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ABSTRACT

ABSTRACT

Along with the essential importance of the metallurgical sector. one must

recognise that it is aIso one of the Iargest sources of environmental pollution. In

particular~ the problem ofelectrie arc fumace (EAF) dusts is ofa growing concern due to

the increase in popularity of EAF steelmaking. This dust is classified as a hazardous

produet due to the elevated content oftoxic metals (e.g.~ Cr).

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

arder to determine the chemical and physical cbaracteristics of the dust. It was

detennined that EAF dust is constituted of randomly distnDuted agglomeratioDS of

homogeneously nucleated particles and entrained particles. The main elements present

within the particular dust were iron and cbromiuI1\ the latter due to the fact that the dust

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

dust were F~O)!Fe304 and Cr203.

Thermal remediation experiments were then canied out in a computer controlled

thermogravimetric system. The parameters studied during the tests included temperature..

residence time and heating rate. ln additio~ the behaviour of the EAF dust during

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

morphology and resulting leachability of the treated produet. Furthermore, it was

observed that at temperatures greater than 1200°C Metal leachability decreased

significantly due to a decrease in toxie Metal concentration within the treated product and

the formation of a resistan~ dense~ plate-like morphology. At 1600°C, no toxic metaJs

leached out of the remediated EAF dust and volume reduction was significan~ resulting

in a produet that would he safe and more economical ta landfill.
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RÉSUMÉ

RÉSUMÉ

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

également un des plus grandes sources de pollution environnementale. En particulier~ la

poussière provenant des fours d'arc électrique (EAF) est devenue un problème croissant

dû à la 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 déterminer les caractéristiques chimiques et physiques de

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

d'agglomérations aléatoirement distribuées de particules homogènement nucléées et de

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

poussière particulière étaient le fer et le chrome; ce dernier étant donné que la poussière

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

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

thermogravimétrique. Les paramètres étudiés durant les 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 étudié en terme de perte de poids et de volume,

d'évolution de gaz, de morphologie de particule et de la lixiviation du produit traité. On a

observé qu'a des températures supérieures à 1200°C, la lixiviation a diminué

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

produit traité et de la formation d'une morphologie dense et résistante.

À 1600°C, aucun métal toxique a lixivié de la poussière EAF traité. Aussi. la réduction

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

produit qui serait sûr et plus économique à remblayer.
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CHAPTER 1: LITERATURE REVlEW

1 LITERATURE REVIEW

1.1 E/ectrlc Arc Fumace (EAF) Stee/making

The electric arc furnace (EAF) was developed by a Frenchman, Picho~ for which

a patent was granted on March 16't 1853 for bis

claim of economically melting mineraIs and

metaIs. Thereafter, many furnace designs were

conceptualized as seen in Figure 1.1, however, it

was in France between 1888 and 1892 tbat Heroult (a)

Figw-e l.I: Schematic drawings of (a)
indirect arc designed by Stassano. (b)
special indirect arc designed by
Rennerfel~ (c) Condueting-bottorn.
direct arc principle by Girod

buih a direct arc furnace which provided the

blueprint for EAF construction of today. A

schematic of Heroult's design can he 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 refractory erosion. The EAF was initially

developed in the manufacture of ferroalloys and

calcium carbide. However't its advantages were

soon recognized in the growth of alloy steel

melting1
• The first arc furnace to he installed and

operated successfully in North America was at the

Halcomb Steel Company in Syrac~ New York in 1906.

(c)

Figure 1.2: Three-phase electric arc fumace built by Heroult



CHAPTER 1: LlTERATURE REVlEW

Arc furnaces can he divided into three main categories based upon nature and

form ofthe electrodes to which the corrent is supplied. Tbree types are as foUow:

Indirect arc Furnaces
Direct arc Furnaces

Bottom Electrode Furnaces

The use ofthe indirect arc fumace is limited to the melting ofcast irons and 000­

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

severe wall refractory wear.

The majority of steelmaking operations require the use of direct arc fumaces.

Bottom electrode fumaces were constructed as an alternative to Herouh's strong patent.

