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ABSTRACT 

BEHAVIOUR OF METALS IN MSW INCINERATOR FLY ASH 

DURING F-OASTING WITH CHLORINATLNG AGENTS 

Doctor of Philosophy 

1997 

Chris Chi-Yet Chan 

Department of Chernical Engineering and Applied Chemistry 

University of Toronto 

A process for removal of heavy metals from municipal çolid 

waste (MSW) incinerator fly ash was studied on a laboratory scale. 

The process is characterized by the formation of volatile chlorides 

of heavy rnetals during thermal treatment at temperatures from 600°C 

to 1050°C. A quartz tube furnace was used for roasting the fly ash 

sample in an air Stream with the presence of a chlorinating agent. 

Operational parameters, such as roasting temperatue, roasting 

time, and types and quantities of chlorinating agents, were 

studied. The woxking conditions for volatilization of Pb, Cu, Zn 

and Cd, were established. This process not only recovers the 

valuable heavy metals £rom the fly ash, but also converts the fly 

ash from potentially hazardous into non-hazardous material for 

recycle or its safe disposal in a landfill. Material balances on 

the fly ash components revealeü the metal contaminant distribution 

between the volatile matter and the ash residue. More acid 

resistant compounds were formed af ter the heat treatment . C a C l ,  



was found to be a more selective chlorinating agent compared to CI- 

for volatilizing the ûbove heavy metals from a cornplex matrix such  

as fly ash. A linear relationship between the efficiencies of 

volatilization of the partially recovered metals and their standard 

free-energy changes for the chlorination reactions was indicated. 

Many of these chlorination reactions were found to be of f i r s t  

order. X-ray powder diffraction was used to idenrify various 

chemical cornpounds to confirm specific reaction mechanisms and to 

characterize the volatile matter and the heat-treated/uncreated fly 

ash. The reason for the unexpected leachability of Cr and A1 from 

the treated ash residue was investigated and resolved. The 

applicability OF the resufts to other residues was determined. The 

techniques developed for: the MSW fly ash were applied to a steel 

dust waste with success for removal of zlnc anci iead contamlnânts. 
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1, INTRODUCTION 

Incineration is a growing option in MSW disposa1 management. 

Besides producing energy, the method can reduce the volume of waste 

(from trash t o  ash) by about 90% 1 During incineration, solid, 

liquid, and gaseous wastes are converted to a residue containing 

almost no combustible matter and to gases emitted into the air. 

The hydrocarbon compounds oxidize to f o m  carbon dioxide and water. 

The residue that settles in the furnace is called bottom asn 

(comprised of about 95 w t %  of the total ash), while the f i n e c  

particulate matter, entrained by the air Stream and captured in the 

air pollution control devices, is called fly ash (about 5% of total 

ash) [2] . Fly ash £rom the MSW incinerators contains neavy rnetals, 

such as Pb and Cd [1,3], which can be leached i n t o  soil and water 

bodies if the ash is disposed of in a landfill. Mitcnell et al. 

Il] investigated fly ash samples in the UK and founa that the 

average concentrations of Pb, Cd and Zn in tne fly ashes were 108, 

113 and 387 times higher respectively than in soil. Grayaon and 

Kirk [3] reported that these metals exist primorily on the surface 

of larger particles (mostly silicates) in the form of chloride, 

which is supported by Germani and Zoller's observation [ 4 ] .  The 

reported sources of Pb, Cd and Zn in M S W  include plastics 

containing Cd stabilizers and pigments, and discarded Ni-Cd ana Pb 

batteries [ S , 6 ]  . 
Leaching of heavy metals £rom the fly ash in landfill to the 

environment has received considerable attention and has  been 

addressed in the literature [1, 7 , 8  1 . According to Mitchell et al. 

[Il, these metals associated with MSW incineration fly ash are 
likely to be more soluble in landfill than those associated with 

coal fly ash. Germani and Zoller [ 4 ]  studied the water solubility 

of elements in fly ashes, giving solubilities ranging from 63% for 

Zn to 100% for CI. This mobilicy could be greatly enhanced when 

the ash is CO-disposed with organic biodegradable materials found 

in ord ina ry  domestic refuse [II . To prevent leaching of heavy 

metals to the ground water andior sub soil, one may equip the 



landfill sites with liners or leachate collection/treatment 

facilities or remove heavy metals prior to the disposal. 

Pb and Cd are the elements commonly detected in the fly ash 

leachate, concentrations of which often exceed the limits set by 

legislation [9,10,11], and Zn and Cu are heavy metals which have 

relatively high concentrations in MSW fly ash. A process which 

would decontaminate the ash so that it can  be safely disposed of in 

a landfill would be desirable, especially if the process could 

simultaneously recover the contaminant metals. A wet process of 

extracting the metals from the fly ash with acids bas been used in 

some places [12,13] for these purposes. The drawbacks of this 

process are the difficulties of filtering the leachate due to the 

formation of the gelatinous silicate and aluminum compounds, an& in 

recovering the individual metals from the leachate àue to its 

complex matrix. On the other hand, a dry process, such as thermal 

treatment, is potentially attractive. IF. view of the volatile 

nature of metal chlorides at nigh temperature, it appears  to Se 

possible to separate some heavy rnetals frorn the ~ u l k  (Si, ..?il and 

Ca) of the ash by a thermal process. Furths-more,  some metal 

oxides can be converteà to volatile chlorides in the presence of 

chlorine or chlorine releasing agents at high temperature. This 

method of chlorination has been described by Akock and Habashi 

[14,15] and appliea in metallurgy for recovery of metals. The 

speciation of contaminants in fly ash iç compkx,  so chat i t  is 

necessary to investigate whether some or a l l  of the species can be 

recovered and to determine t h e  chemistry involved. One objective 

of this study was to identïfy the conditions at which heavy metals 

would best be removed by chlorination volatilization. The 

principal parameters investigated in the experirnents were heating 

temperature, heating time, and amount and type of chlorinating 

agents. Consideration was a l s o  given as to whether the chloride 

content in the f l y  ash is sufficient for effectively volatilizing 

the heavy metals. 

Jakob et al. [16] studied the evaporation of Zn, Pb, Cd and Cu 

in a fly ash in various atmospheres at temperatures between 670° 



and 1 3 0 0 0 C ,  and found that the evaporation was most effective at 

temperatures just below the melting range of the ash (1000-1100 

OC) . Fray [17] reported that Zn, Pb and Cd could be separated f rom 

electric arc furnace dust, which was mainly iron oxide, when the 

dust was heated with chlorine in air. Deng and Li [18] roasted a 

complex gold ore at 1000-1050°C, using calcium chloride as a 

chlorinating agent, and were able to recover the precious metals as 

chlorides. As a cornmon practice, chlorination is an important 

first step in the extraction of zirconium, vanadium and titanium 

£rom their oxides [19] . Temperature is an inffuential factor in 

chlorination. When chlorination is conducted i n  rhe têmperaturs 

range 100-600°C, the metal chlorides formed are u s u a l l y  non- 

volatile, and the rnetals are recovered by leaching with water. 

Chlorination can take place in the temperature range 6 0  0 -lOOO°C 

such that the desired metal chlorides are volatilized and can be 

recovered by condensation, as in the case of titanium recovery. 

The criteria of this study was not only confirîed to Pb, Cd, Zn 

and Cu, but also extended to many o t h e r  metals t~ givs a Sroader 

scope of their behaviour at nigh temperatcre. In c r à e r  ,O 8etter 

understand the distribution of these meïals in Ely asn and the 

mechanism by which ïhey are cransported in t n e  rcascing systern, 

accurate information about the metal content in fiy açh and in the 

volatile matter, as well as knowledge of thermal behaviour of the 

metal chlorides, are required. 

The difficulty of cbtaining complete aqueous digestion of MSW 

fly ash has been noted by sevoral workers [20, X ]  . Although Cahill 

et al. [ 2 2 ]  claimed that the strong acid cigestion (HF-HC10;) 

caused complete dissolution of the ash particles and provided total 

rnetal concentrations, Fernandez et al. [Il] admitted the incomplete 

dissolution by stating that strong acid digestion (with aqua 

regia/HF and HF/HClO,) dissolved the sample almost totally . The 

fact remains that after digestion of the f l y  ash sample with 

whatever kind of strong acid, some residue, no matter how minute, 

is always retained. The incomplete digestion often leads to 

inaccurate analyticâl results. This report presents the results of 



complete elemental analyses of f ly ash using the sample dissolution 

technique of strong acid digestion in combination with fusion of 

the acid resistant residue to account for the total elemental 

content. With this background information, the efficiencies of 

volatilization of rnetal chlorides from using various solid and 

gaseous chlorinating agents were compared and discussed. 

An X-ray powder diffraction technique was used extensively 

throughout the s tudy to ident i f y  various chemical compounds f orrned 

to confim specific reaction mechanisms and to characterize the 

volatile rnatter and the heat-treated and untreated fly ash, The 

current linderstanding of fly ash reactions is vê-ry Limiced due to 

uncertainty of the speciation of metals Ln the f iy ash. Porc of 

this work was designed to develop an understanding of the reactions 

using thermodynamic and kinetic tools. 

2 .  OBJECTIVES 

(1) The main objective was to develop a thermal treatment 

method for rernoval of the heav-y metals (Pb, Cd, Zn, Cu, from MSW 

incinerator fly ash, so that the decontarninated fly ash coula be 

recycled or sa fe ly  disposed of in a landfill. The wcrk ï n v o h e d  

the investigation of the operational parameters, such as the 

roasting temperature, roast ing t ime, and types and quant it ies of 

the chlorinating agerrts, so that the working conditions for 

volatilization and reccvery of these metals car. be escabiished. 

( 2 )  The other ob3ective w â s  to investigate the chlorination 

mechanism. Altnough chlolrinat ion react ions ac high temperatures 

have been used for extraction of netals £ r o m  various industrial 

materials including ores and fly ash, the precise mechanism of the 

reaction is not entirely understood. One of the difficulties is to 

understand thoroughly the behaviour of the individual metals at 

high ternperatures. In order to achieve the best effect of the 

chlorination reaction for a specific application, more detailed 

knowledge in the ares  is needed. The following are examples: 

i) Characterization of the heat-treatedhntreated fly 



ash and the volatile matter is the f irst step in understanding 

their basic chemical nature. Cornparison of the chemical 

content among these samples is needed to trace the pathway of 

transport of the metals. The identification of the chemical 

phases (the reaction products) in these samples enables one to 

disclose some of the chemical reactions involved. The 

surfaces of the fly ash are the active sites for chemical 

reactions. Surface analysis can provide information about the 

major chemical changes from the thermal treatment. 

ii) Thermodynamics and kinetics are important tools for 

studying the reactions. Part of this work was to develop 

relationship between the efficiencies of volatilization of the 

metals and the thermodynamic properties, such as the free 

energy changes of the reactions, and the vapour pressures of 

the metal chlorides; and to develop reaction rate equations 

for the chlorination reactions with the metal compounds, thus 

determining the order of reaction. 

(3) In a previous study of thermal rrêacmenc of che MSW fly 

a s h  i n  t h i s  laboratorv, the leaching cests indicated cnat the 

concentratiolis of the metals in the leachate of the heat-treated 

fly ash were in general lower t h a n  those of the untreaced fly ash. 

However, Cr and A1 were the exceptions, as chere was more leaching 

£rom the heat-treated ash. This was noc a favourable outcome, 

since Cr is an element of environmental concern. The reasons for 

the exceptional behaviour of Cr and Al were not clearly known at 

the time. An objective was to resolve this enigma, using synthetic 

chernical samples to study the specific reactions. The results can  

be pave the way for rernedying t h e  problem of leaching Cr and Al. 

(4) The roasting process is potentially useful for other 

applications. This objective was to determinê wnether the results 

of this work can be applied to: 

i) removal of Zn arid Pb £rom the basic oxygen furnace 

(BOF) dust so that the dust can be suitable for recycling 

back to the steelmaking furnaces- 

ii) decontamination of dioxins and furans from t h e M S W  fly ash. 



3 .  THEORETICAL 

3.1 Genesis of fly ash 

MSW is a heterogeneous mixture of different materials. It 

contains approximately 30% paper, 10% plastics, 5% metals, 10% 

glass and 40% biological material [3,23]. The elemental 

composition is subject to considerable variation with time. Upon 

combustion, some metals and metal compounds in the waste are 

relatively volatile and vaporize under the conditions encountered 

in the incinerator [23]. Besides oxidation, other reactions also 

occur, such as chlorination of alkali metals and heavy metals to 

form chlorides [3] . These chlorides are also volatile. Together, 

the vapours are carried away £rom the waste by the exhaust gas and 

recondense as the gas cools. The vapours condense both 

homogeneously to form new particles and heterogeneously on the 

surfaces of the entrained ash particles [ 2 4 , 2 5 ]  . Thus, the 

chloride concentration on the surface of these particles (fly ash) 

is expected to be much higher than the average chloride 

concentration of the fly ash, as will be illustrated in a later 

section (Section 5 . 5 . 2 ,  Table 20). In an incineration operation, 

the fly ash in the incinerator flue gases is trapped by air 

pollution control devices such as fabric filters or electrostatic 

precipitators. 

3.2 Thermal treatment on f ly ash 

Thermal treatment can re-vaporize the volatile metal compounds 

from the fly ash. Massillamany [ 2 6 ]  heated the fly ash in air at 

1000°C for 3 hours and found that 52-66% of the Cd, 81-97% of the 

Pb and 30-46% of the Zn were removed by vaporization. Thermal 

treatment can be carried out either in an oxidizing condition, such 

as in air, or in a reducing condition, such as in argon atmosphere 

with the presence of carbon in the sample. Each condition has its 

own merits and disadvantages. Jakob et al. [16] heat-treated fly 



ash at llOO°C, and found that the amounts of evaporation were 9 8 -  

100% of Pb, Cd, and Cu and 50% of Zn in air, and 98-100% of Pb, Cd, 

and Zn and 10% of Cu in an argon atmosphere, respectively. They 

explained that given the high chloride content of the fly ash, it 

was most probable that in air the heavy rnetals rvaporate as 

chlorides; and in the argon/carbon reducing condition, the heavy 

metals such as Zn and Cu evaporate as metals. Another reducing 

condition was employed by Clifford et al. [ 2 7 ]  to treat lead- 

contaminated soil. The sample with the contaminants in the form of 

PbSO,, PbCO,, Pb0 and Pb was heated in a Vycor tube furnace at 900°C 

in a Stream of hydrogen. Subsequent analysis of the soi1 showed 

that more than 90% of the lead had been removed. In the 

experiment, they observed an imrnediate puff of black "smoke" at the 

outlet end of the Vycor tube when the sample was introduced to the 

furnace. The black "srnoke", which continuously plated out on the 

outlet end during the heating, was found to be a mixture of carbon, 

lead and P b S .  This deposit was not easily rinsed out or dissolved 

by acids, and consequently the Pb and other metals in the deposit 

could not be accurately quantified. 

A more effective way to vaporize t'ne heavy metâls from Ely ash 

in a thermal treatment is by means of cnlorination in an oxidizing 

condition. Chlorination is a process by which metal chloride is 

obtained by the reaction of metal oxide with a chlorinating agent. 

When it takes place at high temperatures, specific metal chlorides 

are volatilized and recovered from the gaseous phase by 

condensation. The chlorinating agent can be gaseous, liquid, or 

solid. For example, chlorine and hydrogen chloride are gaseous 

agents ; carbon tet rachloride and sulphur chloride are liquid 

agents; and calcium chloride and sodium chloride are solid agents. 

The overall reaction of a typical chlorination of an oxide, MO, by 

M'Cl, can be expressed in the following equation, 

MCL , * l .  + M'O 

M being the target metal to be volatil ized and recovered, and M'Cl; 



being a chlorinating agent. There are three main factors that 

affect the reaction. (i) Stability of M'Cl,. The more stable the 

M'Cl,, the more difficult it is for the reaction to proceed toward 

the right, and the yield of MC1, less. (ii) The standard free 

energy change for t h e  reacticn. The more negative the AG" value 

for the react ion, the more f avourable the react ion. (iii) 

Volatilization or the vapour pressure of MCIZ. If MC12 is volatile, 

it can be removed readily, and hence t h e  equilibrium of t h e  

reaction will shift to the right and the yield will be good. 

Holmstrom [ 2 8 ]  reported that CaC1, w a s  found to be a suitable 

agent in his work since it generates a gas at 600-700°C  with a 

partial pressure of chlorine h i g h  enough to chloridize the 

impurities of Sb, As, and Bi from concentrates c o n t a m i n a  copper, 

silver ând gold .  Morizor et al. ( 2 9 1  worked on a volatilization 

and chlorination process by roasting antimony sulphiàe with CaCl, 

in t h e  presence of oxygen at 5 0 0 ° C ,  The overall reaction of the 

process is 

They stated that cche process is, in fact, separated 

number of stages, including the one which generates the 

chlorine, 

CaC1, + 1/2 0- + C a 0  + Cl- 

which attacks the antimony oxide, an intermediate product, 

antimony chloride. 

into a 

active 

to y i e l d  

The behaviour of a metal in the presence of chlorine and 

oxygen depends on the relative affinities of chlorine and oxygen 

for the metal. The reaction 



is possible only if the chlori.de is more stable than the oxide. 

The di£ ferences in af f inities of the metals for ch1 orine and oxygen 

can be expressed by the values of the standard free energy changes 

for the reactions, aG0s. Fig. 1 shows these aGO values as a 

function of temperature. These indicate that at 1000QC, for 

example, certain oxides, PbO, CdO, and Zn0 can be converted 

directly to chloride by reaction with chlorine under standard 

condition, i . e., C l 2  is at 1 atm and produces the volatile chloride 

and oxygen both at 1 atm; while others such as Al, Ti, and Cr 

remain substantially as oxides as indicated by the positive sign of 

AG*. The a G O ,  being the difference between the sum of the free 

energies of formation of the products and the surn of the free 

energies of formation of the reactants, can be calculated using the 

available thermodynamic data [ 3 0 ]  . The calculated values of the 

above examples are shown below: 

The requirement for a reaction to be feasible or spontaneous 

is that the AG value, not aG0, be negative. However, the aGO 

values have their own usefulness ; for one thing, they provide a way 

for comparing stabilities of similar compounds (chlorides in this 

case) . The more negative the aGO, the more stable the compound 

(chloride) for a given chernical reaction. 

It is conceivable that the overall chlorination reaction at 

1000°C shown in equation (1) can proceed by several different 

mechanisms: 

( a )  T h e  oxide of the target metal dissolves in the melt phase 

of the fly ash sample and reacts with the chlorinating agent. 



(b) The overall reaction can be separated into two stages. 

M ' C 1 2 , 1 ,  + 1/2 O2 + M'O + C l 2  (10 

The metal oxide dissolves in the melt phase of the fly ash 

sample and reacts with the dissolved chlorine generated from 

reaction (10). 

( C )  The overall reaction is separated into two stages as in 

(b), but the generated chlorine gas reacts with the solid metal 

oxide . 
(dl  The solid metal oxide reacts with the vaporized 

chlorinating agent, 

Reaction mechanisms (a), (b) and ( c )  are al1 possible. Both 

(a) and (b) involve reactions in a homogeneous liquid phase, and 

(c) involves gas-solià phase interactions. Under such conditions, 

al1 these reactions c m  be effective. Mechanisrn (d) is unlikely to 

be significant because the vapour pressures of the chlorinating 

agents are too low to be effective for the reaction. 

The chlorination of a metal oxide existing in the fly ash rnay 

not be as straightforward as shown in equation (1) or as in 

and tne efficiency of volatilization of the target metal is 

sometimes difficult to predict, since the fly ash contains many 

constituents including alurnina and silica which affect the 

reaction. The chlorination reaction using C a C l -  as a chlorinating 

agent can be greatly enhanced by the addition of an acid oxide such 

as SiO, [ 1 5 ] .  The C a 0  can  be converted to silicate and the 

equilibrium of equation (13) shifted to the right. The overall 



reaction becomes 

A similar reaction occurs if NaC1  is used as the chlorinating 

agent. 

These reactions are used in the recovery of nonferrous metals £ r o m  

pyrite cinder ( 1 5 1 .  Deng et al. El81 roasted a gold o r e  using 

C a C l c  a s  chlorinating agent because the latter evolves Cl- on 

reaction with SiO, and air as s h o w  in the equation below. 

CaC1, + Sio- + 1/2 0- + CaSiO: + Cl- (16) 

The atoms on the surface of the elemental gold were able to react 

with the chlorine to form volatile chloride (311. 

