germany) X K IR T JE S EAT RAE, MHakHn
HHEWN 5KV, HOKAEECH 2000 £

T T R AR Ph TR S
WAy RSB G, KA Factsage 1411
Equilib BT Iy P, S B SR
WK ASEE. TEEEXEN
1100-1300 °C, & [A]B& A 50 °C.

3 HR5WR

3.1 BT iES Pb BEBEFE

* 3 4T 47 M RIFE 1100, 1200,
1300 °CH#RJ%E 45 min Ji5 Pb (IR LA . 7T LA 3,
SRR Pb BB BURF AR AE 35 22 57 o 7E 1100 °C,
1 55 Pb BRI LB B AR 9 65%, 11 35-47
SR P AT AR, MERE R, 1-34
ST P RIS N, T 35-47 S
Pb HIREELBIFEARAAS . UH&F%IT 100%. 6
IAE] 1300 °CH, BHEM Pb RIS L5 3558 ik
98%. Pb JEATEARE.
3% 3 #§ 1100-1300 °CHR¥%E 45 min J§ Pb BYBEHILE B (%)

Tab.3 Release ratio of Pb after coal combustion at 1100,
1200 and 1300 °C (%)

el 1100 °C 1200 °C 1300 °C

10
1
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

6544
7542
8043
8242
8244
83+
8644
8742
8843
8943
8942
90+
914+
9145
9242
9243
93+
94+
9442
9442
9543
9543
9542
96+
9642
9643
9642
9742
97+
9742
9743
9742
9742
98+
98+
98+
99+
100
100
100
100
100
100

88+
98+
9442
100
100
972
99+
9442
9243
98+2
9842
98+
972
98+2
99+
97+
100
99+
99+
100
100
99+
100
99+
98+
100
99+
100
100
100
100
9842
972
98+
100
99+
99+
100
100
100
100
100
100

98+
9842
99+
100
100
100
99+
99+
99+
100
99+
100
100
100
99+
99+
100
100
100
100
100
99+
100
100
99+
100
100
100
100
100
100
99+
100
99+
100
100
100
100
100
100
100
100
100



44 100 100 100
45 100 100 100
46 100 100 100
47 100 100 100
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Fig.2 Distribution of Pb forms in coals
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Fig.3 Distribution of Pb forms in the coal and
combustion products: (a) NO.1 coal; (b) NO.3 coal
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Fig.4 Correlation between Pb release ratio during coal
combustion at 1100 <C and content of Cl in coal
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Fig.6 Compositions of ash in thermodynamic equilibrium
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Fig.7 Micromorphology of: (a) NO.1 coal, 1100 °C; (b)
NO.1 coal, 1300 °C; (¢) NO.5 coal, 1100 °C; (d) NO.5 coal,
1300 °C; (e) NO.41 coal, 1100 °C; (f) NO.41 coal, 1300 °C

3.3 ETRIERMIRER Pb B FUNAEE
AR AT T RAE SRS RL AR . Marika

S5 NBWCh I 2 i B 2 FEH R T 2K 4 1) SF- 35

AT AL, BT HRALME . JShiR M. Li5E



NS 25 FhoRE ) 2R o3 28 BN S B A3 TR B
TR A, B AU A R ST R S R
Jii. IR E SR K P AlOs. Fe20z. CaO.
MgO KT BER I AX(G) T T 4 Fh 245
J& B TP B T HAT 1, (nmY), BETR A 2R
(DI FRBRIE Tr (°C)e
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Tab.4 Ash flow temperature calculated by Eqg. 6 and 7

SR Te (°C) HEFh T¢ (°C)

1 1540 25 1414
2 1485 26 1387
3 1461 27 1319
4 1390 28 1447
5 1381 29 1396
6 1249 30 1186
7 1471 31 1455
8 1496 32 1435
9 1454 33 1453
10 1473 34 1397
1 1451 35 1446
12 1314 36 1454
13 1418 37 1353
14 1478 38 1257
15 1373 39 1168
16 1409 40 1347
17 1437 41 1335
18 1439 42 1438
19 1438 43 1330
20 1371 44 1310
21 1378 45 1254
22 1460 46 1218
23 1447 47 1190
24 1309
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3341 2641 39.71
38 020 3021 2349 46.10

