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ABSTRACT 

ABSTRACT 

Aiong with the essentiai Unportance of the metaiiurgicai sector. one must 

recognise that it is also one of the largest sources of environmental poilution. in 

particular, the problem of electric arc h e  0 dusts is of a growing concern due to 

the increiise in popularity of EAF steelrnaking. This dust is classified as a bazardous 

product due to the elevated content of toxic metals (e.g., Cr). 

Studies on the properties of EAF dusts are sparse. Experiments were performed in 

order to determine the chernicd and physical characteristics of the dust. It was 

determined that EAF dust is constituted of randomiy distriied agglomerations of 

homogeneously nucleated partides and entrained particles. The main elements present 

within the particular dust were iron and chromium, the latter due to the fact that the dus 

used was formed within a stainless steel mini-rnill. The main phases present within the 

dust were Fe203/Fe304 and Crz03, 

Thermal remediation experiments were then carried out in a computer controlled 

therrnogravimetric system The parameters studied during the tests included temperature. 

residence tirne and heating rate. In addition, the behaviour of the EAF dust during 

remediation was studied; in terms of weight and vohune loss, gas evolution, particle 

mrphology and resulting Ieachability of the treated product. Furthermore. it was 

observed that at temperatures m e r  than 1200°C meta1 leachability decreased 

significantly due to a decrease in toxic metal concentration within the treated product and 

the formation of a cesistant, dense, phte-like morphology. At 1600°C, no toxic metals 

leached out of the remediated EAF dust and voIume reduction was significant, resulting 

m a product that would be safe and more ecomtnicai to IandfiiI. 

iii 



Avec l'importance essentielle du secteur métallurgique, on doit identitiet qu'il est 

également un des plus grandes sources de poilution environnementaie. En particulier, la 

poussière provenant des fours d'arc éIectrique (EN) est devenue un probléme croissant 

dû a ia popularité de ce type d'aciérie. Cette poussière est classifiée comme déchet 

dangereux dû à la teneur élevée de métaux toxiques (par exemple, le chrome). 

Les études sur les caractéristiques de ce type de poussière sont clairsemée. Des 

essais ont été exécutées afin de déîerminer les caractéristiques chimiques et physiques de 

la poussière. Les études ont déterminé que la poussière EAF est constituée 

d'agglomérations aléatoirement d i i i u é e s  de particules homogènement nucléées et de 

partkules entraînées dans l'échappement du four. Les principaux éléments dans cette 

poussière particulière etaient le fer et le chrome; ce dernier étant don& que la poussière 

utilisée a été formée dans une usine d'acier inoxydable. 

Des essais thenniques de remédiation ont ensuite été effectuées dans un système 

themgravirnétrique. Les paramètres étudiés durant [es essais incluaient la température. 

le temps de séjour et la cadence de chauffage. En outre, le comportement de la poussière 

EAF pendant la remédiation a été étwlié en terme de perte de poids et de volume, 

d'évolution de gaz, de morphologie de particule et de la Iwviation du produit traité- On a 

0bSe~é qu'a des températures supérieures a 1200°C, la lixiviation a diminué 

sensiblement en taison d'une diminution de concentration de métaux toxiques dans le 

produit traité et de la formaion d'une morphologie dense et rtkkmte. 

À 1600°C, aucun métal toxique a k v i é  de Ia poussière EAF traité. Aussi la réduction 

de volume dû au traitement termique était significative. Ceci avait pour résultat un 

produit qui serait sûr et plus économique à remblayer. 
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1 UTERATURE REVIEW 

1.1 Elecfric Arc F u m e  (EA9 SteeImaking 
The electric arc f h a c e  (EAF) was developed by a Frenchman, Pichon, for which 

a patent was granted on k h  16, 1853 for bis 

claim of economically melting miner& and 

metals. Thereafter, many firmace designs were 

conceptuaiized as seen in Figure 1.1, however, it 

was in France between 1888 and 1 892 that Herouit 

buiit a direct arc furnace wtiich provided the 

blueprint for EAF construction of today. A 

schematic of Herouit's design can be seen in 

Figure 1.2. The enhancement of this design was 

that the heat generated by the arc was held within 

the scrap during the melting process. This resulted 

in lower cefractory erosion, The EAF was initiaiiy 

developed in the manufâccture of ferroalloys and 

calcium carbide. However. its advantages were 

mon recognjzed in the growth of alloy steel 

melting1. The fust arc fimace to be W l e d  and 

operated successtlllly in North America was at the 

Figure i . I : Schematic chawings of (a) 
indirect arc designeci by Stassano, (b) 
special indirect arc designeci by 
Rennerfélt, (c) Conductmg-bottom, 
direct arc pniciple by Girod 

Halcomb Steel Company m Syracuse, New York m 1906. 

Figure 1 2  Three-phase electric arc firniace buïit by HerouIt 



Arc funiaces can be divided into three main categories based upon nature and 

form of the electtodes to which the current is supplie& Three types are as FoUow 

Indirect arc Furnaces 
Direct arc Fumaces 
Botîom Electrode Fumaces 

The use of the indirect arc tùniace is Limiteci to the meiting of cast irons and non- 

ferrous metals. It is rarely used in steelmaking operations due to the fact that it results in 

severe wall rehctory Wear. 

The majority of steeimaking opetations require the use of direct arc fiimaces. 

Bottom electrode furnaces were constructeci as an aiternative to Heroult's strong patent. 

However, problems arose with bottom rehctory Wear as the funiaces got larger and their 

power ratings increased. Direct arc fiimaces are manufactured in rnost steelmaking 

countries. Most manufacturers employ the basic principle: there are three electrodes, 

aimost aiways of graphite and a cup shaped hearth, which form the cmcble for the 

molten metai. A cunent is passed through these eiectrodes and an arc is sparked between 

each electrode and the charge. The heatiug process takes place mainiy through radiation 

and convection From the arcs, which can aftain tempwhirrs in excess of 20,000"cf. Due 

to these high temperaturesT the dissipation of energy and the resuhing heating rate are 

quite rapid. The high temperatures attamable within the h c e  coupled with a highly 

reducing atmosphere and a very fluid slag which can be focmeci, results in the formation 

of chemicai compounds which pmmote desulphurishg and deoxidising conditions. As a 

r d t ,  a much larget range of raw materials can be used 

1 -1 -1 General Furnace Construction 

Most direct arc firtnaces used for industrial purposes are of the three phase type 

with three wrbon or graphite electrodes, hanging verticaily over the hearth. These large 

industriai h e s  consist of an extemal steel shek which is cy1indrica.i in shapeT a 

dished bottom and a removable roof ring on which the domed reûactory roof is 

supported. The roof contaios three openings about the centreline symmetricaily placed to 

form an equilateral triangie, through which the eIectrodes enter the t'umace- Fumaces can 

either discharge the metal by means of a boüom tap or a side tap. In the latter case, the 

firniace shoufd comprise a rocking mechanism. Above the firrnace roof Lie the electrode 



arms- wbich not oniy tnecbanicaily support the eiectrodes above the tiiniace but also 

carry the conductors leading the cunent to the clamps. 

As the fùmace hearths mcteased, so , 
did the methods used to charge the furnace. in 

earlier practice. the fimace was hand-charged 

through doors on the fimace sidewall. 

However, as the charges increased, a top 

charging method was developed. This 

required the need for the roof and 

superstructure to be removeci quickly by 

mechanical means. Top charging can be seen 

in Figure 1.3, The charging bucket used is 

u d y  designed for a particular application. 

Two basic types of charging buckets are used: 
Figure 1.3: Topcharging of a 120 ton EAF 

the clamshell type and the orange peel type. These twebucket designs are illustrated m 

Figure 1.4. 

Figure 1.4: (a) Orange peel type of charging bucket; (b) Clamsheli type of charging 
bucket 

1.1 -2 Process Stalus 

Electric arc steeimaking is a process option that is considerabiy inmashg  in 

popuiarïty amongst steeimakers. Techwiogy developments have d e d  m mcreased 
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opportuaities for EAF steelmakers siuce now, minimills are mt limiteci to the production 

of simple steel products but ratber, can compete with integrated steel mills in the more 

lucrative high end product range. Steel plants with EAFs once oniy consisted of fimaces, 

continuous casting equipment and elementary mlling machines. Previously, their 

production consisted mainly of construction steel, howevw, h u g h  technologicaI 

development, they were involved in the production of wire md ancl iight and heavy 

profiles. Presently, EAF steelmakers are capable of manufacturing al1 types of long 

products; such as tubing, while increasing their share in the flat products market with the 

help of continuous casting3. 

In Ca& electnc arc fiunaces have a nominal capacity of over 8 million tons of 

steel a year. These arc fumaces consume around 10 billion kWh annually4. 

in 1991 U.S. and Canadian steeimakers opnaed SOUE 240 electric h a c d .  

Aimost haif of these funiaces tapped heats thaî can be classineci as smaIl(55 tons or les) 

while 27% of these EAF's had a capacity of 100 tons or more. More than 100 of the 240 

E M S  were operated by minimiiis. Almost haif these futriaces had a tapping capacity of 

55 tons or Iess which would categorise them as srnall. 30 percent are of medium size (56 

to 109 tons) and 21 percent as Iarge (> 1 10 tons), as seen in Figure 1 .S. 

.MinimiIl EAFs IL,"" 1 

Figure t 3: Distniution of U.S. aad Canadian EAFs by heat size. 
I 

Merely 5 percent of the EAF output m 1991 was aüoy, Starmess and tool stec 

Equally, 18 percent of EAFs made starmess and tool steels dong with carbon grades. 

4 
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Twenty-two percent made basically carbon and alioy steels while the remaining majority 

(42 percent) of EAFs were involved in the production of carbon and low a b y  grades 

(Figure 1.6). 

Carban and low Carbon and allay Carbon. tod and Alloy, twl and 
alloy stainless stainless 

1 Figure 1.6: Distniution of U.S. and Canadian EAFs by steel produci produced 

1.1 -3 Scra~ in World Steel Produdon 

The world-wide production of' steel in I993 reached 725 Mt. To pmduce this 

quantity, 503 Mt of hot metal, 24 Mt of sponge iron and about 400 Mt of scrap were 

used6. The share of EAFs in steeI production bas climbed to a high of arolmd 30%. 

signimg that every third ton of steel produced worId-wide was made h m  recycled 

-P. 
The share of electric arc fitrnaces in steelmaking greatly affects the dernand for 

scrap in the medium and long te- Figure 1.7 shows world steel production. the share 

of production by EAFs and the level of scrap consumption between 1976 and 1993. The 

share of EAFs m worldwide steel production climbed Eom a share of 192 percent m 

1976 (130 Mt), to 30 percent in 1993 (225 Mt). ïhe material required to feed this 

p- production is suppiied h u g h  the foilowing sources: hot metai, smp and scrap 

substitutes. Ahhough the d e d  for hot metal wili remah stagnant imtil 2003, the 

demand for scrap will mcrease by 17.4 percent during this same period. Scrap used in the 

production of steel can be categorised into three groups: 
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Circuiating smap: scrap produced dtning the fhd traasfonaation step of miten steel to 

the final produds in steel plants and m i k  The amount of circulating scrap is 

expected to decrease by the year 2003. 

Process scrap: scrap produced in induslrial plants where steel is the initial material in the 

fabrication of couiponents. Due to the increase in efficiency of îàbricating methods. 

one wouId expect a decrease in this type of scrap, however. this decrease is balanced 

by the increase in steel consumption. As a tesuit there is expected to be a m q E a l  

increase in the level of process scrap untiZ 2003 

Capira1 scrap: scrap Eom components manufactured of steel that have served thek usehl 

life cycle. Due to the increase in dÏrect and indirect cunsumption of steeL here is 

expected to be a significmt i n c r a  in the levet of capital scrap. Inde4  the level of 

capital scrap will increase by 3 1 percent by the year 2003. 

Year 

/B EAF Scrao Consum~Uon OTotal Steel ~roductionl 

Figure 1.7: World steel produdou, EAF share and scrap consumption 

Emission generation h m  the operation of electric an: Cimaces is associated witù 

d phases of nad firmaçe opedons, T w  aitegories ex& for emissions: primary 

emissions a d  secomhy emissions. Primary emissions are categorized as h s e  mcrnrring 
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durhg the meltmg and rehmg cycles of fiaoace operatioas. Secoadary emissions are 

de- as those occurring during operatioas other tban melting or refining, specifically, 

during b e  charging, metal tapping or slagging. Secondary ernissions, which 

constitute less than 10 weight percent of aii funiace ernissions, occur over relativeIy short 

periods of titne, and are associated with roof movernents or h a c e  movements which 

make emission collection rather tedious. 

1.2.1 Nature of Particulate Emissions 

The principal contaminants formecl during EAF steelmaking operations are 

carbon monoxide and particulate matter. In addition, dependhg on slag chernistry and 

funiace additives, traces of hydrocarbom, sulphrn oxides, and fluorides wiil be present. 

Additional products of h a c e  combustion can also be found, such as oxides of nitrogen 

and ozone, which can be formed fiom the fùmace arcs. 

During the meking and ret'ming stages, pactiiulate matter is evolved h m  the 

b c e  principally in the h m  of mtaiiic oxides resuiting fiom the oxidation of some 

met& and volatilization of others, resulting h m  the intense heat and turbulence 

generated. The thermai head in the fùrnace resuits in a positive pressure at the top of the 

furnace where the fumes escape through the eiectrode ports and roof rings in a fimace 

with no emission control system The mjection of oxygen during the refiniag process 

results in the greatest concentration of particulate matter. Dirrnig the charging process. 

particulate matter and voiatile matter are l i i t e d  fiom the scrap by the furnaçe heat and 

agitation as  the charge drops hto the bath. The heat and agitation that occurs dirring 

tapping resuhs in noticeable particdate formation, especiaiiy if aiioy additions are added 

as the metal is tapped into the ladle'. The temperature of the EAF steelmaking process is 

generally around 1600"C, which is above the vaporisation temperature of zinc, lead and 

cadmium present in the chargee. In addition, smaii amounts of Oron, nickel and 

manganese are voIatiiised. The levet of chromium voiatilisation depends on the charge to 

be melted; as stainless steel scrap contains high chromium IeveIs. As the metal vapours 

exit, physicaiiy and chemicdy cornplex, mimscopic agglomerates form on foreign 

nuclei such as firgitive dust. 



The primary dust generators are electric fùrnace minimiiis w b  meIt smp in an 

EAF to produce a variety of steel products. While meiting the scrap, approxmiately 2% of 

the scrap steel charged to the EAF arises as dust containing mostly zinc, lead, cadmium, 

and Mides contained in the charge, Dust formation h m  EAFs ranges fiom 4.5-22.5 

kg/ton of steel produced. In Canada and US, this adds up to 600,000 toaslyr. of funiace 

dust pduced9. The range of dust produced can vary h m  plant to plant depending on 

such factors as charging methods, scrap quality, oxygen blowing rates, furnace operating 

practices, and the type of steel produced. Particulate matter concenûaîions in the off-gas 

generaily exceed 23000 mg/m3. Studies conducteci on seaondary emissions have 

concluded that charging and tapping emissions are generally qua1 in magnitude. In 

addition, operating parameters such as scrap quality and ladle additives greatly aff't the 

amount of dust generation. 

The range of chernid composition of EAF dust can be seen in Table 1.1. The 

variations caa be attributed to the type ofsteel produced. as galvanised steel will produce 

a hi& zinc oxide content whereas stainiess steel will yield high chromium oxide and 

nickel levels in the dust. 

Table 1.1 : Range of composition of EAF dust 
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The particle size distnion of the dust is quite difilcuit to determine due to 

uncertainties in sampling techniques. However, in generd, EAF dust is ciassifieci as "sub 

micron". Table 1.2 shows some reported ranges of particle size. 

Table 12: Particle size dii'bution of EAF dust 

Weight Percent Less Ranges of Reported 
Than, (PI Percentages 

40 82- 100 

1.2.2 Status of Environmentai Reaulations 

12.2.1 U.S. Environmental Proteetion A m  Standards 
The water solubility of some of the elements in EAF dust exceeds prescn'bed US 

federal environmental limas. in 1984, the Environmental Protection Agency (EPA) 

classified this dust as a hazardous waste (K06I) under the regdations of the Resource 

Conservation and Recovery Act (RCRA). EAF dust fails the EPA's Toxicity 

Characteristic Leaching Procedure (TCLP) for lead, cadmium and ~hromium'~. The EPA 

regulatory level of metaI toxicity is shown in Table 1.3 ". A material is considered 

hazardous if the aqueous Ieachate of the material contains elements greater than the 

concentrations indicated in Table 1.3. 