As a major component of the fly ash [32], (also see Table 2 ) ,  

silica may enhance the ability of the chlorinating agent in a 

similar way under oxidising conditions to release chlorine by 

forming silicates. When the reaction occurs  with the CaC1- in the 

liquid state, the standard free energy change for the reaction at 

1000°C is c a l c u l a t e d  t o  be 1 6  kJ as shown, 

CaCl2{,; + SiO;!;. + 1/2 0- + CaSio,,,; + Cl- AG*,,,,,,, = 16 kJ (16) 

The available Cl; then attacks the metal oxides to form rnetal 

chloride as shown in equation (5) . Without the aid of SiO,, the 

corresponding reaction proceeds with more difficulty, as the 

standard free ener-gy change is greater compâred with reaction (16) . 

CaCl,,,, + 1/2 0: 3 Ca0 + Cl-  AG^^^^^^^ = 107 kJ (3) 

As the chlorides of many heavy rnetals are easily vaporized at 



high temperature, a chloride roasting process for the fly ash was 

investigated. CaC1, was first chosen for the study as a 

chlorinating agent because Ca cornpounds, such as Cao, are generally 

not volatile at high temperature and because CaC1, is relatively 

inexpensive and easy to acquire, and is often a waste product of 

the chemical industry. Due to the presence of SiO2 in the fly ash, 

it is expected that the generation of Cl, will be enhanced and as 

well as its reaction with heavy metal compounds in the f l y  ash. 

4 .  EXPERIMENTAL 

4.1 Apparatus and instrumentation 

A tube furnace, Carbolite Model TZf 12/75, with a programmed 

temperature controller, Model 808 P; a quartz tube, 100 cm long and 

3 cm i.d., to contain the alumina boat and to confine the heating 

space, (see schernatic diagram in Fig. 2 )  ; an absorber containing 5% 

HNO: to absorb the volatile metal chlorides; air and nitrogen 

supplies £rom cylinàers; chlorine s u p p l y  £ r o m  lecture bottle; 

Teflon beakers, 30 mL, for digestion of samples with HF and other 

acids; graphite crucibles, 8 rnL, f o r  fusion of acid resistant 

residues; a m u f f l e  furnace, Hotpack Model 4601, for heating pure 

chemicals f o r  the study of chemical reactions. 

Anaiytical Instruments used include: an atornic absorption 

spectrometer, Perkin Elmer Model 7 0 3  ; an induct ively coupled plasma 

spectrometer, Spectro Analytical Instruments Model Spectro flame P; 

an ion chromatograph, Dionex Model 20001/SP; a gas chromatograph, 

Hewlett-Packard Model HP5890 Series II, and a rnass spectrometer, VG 

Model AutoSpec; a Du Pont Instruments Model 951 Thermogravimetric 

Analyzer interfaced with a VG Model EGA 300 MM mass spectrometer. 

For identification of chemical compounds and elemental species, two 

X-ray pcxder diffraccometers, Philips Model PW 1120-60 and Siemens 

Model D 5000, and an X-ray photoelectron spectrometer, Leybold 

Model MAX 200 were employed. 



4 - 2  Materials and reagents 

The fly ash used in this study came £rom an incineration plant 

in New York State in 1991. The flue gas from the combustor was 

passed through electrostatic precipitators prior to discharge. 

Grab samples of the ash were collected £rom each of the four 

precipitators. Each sample was passed through a 20 mesh sieve and 

was mixed with a tumbling mixer for several days in this laboratory 

to ensure that the samples became homogeneous. They were 

distinguished by coding A ,  B, C and D. In the following 

experiments, mainlv sample D was used. 

Al1 chemicals used were analytical grade and water was passed 

through a reverss osmosis unit and deionized. Nitric acid ( 7 0 %  

W/W) , hydrof luoric acid ( 4 9 %  w/w) , perchloric acid (60&, w/w) , and 

hydrochloric acid ( 3 8 % ,  w / w )  were used for digestion of samples; 

lithium metaborate ( L i B O - 1  for fusion of acid resistant residues; 

1000 ppm standard solutions of Pb, Cu, Zn, Cd, and Cr for 

preparation of working standard solutions for analytical 

calibration. The chlorinating agents were CaC1-• 2 H 2 0 ,  MgC1,- 4 H 2 0 ,  

FeC1,- 4H,O, AlCl,- GH,O, and NaCl. Cr,O,, C r O , ,  Al-O,, Cao, and 

Zn09 Fe-O, - were used for study of chernical reactions. 

4 . 3  General procedure f o r  roastins samples 

A sample and a chlorinating agent which was in powder form, 

were weighed out. They were thoroughly mixed in a weighing dish 

with a plastic rod before being transferred to an alumina boat. 

The sample in the boat w a s  t hen  pushed with a steel rod into the 

mid section of the quartz tube. The arrangement of the roasting 

system is shown in Fig. 2 .  

The furnace was turned on. The heating parameters were 

selected by using the controller. The typical values of parameters 

and the prograrnmed heating sequence are shown as follows: 



1st ramp speed (Rate of change of temperature) 20°C/min 

1st level of temperature ( T , )  SOO°C 

1st dwell at T, (Holding time) 10 min 

2nd ramp speed 13 OCimin 

2nd level ot ternperature (TJ 1000°C 

2nd dwell at TI (Holding time) 1-3 h 

Heating off 

The parameter, "1st holding tirne", was selected as 10 min to 

provide sufficient time to burn off the carbon in the sample at 

SOO°C, to ensure that the roasting was carried out under oxidizing 

condition. About 30 min was required for the Eurnace to reach 

500°C £rom room temperature, and about 40 min £rom 500 to 100o0C. 

After heating was turned off, about 4 h was needed for the furnace 

to cool down £rom 1 0 0 0  to 500°C. 

During heating, dry air was supplied at = 150 ml/min to 

entrain the volatile matter. On leaving the furnace, the volatile 

matter first condensed partially on the wall of the quartz tube 

outside the heating zone (area 1) and then on the condensation tube 

(area 2) ; the rest of the volatile matter was absorbed in 5% ( v / W  

HNO, solution in a scrubber (area 3) . A f  ter heating, the condenseà 

volatile mat te r  in area 1 and 2 were dissolved in 5% (v/v) HNO,. 

They were combined with the solution in the scrubber. The combined 

solution contained al1 the volatile matter, and the elements in the 

solution were determined by instrumental analytical techniques. 

4.4 Procedure for determination of total elemental content in f ly 

ash 

A 0.5 g of fly ash sample was digested with approximately 6 mL 

of the concentrated acid mixture, HNO, : HF : HClO, (4 : 2  :1) in a 
Tef lon beaker on a hot plate and heated to near dryness until dense 

white fumes appeared. The contents were digested once more with 

approxirnately 4 mL of the acid mixture, and heated to near dryness. 

1 mL of HNO, was added followed by I rnL of water. The contents 



were heated for a few minutes, then cooled and diluted with 

approximately 30 mL of 5% ( W v )  HNOI. The solution was iiltered 

through a Whatman No. 4 filter paper, and made up to 50 mL with 

water, (solution 1) . 
The undissolved residue, although minute, contained some 

refractory chemical cornpounds that should be accounted for if an 

accurate analysis is desired. To determine the chemical elements 

in this acid resistant matter, the following steps were followed. 

The dried residue was mixed with 0.5 g of lithium metaborate flux 

in a plastic dish. The mixture was transferred to an 8 rnL graphite 

crucible and was fused at 9 5 0 ° C  in a mu£ f le furnace for 5 min. The 

molten bead was poured into a beaker containing 30 rnL of 5% HNO, 

and dissolved with the a i d  of a magnetic stirrer. The solution 

containing scme loose graphite particles was filtered and made up 

to 50 mL with water, (solution 2). 

Solution 1 along with solution 2 were used for decermination 

of the chemical elements which accounteu for t k  total content of 

the elements in the fly ash ssmple. 

5 .  RESULTS AND DISCUSSION 

Chernical content of the fly ash 

Before starting the study of the thermal behaviour of the 

metals in fly ash, the total conter,t of the elernents in the fly ash 

sample was neeàed, so t n a t  tne aegree of change or removal of the 

metals due CO the thermal treatment couià De quantified by 

cornparing with their original amounts. 

Following the procedure of determination of total content of 

chemical elements, a fly ash sarnple (sample D) was digested and the 

insoluble residue was fused and dissolved. The solutions were 

analyzed for chemical elements using inductively coupled plasma 

spectrometry ( I C P ) .  The sum of the content of an element in both 

solutions accounted for the total content of the element in the fly 

ash sample. The results for 32 elements are shown in Table 1. 



Table 1 
Chernical contents of 32 elements in fly ash (sample D) , pg/g. 
Elements were determined by ICP following sample dissolution. 

Direct Fus ion Total 
digest ion res idue  

Al1 the results shown in the Tables throughout the work are 

the mean values of duplicate analysis, unless specified as single 

analysis. Whenever duplicate analysis differed by more than 10% 

additional samples were rün until the combined error was within 

510%. The precision of analysis will be described in Section 5 . 2 . 5 .  



The accuracy for determining the analytes in the sample solucions 

was demonstrated by the close agreement of the analytical results 
with the certified values of two standard reference samples (NIST 

3171a and NIST 3172a), as shown in the quaiity control data in 

Appendix A. 

Besides the refractory elements, most of the elements, such as 

Pb, Cu, Zn, and Cd, were small in quantity in the acid resistanï 

residue (the fusion residue in Table 1) . Those small quantities 

can be ignored when referring to total content of the elements in 

the f l y  ash, if great accxracy is not required. Si, a main 

ingredient in fly açh, was not inciuded in this analysis, çince Si 

was vaporized as Sir, during the digestion of the sampie with EF. 

For a typical fly ash sample, a bulk chemical analysis was 

done by Graydon and K i r k  [ 3 ] ,  and the results were giveri, Ln Table 

2. On the left hand side are the major elements expressed as their 

oxides, Si, Ca and Al being the main ingredients of f ly ash. On 

the right are the minor elements. The last three are the soluble 

heavy metal salts that constitute the onvironmental~y important 

species in fly ash. The ranges of concentration of inorganic 

constituents in MSW incinerator f l y  a sk  [ 3 3 1  âre given in Appenàix 

B. The fly ash stuàied has concentrations which fall within the 

range of the reported vblues. 

Table 2 * 
Typical  chemical analysis of fly ash (in welght percent) 

~ a j o r  element s Dther elements % =  

SO. 

* This Table is quoted £rom Ref. [ 3 ]  
* *  &O,, C l  and Mn0 are not included. 



5.2 Establishment of workinq conditions for roastinq fly ash 

The first goal of the study was to establish the roasting 

conditions which will remove most effectively the concerned heavy 

metals, Pb, Zn, Cu, and Cd £rom the fly ash. The roasting 

parameters under investigation included ( i ) temperature, ( ii 

roasting time, (iii) type and amount of chlorinating agents, and 

(iv) type of carrier gas. 

5.2.1 Effect of temperature on roasting fly ash samples 

5.2.1.1 Effect of roasting temperature 

The roasting parameter that was investigated first was 

temperature. The irnrnediate questions Nere how high s h o u l d  the 

ternperature be in order to effectively volatilize the heavy metals 

and what woufd be the minimum ternperature chat wouid ailow 

effective volatilization. To a 

were designed. A 3 g sample 

f urnace at various temperatures 

1 0 5 0 ° C )  for a 3 h period of 

collectea. It was very solü~le 

s w e r  these questions, experiments 

sample D) was heated in the tube 

(500, 600, 700, 800, 0 0 0 ,  1000, anà 

t ime . The volaiik matter was 

in d i l u t e  a c i a .  -4 5% HNO, was used 

for its dissolution. Five heaw metals, ?b, Cd, Zn, Cu, and Cr in 

the solution were analyzed by atomic absorption spectroscopy ( U S )  . 
These metals were chosen as indicators because they are either of 

environmental concern or are relatively abundant in the fly ash. 

Table 3 shows the quanticies volatilited and Fig. 3, shows the 

efficiencies of volatilization. ~ h e  results point out that the 

higher the temperature, the higher the arnount of al1 these elements 

volatilized (except Cr which was not volatile). The results 

indicate that at temperatures below 900°C, poorer yields are 

obtained; and no reaction occurs below 500°C. The minimum 

temperature that produces maximum yields for al1 £ive elements was 

achieved at 1000°C. A temperature higher than 1050°C i s  

undesirable for several reasons: the quartz tube of the furnace 



deteriorates more rapidly and thus shortens the tube life; some 

compounds in the fly ash may start to sinter and the sample becomes 

fused, making the transfer of the sample difficult; and the cost of 

operation and maintenance of such a heating system in a commercial 

scale increases drastically. Therefore, only the temperature 

range of 1000-1050°C was chosen for further studies, in particular, 

1000°C- To quantify the degree of volatilization of the metals, 

the efficiency represented by E is used, which is defined as the 

percentage of a metal that is removed from the fly ash. 

Table 3 
Temperature effect on volatilization of heavy metals, pg/g sample, 
based on heating sample D for 3 h. 

The yield of the volatilized Pb and Cd at 1000°C Fs quite high 

with an E value above 80% ( s e e  Fig. 3 1 ,  suggesting that they are 

mostly in a chloride form in the fly ash and are ready to be 

volatilized at that temperature. Cu and particularly Zn, have 

lower efficiencies at the temperature range 1000-1050°C, with E 

values of 70% and 40% respectively. Jacob et al, [ 1 6 ]  reported 

that, after thermal treatment of a fly ash for 3 h a t  1030°C, the 

fractions of metal evaporated were = 90% for both Pb and Cd, 80% 

for Cu and 40% for Zn. This agrees well with our observations. 

Unlike the current work involving complete recovery of condensable 

materials, they used a water-cooled cold finger to collect a 

portion of the volatile compounds. The low yields of Cu and Zn in 

both studies may be due ro c h e  fact that these metais are not in a 



ch lo r ide  form. Many studies report that heavy metals exist as 

ch lo r ides ,  oxides and other salts in the fly ash. McKinley et al. 

[12] and Jakob e t  a l .  [16j suggested that a large portion of the Zn 
was in an oxide form. 

To convert a metal oxide into a volatile metal chloride, 

chlorine is required. The source of chlorine can be a solid 

chlorinating agent such as calcium chloride or can be directly 

chlorine gas. It was reasonable to expect that if a chlorinating 

agent is used in roasting a fly ash sample, the yield would be 

higher . 

5 . 2 . 1 . 2  Effect of roasting temperature with the presence of a 

chlorinating agent 

4 s  in the study of the temperature ef fect (the above section), 

3 g of sample D was heated at various temperatures for 3 h, but 

with 10 wt% of Cl as calcium chloride (equivalent to 0 . 3  g CI). 

Temperatures of 500, 600, 700, 800, 900, 1000, and 1050°C were 

chosen for the testing as before.  The volatile natter was 

collected and dissolved in 5% HNO-. Pb, Cd, Zn, Cu, and Cr in the 

solution were analyzed by -4-4s. Table 4 shows the amounts 

volatilized and Fig. 4 shows the efficiencies of volatilization. 

With a chlorinating agent, the trend of temperature dependence of 

E was similar to that without a chlorinating agent. However, the 

E value for Zn increased significantly throughout the entire 

temperature range when calcium chloride was added. At LOOO°C, the 

E value increased from 40% to above 95%. This means that if this 

most abundant heavy metal in fly ash is to be recovered, the use of 

a chlorinating agent is essential. The results suggest that a 

significant portion of the zinc in fly ash is not as chloride, but 

as an oxide. The yields of Cu, Pb, and Cd at 1000°C were al1 

improved. As for Cr, the quant ities recovered were too small to be 

accurately quantified and compared, whether a chlorinating agent 

was used or not. Details of the effects of chlorinating agents 

will be discussed in Section 5 . 2 . 3 .  From Fig. 4, it can be 



observed that at about 750°C (below the melting point of CaCl,, 

7 7 5 * C ) ,  significant conversion of Zn0 to ZnC12 had already taken 

place with a E value of about 60%.  This suggests that the 

chlorination reaction could follow rnechanism (c) , a gas-solid phase 

reaction as described in Section 3.2, p. 1 0 .  

Table 4 
Temperature effect on volatilization of heavy metals, pg/g sample, 
based on heating sample D for 3 h with 0.3 g Cl added. 

- - -  - -- pp -- - -- - - 

Element Ternperature, OC 

500  600  7 0 0  8 0 0  900 1 0 0 0  1050 

5 . 2 . 1 . 3  Effect of roasting temperature on volatilization of 

Na and K 

Another reason for choosing 1000°C instead of 10SO°C as the 

working temperature for volatilizing heavy metals is that the 

matrix of the volatile matter is simpler. This is explained as 

follows. Na and K are major constituents in fly ash as can be s e e n  

from Tables 1 and 2. Unlike the o t h e r  major constituents, Le., 

Ca, Mg, Si, Ai, Fe, Ti, and Si, which remain in the ash, Na and K 

undergo volatilization as chlorides at 1000°C. More details 

regarding the efficiencies of volatilization of the metals will be 

discussed in the l a t e r  sections (Sections 5 . 5 . 1  and 5 . 7 . 1 . 2 ) .  

Furthemore, the degree of volatilization increases significantly 

at higher ternperatures. Table 5 shows the yields at both 

temperatures 1 0 0 0  and 1050°C with and without t h e  addition of a 

chlorinating agent. 



Table 5 
Temperature effect on volatilization of Na and K. pg / g sample, 
based on heating 3 g sample f o r  3 h with and without CaC1,. 

No CaCl- added CaCl, added, 
equivalent to 0.3 g Cl 

A mere 50°C increase at this temperature significantly 

increases the recovery of Na and K when a chlorinating agent is 

used. If t h e  meta l  contaminant recoveries are only concerned with 

heavy metals, anà if lower s â l t  content in the recove-y solution is 

desired for further processing C O  separate  the heavy metals irom 

the solution more e a s i l y ,  1000°C for roascing would be an adequate 

temperature. On the other hand, if the removâl of Ela and K from 

the ash is important, then the choice of 1050°C is pre i e rab le .  The 

recoveries of Na and K are very much dependent upon whether a 

chlorinating agent is usêd. Nithout the aàdition of a chlorinating 

agent, ihere  is not enough Cl from the fly ssn to chlorinate al1 

the Na and K cornpounds. Note the values in T a b k  5 ,  that 43300 pg 

Na to be volatilized as NaCl requires 66700 pq Ci (6.67% Cl in 

sample) . Since sodium and potassium oxides are too reactive to 

exist in the fly ash, the enhanced recovery using chloride 

additions would suggest that these metals exist as silicate salts 

which are susceptible to chlorination. The form in which Na and K 

volatilize is not only NaCl and KCl, but also double salts. This 

will be described in a later section (Section 5 . 4 . 2 )  

5.2.2 Effect of roasting time 

Reaction time is an important parameter to be considered in 

process development. It directly relates to the operating cost- 



To study the effect of roasting time, 3 g of sample D with 0.622 g 

of CaC1,- 2H,O ( 0 . 3  g Cl) was gradually heated up in the furnace f rom 

room temperature to 1000°C following the programmed sequence. It 

was then put on hold at 1000°C. Various holding times, up to 3 

hours,  were tested for their ef f ects on volatilization of the heavy 

metals, Table 6 shows the amounts volatilized and Fig. 5 shows the 

efficiencies of volatilization. It should be noted t h a t  at holding 

time zero (t = O), the evaporation of metals had already begun, as 

some volatilization Cook place during the heating period from 500°C 

to 1000°C, which lasted about 40 min. 

Table 6 
Effect of heating time on volatilization of heavy metals, 
pg/g sarnple. (0.622 g of CaC12-2H,O was added to sample Dl 

Xolding time, min (at 1000°C) 
Metal 

From Table 6, it becomes apparent that the holding time of 30 

min at 1000°C is sufficient for volatilizing a maximum amount of 

Pb, Zn, and Cd. However, more time is required for Cu, a minimum 

of 2 hours. Verhulst et al. [ 3 4 j  studied the behaviour of metal 

chlorides using the computer program ChemSage. They r epor ted  that 

CuCl, i s  stable up to 2 0 0 ° C ,  and at temperatures above 900°C, CuCl 

is the predominant species. CuC1, decomposes at 630°C ( 3 6 1  . The 

boiling point of CuCl is 1400°C ( see  Àppendix Cl, which is much 



higher than those of ZnCl:, CdC1-, and PbC1,  ( 7 3 2 O C ,  960°C and 

951°C). The low volatility of CuCl at 1000QC is obviously one of 

the reasons for the different behaviour of Cu. Formation of the 

double oxides CuO0Fe2O, and CuO=Al,O,. or silicates [ 3 4 ] ,  could also 

slow d o m  the chlorination reaction. Frorn the practical 

perspective, the recovery of Cu may not be important due to its 

insignificant quantity in fly ash -  Thus, the heating time can just 

be 30 min. The reduction of hours of heating time could 

substantially reduce the cost for a large scale heating operation. 

