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Chlorination and Evaporation Behaviors of PbO-PbCl, System in Ar-Cl,~O, Atmosphere
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: It is quite important to know the reactivity and behavior of Pb contained in steelmaking dust, or bottom ash and fly ash generated from mu-

nicipal solid waste incineration process with chlorine. In the present study, chlorination and evaporation kinetics of PbO-PbCl, melt have
been investigated in Ar-Cl,-O, atmosphere from 1023 to 1123K. The weight of PbO specimen increased first and then decreased in
Ar—Cl,-0, stream during experiments, which phenomena mean that produced PbCl, by PbO chlorination formed liquid oxychloride phase of
PbO-PbCI, system and then PbCl, evaporated. Increase of partial pressure of chlorine increased the initial chlorination rate, however no ef-
fect on the latter evaporation rate was observed. Decrease of maximal weight gain of specimen and the slight increase of evaporation rate
were observed with increasing partial pressure of oxygen. Apparent activation energies of chlorination and evaporation of PbO-PbCl, meit in
the steady state were 35 kJ/mol and 156 kJ/mol, respectively. Evaporation rate of PbO-PbCl, was also investigated at 1073K in Ar—0, atmos-
phere, however the change of evaporation rate with changing partial pressure of oxygen was within experimental error. Measured evaporation
rate strongly depended on the composition of melt. Composition dependency of evaporation rate estimated from the activity of PbCl, for the
PbO-PbCl, system generally represented the same trend, however the measured evaporation rate was larger than estimated one in the whole
composition range. This result indicates that the formation of oxychloride melt affects the evaporation rate. Chlorination mechanisms and re-
moval efficiency of Pb by chlorination have been discussed based on the present results.

chlorination; evaporation; lead; heavy metal; metallurgical dust; bottom ash; fly ash; municipal solid waste incineration; lead oxychloride;

kinetics.
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Fig. 1. Schematic diagram of experimental apparatus.

2. KBRFGE

AR T3 Ar—Cl,-0, Z2 il K12 5 1 % PbO-PbCl, DI
- ZEREHFEBHEIZLD 1023~1123K THE L 7=, F
ERSEE OIS & Fig. 1128, 454 bPELR— b (12
mm, %X 9mm, & X 60mm) (ZPbORESgHE AL, &
SUFR B ICIRA L, RS KOBESIEEFETS
WIZAL CLE KV, A% TN ENBAN 7 el L
FRICHEBEAFAL, RBA L T 400 cm¥/min THr R,
RISEMIZEA L7, EERETRICA 4 &8R- PEEE
HEL, 2OEREAHIEL 2, FEBRETICENT
A GE VLT A MR- FOKREBO TRBRDESR
FHETHEAT, F— PERIZEMS BV L 2L
2o EEAETHRICEMRISEE AR - P ZOEO L, G
SR & YRR SRSV E . (Mohr k) (XD ER
L7, %72, PbO-PbCLEMADIEFHEME TI1d, I
EE D PbO & PbCL K & PIRA L, SgDBRAR R E KK
L2, 0%, ArO, RIS TRIEODHRIZ S D E
EET 72,

3. ERERHLUVEE

3.1 EBEIEOTE

AR OEBRIREHE TH 5 1023~1123K T, PbO%
L OB T % PoClL, O FEHEIRRE X 2 2 h il i o & UMK
R THy, FERE(HATRESN D,

PbO (S)+C12 (g):PbClz H+172 O2 () wreeeerenmeeeeeeeens (1)

72, ZOMEEHEFIC BV THRE PbCL, D25 512 0.08X
105Pa# 6 0.33x10°Pa T %%, L7=h > T, PoODIFAL
2 & - TPbO-PbCL A F 3 7 0 7 4 FREENAERKL ,
Atk & 0 PbCL 2 EFET 5 L0 | RILRIS & ARRIED
FIRSET A THEI NS, PoCLE & BICHA FL 70T A
FRPbODIERMNE Z S NF-H, ke L5t o
27054 FPbOCID AT IXIER B &S D 7
W, POCIZERBRIIAEDEVWEELLN, £/, MR
PbOERIEIZ 1073K T0.23Pa & i S TH D, PbOZE
REBLREDEVEEZ T, MKPHO % 1073KIZH W

425 I



I 426

$ &8 Tetsu-to-Hagané  Vol. 93 (2007) No. 6

Table 1. Experimental conditions and results for PbO chlorination in Ar—Cl, atmosphere at 1073K.