Table 1.3: EPA regulatory kachate ievels for metais 

Metal Conmmant Regdatory Level (mgll) 

Arsai ic 5.0 

Banml 100.0 

Cadmium 1 .O 

Chromium 5.0 

Lead 5.0 

M m  0 2  

Selenium 1.0 

Silver 5.0 
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The US EPA regulations regard@ EAF dusts are continually evolving, however 

the current regulation is that EAF dust is designated by the EPA as hazardous waste 

NoX061. EAF dust is a üsted waste because it contains hazardous constituents including 

hexavalent chromium, lead and cadmium, in 1995, the EPA d e d  that stabilisation and 

subsequent disposai in conventional landfilis is pemÜssibIe for aii EAF dust12. 

The c m n t  K06 1 regulations are the fobwing: 

if the dust is to be used for fertiliser manufacture, the d u t  is exempt fiom hazardous 

waste regulation. 

Any d u t  treatment technology can be used if it meets the TCXP leachate standards. The 

treatment standards include forneen elements: 

Ant imony Mercury 

Arsenic Nickel 

Batium Selenium 

Bery Ilium S ilver 

Cadmium Thal iium 

Chromium Vanadium 

Lead Zinc 

1.2.2.2 Quebec Minisûy of the Environmmt Siandards 
EAF dust is considered to be hazardous waste by the Ministère de 1'Environment 

et de la Faune (MEF). EAF dusi is present m "Regdation on Hazardotls Wmte (Q-2, 

r3.01) "13 and fiiils under the category of metdurgicai hazardous waste: Art. 69. "Dust 

cesuithg fiom the purification of emissions fiom metal Lùsion in fiision fiirnaces" 

EAF dust falls under the category of hzardous waste smce its leachate produced 

usmg the leaching procedure "Procédiire d'évaiuation des caractéristiques des déchers 

solides et des boues p~rnpabfes"'~. contains levels of certain metals to the 

regdatory limits. These limits, fotmd in Annex EI of the "Regdation on Hmardous 

Waste ", are show in Table 1.4. These Ievels are similar to EPA guideiines. 
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Table 1.4 MEF guidelines for maximum concentration of metals in Ieachate fiom solid 
resîdue 

MetaIContaminants NormsfortheLeachateofSolidResidue 

(el 
Total arsenic 5.0 
Total cadmium 2.0 
Total chromium 5.0 
Total copper 10 
T O ~ I  metçury oa 
Total nickel 10.0 
Total lead 5.0 
Total selenium t .O 
Total zinc IO 

1.2.3 Methods of Fume Ca~ture 

Most of the effort to capture fiunes has been concentrated on the capture of 

primary emissions, which occur dirring the meking and refinhg stages. ïhree basic 

rnethods of prirnary fume capture are employed: (a) direct sheii evacuation, (b) rwG 

mowited hoods, and (c) mopy hoods. 

1.2.3.1 Direct Shell Ev~cuaîion 
The direct shell evacuation method of fime conid employs a duct system, which 

removes emissions through a hole m the furnace roof. The water-cooled duct transports 

the gases to a point where fiuZher cooling cm occur. Air is irrtroduced in the duct gaps as 

to buni off the carbon momxide producd This process is ptmiarily used on larger 

huaces  (pater than 4.6m in diameter) but can aiso be used on d e r  b e s .  The 

advantages of  direct sheil evacuation are îhe foiIowing: (a) better control of fwnace 

evacuâtion rates, (b) less system vohune, (c) efféctive CO conml (d) k t  conml of 

particdate emissions during meiting and rdhhg. The disadvantages of this process are: 

(a) possibk e m  on fùniace mdiurgy, (b) adverse affects on electrode consumption, 

b c e  efficiency, rehctocy Life and meiting efficiency, (c) possible physicaI 

interfêrence at the fumaces, and (6) no secomtary mission conml 
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1.23.2 R o o f a n i d  Haods 
Roof mounted hoods have been in most couunan practice since the early 1960's" 

16. The most recognized roof-mounted systern is that of side dr& or lateral exhaust hood, 

as seen in Figure 1.8. This exhaust system is composed of a hood placed over the fiirnace 

roof laterally attaçhed to ducts. Gas cooling is w t  of great importance since the hood WU 

pull in sufficient dilution air h m  the smundmgs. The advantages of roof mounted 

hoods are the foiiowing: (a) no effects on h a c e  conditions, (b) the absence of special 

cooling equipment and f i e  pressure controls, and (c) simple system design. The 

disadvanrages of this system include: (a) higher off-gas volumes, (b) physicd 

interference with t'uniace operations, (c) Iess effective CO control and (d) no wntrol of 

Figure 1.8: Side draft hood ammgement of roof 
mounted daign 

123.3 Canopy Hood üesign 
Canopy hoods are essentially large hoods located well above the h a c e  in the 

foundry buiiding roof. The hues  gewrated h m  the finme are permitteci to escape in 

an uncontroueci manner mtil reaching the building roof7 The emission gas is cooled 

n a M y  by the great deal of innltration air that is puiied up to the canopy with it. 

Canopy hoads have the foüowing advantages: (a) absoiutely no interference h m  fumace 

operations, (b) a simple design, (c) no gas müng system required, and (d) partial control 
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of secondary emissions. The disadvantages of tbis system are: (a) absence of effective 

particdate control (b) Iess effective CO control (c) eximmly high off-gas volume, and 

(d) polluted working and shop conditions. 

1.2.4 Gas Cleanina Eauipmnt 

1.2.4.1 El-c Precipitatom 
When dust-laden air is passed between two surfixes with a high electric potential 

dserence, the particles are charged under the influence of an electric field. These 

particles migrate and precipitate on the surfice having an opposite electrical charge. 

Removal of the collected material is obtained by viibrating or rapping the electrode plates. 

either continuously or at predetennined intervals. 

The advantage of electrostatic precipitators is that they operate at high 

temperatures (260-3 16"C), which quites Iess cooling and can capture submicron dust. 

However, several disadvantages accompany this technique, such as a high initial cost, the 

need for proper temperature and moisture conml to prevent corrosion and the danger of 

explosion h m  carbon monoxide cafty-over. Frequent cleaning of the electrode plates is 

also necessary to prevent a decrease in system efficiency. 

The lack of proper moisture control resulting in comsion has discouraged the 

use of electrostatic precipitators in the steel i~dustry'~. 

1.2.4.2 Wet S t n i ~  

A wet scmbbing system wotiid utilize a quenctung of the osgas near the fùrnace 

and subsequent transport to a Venturi or orifice scrubber foüowed by cyclonic mist 

eliminators. 

The feasibiiii of using wet scrubbers must be determined based on the cost of 

energy. Hi&-energy scrubbers are in use in severai direct evacuation systems, primarily 

on large funiace~'~. The advantage of using a wet scnibbing system is that it can perform 

under temperature fluctuations that can be caused ni fumace operations without any 

signifïcaut l o s  in performance. The many disadvantages of wet scrubbers klude, (a) the 

high power requkements, (b) the need to M d  a& niaintain a water treatment system to 

deal with the effluents of the scmbbing system, and (c) the need to instaii a m b b e r  

system for each b c e .  in addition, since scrubber systems make an extensive use of 
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water. cornsion cornes into play. The pmence of chiorides and sulphurs d l  lead to 

corrosion problems. Thus, emuent water chat is re-used rmist ôe trated in order to 

decrease or even e i i i t e  the chioride and sulphur concentration in the water, conml 

pH and treat dissolved scilids. 

12.4.3 F abrit Filter8 
The use of fabric tilters as a gas-cieaning device in steelmaking operations is 

quite widespread. ïhey present a 

simple solution at a rdatively iow COSL 

In the ba.  filter cleaners, f'urnace off- 

gases are filtered through tàbric bags, 

which are located in the baghouse 

(Figure 1.9). Dacron polyester bags 

can be used up to temperatures of 

200°C; fibreglass is used hr gases up 

to 300°C. The bags are usuaUy sîored 

in air tight galvanised sheet steel 

four separate compartments Tu remove the d a  the bags are periodically vibrateci. 

however. this increases bag wear. For tbis reason, most modern facihies employ periodic 

reverse flow thugh the bags to remove the dust accumulation. The system can be 

arranged so as to dean one cornpartment as the other ones are filtering. 

Fabric filters offer the advantages of ease of expansion. reliability and 

availability. This gas-cleaning device can treat a large volume of low temperature gases. 

However a main disadvantage lies in the tact that the gases must be cooIed to a lewl 

compatible with the filter material of choice. Another disadvantage is the space required 

setting up a baghouse fàciIity. 

boxes. As many as 84 bags can be 

used for a 30 ton fumaces stored m 

cause a variety of respiratory diseases affecthg the iungs. Airborne particles cm be 

Figure 1.9: Eleftnc huace  Fabric iïiter 
inçtallation 



dMded into two main categories: (a) dispersion, which mvolves the breakdown h m  

solid or liquid matter resulting fiom such activities as rnilling or atomization, and (b) 

condensation, cesuking fiom the build-up of rnatter d e r  a heating and cooüng cycle. la 

addition, airborne emissions can be M e r  categorized into sukategories as fo~ows*~: 

- Dusts, which fd under the category of dispersion, are produced h m  solids as they are 

mechanicdy processed, such is the case in mines, milis and foundries; such is the 

case with EAF dusts. 

- Mists, which are generated by Iiquid dispersion, or by evaporation a d o r  condensation 

of vapours 

- Smokes, which are partially formed by very fine solid and iiquid particles, are generated 

by the burning of carbonaceous material. Most smokes contain harmful carcinogens 

- Fumes. which are produced fiom the vaporisation and condensation of hot solid species 

d y  occur in metaiiurgical industries. 

Partide behaviour in air and in the human body depends on their physicai and 

chemical compositions. Size, density and shape are important parameters to consider 

since they determine particle setthmg rates. and thus determine the time ihat these 

particles remain airborne. If particles cause any harmfid effects, it wiii be resultant upon 

their chemical and mineralogical composition, solubility, and biologicai activity- 

1.3.1 ParticleSize 

Particle size is usually defined by its diameter. If the particle is a sphere. then its 

diameter will be a specific indication of its size, however, if the particle is non-sphericai, 

then the foilowing conventions are employed: 

- The volume of the particle is given in terms of a sphere; 

- The mass of the particle is given in terms of a sphere: 

- The seîtling velocïîy of the particle is given in terms of that of a spherical particle; 

- The diameter of the particle is determined m tenns of a dimension of the pmjected area 

as seen through microscopy 
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Particles in the range of 0.005-0.05 pn are formed through the condensation of 

vapors eitber through high tcmpcrahires or chemical proceses. Particles in the range of 

0.5-2 pn are brmed through c0aguIation of smaller particles or through s d  particles 

fiom vapor condensation Fume particles, such as EAF dusis contain diameta rang* 

from 2ûû pm down to 0.01 pu. A wide spectra of different airborne particles c m  be seen 

in Figure 1.1d'. 

l 

Figure 1. IO: Size distn'butions of various airborne particles 



In order for particles to penetrate to the hings and into the aiveoli, they must have 

a setthg velocity of appmximately 3 x IO' mls This corresponds to a 7 pn daameter 

unit density sphere. Particles with a equivalent diameter of IO pm will not penetrate 

beyond the nasopharynx, in addition, particles of an equivdent diameter of 50 pm wili be 

too large to breath into the lmgs. Although EAF dust contains a varied size distnibution, 

some of its particle sizes still fdl in the ùarmfui range where it could be inhaled into the 

Iungs. 

1.3.2 Particie Penetration lnto the Res~iratorv Svstem 

The hmgs are the organs that essentially convey with the atmosphere through a 

series of branching tubes, as shown in Figure 1.1 1. The lungs are constant ly exposed to 

particulate matter that we breath in, however, our lungs posses defences that c m  protect 

us against this airborne matter. For example, a coal mùlor rnay receive 1 ûû0g of dust in 

his lungs, however, upon death a doctor may only see no more than 40g of dust 

remahhg in the victirn's lungs2. This illustrates the luog's defences. Conversely. no 

detense mechanian can be perfect. Excessive inhalation of dust wlI result in lung 

Figure 1.1 1: Diagram of airway passage to the hmgs s h o w  the routes taken by 
contamiaated air 
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1.3.3 Penetration and Deoosition hto the Lunas 

Particdate matter tbat penetrates into the respiratory system caa have harmfki 

effects on the lungs and o k  parts of the system. Soluble substances c m  be especiaiiy 

dangerous since they can be ingesteci into the bloodstream througtiout the system 

The penetration and deposition of ~articles into the respiratory system can be summarized 

as folIows: 

- Particles with an equivaient diameta greater than I O p  will be retained in the upper 

nasal area of the respiratory system. 

- For particles Iess than 20 pm, penetration wiii be increased with decreasing particle 

size. 

- The upper Limit for penetration into the aiveoli is approximateiy [O p However, very 

few particles of thk size reach the aiveoli, they are mostly found in the bronchioles. 

The probable site of particle deposition can be summarised by Figure 1.12~. The 

following curves show that 6570% of deposited particles of 3 p di ie te r  will be 

deposited in the nose, 25-300h in the pulmonary spaces, and 540% on the airways (i-e. 

esophagus). However, ii must be noted that the deposition c w e s  depend on the breathing 

rate24. 

Figure 1.12: Deposition as a fùnction of particle size fôr 15 respirationdmin. (1450 cm3 
tidal vohme 



13.3.1 Hedth EfnEb Rmuiting Fmm Plitiele Inhalath of kntrl Beanng Particulab 
muor 

Metallurgical industries geaerate great quantàies of metal bearing particdate 

matter that could coaçeivably resuit in adverse heaith effects ta employees or nearby 

residents. The following is a partial List of common effects resuking h m  the 

exposure to indu& particdate matter. 

Pneumownicoses: Pneunoconicoses, meanhg "dusty hmg", f o m  a group of lung 

rehted diseases resuking fiom the inhalation of "respirable" dust. The most serious cases 

of lung diseases result fiom the inhalation of fibres such as silica and and asbestos. 

However other h m  of pneumoconiosis may be produced kom the iddation of 

excessive amunts of the loiiowing dust: beryllium (berylIiosis); kaolin (kaoliwsis); 

bariwn (barytasis; t h  (stanuaosis); taic, graphite, mica; and of special interest to the 

steelmaking industry, iron oxide (siderosis). 

S-ystemic wisoning: The respiratory system provides a prevailmg entry Tor the particles 

into the body. Once inside the body they can dissolve and enter into the blood circulation 

and intemal organs. Manganese, Iead, cadmium and their compounds are examples of 

toxic substances that can be found in particulate form 

An accumulation of particulate matter in the lungs can lead to cancer. Examples 

of particdate matter that cause cancer of the lungs der inhalation are arsenic and its 

compomds, chromates, particles containing polycyclic aromatic hydrocarbons. and 

certain nickei bearing dusts. 

initation and mflammatow Iuna himies: Although the major irritants to the respiratory 

system are gases, particulate matter hht~ can a h  occur. Exposure to such initants 

could mduce tracheittis, bronchitis, pneumonitis and pulmonary oedema. Examples of 

airborne particle imtants include: cadmium frimes, beryiiium, zinc chloride. chrornium 

compounds and rnanganese. 

AIIeraic responses: Deposition and retention of W e d  semitking substances may cause 

allergic or other sensitivity reactioa Occupatiod asthma is a particular respiratory 

disease of dergk type caused by exposure to particdate matter, Certain meid dusts such 

as nickel and chromium cm lead to the omet ofoccupational asthma. 
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Metal fime fever: Metai fume fever results h m  the exposure to fiesh metai fumes such 

as zinc and magnesium oxides. The main symptoms hclude ch& fever, muscle pain, 

weakness and nausea. 

1.4 An Updste on ElecMc Am Fumace Dust lmatment 
EAF dust can be processed h u g h  numerom techniques. These techniques can 

be grouped into four mam categories: (1) high temperature metals recovery (HTMR), (2) 

recycling, (3) stabiSisation/solidificatioa, and (4) other. 