5.2.3 Effect of s o l i d  chlorinating agents 

5 . 2 . 3 . 1  Effects of type and amount of solid chlorinating agents 

The effects of each type of solid chlorinating agent on metal 

removal was studied. Different amounts of equivalent Cl of each 

chlorinating agent were used to compare the effects at each 

addition level. To be useful as a chlorinating agent, it (M'Cl,) 

must be able to release a chlorine-containing gas (Cl; or HC1) when 

it reacts with oxygen or water according to the following general 

reactions. 

M'Cl- + 1/2 O- + M'O + Cl- 

M'Cl- + H-O + M'O + 2 HC1 

The oxide ( M ' O )  should be stable chemically and have low vapour 

pressure, so that the metal initially associated with the 

chlorinating agent will remain in the fly ash and will not cause 

any environmental harm when the treated fly ash is disposed of in 

a landfill. Chlorides, such as CaCl,, MgCl,, FeCI ,  and AlCl, meet 

these requirements. Hence, they were used in this test. NaCl was 

also included because it is a cornmon chlorinating agent in some 

metallurgical processes for recovery of rnetals. 

The fly ash contains 0.5 % rnoisture ( s e e  sec. 5.3.1), which is 

readily removed when the temperature is over 100°C. Some of the 



chlorinating agents contain water of crystallization; calcium 

chloride may have two H,O units per molecule, and rnagnesium 

chloride rnay have six. Upon heating, however, calcium chloride 

loses al1 water at 200°C [ 3 5 ] .  From the previous section, 

temperatures higher than 600°C were shown to be necessary to 

initiate volatilization of the metal chlorides. At these 

temperat~res no residual water would be present. Hence, the 

chlorination through HC1, as shown in equation (17), is unlikely to 

occur in this system where dry air is used. 

A 3 g sample (sample D) with the addition of various amounts 

of equivalent Cl of each of the above chlorides was heated at 

1000°C for 1 hour. The volatile matter obtained was dissolved and 

the heavy metals, Le., Pb, Cu, Zn, Cd, and Cr were determined by 

AAS. The amounts of metals volatilized are shown in Tables 7-11 

and the volatilization efficiencies graphically summarized in 

Fig. 6 - 

Table 7 
CaC1, effect on volatilization of heavy metals, pg / g sample. 
(Sample D was heated at 1000°C for 1 hl 

Cl added, g 
Element 



Table 8 
FeC1, effect on volatilization of heavy m e t a l s ,  pg / g sample. 
(Sample D was heated at 1 0 0 0 ° C  f o r  1 hl 

Cl added, g 
Element 

O 0.1 0.2 0 . 3  

Table 9 
MgCl ,  effect on v o l a t i l i z a t i o n  of heavy mecals, pg ; g sample- 
(Sample D was heated at 1000°C f o r  1 h) 

Cl odded, g 
Element 

O i3.1 0 - 2  0.3 

Table 10 
N a C l  effect on volatilization of heavy rnetais, pg /I g sample. 
(Sample D was  heated  a t  1000QC for 1 h) 

Cl added, g 
Element 

O 0.1 0.2 0 - 3  0 . 4  



Table 11 
A l C l ,  effect on volatilization of heavy metals. pg / g sample, 
shown in duplicate. (Sample D was heated at 1000°C for 1 h) 

Cl added, g 
Element 

O 0.1 0.2 0 . 3  0 . 4  

Fig. 6 shows t h e  effect of rhe type as w d I  as the amount of 

chlorinating agent on the removai of Pb, Cu, Zn, anà Cd. 

Regardless of the type of chlorinating agent, tne E values of these 

metals increased c lea r ly  with t h e  f l r s t  0.1 g Cl added into t h e  3 

g of a s h .  There wâs no significànt change f o r  Pb, Cd ana Cu when 

more chlorinating agent was àddea. T h e  mi~imum amount of 

equivalent Cl requirsd for Zn appears  to be i3.2 g .  To ensu re  a 

sufficient amount of c'l i 2  ckie sample st al: cimes during roasting, 

0 . 3  g Cl ( 1 ü  W C %  of Cl), equiv~lent CO 0 . 6 2 2  g of CàC1-• SH20 , was 

chosen for the experirnent. Anounts of CaC1- equivalent to 0 . 5  and 

O - 6  g Cl were also run, and similar results to 0.3 g Cl were 

obtained. There is no n e e d  to use more than 0 . 3  g Cl, because the 

excessive chloride does not f u r t h e r  affect the volatilization of 

the metals. 

The addition of a chlorinating âgent is h a r d l y  needed f o r  

vaporization of the existing metal chlorides. Thus, evidence f rom 

the high recovery of Pb, Cd and Cu with r.0 additional chlorinating 



agent, and from the small increase in recovery with addition of â 

chlorinating agent, suggests that very large portions of Pb, Cd and 

Cu axe already in the form of chlorides in fly ash. On the other 

hand, the strong dependence of Zn rernoval on the addition of 

chlorinating agents indicates that a signif icant fraction of Zn is 

in the form of Zn0 or in forms other than chloride. 

The tendency to release Cl, f rom dif f erent chlorinating agents 

varies depending on their stability in air. This tendericy can be 

demonstrated by the equilibrium partial pressure of chlorine over 

the chlorinating agent under a constant partial pressure of oxygen 

(0.21 atm). For the reaction of 

the standard free energy change is 

Since AG" is a consCsfi t  aï a gïven cernpêraccr r ,  :ne ê q u i l i b r i u m  

partial pressure gf Cl- ( p l . - )  at the same temperature can be 

calculated. The relaticnship between iemperature and p:,-, from 

different chlorinating agents is shown in F i g .  7. The equilibrium 

partial pressures of Cl- decrease according to the sequence AlCl,, 

MgCl:, FeCl,, CaCl,, and NaCl at a given temperature within the 

range of 6 0 0 - 1 2 0 0 G C .  Wkien chlorination is a necessary step for 

removal of metal, such âs Zn in t h i s  case, t h e r e  should be sorne 

dependence of E on the type of c ' r i l o r i na t i ng  agent. It seems then, 

-41C1, should have ïhe greatest tendency to release Cl- at 1000°C and 

thus it should have the best effect on volatilization of Zn. 

However, the experimental results indicate otherwise (see Fig. 6 ) .  

The order of effectiveness of the chlorinating agents for Zn 

removal was found to be MgCl- = F e C 1 -  - CaC1- > N a C l  = A1Clj. The 

1 o w  effectiveness of C l  is thought to be due C O  its high 

tendency to release Cl- a t  relatively low cemperatures at which the 

rate of chlorination of Zn is not significant. in fact, AlCl, 



sublimes at 190°C, and decomposes at 262OC [36] . To remove Zn via 

chlorination, the temperature has to be higher t han  600°C (see Fig. 

4) . Thus, AlCl, may have partially evaporated or released Cl- 

prematurely before the reaction with zinc oxide can occur. The 

suggestion is supported by the result of a thermal gravimetric 

analysis (TGA) which was carried out by heating a sample of 

anhydrous AlCl; in air at the rate of 2S0/min. The thermogram 

shown in Fig. 8 reveals that the ~ 1 ~ 1 ,  lost about one third of its 

weight as the t empe ra tu r e  rose £rom 100-600°C. 

The low effectiveness of NaCl can further be demonstrated by 

heating 0.100 g of Zn0 with N a C l  (0.3 g Cl) as against CaC1- ( 0 . 3  

g Cl) in the tube furnace at 1000°C for 2 hours. The recovery of 

Zn was f ound to be 2.1% and 80% respectively. Similar resiilts were 

obtained by heating zinc ferrite ( Z n O *  Fe,O,) , a common form of Zn 

compound in f l y  ash [ 3 4 ] ,  with NaCl vs. CaCl,. The recovery of Zn 

was 6.5% and 93% respectively. The low tendency to release C l 1  

£rom N a C l  indicated in Fig. 7 agrees with the experimental results 

that the efficiency of volatilization of Zn was low. Furthemore, 

the vapour pressure of N a C l  at 1000°C is three orders of magnitude 

higher than that of CaC1- ( s e e  Table 29, p .  6 9 ) .  As a result, it 

is easier for N a C l  to evaporate without reacting with oxygen or 

metal oxides, and to end up with the volatile matter. In other 

words, less NaCl will be available as a chlorinating agent. A TGA 

experiment ccnfirmed that synthetic N a C l  evaporates at above 800°C. 

The thermogram, Fig. 8, shows that at 1000°C, about 68% of the NaCl 

rernained (a 32% loss of weight). For t h e  fly ash, analysis of the 

sodium content of the condensed rnatter revealed that more than 70% 

of the sodium salt ( see  Table 27) ended up with the volatile matter 

a f t e r  3 h o u r s  of heating at 1000°C, compared with less than i% of 

Ca, Mg, and Fe salts. 

NaC1 is more stable than CaC1- in the presence of SiO, as 

indicated by a large positive aGO value for the chlorination 

reaction of 

2 NaCl,,, 4 SiO- + 1 / 2  0- + Na,SiO , , ,  + Cl- 



compared with a small aGO for the reaction of 

Hence, it is more dif f icult for NaCl to release C l r  and more likely 

for N a C l  to unàergo evaporation. This is also consistent with the 

experirnental results that Zn was poorly recovered when NaCl w a s  

used as a chlorinating agent as shown in F i g .  6. 

According to Fig. 6, there was no significant difference 

between MgCl,, CaCL,,  and FeC1: in the volatilization of Zn. When 

these chlorides are used, the partial pressure of chlorine in ~ h e  

systern may De about the same. The reaccion between the 

chlorinating agerit and oxygen mây De controlieà by rhe oxygen 

partial pressure in the air, which is clos2 to constant in an open 

system such as the one used in this study. 

There are some other factors that might affect the 

volatilization. The addition of a chlorinating agent rnay enhance 

the metal removal by some rnechanisms other than j u s t  supplying 

chlorine. Added chloride rnay iower the meiting point of some 

species in the ash so t h a ~  t h e  contact p a c c e m  is chonged and the 

reactions are âccelerarec. For example, N a C l  and CdCL-  can form an 

euîectic phase : ~ i i h  a rne l t ing  p o i n c  of ? 9 7 ? f  [ 3 7 ]  . Adding chloride 

can also lower the viscosity of a molren phase so chat zhe rate of 

diffusion increases. KC1 can lower the viscosity of CdCl, from 

around 200 poise to about 150 poise at 650°C  [ 3 8 ] .  The 

significance of these factors was not dirêctly determined. 

5 . 2 . 3 . 2  Effect of better contact between the chlorinating agent 

and f i y  ash 

So far, the results presented were based on mixing the dry 

powder of a chlorinating agent with fly ash. Since the contact of 

the added chloride salt with the ash phase which contains the 

extractable metal, may have a role in affecting the reaction rate, 

a more intimate mixing was performed to determine the magnitude of 



the effect. To achieve a better 

(CaC1, or MgCl,) and the ash were 

contact, the chlorinat ing agent 

thoroughly rnixed and wetted witn 

water to form a slurry. After being dried in an oven a t  1 0 S ° C ,  t h e  

sample was heated at 1000°î for 1 hour with up to 0.2 g Cl added. 

Table 1 2  shows the amounts volatilized and Fig. 9 shows the 

volatilization efficiencies- The metal removal from t he  pre-wetted 

samples was sornewhat improved, particularly for Cu at al1 chloride 

additions. The increase in E was up to about 10% for Cu with 0.1 

g Cl added as C a C l , .  As mentioned before, Cu rernoval was a 

relatively slow process. After the wet treatment, the distribution 

of both added chloride s a l t  and hea-vy metal chloride was likely 

more uni  forrn. Thus, the concact of the added c h l o r i d e  s a l t  and t h e  

targeted metal-contâining phase was more intimate. Again, there 

was no s i g ~ i f  l c a n c  dif ferecce founci 'oetween CàC1- and MgCl-- 

Although che wet rreatmerit resulted i n  some gain in the efficiency 

of volatilizütion, the cime consumed ana che cost for drying the 

mass will offset the gain rn a large scûle operâtion- 

Table 12 
Recovery of heavy metâls f rom gre-wetted sarnple w x h  chiorinating 
agents, pg / g sample. 
(Sampie D was heaied at 1000°C f o r  I h) 

Element CoC1- MgCl- 



5 . 2 . 4  Effect of type of carrier gas 

Both air and nitrogen were used as carrier gases to s t u d y  the 

effect on volatilization of heavy rnetals. With air, the roasting 

was under oxidizing conditions; and with nitrogen, it was under 

reducing conditions because the carbon in the sample acced as a 

reducing agent. A 3 g sample (sample D) was heated at 1000°C for 

3 h with the carrier flow rate at 150 mL/min under the following 

three conditions: (i) air as carrier, (ii) nitrogen as carrier, 

(iii) air as carrier at temperature below 480°C and during ïhe 

holding period at the sarne temperature for 15 min to Durn off the 

carbonaceous matter, foilowed by nitrogen as carrier at 480-10ûO°C. 

The v~latile heavy rnetals recovered a r e  shown in Table 13- 

Table 13 
Heavy rnetals recovered u s i r q  cifferenc carriers, pg ,' g sample 

Heavy metal (1) A i r  ( 2 )  N- (3) NL 
?re-heated u n a e r  a i r  

Under reducirig condition using N- as the carrier, the recovery 

of metâls waç poor, especiâLlÿ thdt of CU, because there w a s  little 

chance for Cu to forrn ~ h e  volaïile CuC1- but CuC1 (b.p. 1 4 0 0 ° C )  

during the entire period of heating ( s e e  also Section 5 . 2 . 2 . )  . 
Heating tne sample ~ n d e r  this condition (ii) caused massive dark 

coloured deposit in the combustion tube. Note the similarity to 

literature [ 2 7 ]  reported earlier (Section 3.2) . This deposit was 

not cornpletely dissolved in àcids, and lis chemical nature is not 



known. Therefore, the results in Table 13 under N2 are inaccurate 

and underrated, and can only be treated as a qualitative 

interpretation. When the sample was heated in air first before 

being subjected to N, in an inert condition at higher temperatures 

as in condition (iii) , the recovery was not as poor as in condition 

(ii) , especially for Cu, because there was some chance for Cu to 

f o m  CuC1:. Moreover, the black deposit was iess apparsnt, which 

sugges C S  that the depos i t contained carbon which could be burned 

off. By burning off the cârbon first, the reducing condition under 

which the recovery of these metâls is unfavourable can be avoided. 

There was no significant dif f erence for the recove-ry of Cd, whether 
- the treatment was under oxidizing or reducing conaicion. ror tnis 

work, oxidizing conditions were seen as more effective in 

volatilizing heavy metal concarninants when ch lo r i r i ûc ing  agencs were 

used. 

5 . 2 . 5  Precision of the method 

The besi condiïLor,s, thus  fart for roasting 5 3 g fly a s h  

sample, urider which maximum volatilizacion of Pb, Zr,, Cu and Cd can 
. . 

be obtained wi th  rnlF.lrnux? rezperature, cime, ana  arnounç of the most 

cf f ect ive  c h l o r i ~ a t  ing zgenc , a r e  s u m a r i z e à  as f ollows : 

Roasting temperature : 

Roasting time: 

Wt. of CaC11.2H-O adcied: 

Air (carrier) flow rate: 

I0OOC'C  

3 h ;  !4 h (Cu noi required) 

0 . 6 3 2  g ( 0 . 3  g Cl) 

150 nL/ rn in .  

Once the roasting cmàitions had been established, the 

reproducibility of the proceçs could be assessed. The precision of 

the method, including volatiiizâtion of tne neavy metals £rom the 

fly ash sample and the determination of the metals (Pb, Cu, Zn, and 

Cd) using .?AS, is expressed as a r ela~ive scandard deviation 

( r a s  .d.) which is calculated from the results of replicate runs. 

The volatilization conditions were: a 3 g sample (sample D) with 



the addition of 0.622 g CaC1,- 2H,O ( O  . 3  g Cl) was heated at 100O0C 

for 3 h ,  The results a re  shown in Table 14. Precision of < 3% 

r . s  .d. for al1 the elements wâs achieved. 

Table 14 
Precision of che volatilization of the heavy metals which xere 
detennined by . U S .  ( 3  g sample D with 0.3 g Cl w a s  heated at 1000°C 
for 3 h-) 

pg / g sample 

5.2.6 Variation of chemical content in fly ash samples from 

different ash collectors 

5 . 2 . 6 . 1  variation of elemental content in fly ash samples 

-?lthough the four f ly ash samples, A ,  9, C ,  D were taken f r o m  

t h e  same Fnci~erator a t  che sarne time, due to being collected in 

di£ ferent electrostat ic p r - e c i p i t a t o r s ,  s l i g n t  variation of the  

chemical composition among tne sarnples was expected. Consider 

sample A. The total c o n t e n t  of Pb, Cu, Zn, and Cd were obtained by 

the following procedure:  a 3 g of sample was roasted with 0 - 3  g Cl 

at 1000°C for 3 h ,  and t h e  v o l a t i l e  matter was collected and 



dissolved in 5% HNO, (solution 1); and the fly ash r e s i d u e  w a s  

d iges ted  w i t h  t he  a c i d  mixture and diluted with 5% HNO, (solution 

2). The elemental concentrations in both solutions were determined 

by AAS.  The sum of an elemental content from both solutions 
r e p r e s e n t s  the total content of tne element  in the fly ash. The 

results are s h o w  in Table 15. The eiemental content of sample A 

is somewhat different chan that of sample O (shown ln tne iast 

column of Table 15, quoced from Table 1, page 16). 

Table 15 
Heavy metal contents in sample A, pg / g sample 

  le ment Volatile Diges~ion Total i Total 
matter ash residue in sample .A [ in sarnple D 

i l )  ( 2 )  (1) + (2) , ( F r o m  Table 1) 

. . 
The small aifferezce iz chernical cornposr~~ofi arnong ssmple A ,  

B, C, and D can aiso 5e =?en from t h e  amounts of :he kLeavy rnettls 
- 7 +  volatilized, as ~ F l l  be àernonscrztr~c in ~ h e  ~o~iowing section. 

5 - 2 . 6 . 2  Variation of volatilization of heavy metals from the fou r  

f ly ash samples, A, B, C, and D 

Chernical analysis of the heavy metals, Pb, Cu, Zn, Cd, and Cr, 

volatilized from rcasti~g each of the four samples, ctlso confirmed 

the variation of elernentàl content among t h e  sampies, as can be 

s e e n  from Tâble 15. The r2sults were obtained ny heating 3 g of 

each sample with the aààition of 0 . 6 2 2  g of C a C 1 - - 2 H - O  ( 0 . 3  g of Cl) 

at 1000°C fo r  3 h, and analyzing the heavy rnetals i n  the captured 

volatile matter by . U S .  



Table 16 
Heavy metals volatilized from four fly ash sarnples, pg/g sample. 
Samples were heated at 1000°C for 3 h with 0.3 g Cl. 

Sample 
Heavy metal 

A B C D 

Samples A and D c o n t a i n  the most similar quantities of these 

heavy metals. Due to limiced quanticies of t h e  fly ash samples 

(sample Il as well 3 s  t_he orhers) available I n  this laboratory,  

sample A w a s  chosen as a supplemenc of scmp1e û f o r  some 

experiments . Iri addition, sanple C was  also used in one 

oxperirnent, L e . ,  in the deterrninatio-? of dioxins (Section 5 . 9 . 2 ) .  

5 . 2 . 7  Air flow as carrier during roasting 

T h e  function of z i r  2 o w  Fs to carr,- che v o l a t i l e  matter which 
. . contains ï h ~  m e r a l  chlorraes, fz-on t h e  f z r n a c e  r 3  t h e  condensation 

assembly. Too f a s t  a f l o w  r û t 2  m a i /  n e t  allow enough tirne for t h e  

vofâtile chlorides to De absoibed in the absorber  and cou ld  cause 

particulate matter to be enrrained in the gas; t o o  slow a flow rate 

would cause difficulty in maintaining a steady gas flow due to the 

pressure drop created in the fritted gas disperser. A flow rate 

between 50 to 300 rnL/min was found practicable. The effect of flow 

rate was tested at 13@ ~ n d  2 0 0  mL/min. The fiow rates  were 

measured and calibratea by a soap-film flowmeter connected t o  the 

exit of the gas absorber. The amounts of P b ,  Cu, Zn, and Cr 

volatiiized from heating a 3 g of sample (sample A) with the 



presence of CaCl: at 1000°C for 3 hours at both flow rates are 

shown in Table 17.  No appreciable difference was found on the 

effect of flow rate. Excluding Cr due to its low values, the 

differences are within 2 2%, less than the analytical uncertainty. 

The results are comparable with those shown in Table 15, column 

(1) 0 -  

Table 17 
Effect of air flow rate on volatilization of metal chlorides. 

