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Effect of Operating Conditions on Heavy Metal Behavior
in Melting Process of the Municipal Waste Ash

Hee- Chul Eun

Department d Environmental Engineering, Graduate School

Pukyong National University

Abstract

The large quantity coupled with the potential leachability of high metal
concentrations in the ashes has necessitated the study of treatment and disposal
related problems. Several technologies such as melting and solidification,
solidification with cement, stabilization using chemical agents and extraction using
acid or other solvents had been developed to decompose the toxic ash and/or
make them inert, so that they could be reused or at least bo disposed of without
any risk. Of great promise among waste treatment processes is melting process, it
is most effective in stabilization and the least harmful.

In this study, municipal waste ash was examined to investigate the behavior of
heavy metals from slag in the melting processes. Melting processes were
performed in oxidizing or reducing atmosphere with cooling type and melting time
using an electric furnace.

Municipal waste ash used in this study had high concentrations of heavy
metals and its leaching concentrations exceeded largely Drinking Water Standards.

Melting slag is divided into slag layer, transition layer, and metal layer by
specific gravity separation of heavy metal. Air-cooled slag was amorphous, on the
other hand slowly-cooled slag formed crystalization in each other conditions.

Chemical fractions of heavy metals in slag were hardly different with melting



atmosphere and cooling type, however indicated an appreciable change with
increasing melting time in reducing atmosphere. In general, separation efficiency of
heavy metals from slag in reducing atmosphere appeared higher than in oxidizing.
And it increased with rising melting time in reducing atmosphere. Specially, Cd
was non-detected in the slag. Separation efficiency of Zn was very low in
comparison with the other heavy metals because it almost existed in residual
fraction in slag or ash. Leaching concentrations of heavy metals from the slag
were considerably reduced in comparison with ash. It were hardly different with
melting atmosphere, but were reduced with rising melting time in reducing
conditions. Pb and Cd were not almost leached from the slag. Also, leaching rate
of heavy metals from slag indicated much lower than the ash. However, leaching
rate of Cu was increased with rising melting time in reducing condition.

In conclusion, properties of slag were greatly affected by cooling type of
melting slag, and chemical fractions of heavy metals in slag were highly
influenced by melting time. It was found that the slag which had a low
concentration of heavy metals, could be obtained, and heavy metals in the ash

become a stable state with rising melting time in reducing condition.

Key words : ash, melting, heavy metal, slag, behavior
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T able 2.1 Pollutant concentration included in waste incineration ash®

Inorga_nic Flyash Bottom ash Dioxins Flyash |Bottom ash

material (mg/kqg) (ma/kg) (ng/g) (ng/g)
Al 5300 176000 | 5400 180000 |Dioxins
Sb 44 760 1 600 M CDD 2 NR
As 1 750 1 80 DCDD 04 200 NR
Ba 80 9000 40 2000 T3CDD 01 01 82 NR
Be ND <4 ND <044 | T4CDD ND 250 |<0.04 410
B S 5654 85 PCDD ND 722 | ND 800
Br 21 250 NR H6CDD ND 5565 | ND 1000
Cd 0.3 2100 0.2 442 H7CDD ND 3030 = ND 290
Ca 3000 290000 | 5900 112000 | ocpD ND 3152 | ND 55
c 17000 74000 | 10000 287000 | 2378-TCDD | ND 330 | <0.04 67
Cs | 2100 12000 NR Total PCDD | 5 10883 | ND 2800
Cl 1160 253000 | 2000 10000
Cr 110 13000 13 10000 | kyrans
Co 2.3 5000 3 62 “MCDE 41 NR
Cu 69 3100 80 26000 DCDE ND 90 NR
F 1500 3100 130 300 T3CDE 07 550 NR
Eg 920 22;880 1%?2 5728880 T ACDF ND 410 | 101 350
L 79 a1 2 1o PCDF ND 1800 | 0.07 430
Mg 2000 40000 | 400 18000 | 9CPF TR 2353 ) ND 920
Mn 65 8500 50 390000 | H/CPF TR 87 | ND 210
Hg ND 40 ND 35 OCDF ND 398 | ND 11
Mo 9.2 700 > 500 2378-TCDF | 005 54 | ND 13
Ni 99 1966 9 1300 Total PCDF | 373 239 | ND 1600
N ND ND 3500
P 1000 12000 | 400 17800 |BCBs
K 4300 74800 | 920 24100 | Mono CB 029 95 | ND 13
Se 048 16 ND 7 Di CB 013 99 | ND 55
Si 1783 320000 | 1333 460000 | Tri CB ND 110 | ND 80
Ag ND 77500 ND 38 Tetra CB 05 140 ND 47
Na 477 80000 | 1800 69000 | Penta CB 087 225 | ND 48
Sr 98 1100 81 1000 Hexa CB 045 65 NR
S 4000 40000 | 1750 20000 | Hepta CB ND 0.1 NR
Sn <100 12500 40 1300 Octa CB ND 1.2 NR
Ti <50 42000 | 400 11400 | Nona CB ND NR
Y, 22 298 36 90 Deca CB ND NR
Zn 120 152000 | 200 36100 | Total PCB ND 360 | ND 180