A number of operatious employ hi& temperature process to treat EAF dust. The 

EAF dust is processed in a h c e  or reactor with a reductant such as coai or coke to 

recover the zinc, lead and cadmium in a metal or oxide state. A by-product of HTMR is 

an iron rich slag, which  car^ sometimes be tapped h m  the fimace and recovered. High 

temperature processes aiiow for the recovery of metais such as zinc and lead in addition 

to producing a non-hazardous slag that can be easily d i i s e d ,  The recovery of the metals 

defiays the cost of impiernenting a HTMR system 

1.4.2 Direct Recvcling 

Zinc content in electric arc h e  dust can vary h m  5 to in excess of 40%. As a 

result, it is sometimes economicaiiy prudent to increase the zinc content in dust such that 

the final costs of recyciiig will be reduced due to the mcreased zinc concentration in the 

dust and the reduced volumes shipped off-site. Thus, zinc dust is introduced into the 

electric arc f'urnace dong with the metal scrap d d u g  sctap meking, The reduced voIume 

is achieved once the dust has attatOed the required zinc levels by various approaches such 

as bnquetting, pelletizing, and pnewnatic mjection. However, it is important to note that 

direct recycling does not eliminate the need for f ide r  EAF dust processing, rather it 

makes it more attractive due to the high zinc content, whüe reducing the volume that has 

to be treated 

Solidification and stabilisation techniques mvohre the addition of additives or 

reagents with the EAF dust in order to physidy or chemicaiiy reduce the mobiiity of the 
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contaminants. Stabilisation employs a chernical modification of tk dust, thus making the 

contaminants l e s  soluble, mobile or toxic. However, stabilisation need w t  alter the 

physical nature of the dust. Solidification, on the other ha&, changes the physical 

cbaracteristics of the dust, resuItig in an altered solid structure that mechanically traps 

the contamùlantsts In order for the new material to be delistecl as hazardous material, it 

must demonstrate to appropriate environmental authorities tbat the waste is adequately 

stabilised. Delisting the hazardous waste cm result m econornic benei3s as transportation 

costs for sirupie soiid waste is lower than that of hazatdous waste. In addition the treated 

dust must fÛst pass environmentai regulations regardhg the possibIe leachg of toxic 

material before it can be landfillai 

1.4.4 Other Tvces of Processes 

Due to the zinc content in the dust, EAF dust in readily used in the fertiliser 

industry. The zinc acts a catalyst for organic reactions required in the production of 

fertiliser. In addition, EAF dust can be used in hydromeîaiiwgical processes to extract the 

valuable zinc, h o u &  complex leaching procedures; in the production of mineral wool: 

in the production of c e d c  products; and in the manufacture of glas beads. Thereafter; 

mineral wool, ceramic product and giass beads are not ceguiaîed as hazardous waste. 

1.4.5 Comrnercialfv Practiced EAF Dust Management Methods 

The methods employed to manage EAF dust can be grouped under the foliowing 

categories: pyrometallurgicai, hydrometallurgical, hybrid pyro-hydro treatment processes 

and stabilisation or vitrification processes. Ten ~nethods for mamghg carbon steel scrap 

are now practiced commetcially and are summarised in Table 1.5~'. These commercialiy 

practised rnethods are summarised below. 

T d t a g e  W d  Kiln: The twestage Waelz k i h  operation is the first HTMR process to 

be commercidy viable in the U.S. In this method, EAF dust is fd to the first kiln in 

order to separate the Pnc, cadmium, lead, and chioride h m  the wn-hazardous, 

partially metallised iron product, Dust h m  the fkst kiin is then retreated in the 

second kih  to produce an impure zinc oxide used for zinc smeiter W and a lead- 

cadmium chioride, wbich requires fiirther pmcesshg in order to separate the lead and 

cadmium. This method treats 80 to 85% of the dust produceci by carbon steelmakers. 
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Singe Stage W d  K .  Tbe sbgie-stage waeiz kiln process is partiçularly practised m 

Europe and Japau. It is identical to the first stage of the Two-Stage Waelz kiln 

process. The halide bearing Iead-containing zinc oxide is an intermediary product for 

ûeatment in the Imperia1 Smelting Process to produce lead and zinc metai or for 

conversion to zinc-based chemicais and fertiliser additives. 

Waeiz kiln technology is a major player in the processing of EAF dust and will 

probably remain the industry standard until emergmg technologies will prove 

themselves economically and technologicdy cornpetitive. Fees for Waeiz kiln 

processing may however have to be reduced as new technologies emerge. 

Hume Reuctor: This method requires a fine, dry EAF dust feed and oxygen to react with 

coke or coai reductant in a cyclone reactor. The product is a dbty zinc oxide that 

contains al1 the cadmium, halides and lead present in the dust, and is only suitable as 

feed to a prirnary zinc smelting fàcility which can handle balides. The present process 

does not have the capability of producing zinc metal since carbon supplies the energy 

required for reaction The iron-rich slag produced wnforms with EPA disposal 

requirements. 

MI; ond E l d r d n n i c  hocesses: The The and Electrothermic processes are in use in a 

limited scale in lapan. They are adaptations of primary zinc processes and are 

practised in facilities previously used for primary srnelting, using modified 

equipment. These processes produce and intermediary lead-containing zinc oxide h r  

f h t k  processhg. 

ZTr FemIUne km: Raw EAF dust is treated m a rotary kiln with coke and coai as a 

reductant for the zinc oxide present in the dust. The fitmed zinc oxide, containhg 

lead, cadmium, and halides, is coilected following the fierbunier and washed in 

order to remove the balides. The product is an upgraded zinc oxide for sale to primary 

zinc smehets and a h e d  salt for sale as a drilling h i d  additive. The p d y  

metdized iron-bearing product, cded Ferrolime can be returned to EAF steel plants 

for recycle; if it meets specifîcations. 

Locleric Sccl hcas :  The simple process directiy feeds an EAF dust and a ducfant 

into an elecîric fiiniace. The o d e  reductïon reactions are effêcted and the resultiug 

zmCnead/cadmium vapour is condensed to Pnc metai in a zinc splash condenser 



CHAPTER 1: LlTERATüRE R M E W  

preceded by several gas handlmg steps. The iron-rich shg is appropriate for disposal. 

However, the quality of the resuhg zinc metd is deemed to be quite poor, rendering 

unsaMactory for interna1 galvanising use. 

Table 1.5: Summary of EAF dust management methods 

p d u a  
Commercial Waelz Kiln Zn0 h oxideldlize~J iron PbClJ'CdCl: 

%IT Ferrolime Pym 

MFIElecwthermic Pyro 

MRT fb'QdPym 

Laclede Steel M O  

UiNEX fi* 

Super Detox Stabilidm 

IRC Vitri fidm 

Emerging Ausmelt Pyro 

MetWml MQ 
Enviroplas Pi 

AJI Met m 
IBDR-ZIPP pMdllydro 

ZINCEX Hydm 

R& Hydro 

Csshman Hydro 

Tena Gaia H.* 

Imn oxiddmetallized iron 

km oxide 

fume 

- 

Splt rninure 

Salt rniaure 

PWCd me?& 

PWCd met& 

Salt m i .  

St;ibilized dust 

Glassy granules 

M i d  wml 

Salt m t ~ v c  

Salt mixture 

PWCd cernent 

Salt mixture. 
PWCd canent 

Salt mixture, 
PWCd m a n  

PbClé PWCd 
cement 

MUT Pnn:ess: The MRT Process is the i k t  hydrometailurgical process to be 

commercidy viable in North America.for the treatmem of EAF dustZ6. ûust is 

leached with hot ammonium chloride to dissoive most of the zinc, Iead and cadmium 

oxides present in the raw dust The ieach slurry is then îïitered to sepatate the 

unieachable iron oxide. The leach solution is then treated with zinc dust to precipitate 

the dissolved lead and cadmium as cernent, wbich is fizaher separateci into metaiiic 

Iead and metallic cadmium for d e e  The c h u  solution passes to a crystaüiser where 
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high purity zinc oxide crystals are producd The ammonium chloride solution is 

recycled as tbe leachant. 

EZlAEX &mess: This hydrometaüurgical treatment was developed in Itdy by Engitec 

~rn~ianti~'. in this proces, dust is leached in an ammonium chioride solution to 

solubilise the zinc, cadmium and lead oxides. The leach solution is filtered and 

treaîed with zinc dust in order to cernent the lead and cadmium and subsequently 

eiectrowon to produce hot-dip grade zinc for gaivanking or zinc metd for sale. The 

spent electrolyte is recycled to leachhg. The iron-rich, zinc-ferrite-containhg leach 

residue is dried, peuetised with coal, and recycled to the EAF. This process offers tbe 

advantage of producing no by-products that require subsequent disposai. A mixed 

NaCL-KCl sait is recovered through crystaihation and sold as a flux. 

S v  Detar Procas: The Super Detox process was the first stabilisation method to 

receive approvd by the EPA. As a result, the stabiliseci produd could then be 

disposeci in non-bazardous iandfills. Super Detox involves mixiig the dust with 

almino-silicates, lime and other additives. The heavy met& are chemically altered 

to their least soluble states through precipitation and oxidationlreduction followed by 

being physically bound in the ahunino-silicate matrix The materiai will solidifi to 

become a concrete-lie substance and is M y  impermeable. 

IRC lhcms This pmcess mixes EAF dust with additives and melts the resultiug 

materiai in a speciaily designed fiirnace. The molten, vitrilied product from the 

b c e  is converted into a granular pmduct for sale. The zinc, Iead, cadmium and 

iron are not removed and recovered for re-use or recycling. 

EAF dust is a complex by-product of the industriai process of steelmaking. There 

are many remediation techniques used to try and minimise the environmental impact of 

this toxic product From this review, it is apparent that there are a significant amount of 

techniques used to try and re-use the dust m absequent steelmaking operatious, however. 

there are very few commercial applications m place- As such, steel manufacturers are 

hcreasingiy looking mto methods which wouià reduce the toxic metai impact of the d u t  

h u g h  new methods of toxic metai stabilisation 
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2 PURPOSE AND OBJECTIVES 

2.1 Purpose 

The proposed research will aim at derstanding the behaviour of stainiess steel 

dust with the objective of developing optimal conditions for the thermal treatment and 

destruction of hazardous dust and the neutralization of toxic metals. Thus, the mass and 

volume in addition to the environmental impact of this dust can be reduced. 

Consequently, the cost of transportation will be considerably reduced due to the reduction 

of the dust volume and mass. In addition, thermally treated dust could be de-classified as 

a hazardous material and possibty re-used as  a CO-product in the construction indu~uy. 

The thermal treatment technology wiIl be based on the application of the multi-zone 

temperature concept to dispose of the bazardous waste. In this method, waste is initially 

fed into a low-temperature region (<IWC) ,  then subjected to a bigh temperature 

treatment (1600°C) which is foIbwed by anotha low-temperature zone (-1 OOO°C). The 

experiments simulating the events were conducted in a hi&-temperature tümace at 

McGiil University, 

2.2 Rese8n:h06#?ctiv8s 

1. Establish optimum conditions for the c h n  and escient thermal treatmeat of 

stainless steel dust. The method based on the application of the multi-zone 

temperature regions (low-high-low) within the high temperature fimace will airn at 

establishing the optimum operaîing conditions to ensure the foliowing: (1) 

minimisation of dust volume; (2) msucimisation of weight los, and (3) neutralisation 

of toxic met& in the final product. As a result, the hazardous characteristics of the 

dust will be minimised and environmental risks reduced. The solid products r d t i n g  

h m  this process will not be classif?ed as bazardous and could be considered for re- 

use as particulate filler m construction rnatenals such as concrete, auci asphait, 

thereby considerably reducing the dust's environmentai impact. 

2. Sohre the dust management problem by reducmg dust voiume thus reducing 

transportation costs. 
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3- Genernte soüd paiiicles capabie of neutrrüsing toxic mehb during the thermal 

treabnent of stainiess steel dust. Thus, the potentid environmental impact of dust 

disposai wiil be reduced; or even eliminated. 

4. Ehplain the influence of process parameten (i.e. temperature profiles, tieating rate, 

residence the) on dust behaviour and properties. This will d o w  for a better 

understanding of the fàte of toxic metals and metal-sotid interactions in high 

temperature dust remediation processes. 
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3 EXPERIMENTAL FAClUlY AND ANALYTICAL INSTRUMENTS 

3. f TIiennsI T . t  Facility 

The pincipiil instnimentation used m this research to thermally treat the EAF dust 

was a w m b i i o n  of a Thermo-Gravimetric Aaalyzer (TGA) coupled to a Foinier 

Transfonu Infia-Red Spectrometer @TIR)). These two 9istniments are connecteci by a 

gas-sampling accessory and aiiow for simuhaneous heating and resuhing gas evolution. 

The procurement of data h m  these two units is controiied by a Data Acquisition System 

@AS). A schematic of îhe system cm be seen in Figure 3.1. 

Figure 3.1 : TGA FïiR System 

Thermo-Gravimetric Analysis (TGA) is weii established as an dyt ical  tooL In 

tbis technique, a sampte is heated in a controiied manner der a selected purge gas flow 

while its weight is monitored The TGA profile is a vaiuable analysis tool to determine 

over wbat temperatmes the weight bss occurred. in addition, the TGA cm simuhie the 
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temperature history, the residence t h e  and environment of more ndustrid thermai 

treatmenttlxdKd3. 

The TGA mode1 used in this research is a Cahn TG-171. The main components of 

this unit are a recordhg mimbalaace, an aIumiaa castor, and a movable gravimemc 

b c e .  The maximum temperature of the firniace is 1700"C, with a pressure ümit of 1 .O 

atm. The heating rate can vary h m  1.0 to 1OOOCImin. Tlme microbalarice seasitivity is 

lpg with a limit of 100 grams and a 10 gram dynamic weight rangeB. 

The materid to be tested is placed in aa altmiina crucible and is suspended by a 

plathm wire h m  the microtmiauce, which minitors the weight change during the 

experiments. The container is srnooth and non-prous and cyhdrical in nature. It bas an 

inner diameter of 2 cm. The sample is heateà withlli the container and the resulthg 

temperature is measuted by a thermocouple, which pIaced ditectly below the container. 

The reactor chamber consists of a cylindricai cùamber encircled by Ming  

elements as  shown in Figure 3.2. Reaction gases pass through the chamber h m  the 

Figure 3.2: TGA reaction chamber 

28 
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bottom m a portion of the chamber where the temperature is imifora This area is 

referred to as the Uniform Temperature Zone or (UTZ). In order to achieve adquate 

experimentai condiiions, samples must be placeci within the UTZ since in this zone, it is 

assumed that sample is at the same temperature as the tirmace. 

3. t .2 Off-Gas Samplima Accessories 

The off-gases tbat are produced in the TGA througit t h e d  treatment are 

thereafter andyzed by the FTIR in order to connect the TGA to the external FTTR unit. 

gas-sarnpling accessories are requisite, These accessories consist of (1) an 1/16" incanel 

sampling tube for Iow temperature auaiysis (<lOOO"C) and a 1/16" quartz tube for high 

temperature analysis (>IOOO"C); (2) a parastahic pump which consists of a Masterflex 

7543-30 pump drive coupled to a Masterflex WS Quick load pump head operating at 

-0.85 atm. and* (3) a 1/8" OD stainiess steeI glass-Iined transfer line tube. The tip of the 

sampling probe sits just above the sarnpie container as to capture a greater amunt of 

emissions without signifïcant purge gas dilution. The sampiing tube fris into a 118" 

incanel tube, which is incorporated into a ring heated to 20VC and wrapped in K-Wool 

insulation as to prevent the off-gases in the tube h m  condensing. Thereafter, the off- 

gases pass h u g h  the tramfer-Iine, which is heated to 250°C, as to once again minimize 

condensation of off-gases produced The transfer-he connects the TGA to the E.TIR The 

of5gas flow into the FTIR is aided by the pump, which aiiows for an approximate flow 

of 60 mlJmin. 

3.1 -3 Fourier Transfomi Infra-Red SDedrometer (FTlR) 

The FTIR used in this research is a Mattson Galaxy 5020 Fourier Transform 

Ma-Red Spectrometer. FTIRs are particularly usefiil when high-resolution work is 

needed which is encountered with gaseous mixture analysid9. In addition, FllR 

spectroscopy can coiiect infia-red data h m  very smaii samples. The FïR used in this 

r e m h  is equipped with a liquid nitrogen-cookd Mercury Cadmium Teiimïde (MCT) 

detector, a 15 mi. gas ceii and a KBr beamsplitter. The gas samphg interface cm be seen 

in Figure 3.3. The 06gas is pumped into the sampling ceii h m  the transfer h e e  The IR 

beam, which is geuerated witùin the mstnmient, is reflected off a mim>r mto tbe ceil. 

b Mer passing h u g h  the ceü, the beam is reflected off another beam so that it can pass 
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through the MCT detector. The gas pbase fimctional group cornposition is determinecl 

ushg FiïR software which coatams the Natiouai Institute of Sbndards & 

Technology/EnWonmental Protection Agency (NISTIEPA) vapor phase Library. The 

resohition of the FTIR was 2 cm", the scan tirne was set at 10 secJspectrum, and îhe 

pump flow rate was set at 60 mWmia 

Figure 3.3: FTlR external gas sampling interfàce 

3.1.4 TGA-FTIR Svstem 

The TGA-FiïR is an important analytical tool as it can simulate heating profiies 

of iarger industrial processes while maintainhg signiscaut labotatory accuracy. The 

kinetics m industrial thermai treatmnt processes are mostly too fast to suitabIy analyze 

mechanisms tbat are occwing. Ho-, with the TGA-FIIR system, the process can be 

sbwed d o m  in order to accurateiy investigate mchanisms ami stages in the process, 

This system can contmwusly meanrte tempetatute, weight changes and conespondiag 

gas-evolution occurriug during thermal treatrnent- A block diagram of the system is 
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shown in Figure 3d. It d s m i  the compkx mteiactam between the wious 

components of the system. 