39 0.42 13.03 50.73 35.82

Bk A 40 021 2427 3230 4321
= AL BRET ST (wt % ad) 41 267 3321 2286 4126
Tab.Al Proximate analysis of the coal samples (wt % ad) 42 042 3316 864 57.78
A Mg Va Aw FCu 43 082 1458 2877 5583
1 0.33 28.48 17.47 53.72 44 0.36 2781 19.61 5223
2 016 1489 3405 50.90 45 006 2751 1801 54.42
3 207 2823 19.98 49.72 46 0.31 28.35 19.82 5152
4 020 2330 3298 4352 47 030 2912 1986 50.72
5 017 2548 4186 3249 £ A2 BRITEMF (Wt % daf)
6 0.16 2560 46.66 27.59 Tab.A2 Ultimate analysis of the coal samples (wt % daf)
7 015 1446 2741 57.98 wHC H N 0 S
8 024 2700 2311 49.65 1 6265 38 116 3191 044
9 040 1107 5430 34.23 2 5739 315 115 3831 047
10 044 218 4256 3515 3 6073 380 136 3370 041
11 089 2080 27.24 5107 4 4960 321 070 4462 187
12 024 2756 3650 3570 5 3926 280 071 5617 106
13 077 1957 3569 4397 6 4278 256 078 5388 085
14 041 1592 2612 57.54 7 6134 312 070 3483 222
15 054 2955 1303 56.88 8 6247 406 127 3219 046
16 036 2721 3425 3818 9 3889 204 065 5842 033
17 017 2656 3603 37.24 10 4331 301 093 5275 146
18 059 2381 4807 2753 11 618 366 114 3335 033
19 033 3218 3569 3180 12 4517 304 079 5100 1.16
20 01z 2773 3989 3226 13 5073 299 081 4547 140
21 115 2387 3383 4115 14 6424 340 087 3150 253
22039 1075 2033 6854 15 7280 455 134 2131 079
23 015 1190 2268 6527 16 5086 352 089 4472 082
24 031 3593 128 50.93 17 4641 343 066 4931 0.0
25 049 949 1839 7163 18 3793 312 096 5799 034
26 08 2877 278 4251 19 4079 323 101 5392 105
27 033 3602 1244 5122 50 4204 297 075 5329 095
28 163 3562 2630 3646 21 5777 367 095 3761 182
29 054 3417 1597 4932 22 7153 330 107 2409 041
30 030 1047 1568 7355 23 6677 320 106 2898 174
31 053 3005 2023 4919 24 6671 468 146 2715 093
32 044 1113 2602 6240 25 7161 298 086 2456 3.72
33 050 2440 3787 3724 26 5456 370 090 4084 026
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40
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43
44
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41.56
41.57
21.82
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27.30

& A3 RPISH (wt %)
Tab.A3 Ash analysis of the coal samples (wt %)

i Si0, AlLO; FeO3 CaO MgO Na,0O K,O TiO, SOs
1 2237 6397 464 200 036 008 053 251 140
2 5277 3299 459 298 050 028 122 159 204
3 2551 5281 3.02 1042 033 010 044 268 334
4 5159 2381 1113 228 180 095 356 150 250
5 5254 2346 871 405 190 034 285 133 341
6 3785 19.04 2081 6.70 260 040 172 121 7.5
7 4700 3583 520 420 051 051 094 182 284
8 4694 37.67 322 389 039 014 054 293 224
9 5565 2692 719 174 105 022 341 151 112
10 4856 3477 629 306 067 025 117 165 223
11 58.83 2445 428 310 090 050 321 178 176
12 4425 2287 838 972 186 039 122 129 894
13 46.13 3130 788 517 124 075 173 152 317
14 4771 3637 6.06 328 048 020 082 149 249
15 4129 2993 6.19 968 122 052 065 221 6.72
16 51.68 2455 806 342 122 146 370 161 293
17 5753 24.09 488 347 089 054 340 118 1.00
18 5529 2585 7.04 251 108 0.99 251 127 0.86
19 6249 2179 481 302 066 052 281 09 1.88
20 49.22 2533 646 730 148 064 193 116 5.05