However, problems arose with bottom refractory wear as the furnaces got larger and their

power ratings increased. Direct arc furnaces are manufaetured in most steelmaking

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

aImost always of graphite and a cup shaped~ which forros the crucible for the

molten metal. A current is passed through these electrodes and an arc is sparked between

each electrode and the charge. The heating process takes place mainly through radiation

and convection from the arcs't which can attain temperatures in excess of20,OOOO~.Due

to these high temperatures, the dissipation of energy and the resulting heating rate are

quite rapid. The high temperatures attainable within the furnace coupled with a highly

reducing atmosphere and a very fluid slag which can he formed.. results in the formation

ofchemical compounds which promote desulphurising and deoxidising conditions. As a

resuJ~ a much Iarger range ofraw materials can he used.

1.1.1 General Fumace Construction

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

with three carbon or graphite electrod~ hanging vertically over the hearth. These large

industrial furnaces consist of an external steel shea which is cylindrical in shape, a

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

supported. The roofcontains three openings about the centreline symmetrically placed to

form an equilateral triangJ~ through which the electrodes enter the furnace. Furnaces cao

either discharge the metal by means ofa bottom tap or a side tap. In the latter case~ the

( '\ fumace should comprise a rocking mechanism. Above the fumace roof lie the electrode

2



CHAPTER 1: LITERATURE REVIEW

anns~ which IlOt ooly mechanically support the electrodes above the fumace but also

carry the conductors leading the current to the clamps.

As the furnace hearths~ sa

did the methods used to charge the fumace. In

earlier practice.. the furnace was band-charged

through doors on the fumace sidewall.

However.. as the charges increased,. a top

charging method was developed. This

required the need for the roof and

superstructure to he removed quickly by

mechanical means. Top charging can he seen

in Figure 1.3. The charging bucket used is

usually designed for a particular application.
Figure 1.3: Top-charging ofa 120 ton EAF

Two basic types ofcharging buckets are used:

the clamshell type and the orange peel type. These two-bucket designs are illustrated in

Figure 1.4.

~'.

o

<a> (b)

Figure 1.4: (a) Orange peel type ofcharging bucket; (h) CJamshell type ofcbarging
bucket

1.1.2 Process Status

Electric arc steelmaking is a process option that is considerably increasing in

popuJarity amongst steelmakers. Technology developments bave resulted in. increased

3



CHAPTER 1: UTERATURE REVlEW

opportunities for EAF steelmakers since DOW, minimills are not limited to the production

of simple steel products but rather~ can compete with integrated steel mills in the more

lucrative high end produet range. Steel plants with EAFs once only consisted offurnaces,

continuous casting equipment and elementary rolling machines. Previously" their

production consisted mainly of constnlctÎon stee~ however, through technological

development, they were involved in the production of wire rad and light and heavy

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

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

help ofcontinuous casting3
•

InC~ electric arc furnaces have a nominal capacity ofover 8 million tons of

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

ln 1991 U.S. and Canadian steelmakers operated sorne 240 electric furnaces5
•

Almost halfofthese furnaces tapped heats that can he classified as small (55 tons or less)

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

EAFs were operated by minimills. Almost half these fumaces had a tapping capacity of

55 toDS or less which would categorise them as smalt. 30 percent are ofmedium size (56

ta 109 tons) and 21 percent as large (> 110 tons), as seen in Figure 1.5.

120 - --

100 -

•
~ 80--0 60-..
J
E 40~=z

20 -

a

.AlI EAFs

• Minimill EAFs

cOtherEAFs

55torless 56to 109t 110tormore
EAF Tap Weight (tons)

Figure 1..5: Distribution ofU.S. and Canadian EAFs by heat size.

Merely 5 percent of the EAF output in 1991 was anoy, stainless and tool steels.

Equally, 18 percent ofEAFs made stainless and tool steels aIong with carbon grades.
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CHAPTER 1: lITERATURE REVIEW

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 alIoy grades

(Figure 1.6).

120 --~--- --_.- '~------' .. ~~- --

•
~ 100 -
....
0 80-..=•e 60-•IL
~

0 40-
~•J:l
E 20 .
:1
Z

0
Carbon and low

alloy
carbon and alloy Carbon. tool and

stainless

ICNUmber 1
• Percent

Alloy. tool and
stainless

Figure 1.6: Distnoution ofU.S.. and Canadian EAFs by steel product produced

1.1.3 Scrap in World Steel Production

The world-wide production of steel in 1993 reached 725 Mt. To produce this

quantity, 503 Mt of hot metéi4 24 Mt of sponge iron and about 400 Mt of scrap were

used6
• The sbare of EAFs in steel production bas climbed to a high of around 30%.

signifying that every third ton of steel produced world-wide was made from recycled

scrap.