Figure 3.4 Integrated TGAFTIR control system 
-. - - - 

3.1 -5 Svstem Limitaa'ons 

The nature of the instniaient d t e d  in the occurrence of a n u m k  of limitations 

during the research. Heating rates canaot be consistent throughout the temperature 

evoIution pronle. Table 3.1 displays the maximum heating rates which c m  be applied ak 

different stages within the temperature evohrtion profile. 

Tabk 3.1: Maximum TGA heating rate profles 

Temperature Range (OC) Maximum He* Rate ("Clmia) 

Room Temperature-990 100 

991-1290 30 

1291-1390 20 

1391- 1700 1 O 

Heatiug rates within the TGA canwt main those d in industrial processes, 

which can attaia thousands of degrees per minute, however drning thermal treatment, one 

must not simply consider b t i n g  rate, but & rate of kat ioput per unit of -S. 
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Industrial processes bave high heating rates, however, the quantity of mass to be ûeated 

is a h  significanî. The TGA's heating rates are significantly Iower, however, so is the 

sample mas to be treaîed, thus providing a base of refereuce to industriai processes. 

Another ümitation wiîh this instrument is the fàct that the TGA reactor is not 

under vacuum. During certain pyrolysis expiments w k e  nitcogen is the reaction gas, 

air infiltration can possiôly occur since the reaction cbamber is not under vacuum. 

However, the alumina reaction tube is well-sealeci, with rubber O-rings and stainless steel 

threaded rings which attach themselves to the upper and Iowa bafnes of the instrument. 

In order to minimise the effects of air, the chamber must k purged witb nitmgen gas for 

a period of tirne pior to experimentation- In addition, the nitrogen gas must Eiow into the 

reaction chamber at a sufficient rate to minimise the effects of any air infiltration 

When analysing the results of FTIR anaiysis, one must consider the limitations of 

the system due to the transfer Iine. The traasfer üne c m  ody ix heated up to a 

temperature of 2500C due to Limitations of materiai pmperties within the line. As a resuh, 

some gases will condense before reaching the sampling celL This is the case for most 

metal species that are present in the gaseous phase, This signifies that the FTiR data 

probably omits information on gaseous products which wodd condense at temperatures 

p a t e r  than 250°C. 

The EAF d a  samples coiiected during thermai treaîment were subject to many 

tests. Particle size analysis was done through sieving; elemental d y s i s  of the dust was 

performed using X-ray fluorescence (XRF); phase composition was achieved through X- 

ray diffitaction (XRD); elementai meta1 di i iut ion within the dust was accomplished 

through eIectron probe micro-analysis (EPMA); a scanning electron microscope (SEM) 

was used to look at particle morpblogy; an energy dispersive X-ray spectrometer (EDS) 

to examine elemental composition withh the partides; and teachabilii tests were 

performed on the thermally treated sarnples and analysed through atomic absorption 

spec~=oPY ( A m -  
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3.2.1 Sieve Analvsis 
If . 
1 3  Tyler Canadian Standard Sieve Series screens were used in order to dry-screen the 

EAF dust samples and separate them into size classes. The screen sizes, which are 

identifïed by their grid opening, started at a size of 1.70 mm, and went down to a size of 

38 jun. Thtrteen scregn were used fokwing a descendhg geometric sequence of 42. The 

largest size class, which did not p a s  through the initial 1.70 mm screen was labelled 

+1,70 mm, while the srnailest size c k  which passed through the 38 jm screen and into 

a pan was labelled -38 p. 

3.2.2 X-Rav Fluorescence #Rn 

A Philips PW2400 X-ray spectmmeter was used to perfonn elementd analysis of 

the EAF dust. In this method, the materhi. excited by the absorption of a beam h m  X- 

rays fkom an X-ray tube or a radioactive source, emits its own fluorescent X-rays. Each 

element emits a fluorescent wave that is amplified and counted. XRF is one of the most 

widely used of al1 analytical techniques for the qualitative and quantitative analysis of 

elements having atornic numbers greater than oxygen (> 8)3'. 

3.2.3 X-Rav ûiiraction NRD) 

The crystalluie phases present in tiae dust were deterrnined using an X-ray powder 

diffraction method. This is the only analytical method capable of providig qualitative 

information about compounds present m a solid X-ray powder methods are based on the 

Càct that an X-ray difhction pattern is Mique for each crystalline substance. Thus, if an 

exact match can be foumi between the pattern of an unknown and an authentic sample, 

chernical identity can be assumed The mstnrmentation used in thii research was a 

Rigaku Rotofiex goniorneter. X-rays were provideci through the CI& radiation of a 

copper tube- The voltage was set to 50 kV and the current was at 150 mk XRD can 

determine materiai structures as weU as a practical means for the qualitative identification 

of crystalline compounds. 

3.2.4 Scanninn Electron Microscorn (SEM) 

The thermaiiy treated dust particles were anaiysed for morphology through a Je01 

I'l 
\ 

840 SEM using an acceierating voitage of 10 kV. The particles first underwent gold 
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sputtering in order to ptevent charging, Through the SEM, one muld foiiow the evoiution 

of particle morphology occurring through thermal treatment. The particles' surface could 

be weii-analyseci due to the high magdicatioa of the instrument (700X). In addition, a 

qualitative analysis of the elements present on the particles' surface was performed 

though a Tracor Northern 820 energy d i i i v e  X-ray spectrometer (EDS), which 

operated at a probe voltage of 1 O keV. 

3.2.5 Electron Probe Micro-Analvsis (EPMA) 

Metal dii iution within the particles was performed using a Jeol Superprobe 

8900 EPMA coupled with f i e  wavelength-dispersive spectrometers (WûS) and a Tracor 

Northern 5520 EDS. With the electron microprobe method, X-tay emission is stimulated 

on the h c e  of the sample by a narrow, focused beam of electrons. The resulting X-ray 

emission is detected and analysed with though both EDS or WDsj2. 

3.2.6 Atomic Absomtion S~ectrosconv (AAS) 

Bulk metal concentrations in the leachates of thermally treated dust are analysed 

through a Perkin-Elmer 3 1 10 flame atomic absorption spectrometer. AAS is a sensitive 

means for the quantitative detennination of more than 60 metais or metdoid elements. 

Detection Iimits for Cd, Cr, Cu, Ni, Pb and Zn are 1, 3, 2, 5, IO and 2 ng/ml 

respective lys3. 
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4 EAF DUS1 CHARACTERISTICS AND FORMATION 

4.1 Infroduction 
A stainless steel mini-mil1 that produces over 2,000 todyr. of EAF dust provideci 

EAF dust samples used in this research. Dust samples were coiiected Eom an existing 

20,000 ton on-site accumulation, StainIess steel EAF dusts ciiffer fiom other wbon steel 

dusts in k i r  high levels of chromium in addition to other aiioying elements such as zinc. 

lead and cadmium. 

investigations of EAF dust are sparse thus this chapter will focus on deteminhg 

the physical characteristics (Le. rnorphology, particle size distniution) and chernical 

characteristics (i.e. elemental compositio a, phase composition, metal distniution and 

metal leachability) of the particular EAF dust through a nurnber of analytical techniques. 

4.2.1 Site Distribution 

Sieve analysis was performed on the four dust samples received. Figure 4.1 

represents an average particle size distn'bution of these four samples. It was determÏned 

that the largest size ciass contaiwd particles larger tban 1700 p However, this size 

ciass was discarded as it was not cepmentathe of dust particles, but rather of stone 

fkgments and other entrained particks h t  coiiected with the dust dining storage or 

handling. From Figure 4.1, it is apparent thai the m a s  seems to be relatively equally 

distriied between the size classes. The bers present on the chart represent f 1 standard 

deviation tiom the mean. In generai, particle size distniutions are not well determined 

due to uocertainties in techniques, bowever, Steplni et op4 indicated that mst dust 

particles are in the range of 0.1-5 pn m diameter. This wodd mdicate that the size class 

distriiution paformed on this patticular EAF dust does not represent individual partides, 

but rather aggiomerations of fine micron and submicron size particles. This hypothesis 

wiU be confirmed in the foiiowing section. 

The EAF samples received were poured into the upper-most screen (1700 pm) 

and piaced m a Rotap rotameter for 30 minutes- Thereafter, the iargest size class was 

discardeci (> 1700 pm) and the the of the size c k  were separated and weighed For 
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this section of the tesearch four different dust samples received fiom the Company were 

used: EAFDI, EAFD2, EAFD3, and EAFD4. This was to get a pmper representation of 

the size d i i t i o n  of the d u t  we were deaihg with. However, it should be noted that 

aIIfirrrher analysis and erperimenlation in this research uses M D 2  as the expertmental 

material. This was necessary in order to keep the dust elernental composition consistent 

throughout the research 

Figure 4.1 : M a s  percent of différent size classes with respect to EAF dust sampIes. 

4.2.2 Particle Morpholoay 

Figure 4.2 displays SEM photos of the EAF dust, As seen fiom SEM images, the 

partides are sphericd in nanue and range in size fiom 1 to 800 Fm. The dust is present as 

agglomerates as well as particles of subrnicron size. The aggiornerations represent both 

homogeneously nucleated particles and entraineci fiigitive particles that have experienced 

heterogeneous condensation. The particles seem to bave a fibrous appearance at the 

&e. This is caused by the adhesion of fine dust and h e  particles that have 

aggioILherated onto the &ce of ttre iarger puricles thus proding a fimus appearance. 

ûue to the d l  nature of these particles, they were most Iikely produceci through 

hornogeneous nucieation. This phenornenon caxi be better viewed m Figure 42b, which is 
- 

l '  
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a mgniticaiion of the d c e  of Figure 4% The individual submicron and mimu 

particles which form tbe latger agghaserates are c k t y  seen. 

Figure 4.2 - SEM micrograpbs of (a) EAF dust particle; (b) particle surface 

From EDS analysis, it was possible to obtain a qualitative elemental analysis of 

the dust particles. Particles anai@ througb EDS were 100 pm or d l e r  m diameter 

since these were i d d  fbr SEM examination, h n  peaks were quite prevaknt in the EDS 

scans. They were foiiowed by signifiant chromium peaks, which is to be expected tbis 

these two elements are the principal constituents of the dust. Asde h m  the initial hm, 

s d e r  copper, nickel, lead, and zinc peaks were noticeci on the scaos. Some puticles 

contained large c a l c h  and silicon peaks. These particles were mst probably 

representative of enttaiaed rehctory pieces, w h e  major constituents are siiica and 

lime. hhganese was present in every particle, which is indicative of its kvel witbin the 

dust. Besides the major compoaents, s d  ahiminum, potassium, sulphur, ad titanium 

pe&s were identined in the EDS scans. In addition to *, cldorine peaks were alsu 

identifid Chlorine is a hindrançe since it can act to Increase metal vaporiurtion in the 

mit. For example, the vaponzation tenipetatures of nickel and lead chlorides are 

dmdcdy reduced ovw thtic o d e  cotmterpaasf5. However, this is not the case for 

cadmium, which does not readily h m  chioride ~pecies'~. 

Chernid aaalysis @rmed on the EAF dust through XRF (Table 4.1) mdicated 
rt 

1, 
that the ptimary composition of the dust is for îhe most part Fe (34 MA) and Cr (9.6 
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wt%} and to a lesser extent Si, Ca. Cu, Mn, Ni, Na, Zn and Mg. The four saniples 

represented specimens coliected h m  the same source but at different time periods. 

Composition of the dust c m  Vary dependmg on the type of scrap that is used to feed the 

EAF. Stainless steel dusts contah greater levels of Cr, Ni Mn, since these are main 

alloying elements m the stainless steel scrap m the meit. The presence of Zn and Pb 

principally arise fiom coated steel products that form the scrap metai input into the 

fumace. Stephen et al." reported that in the USA, stainless steel dust is composed of 22- 

36% Fe, 1.8-6.2% Zn, 2.4-4.6% Mn and less than 1% each of Cr and N i  In addition this 

dust contains less than 10% each of Ca, Mg, Si, K and N a  The EAF dust analyzed in this 

paper ciiffers fiom the American values due to the extremely high levels of Cr present in 

the dust, In addition, the level of Ni is also slightly superior to US values whereas the 

level of Zn is lower. 

Table 4.1 : Elemental Anaiysis of EAF Dust 

Element Detection EAFD 1 EAFD2 EAFD3 EAFD4 EAFD Avg. 
Limit (@A) (&/a) (wt?'~) (Mh) (w%) 

4.3.2 Phase Composition 

A typical XRD pattern for the EAF dust is shown in Figure 43. The min phases 

detected in the dust were mainiy meta1 oxides. The greatest peaks withi. the ditls.action 

patterns contained chromhm and iron in the oxide form. This is to be expected since nûn 
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and cfirornium are the two major constituents of this particular EAF dust. The uon 

componenb repcesented the rnajority of the difkt ion peaks. Most iron was found to be 

in the oxidised state, as either Fea03 or F404. Chrornium was mostly present as Crz03, 

which is a ver- stable and insoluble compomd. In addition, it was also present as 

FeCrz04. Nickel was primarily grouped with mangarese to form compiex compounds 

such as N i a 0 4  and MnNi204; in addition it was present in the simple oxide h m  as 

NiO. Copper is hund in complex oxide forms dong with iron and manganese principally 

as CuMn204, CUFQO~ and CuFeMn04. Zinc was primarily found coupled with 

chromium to form ZnCrfi4. XRD patterns were measured on the different particle size 

ciasses to determine the influence of particle size class on phase composition. Samples 

were chosen h m  a range of 1.18-1.70 mm. down a size class of less than 38 p The 

resulting difiction pattern weïe essentiaiiy identical indicating the relative 

homogeneity of the distriiut ion of crystai phases in particles with dserent sizes. 

Figure 4.3 : X-ray dühction pattern of EAF dust sarnple 

4-32 Metal Distribution 

Figure 4.4 presents a surfàce map of an EAF dust p h l e  greater than 200 pu in 

diameter produceci through EPMA analysis- The concentration of the element is relative 

to its intensity on the photograph; red king the highest and orange the lowest. 
r 7 
(, 
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The three photographs represent the three kgest components of tbis particular 

EAF dust: Fe ( F i  4.4a), Cr (Figure 4.4b) and Si (Figure 4.4~). From these p i c w  

one can see the agglometate nature of EAF dust particles. This is particulatky true for the 

Fe and Si, which are not weU dispersecl throughout the particle. Rather, they are preseat 

as agglomerate ciumps. The Fe agglomerates result h m  the entrainment of steel 

particles into the off-gas due to the agitation of tbe EAF meh. In the same manner, Si 

aggIomrates in the dust result fiom the addition of fluxes into the turbulent EAF bath. 

The chromium appears to be more hely d i  within the agglomerate particle. The 

chromium is present in d e r  particles that were homogeneously particles nucleated 

h m  the gas phase and are eventually agglomerated onto the surfàce of the larger particle 

due to electrostatic forces. 

The EAF dust sample for EPMA was prepared by placing an amount of dust on a 

microscope glass sample holder. It was then compacted ami coated with a thin epoxy 

layer- Thereafter, the sample was polished down to ooe micron and carbon coated The 

instnunent pmbed a cross sectionai area of 2 mm2. 

(a) Fe d i s ü î ~ n  (b) Cr d i s t r i i n  

(c) Si d i i i n  

F i i  4.4: EAF dust d distriibn 

high ievel 

1 

low level 
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4.3.4 EAF Dust Leachabiiii 

The Ieachability of this EAF dust is of utmost concern due to the fact that it can 

contaminate soils and groundwater supplies. The EAF dust was Ieached with an acidic 

leaching solution recommended by the MEF. It consisteci of 10:l liquid to solids ratio and 

a leaching tirne of 24 hours. The leachate produced fiom the ovemight test was then 

filtered and tested using AA spectroscopy. Ttie dust was tested for six toxic metals 

included in the MEF's Hazardous Waste Regulation: cadmium, chromium, copper, 

nickel, lead and zinc. Cadmium and chromium are used for corrosion resistance. Ni is 

d y  added to steel for strenghning purposes, Pb and Zn are added as steel coathgs. 

