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Abstract-Volat i l i t ies  and conw~rsions of heavy metal compounds under oxidation conditions at 
elevated temperatures up to 1,000C are analyzed using a thermogravimetric furnace to evaluate 
their behaviors in an incinerator. Most pure metals and their oxides are relatively stable without 
releasing metal substances into the atmosphere, except for several metals such as As and Hg. How- 
ever, some chlorides are vaporized in the combustion temperatures and for these volatile chlorides, 
vaporization fluxes are obtained based on the measurement of their weight losses with increasing 
temperatures in the furnace. Experimental vaporization fluxes are compared to maximum theoretical 
fluxes from Herz-Knudsen's kinetic theory of gas. Results of comparison show that evaporation coeffi- 
cient, ct, for each volatile heaw metal compound appears to be a characteristic value of the evaporating 
substance, not varying with increasing temperatures and the obtained coefficients are ranged in 10 ~ 
to 10 s which could be explained by a vaporization-condensation model of liquids. With some theoreti- 
cal consideration on interfacial resistance, mass transfer coefficients, I~: for evaporation, are deter- 
mined as a function of absolute temperatures, and ranged in 10 ~ to 10 r. 

INTRODUCTION 

Incineration is a well-known historically applied 
thermo-chemical process for volume reduction and 
stabilization of hazardous and radioactive waste mate- 
rials. Through the incineration of complex mixtures 

of waste materials, contaminants in the waste are en- 
trained in the off-gas with gaseous forms such as HCI, 
HF, SO2, NO,, etc. and particulate such as fly ash and 
unburned carbon. The effective removal of these un- 
desirable materials of gaseous and particulate forms 
has been successfully demonstrated [1-4]. 

There are also, however, contaminants which can 
be presented in off-gas as gaseous, liquid or solid 
forms depending on temperature, pressure, chemical 
reaction and gas composition. These  elements are re- 
ferred to as "semi-volatiles", which readily vaporize 
under  normal incineration temperatures, and they may 
not be trapped easily even with currently utilized air 
pollution control devices. Furthermore,  it is difficult 
to measure these semi-volatile h e a w  metals in stack 

tTo whom all correspondences should be addressed. 

emission [5-8]. 
Since vaporization is a physical phenomena govern- 

ed by a kinetic theory of gas, the higher temperature 
and the longer residence time normally required for 
the destruction of organic compounds results in great- 
er vaporization. Therefore, when hazardous and/or ra- 

dioactive metals are contained in the waste materials 
it is important to consider emissions of those metals 
which will occur as a result of vaporization at high- 
temperature conditions of incineration. Recognizing 
the inability to control or accurately measure stack 
emissions, the concentration of semi-volatile metals 
in the waste has to be limited according to the vapori- 
zation rates. 

It is known that semi-volatile compounds of heavy 
elements up to 1,000~ as a normal incineration tem- 
perature are chlorides of Cd, Hg, In, TI, Pb, As, Sb, 
Bi, Se, Te, fluorides of Hg, As, Sb, Bi, Se. Te, hydrate 
of As, Se, Pb, Te, Sb, Bi, and free elements of Se, 
Te, As, Sb, Bi, Ti, Cd, Hg [91. Among these semi-vola- 
tiles As, Cd, Pb, Zn and Hg are strictly regulated in 
stack emission because of their toxicity. Among impor- 
tant radionuclides, Cs and Ru are also known to be 
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volatile in high temperature conditions El0, 11]. There- 
fore, vaporization characteristics of such elements 
should be known to both the regulatory body and the 
workers in the field of hazardous and/or radioactive 
incineration. 

Several groups in the field of thermal treatment 
of hazardous and radioactive materials have recently 
studied the vaporization of semi-volatile heavy metal 
compounds. Most of the previous reports focussed on 
how semi-volatiles were distributed in the incineration 
process based on the examination of the heavy ele- 
ment found in fly ash, bottom ash, and scrubber resi- 
dues E12-17]. In contrast to those works, theoretical 
analyses on maximum vaporization fluxes of arsenic 
compounds and some chlorides based on the classical 
kinetic theory of gas were dealt with by M. Trichon 
and J. Feldman E8, 18]. However, there has been no 
correlation between maximum and real vaporization 
flux, which will be dealt with in this paper. 