The share of electric arc furnaces in steelmaking greatly affects the demand for

scrap in the medium and long terms, Figure 1.7 shows world steel production. the sbare

ofproduction by EAFs and the level ofscrap consumption between 1976 and 1993.. The

share of EAFs in worldwide steel production climbed from a share of 19.2 percent in

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

growing production is supplied through the fo llowing sources: hot met~ scrap and scrap

substitutes. Although the demand for hot metal will remain stagnant until 2003, the

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

production ofsteel can he eategorised into three groups:

5



CHAPTER 1: LITERATURE REVISN

Circulating scrap: scrap produced during the final transformation step of moken steel to

the final products in steel plants and mills. The amount of circulating scrap is

eXPeeted to decrease by the year 2003.

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

f3brication of components. Due to the increase in efficiency of fabricating methods~

one wouId expect a decrease in this type ofscrap~ however, this decrease is balanced

by the increase in steel consumption. As a result there is expected to he a marginal

increase in the level ofprocess scrap until 2003

Capital scrap: scrap trom components manufactured ofsteel that have served their useful

life cycle. Due to the increase in direct and indirect consumption of steel there is

expected to he a significant increase in the Level ofcapital scrap. Indee<L the level of

capital scrap will increase by 31 percent by the year 2003.

1000 -

800 ~

••! 600 .

~
&:

~ 400 .

ï

o
1976 1980 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993

V.r
l-EAF .Scrap Consumption eTotal Steel Production!

Figure 1.7: World steel productio~ EAF share and scrap consumption

1.2 Emission Control ln Electric Arc Fumaces
Emission generation from the operation ofelectric arc fumaces is associated with

an phases of normal fumace operations. Two categories exist for eroissions: primary

eroissions and secondary eroissions. Primary eroissions are categorized as those occuning

6



CHAPTER 1: LlTERATURE REVIEW

during the mehing and refining cycles of fumace operations. Secondary emissions are

detined as those occurring during operations other tban melting or refining, specifically,

during furnace charging, metal tapping or slagging. Secondary emissioDS, which

constitute less than 10 weight percent ofaIl furnace eroissions, occur over relatively short

periods of time, and are associated with roof movements or fumace movements which

make emission collection rather tedious.

1.2.1 Nature of Particulate Emissions

The principal contaminants formed during EAF steelmaking operations are

carbon monoxide and particulate matter. In addition, depending on slag chemistry and

fumace additives, traces ofhydrocarbons, sulphur oxides, and fluorides will he present.

Additional products of fumace combustion can also he round, 50ch as oxides of nitrogen

and ozone, which can he formed from the furnace arcs.

During the melting and retining stages, particulate matter is evoIved trom the

furnace principally in the fonn of metallic oxides resulting from the oxidation of sorne

metals and volatilization of others, resulting from the intense heat and turbulence

generated. The thermal head in the fumace resuhs in a positive pressure at the top of the

fumace where the fumes escape through the electrode ports and roof rings in a fumace

with no emission control system. The injection of oxygen during the retining process

results in the greatest concentration of particulate matter. During the cbarging process,

particulate matter and volatile matter are liberated ftom the scrap by the furnace heat and

agitation as the charge drops mto the bath. The heat and agitation that occurs during

tapping resuhs in noticeable particulate formatio~ especially if alIoy additions are added

as the metal is tapped into the Iadle7
• The temperature ofthe EAF steelmaking process is

generally around 16000C, which is above the vaporisation temperature of zinc, lead. and

cadmium present in the charges. In addition, small amounts of iron, nickel and

manganese are volatilised. The level ofchromium volatilisation depends on the charge to

he melted; as stainless steel scrap contains high cbromium levels. As the Metal vapours

e~ physically and chemically complex, microscopie agglomerates form on foreign

nuelei snch as fugitive dust.
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The primary dust generators are electric fumace minimills who melt scrap in an

EAF to produce a variety ofsteel products. WhiIe melting the scrap~ approximately 2% of

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

and halides contained in the charge. Oust formation ftom EAFs ranges from 4.5-22.5

kg/ton ofsteel produced. In Canada and U.S.~ this adds up to 600,000 tons/yr. of fumace

dust produced9
• The range of dust produced cm vary from plant to plant depending on

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

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

generally exceed 23000 mg/m3
• Studies condueted on secondary emissions have

concluded tbat charging and tapping emissions are generally equal in magnitude. [n

addition, operating parameters such as scrap quality and ladle additives greatly affect the

amount ofdust generation.