Table 4.2 shows the results of leachability tests performed on the particular EAF dut. 

The levels of cadmium, copper, nickeI, lead and zinc were aii under reguiatory bi ts.  

This was to be expected due to the Iow levels of these eiernents present in the dust. 

The majority of the Cr in the dust is of a trivalent h m  cr3+ is very stable nature 

and is not considered toxic. However, the cbromium Ieaching out of the dust is of the 

hexavaient phase3' since the iatter is very unstable and thus soluble. ~ r *  is considered to 

be carcinogenic. The levels of cre within the dust greatly surpass MEF guidelines for 

maximum dowable Cr limits contained m leachates of sotid materials. Elevated 

levels in the blood is considered dangernus. 

Table 4 2  - EAF dust Ieachability 

Elemeuî MEF ~ o r r n ~ '  EAF Dust 
ma-) m m  

Cd 2.0 - 
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4.4 Dust Formefion Mechanism 
In this section, we will examMe the possi'ble formation mechanism of the particular 

dust. The formationof 1 
the EAF dust occurs 

within the meh, Due 

to agitation in the 

EAF melt, elevated 

meit temperatures 

(-16ûû°C) and bigh 

heating rates, volatile 

metais wiii vaporise 

or react with oxygen, 

E î d c  Am Funrace 

Figure 4.5: Vaporisation of metal species 

sulphur or chlorine to I 

fom species that wiil vaporise and be present within the gaseous phase as illustrated in 

Figure 4.5. 

There are two mechanisms m which the metals species present in the gaseous 

phase c m  react to hm the EAF dust (Figure 4.6). The fist mechanism is that of 

heterogeiuous condensation3' (Figure 4.6~~) .  In bis pmcess, metais will betemgeneously 

condense onto the sufhce of srnail particles tbat have been entrained into the off-gas 

stream due to the violent reactions of the melt; such is the case with metal fhgments or 

hgitive dut. Most metai condensation wiil occur onto surfiices of srnall partides since 

they provide the besî surface area/voiume ratio. Thendter, these particles will 

mechanicaiiy agglomerate into larger particles that can attain 800 pn in diameter. 

Stephen et al." mggesteci that suriàce charge and magnetic propenies resuh in the 

agglomeration of EAF dust. Chung-Lee et al-" have suggested that EAF dusts are 

agglomeraîed through a ZnC124Zn(OH)2.H20 or SnCl24Zn(O& bmding substance 

which is formed d e n  coadensed ZnCb reacts wiih Zn0 m the EAF gas cwler. The 

reactions are as follows: 
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The second mechanim of dust fônmtion is tbat of homogeneous nucleatbn and 

particle growth (Figure 4.6b). If mt enough surface area is available for mndensation, 

metal species in the gas phase will homogeneously nucleate to fonn submiemn nucki. 

Thereafter, through coilisions or particle adhesion, particle size will inmase. In addition, 

the îàvourable &e area/volurne ratio of the submicron nuclei will make them s h k s  

fôr heterogeneous condensation, thus produchg particles in the range of 0.02-1.0 p 

These smaller particles can then rnechanicaüy agglomerate ont0 the sirrface of iarger 

particles. 

(a) Heterogeneous nucleation 

(b) Homogeneous nucleation 

Figure 4.6 - Mechanisms of dust formation 



5.1 Experimentaî Designs 
Research within the field of waste destruction incorporates many diierent types 

of wastes, treatment facihies and operating parameters. in order to obtain the best 

possible treated product, a researcher must 6nd the best mix of parameters and 

conditions. However, ninning experiments according to classical scientific methods (i-e. 

one variable at a tirne) requires thoroughness, adequate bding and the. These 

resources are luxuries that are not dways available; especiaiiy in industry, where tirne Ls 

of an essence. Major processes require the 

study of the influence of numemus 

parameters and as such, are quite laborious 

in nature. A possible way to reduce the 

amount of experimentation required is to 

study multiple parameters at a time. One 

such method is the Design of ~ x ~ e r i m e o t s ~  

(DOE). DOE is a discipline that appiies 

statistics to the experbental process. It 

aiiows researchers to systematically vary a 

number of independent (input) variables in 

order to evaluate their effect on dependent 

output variables or responses. 

In ordet to optimise the use of DûE, 

it is recommended to follow a strate* 

approach to the methodologicai application 

(Figure 5.1). The îjrst step in the pmcess is 

to gather information. Researchers determine 

what they know and what they need to kmw 

about the research. Based on this preümhary 

brainstorming, they ttext dehe the 

1 Run Expairnent 1 , 

Figure 5.1 '' : Sûategic approach to 
experimentai design 

objectives for the expeximnt, Once the researchers gather information and define their 

44 
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objectives, they then select an appropriate experimeatai design. They review the chosen 

design for feastbility. If the design is viable, it is nm accordhg to the plan. If it is 

impractiçal, alternative designs can be considered or the objective can be modied and 

new tests nin. Mer the experiment is nin, the cesponses are analysed through appropriate 

software packages. Finally, the resuits are interpreted in light of the staîed objectives. At 

this point, hamial constraints play a role in determining whether more experhentation 

is needed. A screening design should be used if one would want to rank the variables or a 

tùti response-surtàce design should be used if one would want to confhn the results. 

5.2.1 Desian of Emeriments (DO€) 

In the DOE system, independent variables and the responses that result are 

viewed as an mteractive relationship within the system As the variables are changeci in 

the experimental process, th& relationships, effects and interactions are measured. 

d y s e d  and mapped. Statistical mdels of the system play a key role in this strategy. 

According to DOE principles, an experiment is a system composed of 

independent input variables and dependent output variables. M e n  an experiment is 

designed, the values or settings for numemus input variables are systematically cbanged. 

The experiment then measures and anaIyses the effect of these changes on the output 

variables. 

In the present research into EAF dust thermal treatment, we are considerhg the 

influence of three input parameters (temperature, heating rate and residence tirne) in 

afTectmg two dependent output vuiabIes (weight los  and meta1 leachability witfiin the 

treated product). The three input variables wiii be tested at thee different conditions- One 

can visualise this experimental matrac as a cube (Figure 5.2) defhed by three values for 

three control variables. in this graphitai representatioa, an input variable can be Iocated 

anywhere in the cube, and its co-ordinates are defined by its three vatues. An output 

response can similarly be pictured as a point in another cube. 
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2 
Heating Rate - 

1 2 3 
Temperature 

Figure 5.2: Schematic Cube diagram of input parameters 

DOE provides many designs. which tell us how to choose the variables (the &.-es 

on the cube), the values (the boundaries of the cube), and the number of conditions for 

each variable (points dong the axes). Since it would be unpractical to test d possibiIities 

within the system, a fktorial design was developed to redise the goal of obtaining the 

rnost significant input variable. 

Interaction or tàctorial designs look at fewer variables (usually three to sut)  than 

other designs. One of the fimdamentai characteristics of DOE is the assurnption that input 

variables often interact. Factorial designs help quant@ such reiationships. Factorial 

designs mclude experimental m s  for aii combinations of conditions represented by the 

circles at the cube junctions. 

in this research, we have three input variables at three conditions- Through 

factorial design, this wouki amount to 27 separate exprirnenîs (3j=27), which are 

represented by the cube junction points. 27 experiments seems like a reasonable number. 

however if we had five variables at five different conditions, 3125 (9) experiments 

wouid need to be nni m order IO evaiuaîe ~~c signïfïcance. As a resuh, cross- 
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experùnentation methods m u t  be emptoyed to reduce the level of experimentation- 

Using this technique, 3 125 experiments can be reduced dom to 25, while maintaining a 

representation of the system. In the case of the curent research, the initial 27 experiments 

can be reduced down to nine through the chosen cross-experimental method3. Table 5.1 

demonstrates tbe cross-experimental technique, wtiile Figure 5 3  graphicdy displays the 

experiments to be p e r f o d  on the cube. This cross-experïmental cari be represented by 

the desiguationa, Le (fi, which indicates that nine experiments are king conducted, 

varying three d i r e n t  *ut variables at three dierent conditions. 

Table 5.1 : SampIe cross-ercperimental table 
Innut Variables 

Experiment Number 
(row number) 

A B C 

1 1 1 I 

Figure 5.3: Schematic diagram of cross-eXpernnenîs 
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As previously mentioned, the present research into thermal treatment of EAF dust 

wüi focus on tfiree input variables or parameters witbin the TGA system (Figure 5.4): 

maximum thermal treatment temperature (ï- OC); residence tirne at the maximum 

thermal treatment temperature (5, min.); and the heating rate to attain the maximum 

temperature (H, "Clmin.). Through the strategic approach to experimental design and 

through limitations within the thermal treatment iàcility, three conditions were chosen for 

eaeh input parameter, thus giving the L p  (f) mss-experkental matrix. 

Maximum Temperatum ( T& PARAMETERS 
- Temperatures 
- Residence Time 
- Heating Rate 

I 

Time (min.) 

Figure 5.4: Experimental Parameters 

Through the cross-experimentation design, conditions can be studied in order to 

establish the influences of the diffetent parameters on the resuhs, in addition to the iatter, 

one can aiso determine the optimum combination of conditions within the parameters that 

wilI yield the most desired resuits. in order to achieve this goai, an experimental table 

was constnicted (Table 5.2). Wahin the table is a cohunn referred to as 'Combming 

Devices'. This column defines the combioation of the different paranietnc conditions 

witfün the experiment. The iast column refers to the resuhs obtained and will be in terms 

of weight 105s and leachability of zinc, nickel and chromnim. The latter resutt is 

extremely important since leacbabïility of chromium in the dust sutplisses government 



regdations Niue experiments were conducted, dysing the threri different parameters at 

three conditions. The tbree different rnaximurn temperatures (Ta) used were 900,1200 

and 1500°C; heating rates of 10, 40 and 75"Clmi~  were used to attain Tm; and finaIly, 

the samples expxienced residence tirnes of 5, 15 and 30 minutes at T-. Experiments 

used 2. Ig. of EAF dust as the initial material and weie conducted in the TGA using air as 

the thermal -nt gas. 

Table 52: Cross-experimentai table 
Test #: Combining Exparniaita1 Condiicms Results 

Devices Ttamc (q T (mm) H ("clmin) 
TitlHl rn 5 I O  Y! 

900 

900 

1200 

1200 

1 ZOO 

k 500 

1 500 

1500 

5.2.2 Determination of Optimal Experimental Parameters 

Once the experimentation is complete, the dependent output variables are 

statistically anaiysed in tenm of their significance h u g h  a mathematical average d u e  

of the resuIts obtained at a specific condition (e.g. at a residence time of 30 minutes), The 

dBerence 0) between these average values at difereut conditions within the paramter 

is then caiculated. Once D-values are obtained for each parameter, they are compared to 

see which parameter piays the greatest rote in mfiuencmg the d t s .  As such, the D- 

d u e  is dfrectly proportionai to the innuence of the particular parameter. 

Through the cross-experimental design, r e d  were obtarned for the nine tests 

and are shown m Table 5.3. The 'Finai Weight' c o b  mdicates the percent of the initiai 

sampIe weight remaining after thermal treatment anci is given by the recordiug 

in the TGA system. Metal Iea~habilby is detedeci through atomic 

absorption analysis of the r d m g  leachate of the treated sample der undergohg 

1eachabiIity tests. 



Cross-experimental methods cannot gather a direct correlation of a single 

Table 5.3 : Resuits of crossexperimentation 

parameter's influence on the results since other parameters vary during the experhents. 

For example, it cannot directly be said which is the optima1 condition within the 

residence time parameter, 5, 15 or 30 minutes, since the other two parameters 

(temperature and heating rate) are not kept constant thoughout the cross-experhental 

test nms. However, by determining the D-values of the parameters, one can determine 

their influence on affecting results. The D-value technique was introduced earlier in this 

section and wiI1 now be implemented to calculate parametric influence. Ushg the resuits 

in Table 5.3 the appropriate D-values were calculated and shown in t e m  weight 

loss and metal Ieachability in Table 5.4 and Table 55-5.7 respectively. 

The D-value wil provide us with an idea on the effect of temperature, residence 

tirne and heathg rate on weight loss and metal leachability. Calculation of the D-vaIue is 

shown in Figure 5.5. It demonstrates how D-vahies were obtained in terms of the 'weight 

loss' results output variable. The fht step in obtaiimg the D-value is a summation of the 

weight los  results of every test containhg a particular condition (Le. ZTl(900V 

=YI+ fi+ fi). Thereafter, this surnmation is divided by the nurnber of tests containing tbis 

particular condition (Le. Tl ,,,= =1/3). Once the average resuhs have been calcuIated 

for every condition witbin a parameter, the D-value can be calculateci by obtaining the 

maximum dEerence between the average conditions within a parameter (ie. T, (, ,,,- 
Gorg mrnll- 

Final Weight (%) 

97.97 
97.63 
97.71 
97.60 
96.80 
96.5 1 
94.07 
95.02 
93.85 

Meta[ Leachability (ppm) 
Cr Ni Zn 
660 3.75 0.56 
540 4.28 0.30 
560 3.37 0.28 
129 0.44 0.22 
120 0.40 0.10 
250 0.32 0.29 
13 0.21 0.16 
2 0.09 0.06 
5 0.30 0.12 



Part 1 : summation o f  the weight loss results o f  every test containing a particular condition 

0 
Part 2: Average resulls for a particular condition within a parameter 

Part 3: calculation o f  the D-value through the difference o f  the maximum and minimum average for each parameter 

Figure 5.5: Calculation of  1)-value 
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Table 5.4: CalCuiaiion of D-value in te 

Mass loss and volume reductions are two important aspects of thermal treatment 

of wastes since they conviiute to the bottom üne. Residual waste resulting h m  the 

thermal treatment of waste is adverse since it must be tùnber processed through 

transportation and subsequent Wfilling. As such, the viability o f  such treatment 

methods is dependent on generating the least amumt of tesidual so as to reduce firrther 

processing costs. Consequently, this research aims to determine the parameter tfiat has the 

greatest idluence over weight los within the cross-experimental ~ w o r k .  The chart in 

nrrs of the "weight bss' remit 

ParameteTs 

TI (m) 
Tz (1200°C) 

T3 ( 1 SOCWJ) 

t1 (5 min) 

tz (15 min.) 

~3 (30 min) 

Ht (1O"Clmin.) 

Hz (40Wmin) 

H3 (7S0C/min) 

Figure 5.6 shows the influencing 

de- of the three parameters 

with respect to weight los. 

S k e  the D-vaiue denotes the 

degree of influence of a 

particuiar parameter within the 

thermal treatment pmcess- The 

higher the D-value. the greater 

its effect m mfluencing the 

output variables. From the 

results, it is evident t h t  the 

A v ~ a g e  

97.77 

96-97 

943 1 

96.55 

96.48 

96.02 

46-50 

96.36 

96.19 

summaoon 
l',+Y2+ Y3 2933 1 

Y4+Ys+Y6 290.91 

Y+Ys+Yg 282.94 

Y,+ YJ+ Y7 289.44 

Yz+ YS+ Ys 28945 

Y3+ Yo+ Yq 288.07 

YI+ Ybt 5 289.50 

Y?+ Y,+ Y' 289.08 

Y+ Y'+ Y, 288.58 

Figure 5.6: Uinuencing degree of peirameters in 
terms of weight Ioss 

D vdue 

3.46 

852 

a31 

maximum tenmperatute of thenrial treatment phys the greatest rok in influenchg weight 

hss. Its D-value is an order of magnitude higher tban those of d e n c e  t h e  and heating 
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me. The level of influence of the parameters foiiows the following trend: &>D>DH, 

&te maximum temperature has an ovemhelming infhieacing effect; foiiowed by the 

residence time at the maximum temperature; and lkdly, the least influencing M o t .  

beimg the heating rate necessary to attain the maximum temperature. Ttie latter two 

parameters were quite sidar in terms of influencing degree over the weight Ioss. As 

such, their variance had üttle effect on the nnal weight. It should be wted that the weight 

loss withi the dust during thermal treatment is quite insignificant as it ranges between 6- 

7 wt% at 1500°C. This is to be expected since the dust is composeci rnainIy of oxides. 

which are quite stable under the hi@-temperature oxidative conditions of the cross- 

- 

In addition to determinkg the optimum parameter, the cross-expeiimental 

Temperature Residence ïim wng Rate 
(Oc) (min) mmin) 

Figure 5.7: Optimum conditions within parameters with respect to weight Ioss 

technique also provides information on the prime conditions within each parameter so as 

to optimise r e d s  dukg h experimentatioa Within the chart in Figure 5.7, Each bar 

represents an average EAF dust naal weight per parameh condition. The bwest final 

weights are mdicated by arrows, and r e p e n t  the oprimai couditioas within the 

pacameters. These optimal conditions occur at the highest levels of each condition. ie. at 
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a maximum tempetature 0 of 1500"C, a residence tirne (t) of 30 minutes, and a heating 
- 

(.{ rate (H) of 75"C/min, It should however be noted that it is unfeasible to draw d e m e  

conclusions about optimum conditions within the parameter since the average values for 

each parameâric condition are quite simik, which is especiaüy tme for the latter two 

parameters, ie. residence time and heating rate. One could condude tbat these two 

parameters are uiconsequential in determinhg weight l o s  within the dust. Nonetheles, 

this study into parametic optimisation does provide us a base of knowledge into 

parametric applications during M e r  expenmentation throughout this researcb 

Table 5.5: Calcuiation of D-value in t e m  of the 'Cr leacbability' result 

Parameters 1 Summon 1 Average 1 Dvdue 

T; ( 1 500°C) 

s (5 min.) 

r2 (15 min.) 

r~ (30 min.) 