ND

: not detected, NR: not reported
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2.3.1.
SiO.(10 70%), CaO(05 30%), Al.Os(8 38%)
Zn, Pb, Ca, Mn ",
Fig. 2.2 1700
2600 1200 1400

SiO;, CaO, Al:0s

7)

Fig. 2.2 Phase diagram for CaO-Al.0:- SiO. compositions®.
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Fig. 24
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Fig. 24 Melting technologies of wastes.
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11,20)

(crystalline) (glassy)
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3.1.
(proximate analysis) (ultimate analysis) (composition
analysis) , Table 3.1 . Table 3.1
13.2% ,
. Cl SO 3.6%, 1.7% ,

SiO: 20%
CaO 38%

Table 3.1 Analysis data of the municipal waste residue A used in this experiment

Proximate analysis[wt.%] Ash analysis [wt.%]

CaO 37.9315
Moisture 150 SiO: 20.7724

. P.0s 8.7805
Volatile matter 10.35 ALOs 7 8496
Fixed carbon 0.35 Fe.0s 6.6146
Ash 87.80 cl 36215
MgO 3.5007

Na:O 3.1097

Ultimate analysis [dry basis, wt.%] K.O 1.7552
SOs 1.7339

C 2.800 TiO: 1.6640
H 0438 Zn0O 0.9948
BaO 04742

N 0.105 CuO 0.3595
o) 7381 MnO 0.3445
Cr20s 0.1656

S 0.244 PbO 0.1504
Ash 89.137 Sro 0.0715
NiO 0.0259
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3.2.

elevator type

, Fig. 3.1 . 200(W) x 200(D) x
200(H)mm , zircar board, thermal ceramics fiber
board . U-type super
kanthal 180 heating element 2 8 ,

1800
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, temperature controller
0.1
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}

¥
b

4] T
- — =

1. Electric furnace 2. Gas inlet

3. Flue gas oultet 4. Thermocouple

5. Electric heating euipment 6. Elevator working space

7. Temperature controller 8. Computer (program controller)

Fig. 3.1 Schematic diagram of high temperature electric furnace.
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3.3.

3.3.1.
, 1800 7009
(slag layer),
(metal layer), (transition layer)
3.3.2.
(slag
layer), (transition layer), (metal layer) 29,
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3.3.3. XRD
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3.34.