In this study a correlation between maximum and 
real vaporization flux of some semi-volatile heavy, me- 
tal compounds was developed with a theoretical analy- 
sis on gas-liquid interfacial resistance in mass transfer 
phenomena. In order to evaluate interracial resistance 
on vaporization, experimentally obtained vaporization 
fluxes are compared to a kinetic theory of gas and 
finally, mass transfer coefficients are obtained. 

MATERIALS AND M E T H O D S  

The basis of the present investigation is the vapori- 
zation at high temperatures under oxidizing condition. 
Some heaw metal compounds, regulated in stack emis- 
sion, which are listed in the Table 1 were heated up 
to 1,000C under oxidizing condition in the thermo- 
gravimetric furnace. The melting, subliming and boil- 
ing temperatures of tested sample metal compounds 
are also shown in Table 1. 

The experimental apparatus (thermogravimetric ana- 
lyzing device, MAC-500, LECO Co.) mainly consists 
of a furnace, a control and data acquisition system 
and a conditioning system for the furnace[19]. A 
schematic diagram of the apparatus is shown in Fig. 
1. Temperature of the furnace could be controlled with 
any mode of heating by a programmable microproces- 
sor up to 1,000C. 

Temperature, weight loss of samples and time were 
recorded and stored in the computer. The detailed 
structure of the furnace is shown in Fig. 2. Up to 20 
samples in crucibles can be tested at once using a 
turntable. Initially empty crucibles were weighed 
using a balance. The experiment was performed under 

Table I. Melting points and boiling points of sample me- 
tal compounds [-20] 

Hazardous metal m.p;., ~ b.p., ~ 
Pure cadmium (Cd) 321 767 
Oxide (CdO) Sb 1497 
Chloride (CdC12) 569 960 
Pure lead (Pb) 327 1'750 
Oxide (PbO2) 
Chloride (PbC12) 501 
Pure chromium (Cr) 1857 2672 
Oxide (CrO2) 
Chloride (CrCI2" 6H20) 815 1300 
Pure copper (Cu) 1083 21560 
Oxide (Cu20) 1236 
Chloride (CuCI2"2H20) 
Pure zinc (Zn) 419.6 907 
Oxide (ZnO) 1975 
Chloride (ZnClz) 317 732 
Pure nickel (Ni) 1453 2910 
Oxide (Ni203) 
Chloride (NiCI2" ~H20) 1009 
Pure arsenic (As) Sb 603 
Oxide (As~O3) 141 371 
Pure cobalt (Co) 1453 2910 
Oxide (Co:,O4) 
Chloride (CoCI~" ~HeO) 2870 1049 
Pure manganese (Mn) 1244 1962 
Oxide (MnO2) 
Chloride (MnCI2"4H20) 650 1232 
Marcury chloride (HgCl2) 280 302 
Cesium chloride (CsCI) 645 1324 

Fig. 1. A Schematic diagram of TGA system. 
1. Furnace 4. Computer 
2. Sample 5. Flowmeter 
3. Balance 6. Flow regulator 

oxidizing condition to observe oxidation of experi- 
mented metal compounds. Oxygen was fed to have 
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Fig. 2. Detailed structure of the furnace. 
1. Turntable 4. Balance post assembly 
2. Turntable spindle 
3. Balance 5. Balance post assembly 

Fig. 3. Weight changes of element metals at elevated tem- 
peratures. 