HI ( IOTlmin.) 

Hz (40Tlmin.) 

Yr+&+Y9 20 

YI+Y,+YT 802 

Table 5.6: CaicuIation of D-value in ternis of the 'Ni leachability' result 

Yr+Ys+& 662 

Y3+Y6+Yp 815 

YI+ Y6+ YB 912 

Y2t Y,+ Y. 558 

Parameters 

Ti (900°C) 

TZ (12000C) 

T3 (1 500T) 

q (5 min)  

rz (1 5 min.) 

r3 (30 m h )  

HI( lOTlmin)  

Hz (40"Clmin) 

H3 (75Tlmin) 

6.67 

267.33 4.33 

220.67 

271.67 

304.00 

186.00 

Sumrnation 

YI+Y2+YJ 11.4 

Y,+&+& 1-16 

Y7+Y8+Y9 0.6 

YI+ Y,+ Y7 4.4 

Y,+&+& 4-77 

Y,+ Y,+ Y9 3.99 

Y,+Y6+Y8 4-16 

Y,+ Y,+Yq 5.02 

~ + Y S + Y T  3.98 

fi6.67 

Average 

3.80 

0.39 

0.20 

1 -47 

1.59 

1.33 

1.39 

1.67 

1.33 

D vdue 

3.80 

O. f4 

0.06 



Another important aspect within the field of thermal treatment of wastes is the 

leachabüity of toxic metais fiom the cesidual final product since the latter contains 

concentrated Ieveb of heavy metals within its structure. Toxic metal leachability is a 

determinhg factor in deciding whether a materiai can be de-cI;issified as a hazardous 

product. As such, it is important to produce structures withlli the t h d l y  treated 

product which will not easily leach out toxic metais present thus complying with 

envuonmental regulations. 

EAF dust samples were treated according to the design of the cross-experimental 

Table 5.7: CalcuIation of D-value in terms of the 'Zn ieachabiiity' resuit 

matrix Thereafter. the f 

Parameters 

TI (90O0C) 

Tt ( 120O0C) 

T3 ( 15000C) 

ri (5 min.) 

T? (15 min.) 

q (30 min.) 

Hi (lO°C/rnin.) 

H2 (4û°C/min) 

H3 (75Vrnin) 

Ieached according to 

environmentai guidelies 

and test through AA for 

metal leachability in 

t e m  of chromium, 

nickel and zinc; t h  

metais contained in the 

dust and present under 
Tempatature Resùknce Time Heatina Rate 

D vdue 

o.n 

0 . a  

0.12 

Su- 

Y,+Y~+Y, 1-14 

Y*+ Y,+ Y6 0.61 

Y+Yg+Yg 0.34 

YI+Y4+Y, 0.94 

Y, + Y, + Y8 0.46 

Y, + Y6 + Y9 0.69 

Y,+ Y6+ Yg 0.91 

Y2+Y4+ Y9 0.W 

Y3+Yj+Y7 0.54 

Average 
0.38 

020 

0.1 1 

0.31 

0.15 

0.23 

0.30 

0.21 

0.18 

que bec'^ Hazadow 

Waste Regulaîion Act. 

- 
Figure 5.8: Muencing de- of parameters in temis of 

metal leacbabiiity 
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The Ieachabiiity of the ûnai product will determine wlmether it can be placed in a reguiar 

landfiii or re-used as a co-product in other dustries; or whether it needs to be placed in a 

hazardous iandfïil which is the more expensive option. 

The chart in Figure 5.8 shows the Suencing degree of the three parameters with 

respect to metal leachability. Chromium D-values are represented by the lefi-hand y-axis 

while nickel and Pnc D-values are represented by the y-axis on the rigbt. The higher the 

D-value, the greater the degree of influence of a particuiar parameter within the thermal 

treatment process. Once again, it is evident that the maximum temperature of thermal 

treatment plays the greatest role in influenciag the output parameter, that of metal 

leachability. In the case of chromium, parametric Muence foliows the subsequent trend: 

DT>Dr>DH. Temperature (T) is the most important parameter in infiuencing Cr 

leachability foUowed by the kathg rate 0. Residence time (r) at the maximum 

temperature does not seem to influence metai Ieachabiiity a great deal. In terms of nickel 

and zinc, no d i  trends codd be observeci since the IeveIs of these metais in the 

leachate were quite low resulting in very low D-values. Thus, it was unclear whether 

residence tirne and heating rate generally affected the leachability of these two metals. 

However. the influence of 

temperature could still be noted 

in influencing the leachabiky 

of both nickel stnd zinc. 

Pararnetnç optimisation 

analysis was performed on the 

dust samples in terms of metal 

leachability. The maximum 

temperature was an important 

factor in determining metaI 

leachability. Metai Ieacbabiiity 
L 

decreased dramaticaily as tbe thermal treatmeot temperatuce tocreased (Figure 5.9). Thi 

Figure 5.9: OptimaI condition in terms of maximum 
temperature0 

is due to the tàct that the dust saucîure c b g e d  da thermal katment at high 

temperatures (beginning at ISOOQC), that d e d  m the sintering of the initial product. 

This stronger structure caused in a ceduciion m metal leachabirity. 
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The effect of 

residence tirne on metal 

Ieachability is tnSmai, as 

there does not seem be a 

clear-cut optimai condition 

for the metals (Figure 5.10). 

Chromium and zinc show a 

minimum leachability at a 

residence t h e  of 15 minutes, 

while there seems to be a 

minimum IeachabiIity at 30 

minutes in terms of nickel. 

O 4 C 0.0 
5 10 15 20 25 30 

bddmce Tims (min) 

Figure 5.10: Optimai condition in t e m  of residence 
t h e  (r)  

As such, the results seem to conflict, as the influence of this parameter is rather 

Uisipifïcant. 

Heaing Rate (H) 

seemed to &ct the levels of 

cbrornium leachability within 

the sampIes (Figure 5.1 1 ). As 

the heating rate was 

increased, the leachabilit y of 

Cr decreased by -100 p p a  

Tfie optimal condition in 

terms of chromium 

feachability was determined 

to occur at a heating rate of Figure 5.1 1 : Optimal condition m tems of k i n g  rate 
W.) 

75"C/min. This decrease in Cr I I 

leachabi2i is however unsubstantial and cannot be confirmed through the other two 

met& (Le. Ni, Zn). The IeveIs of these latter two met& are msignincant, as a resuit, they 

do not demonstrate any markmg trends witbin this parameter. 

The optimum parameter in terms of metai Ieachabüity is the cmxhum 

temperature of thermal treatment. This is c o h e c i  by its high D-value, hdicating 
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parametric significance. The effeçt of both &dence t h e  aimd heating rate were minimal 

in iafiuencing leachabiky results. Chromium levels within the dust were high ewugh to 

show consequential trends within the parametric optimisation adysis, However, the 

levels of nickel and zinc within the dust were tm smaU to establish any optimal 

conditions. 

5.3 Thermal Tmiment Evolufion 
Once the cross-experimeatal tests concluded, appropriate parametric conditions 

could be applied for the following segment of the research: a thermal evolution profle of 

the EAF dust. Since the maximum temperature was the most iduential parameter in 

determining weight loss and metai Ieachability, it was decided to Vary this parameter 

fiom a low value to the highest level possiile perrnitted by the TGA system, thus 

obtaining a complete temperature profile of the EAF dust. The residence tirne (r) chosen 

was 15 minutes. &ugh this was not the optima1 condition in tenns of weight loss, its 

parametric influence was rather minimaL The time period chosen was regarded as 

adequate to stabilise the temperature at the maximum level. The heating rate (H) chosen 

was 40°Clmin. This level was not the optimal level in terms of weight loss, however, as 

in the case of the residence the,  the uifluence of the parameter was insignificant. Thus, 

in order not to overstress the TGA system by applying an undue high heating rate (Le. 

75"CImin), a more moderate rate was chosen. The maximum temperature varied fiom a 

minimum of 6OW and continued up to a rnaximum of 1 W C ,  in increments of 200°C. 

Thus tests were performed at the foiiowing set temperatures: 6ûû°C, 800"C, 1000"C, 

1200°C, 1400°C and 1600°C. Mer a residence tirne of 15 minutes at the set temperature 

the dust sampks were subsequently cooled dowu to m m  temperature. The sample coois 

at a similar rate as the firmace as it eventually drops back down to m m  temperature. The 

cooüng rate m the f i e  after the set temperature is attained was IS°C/mia. Thermal 

treatment experiments were perfomed under both oxidative and pyroiitic conditions. as 

shop air and nitrogen were the respective purge gases used m the tests. These two thermal 

treatment conditions were appiied to gain a comparative undemamihg of the process, 2- 1 

gram of EAF dust was used per experiment, The belium ffowrate was set at 60 mi/& 

and the purge gas flowrate was 100 d m i n .  Experiments were repeated twice for 

statisticai accuracy. 
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5.4 Mass Balance Experlments 
Samples produced through thermal evolution experiments undenvent m a s  balance 

tests in order to detenniw the decrease in levels of certain metals occiuring durhg 

thermal trament. Acid digestion tests were perforrned on samples using methods 

descriid by the M i  of the Environment of Quebec. Hydrochloric acid (HC1) was 

mixai with nitric acid (HN03) in a 3:1 ratio. Sample were heated and left ovedght. The 

leachate was separateci h m  insoluble particles and tested using atomic absorption 

spectroscopy. The metais that wete tested for incIuded chromium, copper, nickei, lead 

and zinc since these were ali toxic metais contamed wiîhin the dust. 

5.5 Metal L88chabiIlty Eirperiments 
Leaching tests were carriecl out on the t & e d  evolution samples accordihg to 

procedures established by the MEF. A leaching solution was prepared using 49 g. of 

acetic acid and 37 g. of sodium anhydrate in a titre of distilled wate*'. The leaching 

solution and EAF dust sample was mixed with distilled water in a 1:1:9 mass ratio. The 

sarnple was rotated at 30 rpm br 24 hours at m m  temperature. The samples were then 

centriiuged to separate the leachate from the residual solids. The resulting leachates were 

analysed for Cd, Cr, Ni., Pb and Zn concentrations using atomic absorption. 
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6 BEHAVIOUR OF EAF DUST DURING THERMAL TREATMENT 

6.1 WeigM Loss 
The fnst condition studied within the thermal treatment of EAF dust was its 

weight loss. An insignifiant weight loss withm the EAF dust samples wa. anticipated 

since the iatter containeci mostly metai oxides aud little carbonaceous material. The 

primary object of studyuig the weight loss was to obtain a reference as to study the 

thermal evolution of the EAF dust as it was ireated fiom 600°C up to a maximum of 

1600°C. Certain inflections on the weight loss curves can give rise to corresponding 

manifestations wtiich occur witbù? the sample. 

Weight loss curves were constmcted fiom the thermal evoiution of EAF dust in 

oxidative and pyro hic atrnospheres respectively. Figure 6.1 and Figure 6.3 represent the 

curves as they are plotted as weight los  (%) versus time (sec.), In addition to the weight 

loss curves. derivative curves (dw/dt), to determine the locations of the maximal weight 

losdgain rates, were constructeci. These derivative curves are show in Figure 6.2 and 

Figure 6-4. Drrring thermal treatment experiments, the dust was placed in a crucible. 

k u g h o u t  these experiments, it was assumed that the temperature of the dust, which 

was measured by a thermocouple placed diredy bebw the crucible, was at the same 

temperature as the fumace, This assumption was plausible since the thermocouple was 

placed at close proramity to the sampIe in addition to fact that the smaU quantity of dust 

used per experiment wudd negate any possibIe thermal gradient within the material thus 

allowing heat to rapidly dissipate throughout the sample. 

Data collection was recorded throughout the exp-enta1 nuis (i-e. during 

heating and cooiing up to m m  temperature), however, no noticeable changes in weight 

Ioss occurred duhg the c w h g  process after a temperature of -700°C was attained, As a 

result, the experimental mu-time represented on the c m  by the x-axk is cut at around 

5000 sec. or -83 minutes. From the resulting weight toss curves, appropriate zones can 

be designatexi on the graphs, which wi provide insight h o  the difereut stages of 

thermal evolution. 
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6.1 -1 Wehht Loss Durinq Oxidative Treatment 

Figure 6.1 displays the weight Ioss (% weigbt los) atui temperature ("C) 

evolution of the EAF dust with respect to time using oxyen as the reaction gas. From the 

Figure 6.1: Thermal evolution of EAF dust under oxidative conditions 

resulting curve. the evolution of EAF dust under oxidative conditions can be separated 

into 3 distinct zones. These zones are charactded by different weight lodgain rates 

within the sample. Zone I encompasses a temperature region of m m  tempemm to 

-450°C. Approximately 2.5 wL% weight los occurs within this zone, resulting in 36% of 

the entire weight loss in the sampie. At the end of Zone 1, the EAF dust sample has 

achieved 42% of its final weight loss occurring through the thermal evohition process. By 

caIculating the weight loss (in mgs) over the time equivalent of the zone, it is possible to 

obtain an average weight loss rate over the mae, Wrthiu Zone I, this corresponds to an 

average weight bss rate of 4-05 &min over the time le@ of the zone. At the hating 

rate used (ie. 40°C/mh), tbis coincides to the 6rst 9 minutes of the evolution process. 

The sharpest weight los rate occurs E d e  this zone and is most Iikely due to the 

evaporation of rnoisture and oxidathn of cesimial carbon present m the EAF dust. This 

wiU be €kther analysed within the 'Gas Evolution' section of this; chapter. Zone II is a 



CHAPTER 6: BEHAVlOUR OF EAF DUST DURING THERMALTREATMENT 

brief phenornenon which occurs during oxidative the& ûeabnent, encompassing the 

temperature range of 47û-1000°C. In this zone, oxygen teacts with metal or metai oxides 

species present in the dust to make them into oxides or to d e r  them into a more 

advanceci oxidative stage, wtiicii results m a temporacy weight gain within the sample of 

-1.5 wt?/o. At the end of t h  zone, the sample has achieved but 17% of its final weight 

loss, decreasing fiom a level of 42% at he end of Zone 1 due to the temporary increase in 

weight. The weight gain rate in the sample corresponds to 2.4 @min. At the heating rate 

of 40°C/aiin., this transitory phenornenon persists for 19 d e s .  Thereafter, the thermal 

evoiution of the sample leads to Sow m. W i  this zone is observed a graduai weight 

Ioss of -5 W% up to the maximum bai weight l o s  in the sample of 6 wt.%. indeed 

64% of the entire weight loss is achieved in this zone. As a result of the conditions 

applied, the duration of the zone is approximately 60 minutes. Zone III is graduai in 

nature as the weight Ioss rate is but 1.63 mg/rnin. The bornidary of the zone lies 83 

minutes into the experimental nin whereupon the weight of the EAF dust has  

stabilized. Thereafter. minimal weight fluctuations are noticed Weight loss within this 

zone is most likely due to the sbw voiatiliition of metaI and metal oxide species into the 

off-gas. 