T essier (1979)*®
SEP(Sequential Extraction Procedure for the Speciation of Particulate Trace
M etals) . exchangeable fraction,
carbonates fraction, oxides fraction, organic fraction, residual fraction 5

,  exchangeable fraction

carbonate fraction
, Reducible fraction
, Organic fraction

, Residual fraction

T able 3.2

T able 3.2 Sequential Extraction Procedure

Chemical fraction Procedure(for sample weight 1g)

8 IM-MgCl:(pH 7.0),

shaking for bhrs at room temperature

8 1IM-NaOAc(pH 5.0),

shaking for bhrs at room temperature

20 0.04M-NH:OH- HCI,

shaking for 6hrs at 96+ 3

3 0.02M-HNOs +5 30% H:0:(pH 2.0),

shaking for 2hrs at 85+ 2

Organic fraction 3  H:0:(pH 2.0), shaking for 3hrs at 85+ 2

after cooling to room temperature

5 3.2M-NH.OAc(in 20% HNGO:s), shaking for 0.5hrs
2 HCIOs + 10 HF, digestion to near dryness

1 HCIO. + 10 HF, evapration to near dryness
1HCIO. + 10 HF,

HCIO. evaporation until the appearance of whitw fumes.

Exchangeable fraction

Carbonate fraction

Reducible fraction

Residual fraction

- 25 -



fraction

AAS
3.3.5.
E 886-82
107+ 2
0.29
1 31
100+ 5
50

. ASTM E 886-82

100

3
GA : ® 110mm)

Spectrophotometry, AAS, SHIMADZU AAG680)

3.3.6.
pH
CO:
pH (58 6.3)
KSLT (
0.05 EPA TCLP
KSLT pH 58 6.3
1:10
045
EPA TCLP pH
9.5mm 1:20
18 membrane filter
AAS

- 26 -

, ASTM

200mesh(75 )

screw - cap

100
(Atomic Absorption

27-30)

pH

) pH 2.88+

05 5.0mm
200rpm 6

pH 2.88% 0.05
30rpm



4.1.

4.1.1. XRD

XRD
, Fig. 4.1 . Fig. 4.1

peak
, Quartz(SiO:)
, Hydroxyapatite(Caiwo (PO4)s)(OH ).), Cacite(CaCCs), Iron
Hydrogen Phosphate(FeHsP:Ox2), Soegrenite((MgsFe:(OH )isCOs(H20)s5)025)

. Matching peak

207

2005

Fig. 4.1 Refresentative X-ray diffraction patterns of ash used in this experiment.
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4.12.

pH 7 8
“acetic phase" pH 4 5 1 2
"acetic phase" methanogenic phase" pH
31)
Tessier  (1979)"”
, Table 4.1 . Table 4.1
, Cu
reducible fraction organic
fraction
, Zn residual fraction
. Pb reducible fraction
, Cd carbonate
fraction reducible fraction
T able 4.1 Fractional composition of ash used in this experiment
Chemical fraction, wt. %
Heavy metal
Exchangeable| Carbonate Reducible Organic Residual
Cu 0.07 384 34.98 38.65 22.46
Zn ND 5.07 1361 6.43 74.89
Pb 0.01 14.59 56.13 12.42 16.84
Cd ND 48.20 44.20 2.69 4.92
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4.13.

Table 4.2
Table 4.2
, KSLT
TCLP Pb
27-30)
Pb Pbh*",
(pH 6 8)
Pb
KSLT Pb
, KSLT Pb
pH 58 6.3
carbonate fraction
carbonate fraction Cu Zn
Pb Cd
2

Cu, Zn, Pb
pH
KSTL
pH
(1999)*” ,
Pb (OH )s**
, Table 4.1
reducible fraction
TCLP
260
KSLT

, carbonate fraction



Table 4.2 Concentration of heavy metals in the ash used in this experiment

Concentration( / ) Leaching Leaching method Drinking
Species Rate” Water
_ _ _ o KSLT TCLP Standards”
Digestion | Leaching | ( %) (12)
(/1) (/1)
Cu 3296.94 14.034 0.426 1.404 2.786 10
Zn 8743.86 7.627 0.087 0.763 11.860 10
Pb 1594 64 129.814 8.141 12.987 0.559 0.05
Cd 17.75 0.110 0.619 0.011 0.166 0.01

1) The rate of KS leaching to digestion concentration of metals

2) World Health Organization(WHO) guideline

- 30 -




4.2

8,13,14,20,21,28,36,37)

, Fig. 1 (slag layer), (transition
layer), (metal layer) 1) (slag layer)
Si  Ca ,
, Fig. 1
, (transition layer) (metal layer)

, . (transition layer)

, i Ca Fe Cu
(transition layer)

, (transition layer)

(metal layer) Fe Cu
bulk metal bulk

35)

(metal layer)

, (metal layer)

13,14)

(transition layer) (metal layer)



Section of melting slag Micropheotographies of section
in cruicible separated from melting slag

Fig. 4.2 Microphotographies of polished thin section separated from melting slag.
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4.3.