Exp. No P px107 Time Weight change ~ Chlorine content Evaporated PbCl, PbCl, in residue
o (Pa) (min) (8) (mass%) (2) (2)
101 1 0.02986 1.81 0.0508 0.358
102 2 0.08043 2.70 0.0321 0.538
103 3 0.09901 3.95 0.0713 0.791
104 4 0.08824 478 0.125 0.956
105 01 5 0.06615 5.21 0.172 1.04
106 ' 6 0.04117 6.02 0.242 1.19
107 7 -0.00592 6.88 0.339 1.35
108 8 -0.03836 7.06 0.386 1.37
109 9 -0.06437 7.69 0.447 1.49
110 10 -0.10146 7.99 0.504 1.54
111 1 0.05620 1.80 0.0178 0.357
112 0.2 2 0.09876 3.66 0.0578 0.735
113 3 0.04770 5.32 0.200 1.05
114 1 0.07363 2.84 0.0474 0.566
115 2 0.07648 4.94 0.147 0.985
116 3 0.05502 5.47 0.198 1.09
117 03 4 0.03812 6.37 0.262 1.26
118 ' 5 0.00138 6.90 0.333 1.36
119 6 -0.03185 7.55 0.402 1.47
120 7 -0.07723 8.37 0.494 1.62
121 8 -0.10901 8.59 0.541 1.65
122 1 0.09487 3.39 0.0480 0.676

- 123 0.4 2 0.08418 4.87 0.134 0.973
124 3 0.06281 5.56 0.194 1.11
125 1 0.09399 3.83 0.0713 0.766
126 0.5 2 0.08756 5.18 0.145 1.03
127 3 0.07703 5.91 0.194 1.18

TArFHR FT3HMRFEL 208, EEALRBEI A
Bhotz, EDRRED, LIBOMBHTIZ B W TER{LE
MEPbCL,DATH B LRE L 7=,
PbOIRALIIGIZ 6 0 2 IBB A EDHE 4 MET 5 7=,
1073K, Ar-CL R ISR TEER & 17> 72, EBHEMH D LU
K%z Table 11T $, Fig 21N EEORMA(L 527,
WRAFEZ»2b563, WBERZHNIgHML, 20
BRIZITHFREN N UEARIICIEAD Lz, ZORBRED | Kb
FHHIZ 547 5 PbO (Mpyo=223 g/mol) D # L I I 3 1 13
PbCl, (Mpye,, =278 g/mol) DZEFEHRE L O k&<, AR L 722
PoCLIFFARI RINICER L T b B2 6N5, BENTE
DI LD RISHH AN E R IMEE IR E < & 7n
2, RKAEEERIE B KO ERERMEE A D S
Kotz

FERR AR R OIEFRRE & 0 BRI A RV TER L
72PbCLEDB K UOKEFDOPCLEA ZThEN KD BT &
MTE, 2, THHEDEFH SR L 72 PbCl i % K¥
2LENTES, Fig. 3B LUMIcZhFhagEms LU
P L 72 PoCLEDRRMZL 27T, FXOihgOE X2
TNRZIIEAERE, ARBEIIHDT 5, EWESED
0.1X10°~0.3X10°Pall s\ T, WIDEALI G & 0%
B IIERAEORNME & I2kEL kot —F, EE
SEN03X10°Pa%k A 5 &, LK E & ORFEHE 2
BRAIEIRIE L 2\, Fig 3@ISmd & 512, HESFE
%2 0.1X10° Pa, 0.3X10° Pa D54 13 PbCL AR AR 1.0g12
BOTHIE2ZAR SN, Bl Lk ) I8iisIcEEd %
F TIRACRODMEEE JIBRAEIAETT 508, ZOHIIEE

18

Ar-Cl,, 1073K, 400em’/min

o
—
<

0.05

Weight change of sample (g)

0.00:
P, x10° (Pa)
005 w 01
e 02
A 03
0.10F ¥ 0.4
* 05
1 1 1 1 1

0 2 4 6 8 10
Experimental time (min)

Fig. 2. Effect of partial pressure of chlorine on weight
change of specimen in Ar-Cl, atmosphere at
1073K. ‘
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Fig. 3. (a) Calculated amount of produced PbCl, and (b) calculated amount of evaporated PbCl, by chlorination of PbO in Ar—Cl,
atmosphere of various partial pressures of chlorine at 1073K.