Figure 6.2 displays the 3 distinct peaks that can be seen within the curve, 

correspondhg to three different weight lodgain rates within the sample. Peak 1 is 

representative of the weight los  withîn Zone 1, A high yet brief weight l o s  rate is 

evident in Peak 1 which corresponds to the rapid evaporation of moisture and reaction of 

residuai carbon in the dust. Peak 11 denotes the momentary weight gain experienced by 

the sample aroimd the temperature range of 47û-tOOO°C though oxidation Peak iii is a 

small but sustained peak that encompasses the weight los of Zone DI. The large area of 

this peak represents the bulk of the weight los  occtming in the sample as the sample 

reaches the target temperatute of 1600°C. ïhe bu& of the weight l o s  can be attrii'buted to 

the vaporisation of metal and metai oxide species. 
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Figure 6.2: DTG Profile obtained during oxidative thermal treatment of EAF dust @ 1600°C 

6+1.2 Weiaht l o s  Dunna Pvrolitic Treatment 

Thermal treatment of the EAF dust was also performed under pyroiitic conditions 

as nitrogen was used as the purge gas duhg the experiments. The goal of this trial was to 

detamine the difFinces between thermal treatment under oxidative and pyrolitic 

conditions. The weight los  evolution of the EAF dust can be viewed in Figure 6.3. As 

with the oxidative experiments, the evolution of EAF dust d e r  pyroiitic conditions can 

be separated into 3 distinct zones. These zones are characterised by different weight l o s  

rates within the sample. Zone 1 encompasses a temperature region of room temperature to 

-400°C. Approximately 5% weight loss occurs within this zone, resuhing in 74% of the 

entire weight Ioss in the sample. The average weight loss rate within Zone 1 is 9.80 

mg/min over the time Iength of the zone. At the heating rate used (Le. 4 0 ° C / ~ ) ,  this 

coincides to the fint 10 minutes of the evoiution process. As in the previous set of 

experiments, the sharpest *ght Ioss rate occurs Siside this zone, It is most likely due to 

the evaporation of moisture and possible oxïdation of cesidual carbon due to fke oxygen 
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present in the EAF dut. This will be firctiKr analysed within the 'Gas Evohition' section 

IC .: of this chapter. 

Figure 6.3: Thermal evolution of EAF dust under pyrolitic conditions 

Zone II is a plateau which occm durùig the treatment pmcess. This zone 

represents the counter-balance of ewpocahn of metal species and probabIe oxidation of 

other metal species resulting fiom k e  oxygen present in the dust. which resuks in a 

minima1 weight decrease of less than one percent witbin the dut. The weight loss rate in 

the sample corresponds to 0.2 mgfmin. in addition, at the heating rate of 40°Clmin., this 

transitory phewmenon persists for 12 minutes. 

Thereafler, the t h e d  evoIution of the sarnple leads to Zone UI. W i  this zone 

is observed a gradual weight los  of -2 wt% up to the maximum final weight los  in the 

sampIe of 7.1 wt%- indeed, 28% of the entire weight Ioss is achieved in this zone. As a 

resdt of the conditions applied, the h a t b n  of the zone is approximately 45 minutes. 

Zone UI is graduai in nature as the weight bss rate is but 1.1 mg/min. The boundary of 

the zone lies 67 miuutes into the experimentsrl nrn whereupon the ûnai weight of the EAF 

(- ' dust lus stabilisad Thenatter, minmial weight fluctuations are wticed. Weight los 
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wahm this zone is most iikely due to the slow volat i l ion of metai and metal oxide 

p i e s  into the off-gas. 

Figure 6.4 displays the 2 distmct peaks that can be seen within the curve. These 

two peaks correspond to the two weight loss slopes that can be seen in within Zone i of 

Figure 6 3 .  A high yet bnef weight loss rate is evident m Peak 1, which corresponds to the 

rapid evaporation of moisture. This peak occurs h m  approximately 90°C to 150°C. Peak 

Tl is a h  representative of the initial weight l o s  Win the sample, however, the weight 

loss rate within this stage is considerably slower than in the previous peak although it is 

more sustained. Weight l o s  within this region corresponds to the reaction of ttee carbon 

in the dut, which produces cabon dioxide ofFgas, It occurs within a temperature range 

of 150°C to 450°C. The greatest weight los  within the dust sarnple occurs in Zone 1. 

which is verified by the DTG curves. Subsequent weight bss in the sampte is minimal. 

which is reflected in Figure 6.4 by the insignifiant weight loss rates observeci. 

Peak 1 s 

Figure 6.4: DTG Profile obtained dirrfng pyrolitic tfmmal treatment of EAF dust @ 
1600°C 

6-1.3 Corn~anson of Thermal Treatrnent Methods 

Both therd treataent methods (oxidative and pyroiitic) exhiiit some simiIarities 
r 

f .. 
[ in teniis of tfieir weight bss curves. These curves show three distinct zo~ies. The nrst 
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zones of both treatments are simiiar as they show a sharp decrease with respect to the 

ci totaIity of the curve. The initiai zones last for the fkst 8 to 10 minutes of the thermal 

treatment experiments and end when the temperature surpasses 450°C. The majority of 

the weight los  in this initiai zone is atîriiuîed to the vaporisation of moisture present in 

the dust and formation of carbonaceous off-gasses. Thereafter, the weight loss evolution 

of the processes starts differing, W i i  the dust treated under an ondative atmosphere, a 

brief weight gain is noticed, which occurs within a temperature range of 450-1000°C. 

The latter phewmenon can be attriiuted to oxidation of metal species present within the 

dust. in the pyroütic weight los  cuveT a steady plateau is seen within a temperature 

range of 450-130O0C, which represents the counter-balance of weight gain occurring 

fiom oxidation of metal species due to the presence of ibe oxygen in the dust: and the 

weight los  resulting h m  the vaporisation of metai species within the dust. The latter 

stages of the thermal evolution of the dust are once again similar for both treatment 

methods. In the case of the oxidative method, vaporisation of metai species occurs once 

the temperature surpasses 1000°C and resuits in the remainder of the weight loss in the 

sample. The pyrohic dust sampIe experiences the remainder of the f d  weight loss once 

ail the fke oxygen bas been depleted in the dut. The weight loss in this finai section is 

quite d l  due to the relatively slow heating rate m the reactor. which resuhs in the 

gradua1 vaporisation of metal species in the dut ,  

6.2 Volums Reckrctkn 
Thermal evolution in 

terms of volume reduction 

(Figure 6.5) shows that at 

lower temperahues (600- 

1000"C), voIume reduction 

is insignificant. In th% 

case, the treated product is 

present as the h e  

particdate matter, which is 

observeci in the onginai 

dust. However, at higher 

Region of high volume 
reûuaion dut IO sintuing 

Figure 6.5: VoIume reduction in thermally üeated dust samptes 
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temperatures (12W16000C), a signincant vohune reduction oçcurs withia the dust 

sample which resuits in a vohune reduction of greater than 50% m tk case of the treated 

Figure 6.6: Sintered structrrres fonned at 12ûû°C and 1600°C respectively 

product at 1600°C. The main reason for the dtamatic volume reduction is the sintering 

process tbat occurs within tbe dust particles at tfiese ekvaied ternperatures, The remit of 

the sintering process is the creation of a strong peiiet-like stnicture, which will be fiartber 

examineci in the fobwing chapter. The sintering process resuits in the densification of 

the dust ami the eümhaîion of pores withb the resuiting structure. An example of this 

sintering can be seen in Figure 6.6, which dispIays the cross-sectional images of two 

treated products fonned at 1200°C and 1600°C mder oxidative coaditioas respectively. 

Aithough the mitid particIes are aggiornerated, the &mi structure created is a cyhdncai 

pellet structure mimicking the contamer stnicture m which it is originaiiy piaced. The 

circles represent the diameter of the conbiner m which the dust was placed and 

compacted in. A k  the treatment, the thickaess and the diameter of the treated product 

decreased, as seen m the Figure. This fesuited m au average volume reduction of 35% in 

the dust treated at 12WC, anà over 50% vohuue redw:tion m the 1600°C treated proiiuct. 
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the oxidative treatment of the sample in tbe TGA was minimal. Through FTIR aaalysis 

(Figure 6.7) it was determined tbat the niain off-gases fard was (1) C a ,  resulting 

h m  fiee carbn present in the dust and, (2) misturc. The levek of Ca evolved during 

thermal treatment are imignifïcant due to the low Ieveis of carbon present in stainless 

steel dust. 

4000  3500 3000 2500 2000 1500 1000  500 
W avenam bers 

Figure 6.7: FTR spectra obtained during thermal treatment @ 1600°C under 02 

Figure 6.8 - Gas evolution during thermal treatment of EAF dust @ 1600°C 
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Figure 6.8 displays the evohtion profiles of C a  and water obtained during 

t b d  treatmnt of the dust sample at 16û0°C. The gas evohtion profîies were simiiar 

for di thermal treatment experhents nni at varying set temperatures, C a  evolution was 

significant at a t e q m t m  range of 400-1000°C during the heating process, This 

temperatine range conesponds to the ara of rapid weight los  noticed at the end of Zone 

II during the oxidative thermal treatrnent process. From the profile, evaporation of 

moisture seerns insignifiant- However, since the FTIR's off-gas recordhg ody started at 

400°C, most of the evaporation was disregarded by the system. Gas evolution profles 

obtained h m  the pyrolitic experiments revealed the same general trend as in the 

oxidative tests. Ca was the primary off-gas detected by the FTiR followed traces of 

water vapour. 

6.4 Processes During Themial Tmatment 
Based on the data presented, the thermai treatment of EAF dust cm be divided into 

three separate stages as seen in Table 6. L . 
Table 6.1: Possible processes occming during thermal treatment of EAF dust 

Stages 

Stage 1 

Lnit i d  
vaporisation 

Stage 2 

Transition 

Stage 3 

Finai Sintering 

~emperaturë~ange 
(OC) 

90- 1 50 

1 

6OelOOO 1 MdaUoo of metal species present in the dust 

Possible Processes 

Vaporisation of moisture present within the 
initial EAF dust 

250-600 

I 

800-1 100 1 Vohtilisation of certaiu metai species present in 1 

Formation of C a  (,, resulting h m  the reaction 
of £iee carbon in the dus and the oxidative 
environment andlor oxygen present in the dust. 

The £üst stage of the thermal aieatment pmcess is 9ùtially associated with the 

evaporatim of moisture and secondly with the formation of C G  ,,, due to the radion of 

fbe carbon with oxygea, wûicb is subsequently revealed through FTIR aaalysis. As the 

temperahire mcteases past Sûû°C, the deîection of Ca decreases up to its eventual 

disappearance, thus indicating the depletion of carbon in tbe dust Since tbe dust is 

69 
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inorganic in nature, no burning occurs during this stage of the thermal evohxtion pmcess, 
f -  : 
IL 2 and thus weight Ioss is minimal (2-3%). 

The second stage of the the@ evohition process is characterised by the possible 

oxidation of metal species present within the dust according to the following reaction 

type5 

M+02*MO:, (1) 

This has the effèct of slightly increasing the sampIe weight in experhents that are nui 

under an oxidative envimament. Tbe oxidation of metal species occurs concurrently with 

the volatilisation of certain metai species, which acts to d u c e  the overall weight of ihe 

sample. Many heavy metals are voIatiiiï during this stage of thermal evolution such as 

cadmium, lead and zinc and do not reniaui in the fimi thermdly treated product47. When 

the osgas cools down, these mtals condense ontu the reactor's uptake equiprnent and 

thus canwt be analysed by the FTIR During this stage of thermal evolution, the sample 

experiences Iittle or no weight loss. 

The third stage of the EAF dust evolution is the h a 1  sintering stage in which 

deasincation and particle agglomeration occurs. The d a c e s  of the particles begin to 

fk together and produce a very dense compact structure. This resuhs in a decrease in 

m a s  difhsion fiom the inside to the outside of the structure as the material flow is 

hindered by a lack of grain boundaries in which to travel. Thus heavy metals couid 

potentially be trapped within the resulting structure before bemg able to volatilise. 

However, some voiatilisation of metai compounds will continue fiom the surface of the 

structure to the increasing temperahrreJ8. which in tum contriiutes to the reduction in 

sample weight by aromd 304%. 

6.5 Metal Balance M i n  the Mm/& T W  Muet 
Metai balance experiments were carried out in order to determine the fâte of the 

toxk metals within the EAF dust during the thermal treatment pmcess using acid 

digestion tests previously d e s c r i i  in the "ExperïmentaI MethodoIogr chapter. Table 

6.2 represents an average of the six sets of duplicate samples which were analysed at each 

thermal treatment temperature. Fmm the resuhs, it is evident that significant amomts of 

meta1 vaporisation occurs during the ttiermal treatmeiit process at high temperatures. As a 
f-'! 
\, resuk the levels of toxic metais ptesent at elevated temperatutes are quite negligibte. The 
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redting t h d l y  treated ash is low in toxk nietai content, however, this content is 

higher than the maximum leachability aiiowed îiom leachates of soiid matter- 

Table 6.2: Toxic metai content within the EAF dust during thermal treatment 

Temperature Metal leveis (mgfi) 
("Cl . -. 

Cd Cr Cu Yi  Pb rii 
lait i d  5 5010 220 1930 119 1170 

Table 6 ~ ' ~  demonstrates metal volatility temperatures of certain metals. It should 

be noted that chromium is one of the most stabIe metals and ody begins to volatilise 

beyond a temperature of 1600°C. When chromium does volatilise. it cm do so in a 

hexavalent form (e.g. Crû3). The decrease in chromiurn content in the dust resulting fiom 

increased thermal treatment temperature can possiily be explaineci through a presence of 

chlorine withui the dust or in the aimosphere. As Figure 6.9 showss0, chromium can 

vaporise at much Iower temperatures ifarnounts ofchlorine are present in the flue gas. A 

small W i o n  of hexavaient Cr03 (g) is formed at high temperatures under au chlorine 

conditions. However, Figure 6.9 suggests that chlorine might promote the formation of 

wcinogenic hexadent chromium in a temperature window of around 800°C. It should 

be emphasised that the equiIibrium predictions may aot be realised if either other 

chomium species not considemi in this calculation are important, or kinetic rates are too 

slow to aihw equiliarium to be reached. 

Table 6.3: Metai VoIatÏiity Temperatures 

Metal Volatility Temperature (OC) Principal Species 
Chromium 1613 CrOzJCfl3 
Nickel 1210 Ni(0H)L 
Lead 627 Pb 
Cadmium 214 Cd 

6.6 Leachabiility of ThemmIM Tjwted EûF Dust 
Leaching tests were performed on the treaîed dust to examine the effects of thermal 

treamient on IeachabiIity propeaies, The rreated dust was subject to the same Ieaching 
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treatment as the initial dust samples and analyseci for metai Ieachability througb AA 

analysis. As in the initial case, the dust was adysed for five metals which are contained 

in the MEF b d o u s  waste guidelies: Cd, Cr, Ni, Pb and Zn. Table 6.4 reveals the 

level of metals fourad m the leachate solutions of the treated dust samples. The levels of 

Cd, N i  Pb and Zn were already below regdatory limits in the initid dust and as  

expected, this trend continues in the treated samples. Beyond 1000"C, there is no noticed 

leachability of the aforementioned met*. The Cr levels detected in the leachate decrease 

as the temperature of thermal treatment increases. However, at lower temperatures, there 

is no signifiant reduction in Ieacbability of this treated product as its levels of Cr are stilI 

elevated compared to regdatory LMits by two orders of magnitude. At higher 

temperatures (2 1200°C), the levels of Cr found in the leachate dramaticaily decrease. 

This is due to the fact that the treated product at 1200°C is sintered into a mistant 

cylindrical pellet. The pellet properties act to decrease the leachability of the metais in the 

dust, The simple treated 1600°C does not exhiiit measured leachability of Cr. The 

leachability of the chromium falls below MEF guidelines of 5 mg/l. It must be noted that 

the levels of toxic metais contained within the dust decrease at a dramatic rate due to the 

volatilisation of metal species. This contriiutes to an overaii decrease m metals present 

within the Ieachaîe of the treaîed dust. 

Table 6.4: Leachability of metals fiom thennally treated EAF dust 

Leachability (mg A) 
Cd Cr Cu Ni Pb Zn 

initiai O 270 O. 1 0.8 O- I 0.3 

600°C 0.04 300 0.1 0.9 O. 1 0.3 

80O0C O 289 0.1 0.9 O 0.3 

1000ac O 300 O 0 2  O 0 2  

1200°C O 56 O 0 2  O 0.2 

1400°C O 10 O O O O 

160O0C O O O O O O 
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6.7 Plrase EvoMbn During Thenna! T-nt 
The main phases present within the EAF dust did not change during the thermal 

treatment pmcess, iadicating no crystalhe change. The main phases detected during 

the& treatment were oxicks within the ctiromium and iron form. Iron constitutes the 

strongest peaks and is primariiy found under the F q 0 3  or Fe304 oxidised form. 

Chromium is m d y  found under the Crz03 oxidised species or mixed with iron as 

FeCrfi. Nickel, copper and zinc were also present in the final thermalIy treated products 

as  cornplex oxide products ufually coupled with cbromium or manganese. Hexavalent 

chromium compounds peaks are not visible through XRD since it is present in minute 

quantities within the dut. 