23-25)

XRD
XRD , Fig. 43 44
peak
; peak
peak
peak  matching ,
SiO:2 (Quartz) ,
Gehlenite(Ca:Al(A1SiO7) Ca:(SiO.), Caz(Siz0s)
, Gehlenite(Ca:Al(A1SiO7)  Cax(SiOs)
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(a) air coodled slag

(b) slowly cooled slag

Fig. 43 Refresentative X-ray diffraction patterns of slag in oxidizing condition.
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Fig. 44 Refresentative X-ray diffraction patterns of slag in reducing condition.
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44.

4.4.1.
15- 19)
31)
, Tessier (1979  SEP
) , Table 43
45 . Cu
reducible fraction organic fraction
reducible fraction , organic fraction
, residual fracion . Verhulst  (1996)"
Lee  (1999) 700 Cu organic fraction
, Wunsch (1996)°” 1400 Cu  sulphide fraction
residual fraction . Lee  (1999)*®  Zn
Zn . Zn
carbonate fraction
, residual fraction . Pb reducible
fraction residual fraction 56.13%, 16.84%
reducible fraction 20% , Wunsch  (1996)*”

residual fraction ,
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, Cu

carbonate fraction 39)

, organic fraction 4
Zn organic
fraction reducible fraction residual fraction ,
Pb

carbonate fraction 39

, reducible fraction
, organic fraction 4
0.3% S Pb
, residual fraction

Cd

Table 4.3 Fractional composition of Cu in the ash and slag used in this experiment

Digestion Chemical fraction, mg/kg
Melting | Cooling | Melting .
Sample . ] concentration (wt. %)
condition| type time
(mg/kg) | Exchangeable | Carbonate|Reducible| Organic| Residual
Raw 231 126.60 1153.27 | 1274.27 | 74049
- - - 3296.94
ash (0.07) (3.84) (34.98) | (38.65) | (2246)
Air 17.02 30257 | 200.72
520.50 ND ND
Oxidizin cooled oh (3.27) | (58.13) | (38.60)
9 Slowly ' 5.13 1193 385.50 9.09
576.32 ND
cooled (0.89) (207) | (66.89) | (30.15)
Air 0.11 0.62 1543 350.78 | 200.24
; 2hr 567.24
Melting cooled (0.02) (0.11) (2.72) | (6184) | (35.30)
slag 0.36 539 15.99 38148 | 20249
2hr 605.71
. (0.06) (0.89) (264) | (6298) | (3343)
Reducing
Slowly 7.12 845 24432 | 1262
3hr 380.50 ND
cooled (1.87) (222) | (64.21) | (31.70)
2547 57.20 28.23 73.06
4hr 22458 ND
(11.34) (3.19) | (53.13) | (3253)




Table 44 Fractional composition of Zn in the ash and slag used in this experiment

Digestion Chemical fraction, mg/kg
Melting | Cooling | Melting .
Sample . ] concentration (wt. %)
condition| type time
(mg/kg) | Exchangeable | Carbonate |Reducible| Organic| Residual
Raw 44331 1190.04 | 562.23 | 6548.28
- - - 8743.86 ND
ash (5.07) (13.61) | (6.43) | (74.89)
Air 160.75 613.78 | 543.78 | 6372.36
769144 ND
e cooled (2.09) (7.98) (7.07) | (82.85)
Oxidizing 2hr
Slowly 20861 71555 | 603.22 | 5766.69
729407 ND
cooled (2.86) 9.81) (8.27) | (79.06)
Air 21168 768.95 | 719.99 | 5499.31
. 2hr 7199.94 ND
Melting cooled (294) (10.68) | (10.00) | (76.38)
slag 157.36 61455 | 518.71 | 5185.15
2hr 6475.77 ND
Reducin (243) (949) (8.01) | (80.07)
9 Slowly 172.13 687.23 | 331.36 | 5256.05
3hr 6446.77 ND
cooled (2.67) (10.66) | (5.14) | (8153)
155.10 691.02 26.03 | 4439.33
4hr 531148 ND
(292) (13.01) | (0.49) | (8358)