Element collected, pg / g sample 
Air flow rate 

The fact that there was no signif icant di£ ference in amount of 

the captured volatile sugsests that either al1 of the 

volatilization has t a k e n  place before the end of the experiment, or 

the rate of volatilization is independent of the gas composition 

( pgM / mL a i r  / min ) in the quartz tube. In the latter case, it 

implies that the reaction: 

MC1- : + MC1- ; ,  

was not in equilibrium for the roasting, since doubling the air 

flow rate did not produce twice as much metal chloride. F i g .  5 

showing the effect of roasting cime demonstrates that the 

volatilization is essentially complete a f t e r  90 min. Thus, the 

results cannot distinguish these two possibilities. 

5.3 Moisture, carbon content, and mass loss  on roasting 

In order to better understand the nature of the fly ash, 

determinations of its moisture, carbon content, and mass loss on 

roasting, were done. 



An arnount of the fly ash sample A ( 8  g in this case) was 

spread on a watch glass and dried in an oven at 10S°C for a period 

of two h o u r s ,  After cooling in a desiccator, the sample was re- 

weighed. The weight lost due to evaporation of moisture (unbound 

water) i r i  the sample was recorded. Further drying of the sample in 

the oven did not result i n  further loss of weight, which indicated 

that the moisture had ~ e e n  completely driveri  off. The moisture 

content of the sample was calculated to be 0.50%. This iow content 

would not oppreciably affect t h e  chernical anaiyclcal results, w e n  

if not accounted for in the total sarnple weight. 

The dry f l y  ash sample t e n d s  to absorb  moisture strongly. To 

see how mcch m d  how q u i c k l y  Ft will absorb moisture from the air, 

the sams sampk wzs exposed O a-nbient air, and was weighed 

consecutively a ï  shorc intervals until its weight Decarne constant. 

At that scage absorption m d  c i e so rp i l on  were in squilibrium. 

Fig. 10 ( 5 )  depicts how :'ne sarnple w?ight was r e g z m e à  as cime 
P .  

progressed. T h e  weighc r ose  r â p i d i ÿ  u u r k g  ?h? x r s t  few m i n u t e s  
. .  . and then graàuelly Icvoi-sa off. >-bout 8G% of t h e  o r i g i n a l  weight 

- '  of rnoisture was ieqsiried in 18 min. x g .  10 n shows that the 

weight of rnoisture absorbed is sroportional to the square root of 

exposure tirne. 

5.3 . 2  Carbon content 

-4-n amount of the dried sampl~ -1- ( 2  g ir! t h i s  cûse )  was placed 

in an alurnina boat and h a t e d  i n  c'ne tube furnace at 5 0 0 ° C  for a 

period of IS minutes. A i r  flowing chrough the sample was 

maintaineu during heating. The sample was then removed from the 

furnace and allowed to cocl in a desiccator. The sample was 

weighed. The weight loss, mainly due to the conversion of the 

carbon in the sample into carbon dioxide, was recorded, Further 

heating of the sarnple for a period of 45 minutes resulted in only 

a slight decrease in sample weight; no further loss of weight was 



noticed if the heating was prolonged. The carbon content of the 

sample, based on the weight loss at 500°C, was calculated to be 

1.37%. 

5 . 3 . 3  Mass loss on roasting 

A£ ter the sample was roasted, it appeared whiter in colour and 

had lost weight. Weight loss on roasting is che percentage of 

sarnple-weïght loss, other chan the losses of moisture and carbon,  

after roasting. The weight loss from roasting a 3 g of sample A 

with the addition of 0.525: g of CaC1-  at I00OGC f o r  3 n is 

calculated £rom the foliowing: 

Wt. of sample A 3 , 0 0 0 0  g 

Wt. of CaC1, 0.6261 g 

Wt. of C a 0  0.6267 x 56/111 = 0,3159 g 

(assuming CaC1- completêly converted ~o Ca3 after roasting) 

Total wt . after roc tsc inq  2 . 6 3 8 5  g 

Sarnple wt. â f t e -  rcâscing 2 . 8 3 8 5  - 0.3150 = 2 . 5 2 2 6  g 

Sample W C .  loss 3 . 0 0 0 C  - 2.5226 = 0.4774 g 
F 

% Sample w t  loss 0.4774;3.000 x 100 = I z . O l S  

(including % losses cf moisture ana  ca rbon)  

Loss on roastinq 1 5 . 0 i %  - 0-50% - 1.37% = 14.04% 

The l o s s  on z-oost i n g  was rnâiri.ly 5 u e  to ifle vaporization of zhe 

rnetal chlorides. 

5.4 Characterization of the volatile matter 

5.4.1 Anions in the volatile matter 

One w a y  to confirm tnat the metals in the volatile matter were 

mainly  in chloride form was to a n a l y z e  the dissolved volatile 



matter for Cl- using an analytical technique such a s  ion 

chromatography (IC). 3 g of sarnple D was roasted at 1000°C for 1 

h with and without the addition of CaC12- The volatile matter was 

collected in areas (1) and ( 2 )  of the condensation assembly and the 

rest was dissolved in 5% KNO, in the absorber (area 3, see Section 

4.3). In addition, an impinger containhg NaOH solution was 

connected to the exit of the gas absorber. It served to absorb any 

chlorine gas generated, which was not combined with the metals. 

The volatile matter £rom areas (1) and (2) was dissolved with 5% 

HNO, and combined with the solution in the absorber. The Cl- in 

this combined solution was determined, and is referred to as the 

Cl- £rom metal chlorides in Table 18- Although hydrogen chloride 

would also be measured if present, this experiment did not have 

water vapour in the gas phase and hence the chloride values should 

represent metal chloride. There is one other possible source of 

chloride, considering that Cl, reacts with water to fonn HCl 

according to the following equation, 

However, with the presence of a strong acid solution (HNO,), Cl; is 

unable to react with water ireely. Hence, the formation of HC1 is 

greatly suppressed if not elirninated. The NaOH solution in the 

impinger was diluted and was analyzed for Cl-. AAS analysis showed 

that this solution did not contain metals such as Pb, Cu, Zn, Cd, 

and Cr. It is  understood that the rnetal chlorides are soluble and 

wilI remain in the 5 %  HNO in the absorber, while Cl- will not 

dissolve and remain in the acidic solution. The Cl- in the NaOH 

solution was determined and is referred to as the Cl- from chlorine 

in Table 18. Accoxding to the following equation, 

Cl- + 2 NaOH NaCl + NaCl0 + H,O ( 2 0 )  

one weight of chlorine gas produces only a half weight of chlorine 

as Cl. To convert Cl- to Cl- or vice versa in calculation, a 



factor of 2 should be applied. For example, if 1.6 mg of Cl- is 

detected by IC in the NaOH trapping solution, it would represent 

3.2 mg of chlorine gas captured in the solution. In terrns of 

percentage of Cl, the volatile chloride in the fly ash sample (3 g )  

was calculated (see Table 18) to be: 

( 7 9 . 8  mg + 3 . 2  mg) / 3 0 0 0  mg = 2 . 7 %  Cl 

Along w i t h  Cl-, SO,' and B r -  were a l s o  analyzed in the same run 

by IC. The results are shown in Table 18. A separate experiment 

was done using water as absorbent and for rinsing. No appreciable 

amount of NO,- was found. 

Table  18 
Analysis of anions in the volatile rnatter £ r o m  a 3 g sample D 
roasting at 1000°C for 1 h with and without CaC1,. 

No Cl 0.3 g Cl 
Anion Source added added 

mg detected 

Cl- Metaific chlorides 79.8 1 1 9  - 7  

Metallic sulphate 11.2 14.3 

Non-metallic sulphate n.d. 0.8 

Br- n . d  n . d  

n . d .  means not detected, < 0.1 mg. 

Table 18 shows that a substantial amount of Cl- was found, 

suggesting that the volatile metals a r e  mainly in t h e  form of 

chloride with some i n  the s~ilphate form, and a negligible amount of 

bromide or nitrate. The results may have underestirnated the 



chlorine generation since the efficiency of the impinger f o r  

absorbing Cl, was noï determined and expected to be less than 100%, 

and some CI- rnight have escaped. W i t h  t h e  addition of C a C l , ,  the 

quantity of Cl- w a s  more than sufficient f o r  combining al1 the 

heavy metals of interest, 4 significant portion of the Cf-, 

however, was associated w i t h  Na and K .  

5 . 4 . 2  Chernical phases in the volatile matter 

T h e  volatile matter accumulated in the condensation tube is a 

yellowy and greenish colour. The sample was exarninea b -  X-ray 

powder diffraction ( X R P D )  , using copper K, radiation ( 3 4  kV, 2 0  

n9). Because of i t s  nignly hygroscopic nature, the volatile matter 

was collected in a dry-air environment, and was iLmediately seâled 

by an organic cernent to prevent absorption of moisture. The 

di£ fraction pattern was captured on a film in a Guinier-de Wolff 

focusing camera. The film data were digitized using a photo 

densitometer; and the results were compared with the standard data 

sets using the Z i g a k u  IYM search match progrâm. Three chernical 

phases, N a - Z r K I ; .  3 I i -O,  K-ZrLi=14 and K P b - C l - ,  r icient if ied, the 

former being r h e  moçc a o r n i m n t  one. Ac XED speccrurn is shown in 

Fig. 11. It c o n f i m s  rnac r,he heavy metals, s u c h  as Pb and Zn, 

were in the form cf chloride. The suggestion by Jakob et ai. ( 1 6 1  

that in air the heavy metâlç are probably evaporated as chlorides 

is supported by this work. It also shows that the metal chlorides 

tend to form double saltç when they axe condensed at a lower 

temperature. These r e s u l t s  are consistent w i t h  the finding o f  

potassium-zinc-lead chloride and the K-ZnC1,  phase by Graydon and 

Kirk [3] in raw fly ash. Thus  indirectly this work susgests that 

the source of heavy metals  i n  fly ash is from a c h l o r i d e  

volatilization reaction. 



5 . 4 . 3  Distribution of volatile matter during collection 

During roasting of the fly ash sample, the volatile matter was 

carried by air and collected in three areas (see description in 

Section 4 . 3 )  of the  condensation assembly. It w a s  not known how 

the volatile matter was distributed along the collection route or 

whether a particular area  contained more volatile matter. 

Therefore, the volatile matter was anaiyzed separately for each of 

the collection areas to determine how the rnetals were distributed 

in those three areas. A second absorber was added to determine 

whether any  residual volatile metal escapes from the first 

absorber. The solutions of t h e  volatile matter i n  each area were 

prepâred for îismentsl analyses. The t o t a l  omount of  îâcn element 

in t he  volc t t i l e  matrer is che sm of t he  ânzlytlcd r e s u l ï s  from 

these three separate solu~ions. 

Duplicate samples of 3 g of fly ash (sample A )  were thermally 

t r e a t e d  on separate days at 1000°C  for 3 n with addition of 0.4 CJ 

of Cl. The volatile natter was analyzed for the elemental content 

by IC? after sample dissolution by using dilute FINO,. Some 

elements were  also zinâlyzea by .?AS for cornparison with I C P .  The 

. zorh anaLycical ~echniques , results are pressnteà r?- Appenaix D - 
I C P  afid -LA,  render cornparabLe results, and ïhe duplicace values 

show that the products from the roasting process are quite 

reproducible. No metal was àetected in the solucion in the second 

absorber, indicatïng that the use of one absorber is suf ficient . 
As can be s e e n ,  the distribution of the elements in three areas  did 

not have a specific pattern. Eacn cirea 2Fcked up a substantial 

âmount of t h e  rnetals. K and No were nct retained significantly in 

t h e  quartz CUDE (âree 1) once vaporized, and cended to condense 

quickly (area 2 1 ,  leaving n c t  as much vopour to be carried into the 

absorbing solution (area 3 ) .  



5 . 5  Characterization of the ash residue 

5.5.1 Effect of thermal treatment on the refractory elements in 

fly ash 

After the fly ash was roasted, the ash was more difficult to 

digest by acids compared to the fly ash without a heat treatment. 

It was hserved that more acid resistant residue remained after 

digestion of the roasted fly ash,  This leads to the conclusion 

that some changes of the non-volatile compounds occurred during 

roasting. In order to compare these refractory elements before and 

after the heat treatment, a total elemental analysis in a dif ferent 

way was required. This was done in the following manner. 

3 g fly ash sample D with the addition of 0.622 g of 

C a C l , - Z H , O  ( 0 . 3  g Cl) was heated at 1000°C for 3 h. The volatile 

matter was captured and dissolved in a 5% HNO- solution, (solution 

1) . An aliquot of the ash residue was digested with an acid 

mixture, HNO- : HF : HC10, (4:2:1), and the solution was diluted 

with 5% HNO;, (solution 2 ) .  The ash residue cannot be completely 

dissolved by digestion with the acid mixture. This acid resistant 

matter was dissolved (solution 3 )  by a fusion rnethod as àescribed 

in the Experirnental Section (Section 4.4) The solutions (1-3)  were 

used for determination of the chemical elements by ICP. The 

results for 32 elernents are shown in Table 19, column ( 1 - 3 1 ,  

respect ively . The sum of the content of an element in each 

solution represents the total content of the elements in the fly 

ash. The results obtained by direct digestion of the fly ash shown 

in Table 1 are also included here, ( s e e  last three columns) , so 

that cornparison of dsta can be made more easily. 



Table 19 
Chernical contents of 32 elements in fly ash sarnple D, pg/g. 
Elements wexe determined by ICP following sarnple dissolution. 

Volatile Ash Fusion Sum , Direct Fusion T o t a l  
digest r e s i d u e  : digest residue 

(1) ( 2 )  (3) (1+2+3) ( 4 )  ( 5 )  ( 4 + 5 )  

* The 0 . 6 2 2  g CaC1-• 2 3 - 0  adaed to the  ? g sarnple D contained 
0.158 g of Ca, moisture being excluded. 
Therefore, the Ca audeà ?' g sarnple = 158000 pg x 1 / 3  = 52600 pg. 
This amount snould be excluded for mass balance calculation, 

" *  that is, 1 5 4 0 0 0  - 52600 = 101400 pg Ca / g sample. 

***Hg was analyzed by cola vapour .AS. 



The total content ( l + 2 + 3 )  , thus obtained, aqrees well 

with the sum ( 4 1 5 ) .  Columns (3) and ( 5 )  indicate that the acid 

resistant matter contained some amounts of Mg, Ca, Fe, Al, and Ti. 

Moreover, the undigested ash residue f rom the heat-treated f ly ash 

sample (column 3) contained more of these elements than did the 

undigested fly ash sampie (column 5 )  . This suggests that after 

neat treatment , more ref ractory compounds containing these elements 

were formed. The X-ray powder diffractior! (XRPD) analysis 

confirmed that more crystalline compounds existed in the heat-  

treated fly açh sample chan in the untreated one, Figs. IS and 13 

are the powder X-ray diffraction spectra. Two chernical phases, 

pyroxene, Ca (Mg, A1 1 (Si, -3-1) - O I 3  and anorthite, Ca-Al-Si,O,, were 

Fdentified in the heac treated sample, Dut not found in the 

untreated fly açh. In gcnerai, t e  eleme~ts shown in Table 19 

formed more acid-resistant compounds after hest treatment. Cr and 

Sn were exceptional. They formed more acid-soluble compounds. 

It is also Fnteresting to note thût the Hg coritent is very low 

in this fly ash sample. Eg is an element of environmentai concern. 

When the MSW is incinerated, Eig remains in gas phase throughout the 

entire process. I t  undergoes volatilizacion Dur not condensation. 

The temperature a f  :E?e e x i ~  gâs from rhe incinerator is about 

3 3 0 ° C .  The vzpour pressgres of Hg arïd HgC1- at which temperature 

are 0.57 and 2.09 otrn respectively [ 19 i . A s  expected, there is 

little chsnce  for Xg io stay in ~ h e  fly ash, which is consistent 

with our finding. 

5 . 5 . 2  Effect of thermal treatment on the surface of the fly ash 

The X-ray photoelecrron spectroscopy ( X P S )  in the Centre for 

Biomaterials, University of Toronto, was usea for determination of 

a number of elements on the surface of both the heat-treated and 

untreated fly ash samples (sample D) . Unmonochromatized Mg K, X- 

ray radiation was used as the excitation s o u r c e .  The source w a s  

run at 1 5  kTJ and 20 M. The X P S  spectra were obtained on a Leybold 



MAX 2 0 0  XPS system and are shown in Fig. 14. The results of the 

elemental composition of the surface, 10 nm deep, f o r  both samples 

are shown in Tables 20 and 21 as the relative atomic percentages. 

Table 2 0  
XPS analysis on a single sample of fly ash (sample D) 

Element Binding Area Relative As % 
energy atomic % ' 

f 
oxide 

Table 21 
XPS analysis on a single sample of heat-treared f l y  ash  (sample D) . 
3 g sample was heated at 1000°C f o r  3 h with 0 . 6 2 2  g o f  CaCl;-SH:O.  

Element Binding 
energy 

Relative 
atomic % / ::ide 



The large carbon peaks, shown as relative atomic %, were due 

to surface contamination which is common to XPS analysis. This 

contamination can be picked up merely during atmosphere exposure, 

and from sample containers (especially £ r o m  those made of organic 

materials containing plasticizers) , [ 3 9 ]  ; the carbon can sometimes 

be observed to build-up during actual examination in the 

spectrometer. The large oxygen peaks were mainly contributed by 

the metal oxides- Clearly some of the oxygen is from the silicates 

where Si:O ranges £rom 1 : 2  for quartz to 1:4 in anorthite. 

Excluding carbon and treating al1 metals as oxides, the relative 

abundances of the compounds in the samples were recalculated as 

shown in the last two colums of Tables 20 and 21. 

These resul ts of the surface analysis provide the f ollowing 

information: 

Cl was quite concentrated on the surface of the fly ash, 

about 8% (the average concentration of CI in the fly ash 
was about 2 . 7 % ,  as shown in Section 5.4.1, p. 41) . Upon 

heat treatment, it volatilized almost totally as metal 

chlorides. The finding of high concentration of Cl on the 

surface of the fly ash confirms the fact that the 

vapour of metal chlorides in the incinerator recondenses 

on the surfaces of the entrained ash particles as the 

exhaust gas cools (see Section 3.1 } . 
Na reduced to about one half of its amount after the heat 

treatment . 
Zn, K, and Pb almost completely volatilized after 

the heat treatment, 

Al almost doubled its concentration on the surface of the 

heat-treated sample, while Si increased about 30% - This 

means that after the volatile compounds were vaporized 

f rom the f ly ash particles, these remaining elements, Al, 

and Si became more concentrated and exposed. 



53.3 Effect of thermal treatment on leachability of Cr and Al 

compounds 

Massillamany [ 2 6 ]  thermally treated the fly ash samples at 

various temperatures and lengths of time. In a subsequent leaching 

test using 0. SN acetic acid solution, he found that smaller amounts 

of rnetals leached out from the heat treated ash than from the ash 

without heat treatment (see Appendix E) . However, there were 

exceptions. Cr and Al leachîd out more f rom the ash that had been 

heat treated. 

5.5.3 -1 Leaching of Cr 

Massillamany reported in his thesis [ 2 6 ]  that the untreated 

ashes had leachable Cr concentrations of 0.1, 0.2 and 0.1 ppm for 

Canadian, French and American ashes respectively. After treatment 

at 10GO°C for 3 hours ,  t h e  concentrations of the leachates 

increased to 2.8, 5 - 0  and 1 . 7  ppm for the tnree ashes. This was 

not a desirable outcome of the thermal treatment process. 

Fortunately, the concentrations of Cr Ln the leachates from al1 

three heat-treated ash samples d i d  not exceed the regulatory limit 

of 5 ppm [ 9 ] .  He speculated that the Cr in the fly ash was in ~ r "  

insoluble form which was converted to the soluble Cr'" form during 

heat treatment. -A possible reaction was suggested as 

This subject a r ea ,  including why Cr becomes more soluble, is part 

of the current work. Further investigation has been carried out to 

identify possible reactions using synthetic samples . An initial 

experiment by heating Cr,O, in a muffle furnace at 1000°C for an 

hour proved that no appreciable amount of Cr was in the leachate. 

Thus, the formation of C r O ,  which is soluble does not appear to 

take place. This finding led to a new direction in planning of 

further experiments. Since the fly ash contains alkaline-earth 



metal oxides, they may react with the Cr compounds to form soluble 

compounds during heat treatment. A possible reaction is 

C r 2 0 3  + 2 Ca0 + 3/2 O? + 2 CaCrO, 

In the study of solidification of chromium-containing sludge, 

Shoto et al. 1401 attempted to fix chromium oxide in a NaTO-Cao-Si02 

glass matrix by heating this mixture at elevated temperatures ( 8 0 0 -  

1000°C) for 2 hr. Subsequent leach test on the solidified mass 

indicated that the Cr concentration in the leachates was 

substantial . They also viewed that the Cr extrâction was probably 

caused by the formation of the soluble chromate- To prevent the 

leaching of Cr, they modified the composition of the glass matrix 

by increasing the amount of SiO-. 