Table 2. Experimental conditions and resuits for PbO chlorination in Ar-Cl,-O, atmosphere of Py =0.1X 10° Pa at 1073K.

Exp. No P 52x107 Time Weight change  Chlorine content Evaporated PbCl, PbCl, in residue
T (Pa) (min) () (mass%) (2) (2)
201 1 0.04037 1.25 0.0107 0.248
202 0.1 2 0.08092 2.59 0.0265 0.518
203 3 0.10581 3.89 0.0599 0.780
204 1 0.03967 1.20 0.0090 0.237
205 0.2 2 0.09001 2.83 0.0268 0.565
206 3 0.09802 3.93 0.0709 0.785
207 1 0.03492 1.22 0.0158 0.241
208 2 0.08016 2.63 0.0284 0.522
209 3 0.08117 3.54 0.0726 0.706
210 4 0.07876 4.90 0.142 0.977
211 05 5 0.03481 5.69 0.233 112
212 6 0.00943 6.33 0.294 1.24
213 7 -0.02700 6.79 0.359 1.32
214 8 -0.07323 7.47 0.447 1.44
215 9 -0.09016 8.14 0.498 1.57
216 10 -0.13119 8.29 0.553 1.58
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Fig. 4. Effect of partial pressure of oxygen on weight

change of specimen in Ar-Cl,—O, atmosphere of
P, =0.1X10° Pa at 1073K.
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Fig. 5. (a) Calculated amount of produced PbCl, and (b) calculated amount of eva 5porated PbCl, by chlorination of PbO in
Ar—Cl,-0, atmosphere of various partial pressures of oxygen and P, =0.1X10Pa at 1073K.

Table 3. Experimental conditions and results for PbO chlorination in Ar—Cl, atmosphere of P, =0.1X 10° Pa. Values in parenthe-
ses have minus signs due to the experimental error.

Exp. No T Time Weight change  Chlorine content Evaporated PbCl, PbCl, in residue
o (K) (min) () (mass%) (&) (g)
301 1 0.04825 1.15 (-0.0043) 0.227
302 2 0.09764 2.29 (-0.0090) 0.458
303 3 0.13701 3.55 0.0050 0.714
304 4 0.17033 4.43 0.0087 0.898
305 1023 5 0.13035 5.24 0.0972 1.06
306 6 0.17700 4.18 (-0.0116) 0.849
307 7 0.16815 6.26 0.103 1.27
308 8 0.17363 6.95 0.134 1.43
309 9 0.16584 7.50 0.167 1.52
310 10 0.16010 7.80 0.189 1.58
311 1 0.01123 1.15 0.0418 0.227
312 2 0.03798 2.33 0.0658 0.460
313 3 0.01602 3.32 0.141 0.652
314 4 -0.02902 3.85 0.221 0.751
315 123 5 -0.08909 4.83 0.340 0.929
316 6 -0.16202 4.36 0.406 0.828
317 7 -0.30107 6.12 0.653 1.13
318 8 -0.36600 6.59 0.751 1.20
319 9 -0.46096 7.16 0.388 1.27
320 10 -0.56998 7.53 1.03 1.31
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Fig. 7. (a) Calculated amount of produced PbCl, and (b) calculated amount of evaporated PbCl, by chlorination of PbO in Ar—Cl,
atmosphere of P, =0.1X 10° Pa at 1023, 1073 and 1123K.
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FHHE0.5X10°Pall T D Ar-O, TR THIE LT 572, ¥
W PbCL, ¥R 12 10, 30, 50, 75 36 L U 100mass% & L 7z, F25k
&tk K UHEE %A Table 412737, Fig IRl EE RS &
DOIFEZEAL AR, EERIZE O TR ERRD 23R
L& BITHMU 72, POCLIREE IS AR IS - T kL, 3t
B2 K o TRD 72 kO WREZCIZ VI PoCLIRE 4175
mass¥% DA T 5mass% TH » 7z, HERHEEITE 4 DK
BERELOMEE X VEE L7, Fig 1012 BRHZ L ko
PbCL, R DB A B R D HE Z L IR L7z, PbCLIREE DR
FEHIH I POCL 78 F 1 & 5 B h ORI KHIRZ L A R L
FAERAERL TS, HRE & h 7= ZEF B 13 PbO-PbC, il
ROMRIZKZ IKFEL T B D, BRASFEDOELIZE S
RS DOEALITHEFZEFHBENTH D, BMEDTEORE
ISHHEET 0y,
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Fig. 9. Change of weight loss of specimen with evaporation time in Ar-O, atmosphere of various partial pressures of oxygen at

1073K.