Table 2. Program of thermogravimetric analysis (TGA) 

Final temperature 1,000~ 
Initial temperature 10~ 
Method 2 Step TGA 

Ramp Final Step and Time 
Step Mode 

rate temp. mode out 
] 6~ 1,000~ O~ Time out 60 min 

such condition and the temperature was ramped with 
the rate of 6~ from the room temperature, then 
reached and sustained at 1,000~ for one hour as 
shown in Table 2. The weight of each sample in turn- 
ing crucibles were continuously measured by micro- 
balance with a load-carrying capacity of 5 g of each 
sample and sensitivity of 1 lag while temperature elev- 
ation and the data were automatically acquired and 
stored with time and temperature. 

R E S U L T S  AND DISCUSSION 

1. Reac t ion  
The results of weight changes for solid metal ele- 

ments, metal oxides and metal chlorides at elevated 
temperatures are shown in Fig. 3, 4 and 5 respectively. 

Most element metals except Arsenic were non-volatile 
but converted into oxide forms with increment of their 
weights in the experimented range of temperature. 
Metal oxides reacted with oxygen and were converted 
into other stable oxides at a certain temperature. Con- 
vetted oxide metal compounds were very stable and 
became constant in weight at elevated temperatures.  
These reactions could be described as Eqs. (1), (2) 
and (3). 

xM(s) + (y/2)O2(g)-->MxOy(s) (1) 

Fig. 4. Weight changes of metal oxides at elevated temper- 
atures. 

Fig. 5. Weight changes of metal chlorides at elevated tem- 
peratures. 

MxOy(s) + (y/2)O2(g)--)MxO2y(s) (2) 

MxOy(s)--)M xOz(s) + (1/2)O(y - z)(g) (3) 

In the case of Arsenic Oxide (As~O:0, it started to 
vaporize without changing into any other oxide forms 
at temperature '~ above 300~ For As, the element me- 

tal was converted into an oxide form, AsxOy, however, 
it became very volatile at temperatures above 300~.  
The reaction formula could be written as Eqs. (4), (5) 
and (6) [81. Therefore'  all the Arsenic compounds 
were vaporized and exhausted into the atmosphere 
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at temperature above 700~ 

xAs(s) + (y/2)Odg)-*AsxOy(g) 

xAs(s) + (y/2)Oz(g)-*AsxOy(s) 

AsxOy(s)-*AsxOy(g) 

(4) 

(5) 

(6) 

Metal chlorides such as CdCIz, PbC12, ZnClz, CsCIz 
and HgCI2 were volatile and vaporized at a certain 
temperature. Vaporization of these compounds follows 
Eqs. (7) and (8). 

MxCly" zH20(s)~MxCly(s) + zHzO(g) (7) 

MxCly(s)--*MxCly(g) (8) 

However, there were non-volatile chloride compounds 
such as CrCG NiCI~, CoC12, MnCI2 and SrC12 at the 
temperature up to 1,000~ as shown in Fig. 5. The 
weight losses shown at the temperature less than 200 
~ were due to the vaporization of moisture as in Eq. 
(7). Another conversion with weight changes after wa- 
ter vaporization was explained by an oxidation reac- 
tion as Eq. (9). The reaction generated chlorine gas. 
However, the metal itself was converted into a stable 
oxide form without releasing any metal components. 

MxCly(s) + (z/y)O2--->MxOz(s) + (y/z)Cldg) (9) 

Conversion temperatures, converted forms and vol- 
atilities of products after reaction were summarized 
in Table 3. These results were verified by a stoichio- 
metric estimation as well as available data-books for 
melting, subliming and boiling points with Gibbs Free 
Energy Data for the reaction E20-23~. 
2. Vapor iza t ion  Flux 

Vaporization flux of heavy metal compounds could 
be obtained from the results of the experiment as fol- 

lows; 

1 dW 1 Wl -- W~ 
N,,~p- AM dt AM At (10) 

here A is the surface area (cm2), M is the molecular 
weight (g/tool), dW is the weight changes (g) in differ- 
ence, At (sec). And the vaporization theory of a pure 
solid or liquid is based on the Herz-Knudsen's classi- 
cal kinetic theory of gas [24, 25]. 