When roasting the f l y  ash sample with 

such as CaC1-, one rnay think that C r C l , ,  a 

form according to the following reaction 

a chlorinating agent, 

soluble cornpound, may 

The other possibility would be a reaction, sirnilar to ( 2 2 1 ,  

Cr,O: + 2 CaC1, + 5/2 0- + 2 CaCrO, + 2 Cl, 

In both equations ( 2 2 )  and ( 2 4 1 ,  calcium chromate, CaCrO,, is the 

product which is soluble with solubility of 16.3 g / 100 C . C .  ( 3 6 1 .  

To investigate these reactions, experiments were carried out 

by first heating Cr-O, with and without the presence of CaC1- at 

1000°C followed by dissolution of the products. The same 

experiments were repeated with C a 0  replacing C a C 1 2 .  Since both 

CrC1, and CaCrO, are soluble, any quantity of Cr detected in the 

solutions should represent their existence in the products. Some 

parameters of the experiments are shown as follows: 



CaC1, - 
C a 0  - 

Heating 

0 - 0 5 0  g sample (equivalent to 34,210 pg Cr) was 

used in each test. The compound is bright green in 

color. 

0.100 g was used in each test. 

0.100 g in each test. 

- 95 h at 1000°C, 

Dissolution sequence - After heating, the sample in a 

porcelain crucible was leached in water overnight. The supernatant 

solution was decantea out f o r  Cr analysis. The water insoluble 

mass was then leached in 5% HNO, for 1 h, and the solution was 

analyzed for Cr by AAS. The Cr content obtained under d i f  ferent 

heating conditions are shown in Table 22. 

Table 22 
Cr content in leachates under different heating conditions 

Cr in leachate, pg 

Condi t ion H-O 5% HNO? 

(1) Cr,O: (34,210 pg Cr), no heating - 7 4 

(3) Heating C r i O ,  at 1000*C, h 
with 0 - 1  g CaCl, 

(4) Heating Cr,O, at 1000°C, 95 h 
with 0.1 g C a 0  

in condition ( 2 1 ,  practically no conversion of C r , O j  to a 

soluble compound, such as C r O : ,  took place, contrary to what 

Maçsillamany suggested. In condition ( 3 ) ,  the conversion to a 

soluble compound became obvious. In (4), the conversion was 

significant, 4400 / 34210 = 12.8% of Cr-O, a l o n e  being converted to 

a water soluble cornpouna. That is why the Cr content in the 



leachate of the heat-treated fly ash (in the presence of Ca0 or 

CaC1,) is higher than that of the untreated fly ash. 

A similar experiment was a l s ~  carried out using CrO, instead 

of C r 2 0 3 .  This hygroscopic dark purple brown coloured compound is 

readily soluble in water and forms chromic acid, H,CrO,, an orange- 

brown coloured solution. It is not likely that this compound 

exists in the fly ash. However, it is worthwhile to undexstand the 

behaviour of CrO, at high temperatures. Under similar heating 

conditions as before, the Cr content of the leachates were 

obtained. The results are shown in Table 23. 

Table 23 
Cr contents in leachates under different heating conditions 

Cr in leachate, pg 
Condit ion 

H 2 0  5% HN0: 

(1) CrO,, 0.050~~ (26,000 pg Cr), 
(dark purple brown colour) 
no heating 

(2) Heating CrO, ac 100OC'C, ?A h, 
(turned bright grem)  

(3) Heating C r O ,  at 1000°C, % h, 
with 0.1 g CaC1-, 
(turned bright green) 

(Completely d i s so lved )  

The condition ( 2 )  showed practically al1 the CrO,  had 

converted to an insoluble compound, presumably Cr,O,, according to 

the following equation 

The reaction proceeds £rom left to right, not right to left. Both 

the appearance of the characteristic bright green colour and the 



sirnilar leaching behaviour of the product lead to this conclusion. 

In condition ( 3 ) ,  some C r O ,  reacted with CaC1, to form CaCrO, 

according to the equation 

C r 0 3  + CaC1, + 1 / 2  0: 3 ~acro, + CL ( 2 6 )  

and the rest of the CrO, converted to Cr,O,. 

The next step of the experiment was to examine the products 

(the solid masses) left after heating under conditions ( 3 )  and ( 4 )  

in Table 22, using powder XRD technique. In both cases, CaCrO, and 

Cr,O, were identif ied as the main phases, C r - O ;  being the excess 

reactant. Just as important, no C r C 1 ,  was found in the product 

£rom condition ( 3 1 ,  Table 22. Fig. 15 is the powder X-ray 

diffraction spectra. This experiment confirms that reactions (221  

and (24) are correct, and that the soluble product, CaCrO,, is the 

cause of more Cr leached out £rom the heat-treated fly ash. 

5 . 5 . 3  . 2  Leaching of Al 

Scanning electron microscope analysis of the heat -treated ash 

showed that many of the si1 icate spheres in the ash wexe broken and 

shattered due to the heat. Massillamany [ 2 6 ]  explained in his 

thesis that the heat treatment rnay result in more aluminum from the 

aluminum silicate within the sphere being eicposed to the leachate 

solution and thus resulting in an increase in aluminum extraction. 

The explanation seemed partially satisfactory. Further 

investigation into this matter, particularly the possible reactions 

involved, was desirea. 

A1,0, is insoluble in water and dilute acids. When it reacts 

with Ca0 or CaC1- at 1000°C, calcium aluminate, Ca(A10,) ,  

(or Cao- Al-0,) , may form according to the following equations : 



AlCl, cannot be the sclid product at 1000°C, since it sublimes 

readily at 190°C. If these equations hold, Al should be able to be 

detected in the aqueous solutions of the products, sinc2 Ca(A10,)- 

is soluble in water [ 3 6 ] .  The fact t h a t  A1 w a s  leached from the 

heat-treated fly a s h  does n o t  necessarily reveal the soluble salt 

phase nor confirms the presence of Ca(A102)2, since the leachable 

fraction is much less than 1% of the sample and XRD could not be 

used to identify the new phase in the residue. Therefore, 

synthetic samples had to be tested to uncover the chernical 

reactions . 
To verify these reactions, experiments were carried out by 

heating F,1;O3 wi th  equimolar of each of CaC1- and C a 0  ât 1000°C in 

a muffle f u r n a c e  followed by dissolution of the products first in 

water and then in 5% HNO., and the concentrations of Al in the 

solutions were determined. Some parameters of the experiment are 

as follows: 

A l - 0 -  - 204.0 mg was used in each test, equivalent to 

1 0 8  .O mg of 3-1. 

CaCL- - 2 2 2 . 2  mg wâs u s e a  in each E ~ S E .  

C a 0  - 112.0 mg wâs usea in e a c h t e s c .  

Feating - 1 h at 10GO°C. 

Dissolution sequence - A f t e r  heating , the sample in a 

porcelain crucible was leached with water overnight. The 

supernatant solution was decanted out for 41 analysis by - U S .  The 

water insoluble mass was then leached by 5% HNO, for 1 h, and the 

solution was also analyz~d for Al, The A l  content obtained under 

different heating conditions are shown in Table 2 4 .  



Table 24 
Al content in leachates £rom different heating conditions 

Al in leachate, mg 
Condition 

HiO 5 %  HNOj 
- - - 

(1) A1,0,, (108 mg Al), no heating < 0.01 O. 0 9  

( 2 )  A120zI heating c 0.01 0.09 

(3) A1,0,, CaCl,, pre-wet, heating O. 40 14.12 

(4) AI,O-, CaCl,, dry mix, heating 0.39 10.32 

( 5 )  Al-O,, Cao, pre-wet, heating 0.66 19.82 

Conditions (1) and (2) show that heating Al$, alone would not 

alter its insoluble nature; conditions ( 3 )  to (5) show that about 

10 to 20% of the A1,O converted to acid soluble aluminum compound; 

and conditions (3) and (4) show that the pre-wetted reactants had 

a better yield compared with that irom dry mixed reactants, since 

pre-wetting resulted in better contact between the reactants. 

The solid products f rom heating synthetic mixtures of (i) Al,Oj 

with C a 0  and (ii) Al-0: with CaCL- were examined by powder XRD. 

Figs. 16 and 17 are the powder X-ray di£ f raction spectra. In case 

(i) two chernical phases were identified, Ca(A10;)- and 12Ca0=7A120,. 

In case (ii) only 12Ca0-  7Al;O: was found. Both compounds are 

soluble in water and in acidic solution [41] . The XRD results 

demonstrate that reaction (27) can occur, but do not support 

reaction (28). This is in consistent with the thermodynamic data 

which indicate that reaction (27) with a aGO value of -45.1 kJ is 

more favourable than reaction (28) with a AG* of + 6 0 . 9  kJ. The XRD 

results also suggest two more possible reactions: 



Given the low yield of soluble A1 in the fly ash sample, the 

relative dominance of reactions (27), (29) and (30) can not be 

resolved, but the cause of solubilization is explained. The 

finding £rom Massillamany that the heat treated fly ash produces 

more leachable 41, can also be explained by the fact that soluble 

Al compounds, as mentioned above, are formed a£ ter heat treatment - 

5.6 Fate of CaC1, durinq roastinq 

A preliminary test for the behaviour of CaClz at high 

temperatures by thermogravimetric analysis and evolved gas analysis 

using a mass spectrometer (TGA-MS) was carried out by heating CaC1, 

in air at the rate of S0C/min. The thermogram is shown in Fig. 18- 

Al1 the moisture and hydrated water evaporated before reaching 

200°C, which is in consistency with the data in the Chemistry 

Handbook [ 3 5 ]  (Section 5 . 3 . 3 . 1 ) .  The test revealed: 

(1) The anhydrous  CaC1- begon t o  lose weight at about 7 2 5 O C  in 

air, melted at 7 7 2 O C ,  and the evaporation accelerated at the range 

of 772-llOO°C. 

( 2 )  Cl: was detected starting at about 900°C and the amount 

increased as the temperature further increased. 

( 3 )  No Ca compound was detected by MS, indicating that it 

condensed along the exit e n d  of the h e a t i n g  charnber before reaching  

the mass spectrometer. 

( 4 )  After heating, sorne residue was left on the inside and 

outside walls of the platinum sample holder. It did not completely 

dissolve in water in a short period of time. This suggests that 

some CaC1, was converted to Ca0 by reacting with 0; and releasing 

Cl?. 



There could be a number 

when roasted in a i r .  (i) It 

of ways in which CaCI, could react 

may remain as a liquid al1 along, 

s ince  its boiling point is very high, 193S°C. (ii) It rnay vaporize 

partially. (iii) It may reac t  with oxygen i n  the vapour or liquid 

phases (melting point is 77S°C) to produce chlorine, sucn as: 

To c lar i fy  t h e  situation, an  experiment was carried out to identify 
the distribution of the reaction products at 1000°C. A 0.622 g 

sarnple of CaC1,- 2H,O, contained in an alumina boat, was heated in 

t h e  quartz tube furnace at 1000°C for 3 h using air as carrier. In 

addition to the absorber which contained 5% HNO: solution, an 

irnpinger containino NüOfi solution was added C O  t r ap  the chlorine 

f r o m  the exit of the absorber. It was noticec ïnat the efficiency 

of the impinger was not high enough to capture ail the chlorine, 

since the smell of the escaped chlorine gas w a s  quite distinct. 

After roasting, the b o x  was retrieved. A slick film covered ~ h ?  

entire inside and outside surface of t h e  boat was onserveti. This 

surface w a s  rinsed with water. The rinsing is referred to as 

solution (1) . The quartz tube was rirxea w i t h  5% XNO;, os solution 

(2) . The connecting tube between the quartz tuDe m d  the absorbing 

solution was rinsed with 5% HNO., soiution (3) . The 5% HNO- in the  

absorber was solution 4 ,  anà the NaOZ solution in ~ h e  irnpinger 

was solution ( 5 )  . These soluticns, (1) to ( 5 1 ,  were analyzed for 

Ca and Cl-, and the concents in each solu~ior? are shown in Table 25 



Table 2 5  
C a  and CI- contents in rinsing and absorbing solutions, 
from roasting 0.622 g CaCl2*2H2O (3500 p o l  CaC1,) 

Ca Cl- 
Solution Location 

PS W'o1 Pg p o l  CI, 

Boat 3 2 3 6 0  8 0 9  47200 6 6 5  
Quartz tube 81300 2032 48800 687 
Connecting tube 2 - 560 8 
Absorber 2 - 39200 552 
Impinger 8 - 52480 740 

Total 

Solutions (1) and ( 2 )  reveal that the CaCl- melted and crept 

over the boat during roasting zt 1 0 0 0 ° C .  665 pmol, about 20% of 

the origiriàl, surviveci the ordeol and remained intact sticking on 

the surface cf t h e  boat. 3 0 9  - 665  = 144 pmol CaCI- Ln l i q u i d  

phase reacted with  O- io forn C a 0  which rernained on board. At the 

same c ime  144 pmoI of CL- werê generaced. 687 pnol of CaC1' 

vaporized from t h e  boat and condensed in the q u a r t z  tube outside 
.I T the neating zone; r h e  ec f ie r  7 0 2 3  - 387  = 1245 pmol L z C 1 -  a l s o  

vaporized, buc r ~ e c t d  wirh 0- to form 1345 p o 1  Ca0 wnich 

depvsited or? the quartz tube. generating anocher 1345 p o l  of Cl:. 

(Total Cl- generaced was 144 + 1345 = 1489 pmal). None of the CaC1, 

or C a 0  was able to i r a v e l  beyond the quartz tube. Solution ( 3 )  

shows that the connecring tube contained little of either Ca or 

C l 2 ,  since not only the Ca could not reach that area, b u t  also 

there w a s  little chance for Cl- to stay there without being swfpt 

away by the air Stream. Solutions (3). (4) and ( 5 )  indicate that 

they captured 8 - 552 + 7 4 0  = 1300 pmol of Cl- , allowing 

1489 - 1300 = 183 p o l  to escape. 

The mass balance of Ca and Cl was not exact. There a re  some 

reasons f o r  it. (i) The CaCl- used in this test may contain more 



rnoisture, and therefore the equivalent weight could well be less 

than 3500 pol. (ii) Some C a 0  forrned may not be completely 

dissolved by the 5% HNO, rinsing solution, and, therefore, those 

amounts of Ca and the associated Cl2 have not been accounted for. 

(iii) The Cl2 evolved was not completely captured, and the true 

amount of Cl, could be higher. Nevertheless, the analysis cari be 

considered semi-quantitative, and the results reflect the f a t e  of 

C a C l ,  during roas t ing . 
As shown above, there was about 20% of CaCl,, 665 pmol, left 

in the sample boat after roasting. To see whether the same amount 

of CaC1, would be left if roasted with the f l y  ash sarnple, a 

duplicate of 3 g samples was run under the same conditions. After 

roasting, the samples were leached with water overnight. (These 

leachates were equivalent to solution (il in Table 2 5 )  . The 

leachates were analyzed for CL- and Ca along with the detectable 

metals. The contents of chese elements are shown in Table 26. 

Table 26 
Elemental corltent (pmol) i r i  water leachates. 
Duplicate of 3 g sample D were roasted with 
0.622 g CaC1- 2H-O, (3500 pmol C a C 1 - )  

Element 
1.r in01 

( Duplicate r u n  ) 

The duplicate results are close, indicating that the roasting 

process is quite reproducible. There were only about 290 pmol of 

CaC1, left, about 8% of the original, after it was roasted with the 



sample. This occurred because the other metals in the fly ash also 

consurned the CaC1, to form volatile metal chlorides. Xlso irom 

Table 26, there is strong evidence that Ca forms refractory 

compounds (about 3500 - 328 = 3172 prnol) during roasting, which 

cannot be dissolved in acids, let alone water. The results 

dernonstrate that the reactions involved in roasting C a C l ,  alone are 

quite  different compared with roasting CaC1, with the sample. 

Although CaCl, has a very low vapour pressure at 1000°C, 4.8 

x 10-' atm. ( see  Table 29, p .  6 9 ) ,  it can s t i l l  vaporize. The 

escape of molecules £rom a liquid phase into a vapour phase in an 

open system is affected by many factors. Vaporization takes place 

£aster when there is a l a r q e  surface. A current of air across the 

surface of the evaporating liquid a l s o  incroases the rate of 

evaporat ion, since the volat ilized molecules are swept away f rom 

the liquid surface. In addition, prolonging ïhe evaporation time 

is bound to produco more vapour in an open system, since 

equillnriurn cannoc be esta~lisheà. A1l chese f a c ~ c r s  exist muer 

the roasting conditions azd explain the evaporâtion of CaC1- .  

5 . 7  Gaseous chlorinatinq aqents 

5.7.1 Chlorine as chlorinating agent 

5 . 7 . 1 - 1  Effect on volatilization using chlorine as chlorinating 

agent 

The effect on volatilization of metals £rom the fly ash 

depends on many factors as reported in our study 1 4 2 1 .  -4mong them 

are the types of chlorinating agents and the quantity of the agents 

used. A number of solid chlorinating agents, such as CaCl,, MgC12, 

NaCl, and A l C l , ,  have been tested for their ef fectiveness. From 

the mechanism given ear- l ie r ,  tne generation of chlorine gas from 

the chlor ide s a l t  under oxidizing condition is possible. Thus, the 

investigation of the importance of chlorine gas in volatilization 

was carried out. Chlorine from a lecture bottle was introduced 



into the pre-heated furnace with sample (sample D) at 

air carrier flow rate was kept at 150 ml/min. Within 

61 

9 0 0 ° C .  The 

the next 10 

minutes, the temperature of the quartz tube reached 1000°C.  The 

chlorine f low rate was controlled by a non-corrodible regulator . 
The effect on volatilization of six elements (Pb, Cu, Zn, Cd,  Cr, 

and Mn) at reaction periods of 40, 90, 150, and 2 0 0  m i n ,  with Cl, 

at each of the two flow rates (3 and 6 rnL/min), was examined. 

Chemical analysis on the captured volatile matter was done by - U S .  

The quantities of the elements volatiiized are piortsa as a 

function of tirne i n  Figs. 19 and 2 0 ,  The Figures show that: ti) 

maximum volatiiization of the above elements is reached at about 

150 min, and (ii) there is no significant difference in the effect 

on volatilization whether the Cl, flow rate Fs 3 or 6 mL/irnin, once 

the Cl, is in excess. 

5 . 7 . 1 . 2  Cornparison of volatilization using CaC1, v s .  Cl, 

Ln o r d e r  co b e r c e r  mCerscand  c h e  chlorinâcion nechanism, it 

might be importânr to k n o w  rhe dif ference made, by using a s o l i d  

chlorinating agent such as L s C 1 -  as against using a gaseous 

chlorinatirig agent s c c h  as Cl-. In e latter case, Cl- was 

introduced at the flow rate cf 3 rnL/min f o r  3 n .  The rest of the 

heating paraneters rernairiec the same, namely, 3 3 of sample D were 

neated at 100QQC wrrh tne air flow rate of 150 mL/min. The ICP 

analycicsl results of rhe volatile rnacrer for 32 elements, using 

Cl- as chlorinating agent, are shown i n  Table 3 7 ,  c o l m  3 .  The 

parallel results o b t a i n e d  from using C a C I - - 2 H - O ,  and the total, as 

quoted in Table 19 (p. 4 5 ) ,  are also tabulated here for cornparison 

purposes. E is the efficiency of volatilization. 



Table 27 
Eff ect of chlorinating agents (Cl, vs . CaC1;- 2H20) on volatilitation 
of 32 elements in sample D, heating a t  1000°C for 3 h. 
Values are in pg/g sample. 

Volatile matter E t  % 
Element Tota l  

C a C l ,  CI, C a C l ,  Cl, 



The effectiveness of using Cl, relative to CaC1, for 

volatilization of the above elements can be summarised as follows: 

(1) Of the six elements of environmental concern, the Cl, is 

about as effective for Pb and Cd, slightly more effective for Cu 

and Zn, and very much more effective for Cr and Mn (note that Cr is 

still largely unconverted), 

( 2 )  The Cl, is as effective for Na and K. 

(3) The Cl- is more effective for Mg than for Ca, although 

both elements have a low efficiency of volatilization, 

( 4 )  The Cl- is significantly more effective for Fe. More t h a n  

half of the Fe can be recovered compared with practically no 

recovery at al1 when CaCI- is used. 

( 5 )  By using Cl,, the good yields of Co and Ni improve into 

full recoveries, 

( 6 )  The Cl- is significantly more effective for V, Mo, Sn, and 

Sb as can be detected, even though these elements are in small 

quantities in the fly ash. 