T able 4.5 Fractional composition of Pb in the ash and slag used in this experiment

Digestion Chemical fraction, mg/kg
Melting | Cooling | Melting .
Sample . ] concentration (wt. %)
condition| type time
(mg/kg) | Exchangeable | Carbonate|Reducible| Organic| Residual
Raw 0.16 232,66 89507 | 19805 | 26854
- - - 1594 .64
ash (0.01) (14.59) (56.13) | (1242) | (16.84)
Air 2590 158.86 4161
226.39 ND ND
Oxidizin cooled oh (11.44) (70.17) | (18.38)
9 Slowly ' 046 18.29 154.95 2509
198.78 ND
cooled (0.23) (9.20) (7795) | (1262)
Air 0.14 8.11 96.90 2142
. 2hr 126 .58 ND
Melting cooled (0.11) (641) (76.55) | (16.92)
slag on 106.44 ND 15.06 8107 1031 ND
. ' : (1.15) | (76.17) | (9.69)
Reducing
Slowly 14.28 75.86 1132
3hr 101.06 ND ND
cooled (14.13) (74.67) | (11.20)
373 17.14 1449
4hr 35.36 ND ND
(10.56) (48.46) | (40.98)




442.

, ASTM 886-82
1)
, Cu
. Nakahara " ,
Cu , ‘42!
, Jacoh *® , Cu
) Cu
Cu
. Zn
Pb
. Zn (Zn2Si0s, ZnAl20. )
38)
Zn 50% , T able
44 Zn residual
fraction . , Pb
reducible fraction residual fraction
. Yoshiie
(2000)** , Cd 1000
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Fig. 46 Separation efficiency of heavy metals from slag with melting time.
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T able 4.6. Leaching concentration of heavy metals in the ash and slag used in this
experiment

Melting | Meiting | Cooling Species Leaching method Driggzgarvg:ter
Condition time type KSLT( /¢ )| TCLP( /1) (/1)
Cu 1404 2.786 1
Zn 0.763 11.860 1
Raw 2sh _ ) Pb 12.987 0559 | 005
Cd 0.011 0.166 0.01
Cu 0.015 0.069 1
Air Zn 0.025 6.296 1
cooled Pb ND ND 0.05
Oxidizing 2hr 23 ONO?B ONGIZDLQ Ofl
Slowly Zn 0.028 10.820 1
cooled Pb ND ND 0.05
Cd ND ND 0.01
Cu ND 0.093 1
Air Zn 0.038 9.239 1
cooled Pb ND ND 0.05
ohr Cd ND ND 0.01
Cu 0.011 0.804 1
Slowly Zn 0.028 7.647 1
cooled Pb ND ND 0.05
Reducing Cd ND ND 0.01
Cu 0.009 0534 1
3hr Slowly Zn ND 7437 1
cooled Pb ND ND 0.05
Cd ND ND 0.01
Cu 0.006 0.194 1
ahr Slowly Zn ND 7.109 1
cooled Pb ND ND 0.05
Cd ND ND 0.01
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Fig. 4.7 Leaching rate of heavy metals in the ash and slag used in this experiment
(A-O : Air-cooled slag in oxidizing condition, S-O : Slowly-cooded slag in oxidizing
condition, A-R : Air-cooled slag in reducing condition, S-O : Slowly-cooled slag in
oxidizing condition, 3hr : meting slag for 3hr in reducing condition, 4hr : melting
slag for 4hr in reducing).
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