dn P 
- (11) 

dt (2nmkT) v2 

where (dn/dt) is the number of molecules per unit 
time passing through an arbitrary plane of 1 cm 2 area 
randomly placed in the gas phase, P is pressure exist- 
ing in gas phase, T is absolute temperature of the 

Table 3. Volatilities of sample metal compounds and their 

change of composition at elevated temperatures 

Metal Voltatil- Vapori- Converted Conver- 
comp. ities zing form ,;ion 

temp., ~ temp., ~ 
Cd CdO 310-550 
CdO 
CdCI2 o 600- 

Pb PbO 550-910 
Pb02 PbO 440-620 
PbCI2 o 310- 
Cr 

CrO3 Cr203 22;0-490 
CrCh CrO 270-510 
Cu 
CuO CuzO 100-710 
CuCl o 470- 380-820 
Zn ZnO 450-930 
ZnO 
ZnCI o 200- 
Ni NiO 300-820 
Ni203 NiO 170-550 
NiCIz NiO 590-890 
As o 400- 
As~O:~ o 300- 
Co CoO 220-710 
Co304 CoO 180-830 
COC12 CoO 450-850 
Mn Mn:104 2!90-890 
MnOz Mn304 100-810 
MnCle Mn304 510-920 
HgCI2 o 200- 
CsC1 o 750- 

gas, m is the molecular mass and k is Boltzmann con- 
stant. From the relations of M=mN~,, R=kN~,,, and 

N~ = (dn/dt)/N~,, where N,~ is Avogadro's Number and 
N~ is mole flux, Eq. (11) can be converted into, 

P 
N,.- (12) (2nMRT) v2 

This Eq. (12) is used for the calculation of maximum 
vaporization flux by M. Trichon and J. Feldman El2, 
18, 24, 25]. If the reference plane is placed at the gas- 
liquid interface, Eq. (12) with P=Pi  gives the number 
of molecules striking the liquid surface from the gas 
phase. In equilibrium condition vapor pressure at liq- 
uid-gas interface, Pi is equal to vapor pressure at liq- 
uid surface, Ps. Therefore Pt(2nMRT) 1/2 moles of va- 
porized gas striking liquid surfaee and Ps/(2nMRT) v2 

Korean J. Ch. E.(Vol. ]I I, No. 4) 



236 H.-C. Yang et al. 

molecules leave the liquid surface to tile interface. 
Assuming some fraction a times of moles striking liq- 
uid surface is actually condenses, aPff(2nMRT) v2 mo- 
lecules enter  the liquid surface from gas phase per 
unit time and unit surface area. Since there is no net 
transfer occurring between liquid surface and inter- 
face in equilibrium condition, aPff(2nMRT) v2 moles 
leave the liquid surface to interface per unit time and 
unit surface. Therefore ctPJ(2nMRT)I/2[ = ctPI(2nMR- 

T) ~2] moles enter  and leave the liquid surface per 
unit time and unit surface area in equilibrium condi- 
tion [-26]. 

In a non-equilibrium condition where p~ is not equal 
to p, and vaporization occurs, net transfer between 
liquid surface to interface is given by the difference 

in the opposing rates of mass transfer, 

aP~ aP, 
N~- (13) 

(2,MR%) v~ (2nMRT,) 1/2 

Assuming T ,=T,  in Eq. (13) which the temperatures  
enter  as the half power of the absolute temperature 
and introducing interfacial mass transfer coefficient, 
k, and gas phase mass transfer coefficient, k~ , gives, 

a(P. - Pi) 
N,=  (2.MRT)V ~ =k , (P , -P , )=ke (P , -Pe )  (14) 

Removing interracial equilibrium vapor pressure, P~ 
in Eq. (14), gives overall mass transfer coefficient be- 
tween liquid surface to bulk gas phase, 

ki(p~- pg) 
N,,- l+k,/!% =K~.(P,-Pe) (15) 

This Eq. (15) shows that when k, is much smaller than 
kg, namely, the resistance of phase transition is greater 

than that of gas phase mass transfer, k~ is equal to 
IQ and the rate of mass transfer for vaporization can 

be written as, 

N, ,-  a ( P , -  Pg) (16) 
(2nMRT) 1'2 

where, N, is mole flux in g-mole/cm 2"s, and P is in 
dynes/cm 2 for the value R in 8.317• erg/mol-k. 