Not a l 1  the rneials in fly ash are i n  chloride form. Many 

studies indicate t h a t  although heavy metals exist in f ly ash mainly 

as chloride, some occur as oxide, sulphate, silicate, and complex 

compounds [1,43]. These compounds have very different thermal 

behaviour . In general , chlorides have lower me1 t ing and boiling 

points t h a n  oxides and sulphates (see  Appendix C ) .  Upon heating, 

sulphates usually decompose to form oxides. Consequently, the 

metals in chloride form are likely easier to be removed than the 

metals in oxide or sulphate form, To be effectively volstilized, 

the metals have to be in or converted to chloride form. It is the 

whole purpose of using a chlorinating agent, so that chlorine can 

be yenerated for reacting and converting the oxide or sulphate into 

chloride. 



One of the possible reactions of chlorination using CaC1, are 

as foflows: 

CaCl,,,, + 1/2 0- + Ca0 + Cl, (3) 

The first stage is the generation of chlorine, and the second stage 

is the formation of the volatile metal chloride. The performance 

of the second stage is very much dependent upon the f irst stage. 

If there is not enough Cl, produced £rom the first stage or the Cl: 

is produced too siowly, the second stage would be hindered, and the 

formation of the metal chloride would be less effective or slow. 

It is, therefore, expected that by using Cl- directly, the 

chlorination of a metal chloride shoufd be more effective. The 

higher E values in the last column in Table 27 indicate that that 

is the case. The results support t h e  said reaction mechanism. 

The other reasons for Cl- to be more effective than C a C l ,  

include : 

( i )  The aGO value for the chlorination reaction is smaller. 

Take Z n 0  for  example. 

The aGO, for C a C l -  : and Cao,-, are -604.7 and -498.7 kWmol 

respectively. There is always 604.7 - 498.7 = 106 kJ/mol higher 

for the aGO if CaC1- is used i n s t e a d  of Cl-. 

(ii) Cl; is particularly effective for volatilizing Fe. The 

volatile compounds likely are FeC1- ( b . p .  1023OC)  and FeC1, ( b . p .  

3 1 6 O C ) .  With CaC1- as chlorinating agent, however, C a 0  was 

produced which could combine with the FeO,  t o  form the stable Ca 

ferrite, C a 0  Fe,O,, thus preventing the Fe £rom forming the volatile 

compounds. 



Although Cl, is more effective for volatilizing almost every 

element under this study, that does not necessarily make it the 

better choice as a chlorinating agent. In some applications of 

volatilization, selectivity is a more important factor. If the 

recoveries are only desired for certain heaw metals, such as Pb, 

Cu, Zn, and Cd, which impose a potential environmental problem or 

provide an economic value, and if simple matrices of the volatile 

matter is desired in order to facilitate subsequent chernical 

separation, then, CaC12 would be preferable to Cl, as a chlorinating 

agent, as in the case of roasting fly ash. Besides, CaC1, is much 

safer to use in the roasting operation, while Cl-, basically a 

poisonous gas, will pose a health hazard if leakage occurs. 

5.7.1.3 Fe behaviour during chlorine roasting 

When Cl, was used as a chlorinating agent in the experiment 

instead of CaCl., a black layer accumulated at the exit end of the 

quartz tube after many roastings of samples. This black deposit 

was not soluble in the 5% HNO, rinsing solution. Pieces were 

broken loose when shaken with the solution. They were collected, 

dried, and subjected to various tests. The results were: 

(1) The pieces were not soluble in HNOIl HCL, and aqua regia, 

nor were they with the aid of HF and HC10,. They were only 

slightly soluble in boiling HC1. 

(2) When held in a flame, the pieces glowed but did not 

combust. Thus. the possibility of their being carbon is ruled 

out. 

(3) They were fused with LiBO, and were completely dissolved 

in dilute acid. The elements in the solution were analyzed by ICP. 

The main coristituents of the black deposit, in terms of elements, 

were found to be Fe, 50%; Na, 1.4%; Ca, 0 .5%;  and Cr, 0 - 5 % .  

(4) They were examined by powder XRD. The main mineral phase 

was identified as Fe,O, (hematite) . 
The result in (4) explains the result in ( l ) ,  since hematite, 

a dark coloured compound, is virtually insoluble in acids. The 



fact that a large quantity of Fe volatilized, as shown in Table 2 7 ,  

should lead us to believe that accumulation of some dark coloured 

deposit (Fe compound) in the quartz tube would be inevitable after 

many roastings of sarnples. ~ e '  is not volatile, nor are Fe20? and 

Fe0 with melting points of 1565OC and 1 3 3 7 O C  respectively. 

Fernandez e t  al. [Il] reported that iron presented a complex 

situation in the combustion gases of MSW incinerators. FeCL,  is 

not stable at temperatures above its boiling point, 316OC [Il] . 
T h e  only w a y  for iron to form a volatile cornpound is by foming the 

chloride of ~ e "  [Il] . They explained that the possibility of iron 

occurring at its lower valence depends on the composition of the 

combustion gas Stream. An excess amount of air will prevent Fe 

distillation, w h i l e  a reducing atmosphere will favour the formation 

of Fe'-. It is possible that in the Cl- atmosphere, both F e C l ,  and 

FeCl, are formed. These compounds can react with oxygen to form 

solid Fe,OI via an oxychloride ( F e O C 1 )  even at lower temperatures 

( 400°C)  as suggested by Pechkovskii and Vorob'ev [ 4 4 ]  . The black 

deposit at the exit end of the quartz tube waç probably the product 

of this reaction. 

5 . 7 . 2  H C 1  as chlorinating agent 

Besides CaC1. and Cl-, HC1 is also a cornmon chlorinating agent 

used in many industrial processes [ 4 5 ]  . The reaccion is expressed 

in the form, 

MO + 2 HC1 ,,, + MC1- , + H-O 

The study of the effect of using HC1 on volatilization of the heavy 

metals in fly ash was included. A glass boat containing 

concentrated hydrochloric acid was inserted in the inlet end of the 

quartz tube when the temperature of the furnace reached about 

900°C.  Within the next 10 minutes, the temperature of the quartz 

tube reached 1000°C. The HC1 vapour was swept by the air Stream 

into the heating zone where it reacted with the fly ash (sample Dl . 



One to two hours were normally required for t h e  HC1 to completely 

evaporate £ r o m  the boat depending on the  amount of HC1 used. 

Various amounts, 1, 2 and 3 rnL, of HC1 were placed i n  t h e  glass 

boat in the experiment, and the volatile metals (Pb, Cu, Zn, Cd and 

Cr) obtained in each run were analyzed by LAS. The results are 

shown in Table 2 8 .  The E values, calculated based on using 3 mL 

HC1, are shown in the last column. Apparently, HC1 is also a very 

effective chlorinating agent if used sufficiently. As a 

chlorinating agent for the above heavy metals, HC1 is comparable 

with CaCl? and C l 2 .  Al1 three agents achieve > 9 0 %  ef ficiency of 

volatilization for Pb, Cu, Zn and Cd ( s e e  Table 27, p. 6 2 ,  for the 

E values f r o m  CaC1, and Cl,) . Considering the factors of safety and 

easiness of handling, CaC1- is clearly the best choice arnong the 

other two, p a r t i c u l a r l y  for a l a r g e  scak operation. 

Table 28 
HCl  e f f e c t  on  volatilization of heavy rnetals, pg / g sample. 
(Sample D was heated at l O O O O C  until HC1 was completely evaporated) 

EiCl used, mL 
Element 

O 1 2 3 E, % 7 



5.8  Thermodynamics and kinetics of volatilization 

5.8.1 Thermodynamics of volatilization 

5.8.1.1 volatilization ef ficiencies v s .  vapour pressures of metal 

chlorides 

The degree of volatilization of a metal chloride at a given 

temperature is very much dependent on its vapour pressure ( v - p . )  . 
The higher the v.p. of a chloride, the easier its vaporization. 

The efficiency of volatilization (E) of a rnetal cornpound in a fly 

ash sample, however, depends  not only on the v . p .  of the metal 

chloride, but also the convertibility of the meta l  compound into 

chloride. If the metal compound contains a large portion of 

unconvertible metal, t hen  the E could not be high, even if the v.p. 

of its chloride is high. Zn is known to exist in fly ash in large 

portion as an oxide, but because it can be converted to chloride, 

its E can still be very high. The v . p .  of a number of the metal 

chlorides at 1000°C were calculated f rom thermodynamic data 

[ 3 6 , 4 6 ] .  They are shown in Table 29 almg with the E values. From 

tne Table, there is observed a correspondence of vapour pressure 

with recovery . In genersl, high v . p . ,  above 1 atm, results in high 

E, greater t h a n  9 0 % ,  for elements s u c h  as Zn and Pb; medium v-p., 

0 -1 to 1 atm, results in medium E, 20-40% f o r  elements such as Mn 

and Co; and for low v . p . ,  below 0.1 atm, leads to Low E, less  than 

7%, for elements such as C r  and M g .  



Table 29 
Volatilization efficiencies vs. vapour pressures 
of metal chlorides at 1000°C 

Chloride v - p . ,  atm E, % 

c ~ c ~ J  
CuCl 
NiCl? 

C r C l ,  
MgCl? 
CaCI: 
BaCI- 
NaC 1 
KC1 

There are exceptions to this general trend. FeC1, has a v.p. 

almost the same as that of CoCl, and yet only volatilized 0.4%. 

FeC1, is not stable at l O O O 0 C  [ 4 7 ] ,  and for the conditions of 

oxygen and Cl used, Fe-O rather t h a n  FeCL- is the stable Fe phase. 

The same is true for the stability of Ni0 with respect to NiCl,. 

NiCl; has â high v . p .  similar to CuCl and yet is only 28% 

vaporized. Verhulst et al. [ 3 4 ]  reported that N i C l ,  is stable only 

at low temperature, and is converted to N i 0  above about 250°C in 

air. They found that only small quantities of NiCl,,,,, and NiCl,,, 

can exist in the higher temperature range. Their findings support 

Our results. It is reasonable that if the formation of a compound 

is di££ icult, the recover-y of that compound has to be low. N a C l  

and KC1 have a low v . p . ,  but are substantially vaporized. The 

reason is that the formation of NaCl and KC1 is thermodynamically 

favourable with reference to oxides, as c m  be seen £rom the 

following equations: 



Substantial amounts of Na and K can  be recovered because the NaCl 

and KC1 are stable i n  the tube furnace and their vapour will be 

removed by the gas carrier over a long period of time. 

5 . 8 . 1 . 2  Relationship between E and AG* 

The reaction of a metal chloride with oxygen is reversible: 

For the generation of Cl- by heating a chlorinating agent, the 

forward reaction is considered; and for chlorination of a metal 

oxide, the reverse direction is considered. Whichever direction 

the reaction proceeds depends  on che relative stability of the 

oxide and chloride at the given temperature. This relativz 

stability is reflected by the value of standard free energy change  

(aGO) for the reaction between metal oxide and chlorine to form 

metal chloride and oxygen. For the chlorination of rnetal oxides in 

fly ash, using CaC1- as a chlorinating agent (the source of Cl,) and 

heating at lOOO@C for 3 h, the AG@ values for a number of reactions 

were calculated using the available thermochernical data [ 3 0 ]  . For 

example, aGO for Co was calculated based on the following equation. 

Only those metals which have sufficient amount in the fly ash were 

chosen for this calculation. Silicates are major components of the 

f l y  ash. Some are formeci by the reaction between a basic oxide 

(the alkali or alkaline earth oxides) and an acid oxide (silica). 

For this reason, the reaction between silicate and the chlorine 



(released £ r o m  CaC1,) , to form chloride, silica, and oxygen, was 
also used to calculate the AG% for the elements of Na, K, Ca, Mg, 

Sr, and Ba, such as, 

Both aGO values (calculated from metal oxides and from metal 

silicates) for chese  six elements are shown in Table 3 0 .  It is 

understood that the aG0 for a certain reaction depends on the 

physical States of the reactants and products. For chlorides, the 

gaseous state was used in the calculation, since the metals removed 

were in gaseous form, There was an exception. For CdCl,, the 

liquid state was used, since no data is available for its gaseous 

state. For the rest of the compounds tne most stable s t â t e  under 

the roasting condition was used. The equations for the reactions 

and the calculation of their AG^ values âc, 1 0 0 1 3 T  are snown in 

Appendix F. The E v a l u e s  (volacile i ïocal, in % )  cf 18 metals, 

calculated from Table 19, and their correspo~ding aGG values are 

tabulated in Table 3 0 .  



Table 30 
volatilization ef f iciencies and standard f ree energy changes for 
reactions for 18 elements using CaC1, as chlorinating agent and 
heating at 1000°C for 3 h 

* Based on MO,,, + Cl- + MC1 -,,, , + % OL 

* *  B à s e d  on MSiO?, + Cl- -t MC1 - , ; .  + S~O,,,~ + % O ;  

There is no overall relationship between the E values and the 

AGO values (column 3) calculated £rom metal oxides. However, if 

the aGO values for the alkali and alkaline earth metals are 

replaced with the aGO values in column 4, calculated from metal 

silicates, a plot of the E values vs. aGOs produces a linear trend 

for the partially recovered elements, as shown in Fig. 21. It 

appears that near complete volatilization occurs for a reaction 

with a aGO value lower than -50 kJ/mol Cl,, and little 

volatilization takes place for a reaction with a AG* value greater 

than 40 kJ/mol Cl,. The linear trend between these limits 



indicates that tne degree of volatilization of a metal is 

approximately proportional to the -AG" value of the corresponding 

chlorination reaction. The metals with large E, such as Zn and Cu, 

have large negative aGO and likely form stable chlorides. On the 

other hand, metals with very srna11 E, such as Ba and Ti, have large 

positive aGC and liksly form stable oxides. Between these two 

extreme groups, Mn, Co, and Ni have about the same tendency to form 

oxides and chlorides. 

5.8.1.3 Comparison of AG fo r  chlorination using CaC1, vs . Cl, 

The free energy change for a chlorination reaction, such as 

MO,,, + Cl- + MC1 - , ; .  + 1/2 0- ( 5 )  

can be calculated By the equation 

if al1 the unknowns on ~ h e  rignt side of tne equûtlon c m  be 

accounted for. Since 

aGO can be calculated from the therrnochemical data; 

T is 1000°C ( 1 2 7 3 C i o  ; 

the partial pressure of 0- is O .  21 atm; 

the roasting time is 3 h (180 min) ; 

the air flow rate is 150 mL/min; 

t h e  p a r t i a l  pressure ( p . p .  1 of C l -  is: 

i) using CaC1- (0.3 g Cl-), assuming 92% of the Cl- evolved ( s e e  

Section 5 . 6 ,  p .  5 9 ,  

- at 2S°C and 1 atm, 300 mg x O - 9 2  = 276 mg of C l L  occupies 

( 2 7 6  / 71 ) x 2 4 . 4 7  mL = 9 5 - 1  mL, 

- its average flow rate is 95.1 mL/180 min = 0 . 5 2 8  &/min 

(the r a t e  of r-elease of  Cl- may not be constant), 

- the average p . p .  of Cl- during the 3 hours period of 

roascing is 0.528/150 = 0 . 0 0 3 5  a t m ,  

ii) using Cl- at the flow rate of 3 rnL/min ,  



- the p . p .  of C I -  is 3 / 1 5 0  = 0 . 0 2  atm; 

and the partial pressure of MC1- is calculated in a similsr 

way, knowing the total amount of M volatilized ( s e e  

calculation in Appendix G )  , 

Therefore, AG can be calculated. For example, the f ree enerçy 

change for the chlorination of lead oxide 

P b O , ,  + Cl- + PbC1-  ; + 1 / 2  0: 

using CaC1- as chlorinating agent at 1 0 0 0 ° C  is 

AG = AG" - RT In ( p--:--& / p:.- ) ( 3 5 )  

= -106 + 0.008314 x 1 2 7 3  ln ( 0.21" x 4 . 8  x 10'' / 0.0035 - -160 kJ/mol Cl- 
A detailed calculation is shown in Appendix G. Similûr 

calculat ions were appSied to a number of chlorinat ion react ions, 

and the AG vzlues a r c  shown Ln Table 31. N h e r !  CI- is used as 

c n 1 o r i n a ~ i r . g  z q e n t ,  p . -  = C .  07 arm is substlcuced f o r  û .O035 a t m  in 

equatiori  ( 3 5 )  for c a l i u l x i o r .  of AG. The AG -/âll;es t h u s  calculatea 

f o r  the same chlorinâcron rsactions s r r  a l s o  snown ln Table 31. 

T a b l e  3 1  
AG values f o r  chiorln~tior, r e a c t i o n s ,  using C C l -  v s .  Cl- 

AG, IcXnol CI- 
React iori 

C ~ L ' L -  C L  

P b O , , .  + Cl- + LbCl-  ; - I;S 0- -160 -178 

ZnO,,, + Cl- + Z n C i -  ; Il's O- - 8 8  -105  

6 C u O , ,  + 3 Cl, + 2 C u . C l , . ,  + 3 0 -  - 1 1 2  - 1 2 9  

CdO. ,  + C l  + C d C I -  + 1 / 2  0- -180 -197 

O + 2 Cl- + 3 MnCl- : + 3,'2 0- - 4 8  - 5 5  

Fe-O,,; 7 2 Cl- + 2 F e C L - :  - 3,'2 0- - 3 8  -5 



AS can 

values from 

Cd and Mn. 

be seen from the last two columns of Table 31, the AG 

using Cl- are smaller (more negative) for Pb, Zn, C u ,  

This is consistent with the fact that more of these 

elements were volatilized when Cl: was used. However, the 

interpretation of the AG values for Fe contradict the experimental 

finding. This disagreement implies that the true reactions of Fe 

may not be t h e  one shown in Table 31. FeC1, is not stable at 

1000°C as rnentioned in 5.8.1.1. [ 4 7 ] .  Fe very often exists in the 

form of double oxides, such as MgO- Fe,O, and Cao- Fe,O, i 3 4 ]  . Not 

many themodynamic values describing the rnixing proper t  ies of 

different types of phases a r e  available. In the present study, 

Fe,O- and FeC1- have 'oeer! assumed C O  be p r e s e n c  as single phases. 

Consequently, the interpretation of the presumed reaction with the 

basic themodynâmic data could ne inaccurate. 

5.8.2 Kinetics of chlorination of selected metals in fly ash 

' 7 '  The effect of r o a ç t l n g  time on volâïr~~zation of 2 5 ,  Zn, Cd, 

and Cu using CaC1- as 3 chlorinating aqcnc con be observed from 

F ig .  5 .  The reac t ior ,  of Cu was clearly t_he slowest of ail. Two 

hours w e r e  needcd f a r  C u  to complete v o l a t i l i z a ~ i o n ,  w n i l e  o n i y  

half an hour was n e e d e a  f o r  Pb, Zn, snd Cd. 
- ln â reaction involving two reactants, such  as 

the rate equation is 

where C is the concentration of a reactant, t is the time, - d C , / d t  

is the rate at which the concentration of reactant À decreases, and 

k is t h e  ra te  constant. If one of the reactants, B, is in great 

excess so that its concentration, Cs,  is essentially constant, the 

rate equâtion Secomes 

- d C , / ' a t  = k l C A  



The reaction is called a pseudo-first-order reaction [48]. It has 

the characteristic of a first-order reaction- A plot of ln C, 

against t will be linear. In the chlorination of a metal species 

(M) or metal oxide (MO) Ln a w e l l  mixed fly ash samp!.e using excess 

chlorinating agent, CaC1-,  

the reaction mây fa11 into the same category, an essenciai firsc- 

order reaction. The rate equation is 

where C", is the concentration of the metal species in the 

homoqeneous melt phase of the fly ash sample, in pg M ; g sample. 

Equation (13) r op reson ts  reaction rnecnanism ià) a~scriDeÜ in 

Section 3 . 2 . ,  p .  9 ; ana a q u s ï ï o n  ( 5 1 r e p r e s e n x  r sac t  ion mechanism 

(b) in the same Secsion, p. 10. 

The rate of reaction can be determined experimentaliy by 

measuring the amounts of the reactant l e f t  in the  ash sample afcer 

suitable time intervals; and a rate equation tan be developed. 

Recently, Jakob et al. [ 4 0 ]  performed experirnents with f ly ash from 

a MSW incineration plant as weli as synthetic powder mixtures in 

the temperature range oE 6 7 0 - 1 0 0 0 Q C .  They described the rates of 

Cd, Cu, Pb, and Zn êvapoz-sc ion ny a simple first-order rate law. 

In their experiments, the'. d i d  not use CaC1- as a chlorinating 

agent for r o a s t i n g  sarnples, instead, t h e y  relied rnainly on the N a C l  

available in the f l y  ash s a m p l e s .  Consequently, the efficiency as 

w e l l  as  the rates of evaporation of the heavy metals may Vary from 

sample t o  sample depending on the amounts of NaCl present in the 

samples. I n  some fly ashes, t he  chloride concentrations are less 

than 1% (see Appendix B) and are insu£ f icient for reacting with al1 

the heavy m e t a l s .  For example, the average Cl concentration of the 



fly ash over a period of 16 months in Alexandria (Va.) a uni ci pal 

Incinerator in the Washington, D.C., area was 0.8% ( 5 0 1 .  In those 

cases, the er'ficiency of volatilization of the rnetals will suffer. 