21 4315 2872 843 6.83 189 0.76 200 144 555
22 4820 33.88 479 483 059 087 117 206 216
23 46.28 3399 7.34 453 054 047 110 162 277
24 3645 2552 902 1140 231 097 162 143 917
25 41.60 3337 1034 542 059 016 1.00 191 445
26 48.26 28.73 479 839 143 085 168 162 157
27 3756 2580 860 10.69 231 1.03 172 143 867
28 67.75 20.01 306 304 066 042 180 090 1.65
29 5171 2597 724 560 094 055 072 162 432
30 39.63 16.75 13.86 1699 046 037 032 074 9.64
31 4370 3631 482 586 054 0.07 032 212 490
32 4368 34.01 746 544 056 063 114 192 351
33 57.88 2637 648 232 079 042 231 102 111
34 4086 3243 11.68 593 0.65 034 117 157 348
35 51.92 2969 733 306 094 028 157 131 241
36 4514 3506 6.68 462 049 108 122 202 207
37 5294 2142 1253 365 126 069 239 110 295
38 3846 19.72 11.15 11.65 201 1.00 215 0.83 1145
39 24.04 1598 4112 630 120 0.67 210 0.75 392
40 4788 2264 976 619 136 088 282 132 584
41 50.56 2196 11.62 558 1.67 075 208 098 3.83
42 5279 2695 339 524 078 148 164 177 280
43 3895 2591 16.19 6.90 059 046 077 334 549
44 5133 2162 560 1135 1.04 049 231 101 425
45 4441 2027 1205 1271 115 123 202 100 3.89
46 4279 17.89 1140 1482 117 037 123 144 761
47 39.88 17.69 1030 18.09 274 069 150 135 6.27
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Extended Summary

Prediction Model for Lead Release During Coal Combustion Based on Ash Fusion

Temperature
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Coal combustion is a significant source of
atmospheric lead (Pb), which is a big threat to human
health and environment due to its high toxicity. The
emission characteristics of Pb is strongly influenced by
its transformation during coal-combustion stage. The
ratio of Pb released into the gas phase after coal
combustion varies for different coals over a wide range,
which may be related to various forms of Pb and mineral
and non-mineral contents in the coal. However,
experimental data of Pb transformation during
combustion of different coal types is quite limited, and
the key influencing factors are still unclear.

This work focus on the transformation of Pb during
combustion of numerous coal types. 47 coals are used as
raw materials, and coal combustion experiments are
carried out at 1100-1300 °C in a fixed bed experimental
system. The Pb release characteristics are obtained by
measuring the Pb content in coal and combustion
products. The sequential extraction method is used to
analyze Pb forms before and after coal combustion, and
the migration path of Pb during coal combustion is
explored. Through the analysis of the correlation
between ash composition in different coal types and the
Pb release ratios, the main mechanisms for Pb release is
determined. A model is established by data fitting to
predict the Pb release ratio during coal combustion.

Fig.1 Schematic of the fixed—bed reactor system

Significant differences are observed in the Pb
release characteristics during the combustion of different
coals. At 1100 °C, Pb in some coals is completely
released, while the release ratio of Pb in other coals is as
low as 65%. The Pb release ratios increase with
increasing temperature and are close to or reached 100%
at 1300 °C for all coal types. Pb in coal mainly exists in

the carbonate- and oxide-bound, sulfide-bound, and
residual forms. Almost all Pb in the ash is in the residual
form. This indicates that each form of Pb is unstable
during coal combustion. Part of the Pb in coal is released
into the gas phase, and the remaining Pb is retained in
the ash in the residual form. The conversion of the Pb
forms in coal to residual Pb in ash occurs during coal
combustion.

The interaction between mineral components and
Pb during coal combustion is the main factor affecting
Pb release. However, the Pb release ratio shows no
significant correlation with the content of the main
mineral elements, but shows a significant correlation
with the ash flow temperature, which characterizes the
ash fusion. Ash fusion plays a leading role in the Pb
transformation. The fusion of ash destroys the stable
aluminosilicate  structure, thereby inhibiting the
generation of residual and promoting Pb release.

A method for predicting the Pb release ratio during
the high-temperature combustion of coal is established.
The ash flow temperature is calculated by the ash
composition. The relationship between the Pb release
ratio and the ash flow temperature and combustion
temperature is clarified based on the combustion
experiment results of 47 coal samples.

Rop = (1_ e0.015(Tf -T,)-75 ) %100% (l)
This equation is used to predict the Pb release ratios

of 47 types of coal used in the experiment and the
relative deviation is between -9.1% and 19.3%.

Experimental value
60 —— Fitted value

-200 -100 0 100 200 300 400 500
(TT/°C

Fig.2 Experimental value and fitted value of Rpp