In order to allow P to be expressed in atm, R in cm :~- 
a tm/mol 'K as conventional unit, Eq. (16) ,:an be ex- 

pressed, 

N,,:- 44.3a(P, - P~) (17) 
(MT) :/~ 

Evaporation coefficient r in Eq. (17), also called 
~sticking" or "accommodation ~ coefficient, defined as 
the fraction of the gas molecules impinging on the 

Table 4. Vapor pressure data for evaporating metal com- 
pounds (log p = A •  I + B x l o g T + C x T + D )  
[20] 

Substance log P(mmHg) Temperature 
A B C•  ~ D range, K 

CdCI~ - 9270 - 5.04 25.907 m.p.-b.p. 
PbClz - 10170 8.04 m.p.-b.p. 
CsCI - 9815 3.52 20.38 m.p.-b.p. 
HgC12 - 4580 - 2.0 16.39 298-m.p. 
ZnCI2 - 8415 - 5.03 26.42 693-883 
As4 - 6160 9.82 600-900 
As203 - 5282 10.91 373-573 

Fig. 6. Vaporization coefficient for volatile metal com- 
pounds. 

condensing surface which stick and are not reflected 
[26], could be obtained in comparison with N,~p in 
Eq. (10). In making assumption of vapor pressure in 
bulk phase Px to be zero considering continuous fresh 
gas inserting condition in this experiment, driving 

force Ps-P~ in Eq. (17) is replaced by P~ in calculation 
of a with Eq. (10) and (17). Here P~ is vapor pressure 
of the surface, able to be obtained from available data 
from the literature as shown in Table 4 E22-25]. It 
has been generally known that c~ depends on specific 
properties of the evaporating substance [271. Meas- 
ured ct values for vaporizing metal compounds except 
As as shown in Fig. 6 are almost constant with temper- 
ature increase from m.p. to b.p, and the results show 
tile temperature effect on ct could be ignored in a 
given temperature range. Therefore, mass transfer 
coefficient, l~;, could be determined as a function of 
temperature with constant c~ in the given temperature 
range using Eq. (14). 

For As, measured a values decreased with temper- 
ature increase from 400-600~C. It can be explained 
that oxidation reaction in the solid surface may simul- 
taneously occur with the vaporization of As and the 
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Table5. Measured average vaporization coefficient, ct, 
and proposed mass transfer coefficient, K6 

Mass transfer 

Substance Vaporization coefficient, Ka, Temperature 
coefficient, a ( •  0.s), gmol range, ~ 

s 1 cm 2 atm-~ 

CdCle 1.42• -6 4.65• 6 650-900 
PbCI2 1.03• 6 2.66)<10 6 600-900 
HgCI2  721•  .8 3.63)<10 7 200-370 
CsCI 2.01• -6 2.14)<10 7 750-975 

ZnCI2 1.16• 6 1.76• 6 340-590 

as follows; 
1. The pure metals such as Cd, Pb, Cr, Cu, Zn, Ni, 

Co and Mn except As convert into stable oxide forms 
and do not vaporize at elevated temperatures. 

2. In case of oxide forms of the tested metals, except 
arsenic oxide, some are quite stable themselves and 
the others are converted into other stable oxide forms 
without vaporization of metal components. 