During the evolution of the dust m the oxidative environment. transitory crystalline 

phases appeared between 800°C and ended once the dust reached a temperature greater 

than 1200°C (Figure 6.10). These transitory phases correspond to the momentary weight 

gain noticed during oxidative thermal evoiution withm the same temperature range and 

are represented by the new peaks that formed within the XRD spectra. The new peaks 

represent transitory species that were created within the oxidative environment. These 

transitory phases are unstable resuiting in probable volatiiisation at higher temperatures. 

AIthough the exact composition of these phases was not detennined, it was most Likely 

the resuIt of an intermediary unstabIe oxidative phase appearing during themaal 

treatment. These transitory phases were not mticed within the dust sampies which 

experienced ppiitic thermal treatment thus uidicating stabiiity within the inert 
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Figure 6.9: Equiiiirium predictions of chromlm VaIe~lce as a nuiction of temperature 
in a SnnuIated envitonment 
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l 

Figure 6-10: X-ray dünaction patterns of the EAF d u t  rampies at 6OO0C, 800°C and 1600°C 
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7 MORPHOLOGICAL CHANGES DURING THERMAL 
TREATMENT 

The foliowing chapter wilI reflect the pbysicat changes that the EAF dust underwent 

during the thermal treatment procedure, The rnorphology of the particles will be ciosely 

examinai with respect to temperature and the themial treatment environment: 

atmospheric thermal treatment in air a d  pyrolitic -nt in N2 (g). Particle 

morphology is an important feature of the treated dust particle since an appropriate dust 

structure can result in metai encapsulation. 

7.1 Influence of lemperatum 
From the anaiysis on parametric iafluence on EAF dust behaviour, it was 

concluded that temperature played the greatest d e  in ùifluencing dust properties. As 

previously mentioned, EAF dust particles are sphericai in nature and have a v w g  size 

range as it present as agglomerates as weii as puticles of submicron size. The particles 

can be seen as individual structures within the sinface, This is caused by the adhesion of 

flue dust and t h e  particies that have agglomrated ont0 the surface of the larger 

particles thus providing a fibrous appeamce. T h d l y  treated dust rnorphoiogies can 

be divided into the three stages of thermal evolution: Stage 1 : Initial Vbpwhation; Stage 

2: Transition and Stage 3: Final Sintering. 

7.1 -1 Ash Morpholaav Durina Stme 1: initial Va~orisation 

This initiai stage of the t h d  evolution process occurs fiom approximately 

100°C to 600°C. This stage is cbaractekd by a marked weight loss within the dust 

sample due to the vaporisation of m o i .  and tk of fixe carbon present in the 

dut. From a morphological perspective, the treated dust particle greatly resembles the 

initial particle. The treated dust is present as agglomerates (Figure 7.la) as weU as 

particles of submicron size- The agglomemtes seem to have a fibrous appearance at the 

sinface due to the adhesion of fÏne dust and firme particIes tbaî have cIustered onto the 

surhce of the larger particles thus pmviding a fibrous appearance. The individual sub 

micron and micron ~articIes that form the Iarger aggiomerates are clearly seen at the 

particle sitrface level (Figure 7.lb). Tbese particles appear to be siightly shrunken over 

C' their original state due to the effects of thermal 
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Figure 7.1 : (a) Particle occmhg during Uiitial stage, ireated at @600°C, 
(b) Particle S d k e  treaded at 6004C 

7.1.2 Ash Momholoau Durina Staae 2: Transition 

The transition phase of the themai tmtment process occurs h m  a temperature 

range of 600°C to 1 100°C and is accompanied by oxidation rwictions. It c m  be seen that 

in this stage of ûeaûmnt the dust particies begin to chauge morpàobgy. The particles 

( F i s  7.2a,c) still demonstrate a îibrous appearance, however? the effects of shrinkage 

appar to be taking place. When examinhg the particle srnfaces (Figure 7.2b9d), it is 

evident that the boundaries between the micron and submicron particles are 

disappearing. in addition, signincant particle &riukage can be noticed at the sirrface- 

S d  areas of liquid can be wticed at the h e  of the particles. Some of the Si@ and 

K present in the dust form a glassy binary Si&-&O/Na20 system with a low meiting 

point below 1 100~~~'. This Iiquid phase k quite limited due to the insigniscant levels of 

these compounds in the dust. The resuht gkss phase is too ümited to mate a strong 

împenetrable structure that wuld trap metals within as maûix. The formation of the 

liquid pockets and the p h l e  shrinkage does however r d  m a more tesistant treaied 

productascomparedtotheorigiiralEAFdus& 
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(a) Particle (b) Particle Sufacc 

EAF~TrutedrtIlbODC 

(C) Particle (4 Paatide S& 

E M D u t T r c i i e d r t l ~  

Figure 7.2: Particle Structures occurruig during the Transition Sîage of Themal Treatnient 

7.1 -3 Ash Momholoav Durina Staae 3: Final Sintering 

The rmrphohgy m Stage 3 occurs between a temperature range of I IWC to 

16ûû°C. This stage is c h s r r a c t d  by the tïnai sintering of the dust resultmg in a strong 

peiiet-like structure at high temperatures. Through the examination of the particles 

(Figure 7.3 a, c, e), it is evideat tbat the particies have goae through a sintehg pmcess. 

The h u s  appearamx of the particle bas disappeared to be replaced by a sm~oth plate- 

like stnichire. Analysis of the particle s d k e s  (Figure 7.3, b, d, f) reveals tbat the: micron 

and submimn patticIes are rio Ionger evident and have been r e p W  by a smioih 

co~u~us-phase. The porosity in tbe sample is coasiderabIy dimtnished . .. due to the 
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(c) Pmticle (d) Particle S w k c  

Figure 7.3: Particte Sûudures mcmïag ditring the SSrSering Stage of Thermal Treatment 
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7-1 -4 Theonr of Sintering 

The process of sintering is the densification of the o d e  particles within the initial 

EAF through the removal of pores between particles through shrinkage. combmed with 

growth and strong bonding between adjacent particles. The foiiowing criteria must be 

met in order for sintering to proceed: (1) A method of material transport mus  be 

avdable and, (2) a source of energy to activate and sustain this material transport must 

be made availables2. Transport occurs mainly through diffusion and viscous flow. The 

energy is mainly provided through heat, in conjunction with energy gradients due to 

particle-particle contact and srrrtace tension 

The pmcess of sintering can be divided into three stagd3 as s h m  in Tabk 7.1. 

Table 7.1: Sinterhg Stages 
Stages ( Phenornena 
Stage 1: 

Reamqement 
Neck formation 

Stage 2: 

I 1 Neck G ~ O - - ~ ~  

Discontinuous re hase 
Grain boundary pores 

The initial stage (Figure 7.4b) incorporates the remangement of particles. which 

coasists of siight rotation of adjacent particles as to fom more points of contact. In 

addition, the formation of a neckmg contact point occurs between adjacent @cles due 

to the high pmbability of material transport in these areas of high d e  energy- 

The second stage of sintering (Figure 7-42) is referred to as the inmediare 

sintering stage. in this stage, the size of the neck ùetween the particles grows, resulting in 

a decrease in porosity as the partictes move doser together- Shrinkage resuIts due to the 

motility of the particles. Ttae boundan'es ùetween the partiiles (which wiii w w  be 

referred to as grains) begin to move so that one grain begins to grow to the detriment of 

the smaller grains; this d o m  for a change in geometry that wiII accommodate h t k r  
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necking and porosity removal intermediate sintering continues as long as pore channeis 

are intercomected and ends when potes becorne isolated, Most of the shrinkage during 

the sintering process occurs during this stage- 

The third and fjnai stage of sintering (Figure 7-44 is referred to asfinal sintering. 

In this stage, b a l  porosity is removed by diffiision dong the grain boundaries. Therefore 

pores m u t  remain close to the grain botmdanes. Additioaally, grain growth occurs in this 

stage due to surface energy. The forces of nature d u c e  sirrface area to a minimum to 

minimise surface free energy, such as water drops which form into spheres. These same 

forces act on soiid materials during sintering, Grains will grow in such a way as to 

increase theu radius of curvature (Le. they will straighten out). The smaller grains have a 

smaiier radius of curvature, thus providing them more energy for motility and ultimateiy 

consumption by larger grains. The final diibution of graiDs and pores is referred to as 

the microsiructure. 

Small grain 
consurnpüon 

Figure 7.4: The three stages of sintering, (a) EAE dust m its original me, (b) First stage, 
(c)  Second or Intennediate stage and, (d) Finai sintering 
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The mechanism of sintering which occurs dirring the t b e d  treatment of the 

EAF dust is that of sohd-date sintering. Solid-state sintering involves vohime d i f b b n  

as illustrated in Figure 7.5, Diffusion can comist of atomic or vacancy movement along a 

surface or grain boundaq or through the volume of the dust. Sirrface diffusion will not 

resuIt in shnnkage, however volume diffiision whether h u g h  the grain boundari'es or 

through the dislocations wiii resuit in shnnkages4. 

Neck formation by 
diffusion 

Distance between 
parücles decreased, 
parücles bonded, pore 
sire decreased 

4 h 

Figure 7.5: Soiid-state materials transport 
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The driving force for soiid-state sintering is the ciifference in ûee energy or 

chexnical jmtential between the fke d e s  of îhe particles and the points of contact 

between the adjacent particles, The equation representmg the mode1 of the mechanisru of  

transport of material by latlice d i i o n  between b m  the Iine of contact between two 

==, 
AL& = linear çhrinkage (quivalent to the sintering rate) 
y = surfàce energy 
a3 = atornic volume of  the diffiising energy 
D* = self-diffusion coefficient 
k = hltmiann constant 
T = temperature 
d = particle diameter (Zwe assume equal-size spherical starting particles) 
t = time 

K = constant dependent on geometry 
The exponent n is typically close to 3 and the exponent m is in the range of 0.3 to 0.5. 

Fmm this equation, it is evident tbat the greatest influence on the sintering rate is 

particle diameter. The s d e r  the particIes, the greater the rate. In addition, temperature 

also plays a role in inHuencing the sintering rate. This is due to the exponentiai 

relationship between temperature T, and the diffusion coefficient. 

7.2 influence of Pym/& Envininment 
Figure 7.6 shows the morphology of the EAF dust treated in a pyrolaic 

environment as Nt (g) was passeci through the teaction chiunir. The resuiting thermally 

treated products demonstrate the same structures and morphologies as those produced in 

the atmospheric environment i n d i d g  that the pyrolitic environment does not have an 

influence on the resulting product ckuacteristics. ïhe t h d y  treated produçts present 

the three stages of treatment: Vaporisation Transition and Sintering. During the 

vaporisation phase, the dust particles present a fibrous &e due to the Ioosely 
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particle shrinkage sta~ts to occur a d  the bouradaries between the micmn and submicron 

partkles begin to disappeardisappear Wthin the thai sintering stage, firsion between the partiçtes 

is noticed and a dense, smooth fjnai structure is produced. 
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Particle Surface 
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8 CONCLUSIONS AND RECOMMENOATIONS 

The current research bas provided wme insight uito EAF dust, through its initial 

physical and chemicai characteristics and the transformations that occur within the 

original pmduct throughout ihe tfiermal treatment proces. Fmm the results obtahed, it is 

c k  that it may ùe eventually possible to reçommed an efficient and safe thermal 

remediation technique to deal with the abundance of toxic EAF du&- 

The following conchisions and recommeadations can be established: 

The EAF dust particles in question are raodody distn'buted between <38 pn and 

1.17 mm. The particles represent spherical agglomerations of homogeneously nucleated 

particles and entrained particles, the latter providing an adequate &e area for 

heterogeneous condensation to occur. Chromium and iron are the predominant elements 

present in the dust, Si, Ca, Mn, Ni, Na, Zn d Mg are also present in the dust in a [esser 

extent. The high Ievel of Cr present in the d u t  is due to the hct that the dust was 

obtamed Eom a stainless steel rnill. The rnah phases present in the EAF dust are 

F e r O f l ~ 0 4  and Crz03. 

The Design of Experiments (ME)  technique is introduced in this research and 

was greatly beneficial as it reduced research time while providing uisightîül results. 

Drwig the t h e d  treatment of the EAF dust, temperature is determkd to be the major 

infiuencing parameter in the process as it plays the greatest role in affecthg weight loss 

in addition tu d i m i n i i g  the leachability of toxic metals b m  the d u t  product. The 

other two parameter researched; heating rate and residence tirne played a negligible role 

in influencing weight l o s  and metai leachability. As a result of the parametric 

experimentatioo, an optimum set of parameîrk conditions is estabfished: a iieating rate of 

4D°Cfmin, a Adence tirne of 15 min. and a maximm temperatme of 1600°C. 

Thermal treatment of EAF dust can be characterised into three main stages: (1) 

Initiai Vaporisation (9û-6ûû°C), where moisture pteswt tk dust evaporates aiad 

fke carbon mcts with oxygen to produce Cf& (g (2) Transition (600-1 100°C), where 

oiridation and voIathtion of metai species begins; and (3) Final Sintering (1200- 

16ûû°C), w k e  stnictute hardening and demiticaiion occurs, 
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Thermai evolution profiles reveal an msigniscant weight loss occurring in the 

dust throughout thermai treatmnt. During both atmospheric aud pyroütic thermal 

watment the weight loss curves exbiit three distmct zones. Ouring atmospheric thermal 

treatnient, the middle zone experienced a slight weight gain as re-oxidation of certain 

metal species occurred. In pyroiitic treatment, the middle zone was deiineated as a 

piateau, representing the opposing effects of weight loss through volatilisation and weight 

gain through oxidation of metal species resulting fiom fine amounts of fke oxygen 

present within the dut. Through themial treatment, a maximum of 6 to 8 wt% can be 

achieved a h a 1  temperature of 1600°C. through anaiysis of the off-gas, this weight 1 0 s  

mostly occurs through the evolution of C e  gas and minimal amounts of water vapour- 

Thermal treatment of EAF dust above 1200°C can Iead to significant volume 

reduction in the dust due to the effects of sintering. Thus, the original EAF dust is 

transformeci into a cesistant pellet-like structure. In addition, metais mass balance 

experiments indicate that the toxic metal concentration in the initiai dust diminishes to 

negligible levels at temperatures greater than 1200°C. This type of structure cm be 

beneficiai in subsequent landfilling operations due to its strength, compactness and 

resistance to leachability. 

Temperature piays an important cote in the morphology of the final EAF dust 

product, The diffèrent stages of themai treatment reveal dBerent ash morphoIogies. The 

dust product produced during the Initiai Vaporisation stage is very sirniiar to the initial 

EAF dust as it is present as agglomerates with a very loose fimus surface. The particles 

created do not hm an adequate structure to prevent met& leachability. The particles 

f o d  during the Transition stage present aspects of shrinkage and liquid eutectic 

formation. However, as in the previous case, the parziculaîe nature of the dust product 

during this stage wouici w t  be sufEiciently cesistant for disposal. The dust product f o m d  

during the Final Sintering stage provides a plate-like, dense morphology. The resulting 

peuet pmduced contains very resistant quaiities whicb would provide an adequate ma& 

to prevent the Ieaching of toxk metais present witbm the du* 
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The 1eacbabiIity of the thermally trieated EAF dust decreases dramatically as 

therd treataient temperatures itscrease. At temperotures greaîer than 1200°C, 

Ieachability is significantly reduced due to the resisbnt pellet structure that is created. At 

1600°C the leachability of ail toxic metaIs Ws beiiow environmentai guidehes to creatc 

a ptoduct that is environmentaiiy d e  to dispose or to m u s e  as a fiUer product in otfier 

materialS. 

Due to the f i  that thermal treatment of EAF dust resutts in vohtiiisation of toxic 

metal species, it is important to study the parameters which affect the volatilisation 

behaviolur of toxic met& such as hexavaiest chromium. ûperating conditions and waste 

composition are two such parameters which can greatly influence thenaal matment. 

Thermal remediation procedures requÏre hi& temperatures to Mat EAF dust. 

EfTective remediation can ody resuit at temperatures greater that 1200°C. It would be 

beneficial to m h  t h d  remediation techniques which empby CU-products to 

reduce tbe ùeatment temperatures. 

The greatest chalienge to thermal remediation concept is its abihy io treat various 

toxic mataiah and to do so through a cost and operations effective mimer without 

creathg secondary emissions. Thus, it is essential to design techniques which will 

continuously demonstrate safe operation and high performance. In doing so, pubüc fears 

regardhg this waste d i i s a l  option will be allayed. 
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