The range of chemical composition of EAF dust cao he seen in Table 1.1. The

variations can be attnouted to the type ofsteel produce<L as galvanised steel will produce

a high zinc oxide content whereas stainless steel will yield high chromium oxide and

nickellevels in the dust.

Table l.1: Range ofcompositionofEAF dust

Component

Fe2ÛJ
FeO
Fe

SiÛ2
AhÛJ
CaO
MgO
MnO

Cr2ÛJ
NiO
PbO
Zno

p

S
C

Alkalies

Range ofReported Values (wtO/o)

19w65

4-ll
5-36
1·9
1-13
2-22
2-15
1-12
0-12
0-3
().4

().44

0-1
0-1
04
1-11

8



CHAPTER 1: L1TERATURE REVlEW

The particle size distnoution of the dust is quite difficult to determine due to

uncertainties in sampling techniques. However7 inge~ EAF dust is classified as "su~

micron". Table 1.2 shows sorne reponed ranges ofparticle sÎZe.

Table 1.2: Particle size distnoution ofEAF dust

Weight Percent Less
~ (J.LIIl)

40

20

10

5

1.2.2 Status of Environmental Regulations

Ranges ofReported
Percentages

82-100

61-98

61-95

43-90

1.2.2.1 U.S. Environmental Protection Ag.ncy Standards

The water solubility of sorne of the elements in EAF dust exceeds prescnDed US

federaI environmental limits. In 1984, the Environmental Protection Agency (EPA)

classified this dust as a hazardous waste (K061) under the regulations of the Resource

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

Characteristic Leaching Procedure (TCLP) for I~ cadmium and chromium10. The EPA

reguJatory level of metal toxicity is shawn in Table 1.3 11
• A rnaterial is considered

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

concentrations indicated in Table 1.3.

Table 1.3: EPA reguJatory leachate levels for metals

Metal Contaminant Regulatory Level (mg/I)

Arsenic 5.0

Bariwn 100.0

Cadmium 1.0

Chromiwn s.a
L~ ~o

M~~ 02

Selenium l.0

Sîlver 5.0

9
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The US EPA regulations regarding EAF dusts are continually evolving, however

the corrent regulation is that EAF dust is designated by the EPA as bazardous waste

NoJ(061. EAF dust is a listed waste because il contains bazardous constituents inclucling

hexavalent chromium, lead and cadmium. In 1995y the EPA ruled that stabilisation and

subsequent disposai in conventionallandfilIs is permissible for ail EAF dust12
•

The current K061 regulations are the foUowing:

If the dust is to he used for fertiliser manufactureT the dust is exempt from hazardous

waste regulation.

Any dust treatment technology can he used if il meets the TCLP leachate standards. The

treatment standards include fourteen elements:

Antimony Mercury

Arsenic Nickel

Barium Selenium

Beryllium Silver

Cadmium Thallium

Chromium Vanadium

Lead Zinc

1.2.2.2 Quebec Ministry of the Environment Standards

EAF dust is considered to he bazardous waste by the Ministère de l'Environment

et de la Faune (MEF). EAF dust is present in '~ReguIQtion on Hazardous Wasle (Q-2p

r3.0/) Hf] and falls under the category of metaUurgical hazardous waste: Art. 69. "Oust

resulting from the purification ofemissions from Metal fusion in fusion furnaces"

EAF dust faIls under the eategory of bazardous waste since ils leacbate produced

using the leaching procedure "'Procédure d'é\1alualion des caractéristiques des déchets

solides et des boues pompables,P14. contains levels of cenain metals superior to the

regulatory lîmits. These limits, found in Annex mof the .~Regulation on Hazardous

Waste", are shown in Table 1.4. These levels are similarto EPA guidelines.

10
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Table 1.4: MEF guidelines for maximum concentration ofmetals in leachate trom soUd
residue

Metal Contarninants Norms for the Leachate ofSoüd Residue

(mgIL)

Total arsenic

Total cadmium

Total chromium

Total copper

Total Mercury

Total nickel

Totallead

Total selenium

Total zinc

5.0
2.0
5.0
10

0.2
10.0

5.0
1.0

10

(

{

1.2.3 Methods of Fume Capture

Most of the effort to capture fumes bas been concentrated on the capture of

primary emissjons~ which occur during the melting and refining stages. Tbree basic

methods of primary fume capture are employed: (a) direct shell evacuatio~ (h) roof­

mounted hoods, and (c) canopy hoods.