Table 4. Experimental conditions and results for PbO—
PbCl, evaporation in Ar-O, atmosphere at

1073K.
Exp. No. ini PbCl, P 5107 Tilpe Weight loss r

(mass%) (Pa) (min) (2) (g/min)
401 2 0.32717
402 4 0.77413 0.197
403 6 1.11514
404 2 0.38179
405 2 0.57850
406 100 0.3 4 0.72317 0.182
407 6 1.10922
408 2 0.31220
409 0.5 4 0.69265 0.194
410 6 1.08889
411 2 0.26583
412 - 4 0.53124 0.159
413 6 0.90187
414 2 0.25894
415 75 0.3 4 0.57004 0.153
416 6 0.87075
417 2 0.28109
418 0.5 4 0.55071 0.150
419 6 0.88266
420 2 0.07513
421 4 0.20636 0.0562
422 6 0.29974
423 2 0.07486
424 50 0.3 4 0.18466 0.0651
425 6 0.33545
426 2 0.07519
427 0.5 4 0.20219 0.0606
428 6 0.31760
429 6 0.06041
430 12 0.13868 0.0153
431 18 0.24363
432 6 0.06637
433 30 0.3 12 0.15588 0.0138
434 18 0.23145
435 6 0.06165
436 0.5 12 0.11896 0.0162
437 18 0.25635
438 6 0.01009
439 - 12 0.02390 0.0024
440 18 0.03889
441 6 0.01356
442 10 0.3 12 0.02835 0.0021
443 18 0.03905
444 6 0.01592
445 < 12 0.02935
446 05 18 0.03407 0.0019
447 18 0.04353
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Fig. 10. Relationship between evaporation rate of

PbO-PbCl, melt and PbCl, content at 1073K with
estimated from activity of PbCL*?" in the
PbO-PbCl, system.
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L123K D FiH TIHE XN TV B, PoCL DR %
%728, PbO-PbCL R IZIERIEA#RE L T1073K 12k
{7 % PoCLIG R & KD 7=, ZEF RIS TE R kI 3HPbCL @A D
ERBEOEED k=0.191g/min& L=, HELEER
BSOS E UC, Fig o IsAlERRE & & I108%
TR L 7z, POCLIE R & O HER U 72 285 R I O MBI 17
PEISBE L CHIERS R & R OER AR U722y, ks
Zh70, HEE AHRELELD K& 0, ZO/BRIE



PbO-PbCl—F F ¥ 7 1 7 4 FRKDIZHA PbO & PbCl, 2
b ARMPOFFL v 0T 4 RMLAMDERD &5 %7%
REGLAROMBIHEL L5 el TS, L
ML, Po-O-CIRD XA A5 5 WE b2 i 22
12, Son 6PN & - TUHNCHE & h 72 PbOCI 2R &, L
2fEA G TInE TSR Tbh g, L
MoT, #AFsruI4 FRICKBTZEIIFHMEEIZD
W, Zh2brflaESBRETH S,
3.5 PbOEILREHEE &IELRIGIC & % Ph B
AKIFZE T, #PbOFREEN A & FH T Ar-ClL-0, 7 X
TOALE & U 2 H 7z, B ER IR
BML720%, Wh Lz, ZORFOBINMEMRIBICX
0 4% L 72 PbCl, & PbO %> & PbO-PhCL, BAK MR & 1L %
O THBEELOND, RIFi TN XH I, BLRIG
¥ & O TS R IG I AV 6~7 o A U 22 B ISE
WIRREIZ A B, FiglNURT K910, ERERISEZEIIZ
kR L 2R PbCL IR E I3 30 mass% £ THIMIL
72 —H T, 103KDEHRETHE & AR EL I
0.0632g/min T& U, Fig.101Z7K L 72 PbO-PbCl, R D & FE
EORE/BEEHWS L, EEHIREICE T % PbCLIRE I
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Fig. 11. Change of PbCl, content in PbO-PbCl, melt with
chlorination time in Ar—Cl, atmosphere of P =
0.1x10°Pa at 1073K. ’