3. There  are some volatile compounds in metal 
chlorides with their vaporizing temperatures at about 

600~ for CdCl~, 550~ for PbCI2, 511~ for ZnClz, 470 
~ for CuC12, 200~ for HgCl2, 300~ for As,~:O3, 750~ 
for CsC1, respectively. Other metal chlorides are con- 
verted into oxide forms at a certain temperature and 
become stable in temperatures up to 1,000~ 

4. Evaporation coefficients, a, for the vaporizing sub- 
stances are constant with the temperature increase. 
With some theoretical consideration, mas,; transfer 
coefficients Kc for evaporating heavy metal com- 
pounds could be estimated as a function of half power 
of the temperature using the obtained values of a. 

A C K N O W L E D G E M E N T  

Fig. 7. Comparison of experimentally obtained vaporiza- 
tion flux to calculated flux from proposed 1(,6. 

This work has been performed by Korea Radioac- 
tive Waste Management Fund. 

product of oxidation (As203) also vaporize with high 
volatility in the same temperature range. As the rate 
of the oxidation reaction will be higher with the tem- 
perature increase, and more AszO3 will be generated 
in the surface of As, of which vaporization coefficients 
are lower than that of As, the evaporation coefficients 

of As will decrease with the temperature increase. 
Therefore it could not be described real evaporation 
coefficient for As in this experiment since reaction 
kinetics could not be analyzed by evaporation of As. 

From the calculated average values of a in given 
ranges of the temperature and the proposed estimated 
Kc as a function of temperature except for As are 
listed in Table 5. The calculated vaporization fluxes 
using proposed values of KG which are noted as solid 
lines are compared to experimentally obtained vapori- 

zation fluxes in Fig. 7. 

CONCLUSIONS 

The analyses and results of the experiment were 
performed to observe the vaporization of hazardous 
and radioactive metals in oxidation atmosphere up to 
the temperature of 1,000~ and could be concluded 

N O M E N C L A T U R E  

A :surface area [cm 2] 
k : Boltzmann constant, 1.3805 • 10-16 erg K- l mo- 

lecule - 
M :molecular  weight [-g g-mole 1]  
N.~ :Avogadro's number, 6.023N10 z3 molecules g- 

mole 1 

N,, :evaporation flux [g-moles cm 2 s 1] 
P :pressure  existing in gas phase in dynes/cm 2 
Pa :partial pressure in bulk gas I-dynes/cm 2, atm] 
Pi :pressure  existing at the interface [-dynes/cm 2, 

atm] 
Ps : vapor pressure at the surface of the liquid [-dy- 

nes/cm 2, atm] 
R :gas  constant, 82.03 cm 3 atm g-mole ~: s l 

t : time [sec] 
T :absolute temperature [K] 
Ts :absolute temperature of liquid [K] 
T, : absolute temperature of gas at the interface [K] 
W :weight of sample I-g] 

Greek Letter 
a : vaporization coefficient [-]  

Korean J. Ch. E.(Vol. 11, No. 4) 



238 H.-C. Yang et al. 

REFERENCES 

i. IAEA-TR-302, Treatment of Off-gas from Radioac- 
tive Waste Incinerators, IAEA, Vienna, l I1 (1989). 

2. EPA 520/1-91-010-1, Radiation and Mixed Waste 
Incineration - Background Information Document, 
Vol. 1: Technology, 2-1-4-13 (1991). 

3. NUREG-1393, The Incineration of Low-level Ra- 
dioactive Waste, U.S. NRC, 23 (1990). 

4. Kim, J. H. et al.: Annual Report for "Development 
of Radioactive Waste Treatment Technology(III)- 
Development of Radioactive Incineration Techno- 
logy(IV)-Construction of Demonstration-Scale In- 
cineration Plant", KAERI-II/RR-9/90 (1991). 

5. Kady, T., Trichon, M. and Feldman, J.: "Heavy 
Metals in the Stacks; Where are They?", Proceed- 
ings of 1991 Incineration Conference, 597 (1991). 

6. Caramelle, D., Horestan, J. and Waldura, C.: "In- 
cineration of Radioactive Waste: A System of On- 
line Measurement of Gaseous Multicomponents', 
'90 Incineration Conference (1990). 