Moreover, the resulrs frorn Jakob et al. indicate t h a t  the recovery 

of Zn at 1000°C in air was f a r  £rom complete, âbout 50%. Zn is the 

most abundant heavy metal in MSW fly ash, and its good yield in 

recovery is vically important. Zinc is presenr mainly in the t o m  

of oxide and is comrnon to associate with ferric oxide to form zinc 

ferrite (ZnO= Fe ,O , )  . As we have described previously (see page 29 

and F i g .  6 ) ,  that N a C l  is not an effec~ive chlorinating agent for 

volatilizing Zn frorn fly ash or from zinc oxide anà ferrite. To De 

e i f i c î  A-e, CaCl :  must be used. Our scudy of reaction rates of ~ h e  

selected metals ( C u ,  Cr, Mn, Ni, Na, K ,  Sn, Cd and Pb) ln fly ash 

was based on the roasting conditions - üsing CaC1-  (10 wt% of CI) 

as a chlorinating agent at 1 0 0 0 ° C .  

5 . 8 . 2 . 1  The reaction rate of C u  in fly ash 

- I The f1y ash  u s e d  f c r  the study ?ad 5een V L  m i x e 6  as 
m descriDed in Section 4 2. ~ h e  uniformity of ~ h e  sample is 

. .  . . .  reflectec Dy c h 5  r ê p r c è c c m ~ ~ ~ : y  ~f ihe 9 n ü > - i 1 c ~ i  results in 

general. The ccncenErârion of a mecal speciês ln  ne fly ash can 

be represented by pg E! .' g sarnpie. The racs of d i s a p p e i r a n c ê  of Cu 

in the hêaced fly âsh sample is -dCidt, where C is the 

concentration of the remaining volatile Cu in the sample 1pg Cu / 

g sarnple) at tine t (minutes); let C be t h e  initial concentration 
- C of the volatile Cu, at tirne t = 0. IL the reaction is of first- 

order ,  as shown in the following equârion, 

which upon integration gives 



where k is the rate constant wirh the unit of min-', a p l o t  of 

ln C against t will be linear with a slope of -k and an intercept 

of ln C,,. 

Experimental data of the Cu concent rat ions, obtained by 

heating 3 g of açh samples (sample D )  with CaC?- ( O  . 3  g Cl) at 

1000°C for various periods of time, are given in Table 3 2 -  The 

concentrat ion, C, values were calculated by subtract ing each 

volatile Cu content f r o n  its total volatile. S i n c e  temperature is 

a critical factor affecting reaction rate, the samples were placed 

in and removed from the f u r n a c e  at the same temperature, 1000°C. 

Table 32 
Cu concentrations in fly ash a f t e r  heacing 
sample D for various periods of cime. 

Time, C , In C 
minutes pgCu/g samplê 

T h e  relationship De:-deen C and t Ls s n o w ~  in Fig. 2 2  (a) . 
A plot of In C vs. t p r o d u c e s  s strzight line 3s shown in 

Fig. 2 2  (b), lndicating thsr the reaction of Cu compound in f l y  ash 

with excess of CaCL- is a first-order one. ,An excellent 

correlation was found (r- = 0.997) . The slope of the straight 

line, -k, can be calculated as 

( 6 . 9 4  - 4 - 0 0  ) / - 6 0  min = -0  .O40 min-:. 

The reaction-rate constant becomes, k = 0.049 min':. 

Equation ( 3 7 )  cân also be written as 



5 .8 .2 .2  The reaction rates of selected metals in fly ash 

The reaction rates for a number of metals were also studied. 

They are Cr, Mn, Ni, Na, K, Zn, Cd and Pb. The experimental data 

of the metal concentrations, obtained by heating the samples with 

CaCl, at 1000°C for various periods of time, are shown in Tables 

(1) - ( 8 )  in Appendix H. The total volatile concentrations were used 

as their initial concentrations in the fly ash , since only those 

volatile metals participated the chlorination reactions. 

The relationships between the concentration of the metal, C l  

and t are shown in Figs. 23 (a) - 3 0  (a) . ,411 the plots of ln C v s .  t 

produce straight lines as show in Figs. 2 3  (b) - 3 0  (b) , indicating 

that the xeactions of these metal compounds in fly ash with excess 

of CaCl: are of first order. Good linear relationships were 

observed with correlation coefficients (r-) ranging £rom 0.940 to 

0.997. 

The k values were calculated using equation ( 3 7 ) .  

for Cr, k = ( 3 . 4 0  - 1.99 ) / 120 min 

= 0.012 min': 

The other k values were calculated in a similar way, and they are 

grouped in Table 33. 



Table 33 
k values for the chlorination reactions 

Element k, min-' 

The k va lues  f o r  Zn, Cd and P b  are l a r g e r ,  i n d i c a t i n g  that t h e  

chlorinat ion of these metal compounds are Easter react ions compared 

with the others. This is consistent with t h e  experimental 

observation ( s e e  Fig . 5 )  . 

5 . 8 . 2  - 3  The chlorinat ion reaction mechanisms 

Rate study and knowing t h e  reaccion o r d e r  car! be used t o  

analyze and propose possible reaction mechanisms, and eliminate 

impossible ones. The race  oE t h e  over-al1 reaction is determined by 

the slowest reaction in the sequence. The findina suggests that 

the rate determining s t e p  of the chlorination reaction mechanism 

(a) , described in Section 3 . 2 . ,  p. 9, is 

where MO and CaC1- are dissolved in tne melt phase of the fly ash 

sample; and the rate àetermining step of the reaction mechanism ( b )  

is 

where MO and chlorine are dissolved in the melt phase of the fly 



ash sample. Both reaction mechanisrns (a) and (b) are consistent 

with and supported by the kinetic data. In this study, no attempt 

was made to distinguish which of them is more prevailing. 

Mechanism (c) carinot be supported because the reaction took place 

in a heterogeneous phase, and its rate equation cannot be derived 

£rom the present data. 

A physical change could also be a rate d e t e m i n i n g  s t e p .  

Consider the process of volatilization. Let r be the rate of 

evaporation of MC1, in mass per unit area (top surface area of the 

pile of the ash sample) , per u n i t  time, ât a fixed temperature. 

This rate depends on the difference between the concentration and 

the saturation concentration of MCl, in the sample .  The situation 

is described mathematically as follows: 

= k ( C ,  - C )  

= -k(C - C,) 

where C is expressed in mass per unit volume of t h e  ash sample. I f  

the top surface area is A and the depth of the pile is h, then the 

rate of loss to evaporation is r - A  or 

-.A: k ( C  - C . }  ( R a c e  1) 

From anocher point of view, t h e  r a t e  of change of concentration of 

MCl, in the sample at the same temperature is dC/dt; and the rate 

of change of mass of MC1- in the sample is 

(Rate 2 )  

Rate 1 and rate 2 are equal, that is 

-A.hodC/dt = - A o  k(C - CJ 



integrat ing, we have 

This has the same linearity as the rate limiting chernical step of 

ln C vs. t .  Also, i f  t h e  species has a high vapour prêssure and 

thus high saturacion concentration, C _  >> C.; ,  equation (38) ~ecomes 

Thus, t h e  first oraer plot might also imply a phyçical evaporatlon 

rate Limiting step. 

5.9 %plication of the roastins process 

5.9.1 Treatment of the iron oxide dusts from a steel works 

In t h e  stee1makir .g p r o c e s s ,  various kinds of dusts a r e  

generated in differênt areâs of the facilities. These dusts 

contain high concentraticns of irori. The basic oxygen furnace 

(BOF) iron oxid~ dust is captured from the fumes generated by the 

hot metai above ~ h e  BOF vessels and coIIectea y means of an 

elec~rostatic precipitzto-; It l s  predomilcntly magnetite (Fe,c3,) 

a n a  lime ( C a 0  and CaCO ) ~ i ï h  minoz phases of nematite ( F e - O - ) ,  

quartz ( S i O - )  and periclsse (McOi  . The O . G .  s luc ige  is t h e  solid 

concentrate frcm the wet scrubber syscem; it is primarily composed 

of i r o n  in magnecite forrn (Fe :C) , ) .  30th the BOF oxide and the O.G. 

sludge contain more t han  50% Fe. T h e  high content of iron induce 

an incentive to recycle these materials back t o  t h e  s t e e l r n a k i n g  

furnaces. However, these dusts usually c o n t a i n  zinc and lead a t  

concentration levels L O O  kiigh t o  be reusea as  an i r o n - b e â r l n g  feed. 

The z i n c  is combined wich iron as zinc ferrite and the lead is in 

oxide f ~ r m .  The zinc, pàrcicularly, could promote refractory 

attack. The zinc should be removed from the dusts to as low a 

level as possible before recycling of t h e  dusts is considered. 



In view 

heavy metals 

might be met 

of the effectiveness of removal of zinc and otner 

£rom fly ash by the roasting process, the same success 

if the process is applied to the iron dusts. There 

was awareness about the effectiveness of the application because 

the zinc in the iron dusts is in the form of ferrite ( Z n O - F e 2 0 , )  and 

the Zn rnay not be released easily. However, the promising results 

from a previous experiment in which 93% of the Zn was recovered 

£rom heating Z n O o F e , O ,  with CaCl, (see Section 5 . 2 . 3 . 1 ,  p. 2 9 )  

prompted the investigation of the two dust samples, BOF Oxide and 

O.G. Sludge. These two samples were obtained £rom Stelco Inc., 

Hamilton, Ontario. Given what we know about Fe and Zn in fly ash, 

we would expect that (i) ZnC1. would be produced if the iron dusts 

are to be chlorinated with CaCl:, (ii) the efficiencies of 

volatilization for Zn and Pb should be high, and (iii) time for 

roasting does not need to exceed two hours if the volatilization of 

Zn and Pb is the main concern. Due to the difference of the 

matrices of the samples (ily ash  vs. iron dusts), the 

volatilization efficiencies for some metal species rnay differ. For 

exarnple, in the presence of Fe-O,, Cu may forn the stable CuO- Fe i02  

[ 3 4 ]  and may not be readily released by CaCL- ( see  Section 5 . 3 . 2 ,  

p. 2 4 1 ,  and hence will have a lower F value; on the other hand, Pb 

does not form a double oxide with Fe,O,, and therefore, its full 

recovery is expec~ed. Study of the parameters of roasting was 

needed before the conditions of the r-oasting process can be 

determined. The parameters incluae the amount of chlorinating 

agent, CaC1, (and/or HCl) , and the time of roasting. The samples 

were dried first before being used in the experiments. The water 

contents were found to be 11.5 and 60.7% for the BOF Oxide and the 

O-G. Sludge respectiveiy. 

A 3 g sample of dried BOF Oxide was heated at 1000°C for 1 . 5  

h with addition of various amounts of CaC1- ,  L e . ,  equivalent to 

O - 0 - 4  g of Cl. The volatile matter obtained was dissolved and 

Zn, Pb, Cu, Cd and Cr were determined by M S .  The results are 

shown in Table 34. The minimum amount of Cl added to achieve the 

best yields for Zn and Pb appears to 5e 0.2 g. 



Table 34 
CaC1, effect on volatilitation of heavy rnetals, pg/g sample. 
BOF Oxide sample was heated at 1000°C for 1.5 h (single analysis). 

Equ iva l en t  Cl added, g 

The total amounts of the above heavy metals in the dried BOF 

oxide sample were determined by digestion of the sample directly 

with aqua wegia followed by - L A S .  The results are shown in Table 35 

along with the efficiencies of volatilization of the metals. 

Table 35 
Metal contents in BOF Oxide sample, and E values 

Metal pg/g sample El 8 



A general view was noted from t h e  r e s u l t s .  More than 8 0 %  of 

the  Zn and Pb were removed, Cu and Cr were not affected under the 

above heating conditions. In the presence of Fe,Ol as in this case, 

formation of CuO*Fe ,O,  could explain why Cu volatilization remains 

very limited. 

An experiment w a s  also carried out on roasting 3 g of dried 

O.G. Sludge sample at 1 0 0 0 ° C  under various conditions: (i) u s i n g  

0.3 g Cl (CaC1:) for 2 h, (ii) using 0.3 g Cl K a C l , )  f o r  3 h ,  and 

(iii) using 0.3 g Cl (CaCl-) in addition with 3 mL H C 1  f o r  3 h. 

The volatile metals are shown on the left hand side of Table 36. 

Duplicate sluage sarnples, using 0.2 ând 0.5 g, were digested with 

aqua regia followed 8y f C P  analysis t o  o b t a i n  t h e  t o t a l  content of 

the rnetals. The E values were calculated and are also shown in 

Table 36. 

The roasting condition ( 3 ) ,  namely using H C I  as weil as 

C a C l ,  is most effective f ~ r  volatilizing rnetals, particularly for 

Zn. More than 90% of Zn and Pb can be removed. 3y compârison, the 

E values for many metals cther than Zn and Pb are lower than those 

in the f ly ash, notably C r ,  Xn and Cu. This indicates that these 

metal compounds in the sludge are not easiiy converted to chloride 

form under  the roas t ing conditions. Nevertheless, the roast ing 

process proves to be useful for removal of Zn and Pb from rche 

steelmaking dusts. 



Table 3 6  

0 . G -  Sludge sample was heated at 1000°C 
(single analysis for each condition) 

Volatile: From ? g sample 
(1) 2 h l  0 . 3  g C 1  
( 2 )  3 hl 0 . 3  g C 1  
( 3 )  3 h, 0 - 3  g Cl + 3 mL EC1 

Total digestion: 
(1) 0 . 2  g 
( 2 )  0 . 5  g 

Volatile Total content E, % 
pg/g sample pg/g sample 

* P o s s i b l e  outlier. 



Before the steelmaking dusts can be recycled to the furnaces, 

they have to be sintered in order to obtain the required physical 

properties and chernical composition- Many stêel companies 

experiment with t h e  sinter making process, Stelco has investigated 

the process using a sinter pot to heat the r a w  s i n t e r  mix with the 

addition of calcium chloride. They have succeeded in reducing the 

alkali content, but failed in eliminating zinc. Because the flame 

front temperature during sintering was 1 3 0 0 ° C ,  there was a concern 

that ac this temperature, chloridizâtion of Z n  mây not be 

effective, altnough i t  works well aï 1000GC as was àemonstrated by 

our experiment. Accordinq co c e  thermoaynamic data for the 

react ion, 

the conversion of the zinc compound at 1300GC shoula be even more 

favourable t h a n  a t  10@OGC, assumir ig  c n e  abcve reâctlon is the 

prsdominanc one. 

To test the effect of tempecxtir? a t  1200QC, a n  O . G .  

Sludge sample was roastod in a high temperarure cube furnace, m d  

the Zn remaining in t h e  resldue was determinec. The analytical 

procedure w a s  as f o l l o w s :  

(a) Heating of t h e  O.G. Sludge sample. 

(1) 1 . 0 0 0  g of t h e  dz- ied  sludge sample was thoroughly mixed 

w i t h  0 . 2  g of CaC1- .  

(2) the sample was t r a n s f e r r e d  to a alumina boat using a 

piece of platinurn foi1 as a liner. 

( 3 )  When the tube ( a l u m i n a )  furnace reached 1300°C, the 

sample boat  was pushed into the centre section of t h e  

tube by means of a metal rod. 

(4) After 45 min of heating, the sarnple was retrieved from 

the f uz-nace - 



(b) Analysis of the residue. 

(1) The sample residue which remained on the platinum foi1 

was boiled with aqua regia for about 20 min. Not al1 of 

the residue can be dissolved. The solution was 

collected. 

(2) Some spilt deposit on the alumina boat was also rinsed 

with boiling aqua regia. T h e  solution was collected and 

combined with the previous one. 

(3) The Zn concentration of the combined solution was 

determined by AAS. 

( c )  Calcularion. 

T h e  Zn content w a s  calculated as 154 pg which accounts for tne 

Zn rernaining in the residue a f t e r  h e a t i n g  1 g of tne s luc ige  sampie. 

T h e  Zn content i n  the original sludge sarnple was 49600 pg/g as 

previously determined. Therefore, in terms of percentage, the Zn 

remained in the residue was only 

( 1 5 4  / 4 9 6 0 0  ) x 100% = 0.31% 

This experiment confirms that the Zn can  be removed 

effectively by the roasting process even at 1300°C. 

5 . 9 . 2  Decontamination of dioxins and furans from the MSW fly ash 

In the environment, dioxins and furans are ahost aiways found 

adsorbed ont0 particles such as soil, sediment and ash 

[ W .  In addition to che  heavy metals, these highly toxic 
compounds have been detected in MSW incinerator fly ash samples. 

The term dioxins refers to chlorinated dibenzo-p-cl ioxins  (CDDs) 

which a r e  a ser ies  of 75 different campounds as illustrated in 

Fig. 3 1  (a) [ 5 1 ]  . T h e  same a p p l i e s  t o  f u r a r i s  which are chlorinated 

dibenzofurans (CDFs) and are comprised of 135 compounds (a-lso see 

Fig. 3 1  (a) ) . Out of this total of 210 compounds, 17 receive more 

attention due to their potential human toxicity. These are the 

chlorinated dioxins and furans that contain 4 or more chlorines per 

moletule with the c h l o r i n e  atoms in the 2 , 3 , 7  and 8 positions. 

These 17 are listed in Fig. 31 (b) . 



The dioxins and f u r a n s  are very insoluble in water and are 

only sparingly soluble in most organic solvents. They are highly 

inert and di£ ficult to eliminate. They c m  be destroyed only by 

using very harsh methods such as photolysis wirh h i g h  power UV 

larnps, catalytic hydro-dehalogenation, and high temperature 

incineration [51] . In v i e w  of t h e  availability of tne roasting 

process, there should be a good chance that the process rnight be 

able to remove these organic compounds, if there are any, from the 

fly ash. To test this possibility, a 3 g of fly ash (sample C )  was 

roasted at 1000°C for an hour without the addition of a 

chlorinating agent. 'The heat-treated fly ash along with an 

untreated fly ash sample, were analyzed for dioxins a n d  furans. 

The anâlyses were p e r f o r n e d  in the laborstory of Ontario M i n i s t r y  

of Environment a n à  Energy.  The analytical proceaure  1s ûur,Lined a s  

follows: ( s e e  the detailed procedure in Appendix 1). 

The toxins in the sample were extracted in refluxing coiuene 

for 16 nours tising a Soxhlet extractor- The toxins in the toluene 

were puri f iea . The Fnt  erf e - i n g  o r g a n i c  compounds wêre rêmoved f r o m  

the sarnple ex t rüc t  by u s e  of ope?-co?urrI liquid-solid 

chromatogrâphy. The s o x i n u  i n  t he  excrzicr xert then analyzed by 

gas chrornatograpny/mâss speccromet,ry. 

The results shown in Tsble 37 demonstratr t h x  àioxins and 

f u r a n s  do exist in the f l y  a s h .  They w e r e  reduced t o  negligible 

amounts in the fly ash after the thermal treatme-rit. However, the 

f a t e  of these toxins, whether they volatilize, break àown or are 

more creat2d during roasting, hss not yet b e e n  àetermined. 



Table 37 
Dioxins and furans in MSW fly ash samples, p g / g  sample 
(single analysis) 

Toxin Untreated Heat treated 
ash ash 

Tetrachlorof uran, 
Tetrachlorodioxin, 

Pentachlorofuran, 
Pentachlorodioxin, 

Hexachlorofuran, 
~exachlorodioxin, 

Keptachlorofuran, 
Heptachlorodioxin, 

Octachlorofuran 
Octachlorodioxin 

total 
total 

t o t a l  
total 

total 
total 

total 
total 

i*) 16,000 
i 1 8,100 

* i = isomers 



A thermal treatment method using CaC1, as a chlorinating agent 

for removal of the heavy metals (Pb, Zn, Cd, Cu) from MSW 

incinerator fly ash has been developed. 

TWo possible chlorination reactions are: 

(a) MO + CaC1- - .  + MCISi,, t C a 0  

The rnetal oxide dissolves in the melt phase of the fly ash 

sample and reacts with the CaC1:. 

(b) C a C f -  . + 1 / ' 2  O- + C a 0  + Cl- (1) 

MO + Cl- + MCI- ; + 1/2 O (11) 

The chlorine generated £rom (1) dissolves in ïhe melt and reacts 

with the dissolved metal oxide. In the presence of SiO;, equation 

(1) could proceed as: 

CaC1-,,, + SiO- + 1 / 2  0: -3 CaSiO, + Cl- 

The chlorination reaction with Cu is the slowest arnong those 

with Pb, Zn an Cd. The slot~ volatilization is due to the high 

boiling point ( 1 4 0 0 Q C )  or" CuC1, the stâbie species at 1 0 0 0 G C .  