Ar-CL-0, FMIZ= 5513 B PbO-PbCL D¥RL ks K U FT)

47~50mass% EHEFE EN 5B, Lzh->T, HDiZ& -
TR X 1172 PbO-PbCL B AIZ YY) MR T3 <, EHEIK
BEIZ 35 1T B BRI O PbCL R IE A3 S0 mass% TH % &%
AbNb,

BALERIZ OV TOWEINE & 0 5T L
BEAWETBZENTES, L L, FHCAIHEDO LS
HEECE A DAL LD ST TR, BLFREO S E %
AET B, EAOMMOSEETH % PbCl(g) &
PbCl,(g), X HIT#iAF L 21T 4 FPbOCI(g) & BRITA
gl s v,

PbCl (g)+1/2 Cl, (g)=PbCl, (g)

AG®=—183620+49.48T J/mol™ «+--revveeeereees (5)
PbCl, (g)+Cl, (g)=PbCl, (g)

AG®=—375850+148.7T J/MOI we-veeveeneeeeees (6)
PbCl, (g)+1/2 0, (g)=PbOCl (g)+1/2 Cl, (g)

AG°=—2900+567 J/molI>D --eeeerrrrrmeneeeniiins (7)

KIS (5)~(7T)ARDF7 XEMET L ¥ -2 A LT 2
L, ATOTMRIGAEEIZEET 22 3AWTH 5748,
RIS AR 2T 5 & § 47U PbCl(g) & PbCl, (g) 1 1E
EAETIELEVWEEZONS, LT, §XNTO
PbCl, (g) 1% Ar—CL-O, A 1 2 & & L T Ar(g), O,(g),
Cl, (g), PbCl, () & PbOCI () D AFIET 5 LHET 5 &,
Table 5(a)IZ/R T & 9 122 Zh DKL EFED -5 o) 1

REHETAHZENTES, POMELRIL L T 572012,

1023~1123K THLFE 5 E 0.1X10° Pad Ar-Cl, /1 X % 400
cm¥/min A U 723534 O ZnO AL IS O BALFHD 53 &
ARIBEICESI L 72, ZnOMRLRIEZ BT, ZnCl(g)&
InOCl () 4 ZET BN H 5.

2ZnCl, ()=Zn,Cl, (g)
AGO=—119560+152.93T /Mol :++-eseeveeemeeee (8)

ZnCl, (g)+1/2 0, (g)=ZnOCl (g)+1/2 Cl, (g)
AG°=—14300+697 J/mol*"*?

Table 5. Estimated partial pressures of each species in the chlorination of (a) PbO and (b) Zn0,Y with Ar-Cl, gas of P¢, =
0.1X10°Pa at 1023 to 1123K with gas flow rate of 400 cm*/min. ’

(@)
T (K) Mole number (10° mol/min) Estimated partial pressure (Pa)
Ar Cl, PbCl, 0, Ar Cl, PbCl, 0, PbOCI
1023 14.97 1.19 0.105 0.236 92500 6720 646 1460 2.85x10™"
1073 14.97 1.14 0.227 0.263 92700 5640 1410 1630 6.60x10"°
1123 14.97 0.984 0.535 0.340 93100 2790 3330 2120 3.29x107
(b)
T (K) Mole number (10'3 mol/min) Estimated partial pressure (Pa)
Ar Cl, ZnCl, 0, Ar Cl, ZnCl,  Zn,Cly 0O, ZnOCl
1023 14.97 1.34 0.321 0.161 90300 8100 1930 0.483 968 0.894
1073 14.97 1.17 0.493 0.247 89900 7030 2960 0.586 1480 1.68
1123 14.97 1.05 0.616 0.308 89500 6270 3680 0.500 1840 2.29
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Fig. 12. Relationship between evaporated amount of PbCl,
and PbCl, content in PbO-PbCl, melt (,hlormated
in Ar—C1,—O, stream at 1023, 1073 and 1123K.
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Fig. 13. Change of separated fraction of produced PbCl,
by chlorination of PbO in Ar-Cl,-O, atmosphere
to gas and liquid phases with changmg chlorinated
fraction at 1023, 1073 and 1123K.
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