7. Smith, W.S., Wong, T. and Williams, G.: "Incin- 
erator Off-gas Monitoring", Incineration Basic 
Course, Proceedings of '89 Incineration Confere- 
nce, (1989). 

8. Trichon, M. and Feldman, J.: "Problem Associated 
with the Detection and Measurement of Arsenic 
in Incinerator Emissions", Proceedings of '91 Incin- 
eration Conference, 576-578 (1991). 

9. Jacke. Fergusson, The heavy Elements; Chemis- 
try, Environmental Impact and Health Effects, Pe- 
rgamon Press, 92 (1989). 

10. Goosens, W.R.A. at al.: "Treatment of Gaseous 
Effluents at Nuclear Facilities", Harwood Academ- 
ic Publishers, 311 (1990). 

11. Caramelle, D. and Chevalier, G.: "Off-gas Cleaning 
and Release from Radioactive Waste Incinerator 
Protection and Safety Aspects", Incineration of 
Radioactive Waste, Sep. London, (1985). 

12. Feldman, J. and Trichon, M.: "Contribution of Me- 
tals Emissions from Radioactive Waste in Incin- 
erators", Lecture Notes for '87 Incineration of Mi- 
xed and Low-level Waste Conference, H1-Hll 
(1987). 

13. Waterland, L.R. at al.: "Pilot-Scale Incinerability 
Evaluation of Arsenic- and Lead-contaminated Sol- 
id from to Superfund Sites", Proceedings of '91 
Incineration Conference, 335 (1991). 

14. Krikorian, O. H.: "Analysis of Plutonium and Ura- 
nium Volatilities from Mixed Wastes in the Molten 
Salt Process", Proceedings of '91 Incineration Con- 
ference, 311 (11991). 

15. Broomfield, B.J. and Fort, L.A.: "Assessment of 
High-temperature Thermal Processes to Treat 
Mixed Waste at the Hanford Site", Proceedings 
of '91 Incineration Conference, 571 (1991). 

16. Waterland, L.R. at al.: "Trace Metals Fate in a 
Rotary Kiln Incinerator with an Ionizing Wet 
Scrubber", Proceedings of '90 Incineration Confer- 
ence, 4.4.1-4.4.7 (1990). 

i7. Murray, F. et al.: *Metals, HCI and Particulate 
Removal using a Bag House, Crossflow Scrubber, 
and Ionizing Wet Scrubbers", Proceedings of '90 
Incineration Conference, 5.5.0-5.5.9 (1990). 

18. Feldman, J. and Trichon, M.: "Contribution of Me- 
tals Emissions from Radioactive Waste in Incin- 
erators", Lecture Notes, '87 Incineration of Mixed 
Waste Conference, H10-H20, (1987). 

19. Bamford, C. It. and Tipper, C. F. H.: Comprehen- 
sive Chemical Kinetics, Elsevier Scientific Pub- 
lishing Company, 3 (1975). 

20. Kubaschewski, O. and Alcock, C. B.: Metallurgical 
Thermochemistry, 5th Edition, International Se- 
ries on Material Science and Technology, 379 
(1989). 

21. Villa, H.: ]. Soc. Chem. Ind., 59 (1950). 
22. Richardson, F.D. and Jeffes, J. H. E.: ]. Iron Steel 

Inst., 160, 261(1948). 
23. Weast, R.C.: CRC Handbook of Chemistry and 

Physics, CRC Press, Inc., Boca Raton, Florida. 
24. Lamoreaux, R. H. and Hildenbrand, D. L.: J: Phys. 

and Chem., 13, 151(1987). 
25. Lamoreaux, R.H. and Hildenbrand, D. L.: j: Phys. 

and Chem. Ref. Data, 3, 419 (1984). 
26. Delany, L.J. and Eagleton, L. C.: AIChE ]., 8, 418 

(1962). 
27. Sherwood, T.K. and Johannes, C.: AIChE ]., 8, 

590 (1962). 

October, 1994 