Another possibility could be the f o r m a t i o n  of the double oxides, 

CuOg Fe-CI and CUO. Al-O., o r  silicates, which hinder the chlorination 

react i o n .  

Volztilization of a total of 32 elements were studied. The 

complete elemental analysis revealed the elemental distribution 

among the heat-treated a n d  üntreated fly ash, and the volatile 

matter. More refractory compounds containing Mg, Ca, Fe, Al and 

T i ,  w e r e  forrred a f t e r  heat treatment. TWo chernical phases, 

Ca ( M g ,  A l )  (Si, A l )  -0, (pyroxene)  , and CaA1_Si-Ol (anorthite) , were 

identified in the heat treated fly ash. 

Cl was q u i t e  concentrated, about 8 wt%, on the surface of the 



fly ash before the heat treatment. Upon heat treatrnent, the Cl 

volatilized almost totally as metal chlorides. A significant 

portion of the Cl w a s  associated with Na and K in the volatile 

matter. Moreover, the metal chlorides tend to form double salts. 

Three chernical phases, Na2ZnC1,-3H,O, K,ZnCl, and KPbZC1,, were 

identified in the volatile matter, the former being the most 

dominant one. 

More than 70% of the Na salt and 90% of K salt ended up in the 

volatile matter a£ ter the heat treatment on a f ly ash sample. ~ h i s  

is one of the reasons that NaCl is not a good chlorinating agent. 

The recovery of Zn from pure Zn0 was only 2.1% when N a C l  was used 

as a chlorinating agent, compared with 80% when CaCl- was used; and 

the recovery of Zn from Z n O - F e - O ;  was 6.5% when NaCL was used as 

against 93% when CaC1- was used .  

The volatilization efficiency ( E l  of most metal chlorides was 

proportional to the vapour pressüre of the chlorides ai 1000°C. 

There was a linear relationship between the E of the partially 

recovered metals and their aGO values for the corresponding 

chlorination reactions. The chlorination reactions with the metals 

(Cu, Cr, Mn, Ni, Na, K I  Zn, C d  and P b ) ,  using CaCl, as a 

chlorinating agent, followed the first-order rate law. 

Cl1 is a more effective chlorinating agent cornpared with CaC1, 

for volatilizing Mn, Ni, and particularly for Fe. 

The exceptional leaching behaviour of Cr and Al, more leaching 

out £rom the ash that has been heat-treated, is due to the 

formation of the soluble CaCrO,, Ca (.910-) - ,  and 12Ca0. 7 A l S 0 , .  

The roasting process is useful for (i) removal of Zn and Pb 

£rom the steelmaking dust, so that the dust can be suitable for 

recycling back to the ironmaking furnaces and (ii) decontamination 

of dioxins and furans from the MSW fly ash. 



7 .  CONCLUSIONS 

(1) A thermal treatment rnethod in a laboratory scale for 

removal of the heavy metals (Pb, Zn, Cd, Cu) from MSW incinerator 

fly ash has been developed. The satisfactory operating conditions 

for a 3 g sample are as follows: 

CaC1,- 2H,O added, 

Roasting temperature, 

Roasting tirne (for recovering Pb, Zn, Cd, Cu), 

( for recovering Pb, Zn, Cd) , 

Air (carrier) flow rate, 

(2) The heavy metals, such as Pb, Zn, Cu and Cd, are 

volatilized under the roasting conditions as chloride. For those 

metals not in chloride form, the reactions of chlorination follow 

two possible mechanisms : 

(a) MO + CaC1- + MC1-, , + C a 0  

where the metal oxide and CaCl- are dissolved in the melt 

phase of the ffy ash sample. 

The chlorine generated from (1) dissolves in the melt and 

reacts with the dissolved metal oxide. In the presence 

of SiO,, equation (1) could proceed as, 

CaCl- : + SiO- + 1 / 2  0- CaSiO, + Cl- 

NaCl is not an effective chlorinating agent for volatilizing 

Zn because NaCl is not reactive to the dominant Zn compounds, such  

as Zn0 and ZnO* Fe_Ol, hence, CaC1- mus t be used in order to achieve 

high efficiency of volatilization. 



(3) The rnetal chlorides in the volatile matter tend to form 

double salts . Three chernical phases, Na,ZnCl; 3H,O, K2ZnCl,  and 

KPb,Cl, ,  have been identified. A significant portion of the 

volatile chloride is associated with Na and K. 

More refractory compounds which contain Mg, Ca, Fe, Al and Ti 

are formed in the fly ash after roasting. Al1 32 elements, except 

Cr and Sn, in the fly ash under study, form more acid-resistant 

cornpounds after heat treatment which require fusion for 

dissolution. Two chernical phases Ca (Mg, Al) (Si , A l )  ,O, (pyroxene) and 

CaAlzSi20, (anorthite) have been identified in the heat-treated fly 

ash, but not found in the untreated f l y  ash. 

Cl is highly concentrated on the surface of the f ly ash; upon 

heat treatment, Cl volatilizes almost totally as metal chlorides, 

and Ca, A1 and Si become more concentrated and exposed on the 

surface of the fly ash. 

( 4 )  The volatilization efficiency (E) of most metal chlorides 

is proportional to the vapour pressure of the chlorides. There is 

a linear relationship between the E of the partially volatilized 

rnetals and their AG" values for the corresponding chlorination 

reactions. The chlorination reactions with the metals (Cu, Cr, Mn, 

Ni, Na, K, Zn, Cd and Pb), using CaC1-  as a chlorinating agent, 

follow the first-order rate law. 

(5) The exceptional leaching behaviour of Cr and Al, (more 

leaching out £rom the fly ash that has been heat-treated), is due 

to the formation of soluble CaCrO,, Ca ( M O - )  - and 1 2 C a 0 -  7A1,0,. 

6 The roasting process developed for the MSW f l y  ash can  be 

applied to a steel dust waste to remove zinc and lead impurities so 

that the dust becomes suitable for recycling back to the 

steelmaking furnaces. The prscess c a n  also decontaminate dioxins 

and furans from the MSW fly asn .  



(7) This work opens up many subject areas in M S W  fly ash for 

further in-depth studies, such as (i) thermal behaviour and 

reaction rate of Fe, (ii) remedy for the leachability of Cr, (iii) 

behaviour of metals during roasting under reducing conditions, (iv) 

the fate of dioxins under thermal treatment, and (v) use of a 

rotary kiln instead of a tube f u r n a c e  for thermal treatment. 

MSW 

?AS 

I C P  

IC 

TGA 

XRD 

XPS 

GC 

MS 

E 

s.d. 

r.s.d. 

BOF 

CDDs  

C D F s  

Municipal solid waste 

Atomic absorption spectroscopy 

Inductively coupled plasma spectroscopy 

Ion chromatography 

Thermogravimetric analysis 

X-ray diffraction spectroscopy (powder diffraction) 

X-ray photoelectron spectroscopy 

Gas chromatography 

Mass spectroscopy 

Volatilization efficiency ( %  of a metal volatilized) 

Standard deviation 

Relative standard deviation 

Pressure, atm. 

Vapour pressure, atm. 

Temperature, or "K 

Gas constant (0.008314 kJ deg" mol-') 

Standard free energy change for a reaction 

Free energy change for a reaction 

Concentration of a volatile metal in fly ash sample 

Time, min 

Reaction-rate constant, m i n - '  

Basic okygen f urnàce 

Chlorinated dibenzo-p-dioxins 

Chlorinated dibenzofurans 
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Temperature (OC) 

Fig. 1. Temperature dependence of standard free energy change of reactions 
between metal oxide and 1 mol chlorine forming chloride and H mol oxygen 
(Data was calculated via Ref. [30]) 





Temperature (OC) 

Fig. 3. Temperature dependence of heavy metal removal without chlorination agent 
(holding at target temperature for 180 minutes) 



Temperature (OC) 

Fig. 4. Temperature dependence of heavy metal removal with 0.3 g CI added (holding 
at target temperature for 180 minutes) 
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Fig. 7. Temperature dependence of equilibriurn partiai pressure of chlorine over different 
chlorination agents (Calculated from equation 18) 



Fig. 8. Thermograms for AICI, and NaCl samples in air 
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Fig. 14. XPS spectra of surface of particles of 
(1) fly ash, 

Top - Ryash 
Bottom - Heat-treated flyash 

( 2 )  heat-treated fly ash. 

Top - Flyash 
Bottom - Heat-treated flyash 

Binding Energy (eV) 



Fig. 15 X-ray Diffraction Patterns of samples from 
(1) heating Cr,O, and Ca0 at 1 OOO°C 
(2) heating Cr,O, and CaCI, at 1000°C 

Identified phases: CaCrO, and Cr,O, 

2- lhet a - Scal e 

P 
The diffraction patterns of both samples were checked out for the other possible compounds: CrCI,. CrO,, CrO, and ,P 

Ca,(CrO,),. None of those corn pounds were identified in either samples. 













Fig. 21. Dependence of E on nGO for reactions between metal oxides 
and chlorine to forrn metal chlorides and oxygen 

- - --- .-. . 

-120 -100 -80 -60 -40 -20 O 20 40 60 80 100 

Standard free energy change (kJ/mol (212) 



Fig. 22. Cu conc. in sample as a function of time of heating 
(a) C (pg Cu / g sample) vs. t 

(b) In C vs. t (test for a fiW-order reaction) 

O 10 20 30 JO 50 60 70 

t, min. 

- 
O t O  M 30 40 50 60 70 

t, min. 

Heating conditions: 3 g sample was heated with CaC12 (0.3g CI) at lWO°C 



Fig. 23. Cr conc. in sample as a function of time of heating 
(a) C (pg Cr / g sarnple) vs. t 

(b) In C vs. t (test for a first-order teaction) 

t, min. 

t, min. 

Heating conditions: 3 g sample was hmted with CaC12 (0.3g CI) at 1000°C 
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Fig. 24. Mn conc. in sample as a function of tirne of heating 
(a) C (pg Mn 1 g sample) vs. t 

(b) In C vs. t (test for a firçt-order reaction) 

t, min. 
7 !  

t, min. 

Heating conditions: 3 g sample was heated with CaC12 (0.3g CI) et 1000°C 



Fig. 25. Ni conc. in sample as a function of time of heating 
(a) C (Irg Ni 1 g sarnple) vs. t 

(b) In C vs. t (test for a fim-order reaction) 

t, min. 

Heating conditions: 3 g sample was heated with CaC12 (0.3g CI) at 1000°C 
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Fig. 26. Na conc. in sarnple as a function of time of heating 
(a) C (pg Na/ g sarnple) vs. t 

(b) In C vs. t (test for a first-order reaction) 

O 20 40 60 80 100 120 140 160 180 200 

t, min 
11 [ 

O 20 40 80 100 120 140 160 180 200 

t, min 

Hwting conditions: 3 g sample was heated with CaC12 (0.30 CI) at 1000°C 
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Fig. 27. K conc. in sample as a function of time of heating 
(a) C (pg K / g sample) vs. t 

(b) In C vs. t (test for a first-order reaction) 

t, min. 

t, min. 

Heating conditions: 3 g sample was heated with CaC12 (0.3g CI) at 1000°C 



Fig. 28. Zn conc. in sample as a function of time of heating 
(a) C (pg Zn / g sample) vs. t 

(b) In C vs. t (test for a first-order reaction) 

t, min. 

- - 

6 

t, min. 

Heating conditions: 3 g sample was heated with CaC12 (0.39 CI) at 1000°C 



Fig. 29. Cd conc. in sample as a function of time of heating 
(a) C (pg Cd / g sample) vs. t 

(b) In C vs. t (test for a first-order reaction) 

t, min. 

t, min. 

Heating conditions: 3 g sample was heated with CaC12 (0.3g CI) at 1000°C 



Fig. 30. Pb conc. in sample as a function of time of heating 
(a) C (pg Pb / g sample) vs. t 

(b) In C vs. t (test for a first-order reaction) 

O 2 4 6 8 10 12 

t, min. 

O 2 4 6 8 10 12 

t, min. 

Heating conditions: 3 g sample was heated with CaC12 (0.3g Cl) at 1000°C 



Fig. 31. Dioxins and furans 

-- - 

(b) nM Ssvenieen 'Toxic' Dlorlns and Furans and f orlc Equivrlenl Feclors 
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Il. APPENDICES 

APPENDIX A 

Quality control data f o r  SCP analysis, ppm (pg/mL). 
Al1 analytes in the calibration-check solutions (standards NIST 
3171a and NIST 3172a) were at 0.200 or 2 . 0 0 0  pprn, and K 10.00 ppm. 

NIST 3171a NIST 3172a 



APPENDIX B 

Ranges of concentrations of inorganic constituents in fly ash £rom 
municipal waste incinerators in pg/g (ppm) 

Constituent Concentration (ppm) 

Arsenic 
Barium 
Cadmium 
Chrorniurn 
L e a d  
Mercury 
Seleniurn 
Si lver 
Aluminum 
Antimony 
Berylliurn 
Bismuth 
Boron 
Bromine 
Calcium 
Cesium 
Cobalt 
Copper 
Iron 
Lithium 
Magnesium 
Manganese 
Molybdenum 
Nickel 
Phospho- YOUS 

Potassium 
Silicon 
Sodium 
Strontium 
Tin 
Ti~anium 
Vanadium 
Yttrium 
Zinc 
Chloride 
Sulphat e 

Ref. [ 3 3 ]  



APPENDIX C 

Physical properties of selected metal compounds 

Compound Melting point, Boiling point, 
OC OC 

Metai chlorides 
PbCl? 
CdC1, 
ZnC12 
CuC1, 
CuCl (or Cu,Cl,) 

oxides 

sulphates 

Chlorinating agents 
CaC1, 
MgCl: 
FeCIS 
FeC1, 
AlCl, 
NaC 1 

888  
9 0 0  d .  

1 9 7 5  
1 4 4 6  
2 3 3 0  
1 9 7  

1 3 7 7  
1565 
2 5 8 0  
2 8 0 0  
2 0 4 5  

1 2 7 5  subl. 

subl . 

1935, 2 0 0 0 "  
1 4 1 2  
1023 

3 1 6  
1 9 0  s u b l .  

1 4 6 5  

Sources: CRC Handbook of Chemistry and Physics (Lide 1 9 9 6 ) ;  
a: Kubaschewski, 1979 [18]. 



APPENDIX D 

Distribution of the volatile matter along the condensation route. 
Elemental analytical results on the volatile matter (pg/g sample) 
from duplicate fly ash samples A by I C P  and AAS.  

I C P  AAS 
Element A v  

Sample 1 Sample 2 Sample 1 Sample 2 

Con't 



* (1) = on the wall of the quartz tube. 
( 2 )  = in the connecting tube between the quartz tube and the 

absorbing solution. 
(3 )  = in the solution of the absorber. 

* *  Cr concentrations are close to detection limit. 



APPENDIX E ("  

Metal concentrations in leachatet" before and a f t e r  t h e  f ly ash  ' 
was heat treated at 1000°C for 5 h. 

(1) This Appendix is quoted from Ref- [ 2 6 1 .  
( 2 )  The leachate was tested by the standard testing procedure 

according to Ontario Regulation 347. 
( 3 )  This sample of MSW incinerator fly ash was obrained from an 

incinerator in U.S.A. 
( 4 )  MOE Regulation 347 



APPENDIX 

Calculation of aG0 values for cnlorination reaccions at 1 0 0 0 ° C -  

Metal Reaction and AG", kJ/mol Cl; 

-97 -7  

4 CI, + 3 

con't 





APPENDIX G 

Calculation of AG for the chlorination of PbCl ,  at 1000°C. 

(1) Using C a C l ?  as a chlorinating agent. 

aGO = -106 kJ/mol Cl, 

R = 0 -008314 kJ deg-' m o l "  

T = 1273OK 

p,? = 0 . 2 1  atm 

pc,- = 0.0035 atm (see Sec. 5.8.1.3) 

p,,!, is calculated as follows: 

- Pb volatilized £rom a 3 g sample D, 

3.666 mg Pb x 3 = 11.0 mg Pb 

- atomic weight = 2 0 7 . 2  

- theoretical volume of P b C L , , ,  at 25OC and 1 atm, 

( 11.0 / 207.2 ) x 24.47 mL = 1.3 mL 

- average f l o w  rate is 1.3 mL / 1 8 0  min = 0.0072 mlimin 
- p ,,,- is 0 . 0 0 7 2  / 1 5 0  = 4 . 8  x 10" atm. 

Note: Volume ratio of PbCl-,,j a n d  air is independent of 

temperature, and so is p,p. of P b C 1 - .  

Substitute al1 these values in equation (1) 

AG = -106 + 0.008314 x 1273 ln ( O - 2 1 %  x 4.8 x IO-' / 0 .O035 1 

= -160 kJ/mol Cl- 

Con ' t 



( 2 )  Using Cl, as a chlorinating agent. 

p,,, = 0 . 0 2  atm ( see  Sec. 5 . 8 . 1 . 3 )  is substituted in eq. (1). 

The free energy change for the chlorination of PbCl ,  becomes 

Since the p is la rger  ( 0 . 0 2  > 0.0035 , while the p is 

substantially the same, the last term of the equation becomes 

smaller. Therefore, the AG is smaller or more neqative, -178, 

compared with -160 when C a C l -  is used as chlorinoting agent. 



APPENDIX H 

Experimental data for metal concentrations a f t e r  the samples were 
heated with CaCl, for various periods of time. Table  (1 1 - ( 8 )  . 
(The concentration of metal at t = O refers to the concentration of 
the total volatilizabk rnetal in fly a s h . )  

Table (1) 
Cr concentrations a f t e r  heating çarnple 
for  various periods of time. 

Tirne, c , ln C 
m m  pgCr/g sample 

Table ( 2 )  
Mn concentrations afcer 8eating sarnpk 
f o r  varicus perlods of t m e .  

T;me, C ,  in C 
m m  pgMn/g sample 



Table ( 3 )  
Ni concentratio~s a f t e r  heating sarnple 
for  various periods of time. 

Table ( 4 )  
N a  c ~ n ~ e n t r a t i c ; i ; i s  af t e r  n e a t i n g  sampie 
for various periods of tlme. 

Tzme , C,  in C 
min pgNa/g sample 

Table ( 5 )  
K concentrations after heating sample 
for v a r l o u s  per iods  of t i m e .  

T i m e ,  c ,  In (5 
min pgK/g sample 

con't 



Table ( 6 )  
Zn concentrations a£ t e r  heating sample 
for various periods of time. 

Time, 
min 

C ,  ln C 
pgZn/g sample 

Table ( 7 )  
Cd concentrations after heating sample 
for various periods of time- 

Time c, ln C 
min pgCd/g sample 

Table ( 8 )  
Pb concentrations after heating sample 
for various periods of time. 

Time c, ln C 
min pgPb/g sample 



APPENDIX 1 

Analytical procedure for determination of dioxins and furans in f ly 
ash samples. (Procedure used by the Laboratory Services Branch, 
Ontario Ministry of Environment and Energy) 

Before extraction, al1 samples are spiked with a mixture of 

fifteen carbon-13 labelled 2,3,7,8-substituted dioxins and furans 

to allow for isotope dilution quantitation i e  comparing the 

intensity of the native and carbon-13 labelled species, knowing 

the initial concentration of labelled species before extraction). 

A spiked (to add C-13 labelled species) blank matrix (sand), and a 

"precision and recovery" sample (consisting of a spiked blank 

matrix fortified with native dioxins and furans) are analyzed with 

each batch of samples for quality control purposes. Samples are 

extracted in refluxing toluene for sixteen hours using a Soxhlet 

extractor. The majority of interfering organic cornpounds are then 

removed from the sample extract by use of open-column liquid-solid 

chromatography (LSC). Four LSC sorbents are used: acid-modified 

silica, base-rnodified silica, silver nitrate-modified silica, and 

alumina. Following LSC,  the extract is ready for gas 

chrornatography/mass spectrometry (GC/KV analysis. 

A VG AutoSpec high resolution mass spectrometer (HRNS) and a 

Hewlett-Packard gas chromatograph (Mode1 HP5890 Series II) with a 

6 0  m x 0.25 mm i-d., 0.25 pm film thickness DB-5 GC column are used 
for determination of the analytes - The temperature program of the 

gas chromatograph (GC) is arranged such that 2,3,7,8-TCDD is fully 

resolved from its nearest eluting isomers using helium carrier gas. 

Wnder these conditions, the tetra- through octa-chlorinated dioxins 

and furans elute between 25 and 50 minutes. The HRMS which is 

interfaced to the GC is operated in "selected ion" recording mode 

at 10,000 resolving power. The two most abundant chlorine isotope 

peaks in the molecular ion cluster are monitored for each of the 

native and carbon-13 labelled dioxin and furan congeners. 

Retention times and isotope ratios are used as identification 

criteria for the dioxins and f u r a n s .  
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