1.2.3.1 Direct Shell Evacuation

The direct shell evacuation method of fume control employs a duct syste~ which

removes emissions through a hole in the fumace root: The water-cooled duet transports

the gases to a point where further cooling can OCCUf'. Air is introduced in the duet gaps as

to hum off the carbon monoxide produced. This process is primarily used on larger

fumaces (greater than 4.6m in diameter) but can aIso he used on smaUer furnaces. The

advantages of direct shelI evacuation are the foUowing: (a) better control of furnace

evacuation rates, (b) less system volume, (c) effective CO contro4 (d) best control of

particuIate emissions during metting and refining. The disadvantages of this process are:

(a) possible effects on fumace metaIlurgy, (h) adverse affects on electrode consumption,

fumace efficiency, refractory life and melting efficiency, (c) possible physical

interference at the furnaces, and (d.) 110 secondary emission control

11
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1.2.3.2 Raof-llounted Hoodl

Roofmounted hoods bave been in most common practice since the early 1960'515

16~ The most recognized root:mounted system is that ofside draft or IateraI exhaust hoo~

as seen in Figure 1.8. This exhaust system is composed ofa hood placed over the furnace

roof laterally attaehed to ducts. Gas cooling is not ofgreat importance since the hood will

pull in sufficient dilution air from the surroundings. The advantages of roof mounted

hoods are the foUowing: (a) no etfects on fumace conditio~ (h) the absence of special

cooling equipment and furnace pressure controls, and (c) simple system design. The

disadvantages of this system include: (a) higher off:gas volumes, (b) physical

interference with furnace 0Penltio~ (c) Iess effective CO controL and (d) no control of

fumace emissioDS.

Figure 1.S: Side draft bood arrangement ofroof
mounted design

1.2.3.3 Clnopy Hood Design

Canopy hoods are essentialIy large hoods located weU above the fumace in the

foundry building root: The fumes generated from the furnace are permitted to escape in

an uncontroUed manner until reaching the building roof7
• The emission gas is cooled

naturally by the great dea1 of infiltration air that is puIIed up to the canopy with n.

Canopy hoods have the folIowing advantages: (a) absolutely no interference from furnace

operatio~ (b) a simple design. (c) no gas cooling system~ and (d) partial control

12
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of secondary eroissions.. The disadvantages of this system are: (a) absence of effective

partîculate contro~ (h) less effective CO contro~ (c) extremely high oft:gas volume, and

(d) polluted working and shop conditions..

1.2.4 Gas Cleaning EquiDment

1.2••.1 Electrostatic Precipilators

When dust...laden air is passed between!Wo surfaces with a high electric potential

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

particles migrate and precipitate on the surface baving an opposite electrical charge.

Removal ofthe coUected rnaterial is obtained by vibrating or rapping the electrode plates..

either continuously or at predetennined intervals.

The advantage of electrostatic precipitators is that they operate at high

temperatures (260-316°C), which tequires less cooling and can capture sub-micron dust.

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

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

explosion from carbon monoxide carry-over. Frequent cleaning of the electrode plates is

also necessary to prevent a decrease in system efficiency.

The lack of proper moisture contro~ resulting in corrosion bas discouraged the

use ofelectrostatic precipitators in the steel industryl8.

1.2••.2 Wet SCrubbers

A wet scrubbing system would utilize a quenching of the off.gas near the fumace

and subsequent transport ta a Venturi or orifice scrubber followed by cyclonic mist

eliminators.

The feasibility of using wet scrubbers must he determined based on the cost of

energy. High-energy scrubbers are in use in several direct evacuation syste~ primarily

on large furnaces 19. The advantage ofusing a wet scrubbing system is that it can perform

onder temperature fluctuations that can he caused in furnace operations without any

significant loss in performance. The many disadvantages ofwet scrubbers include~ (a) the

high power requiremen~ (b) the need ta buiId and maintain a water treatment system to

deal with the eftluents of the scrubbing syste~ and (c) the need to install a scrubber

system for each fumace. In addition, since scmbber systems make an extensive use of

13



Figure 1.9: Electrie fumaee fabrie filter
installation
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water.. corrosion cornes into play. The presence of chlorides and sulphurs will lead to

corrosion problems. Thus. effluent water that is re-used must he treated in arder ta

decrease or even eliminate the chioride and sulphur concentration in the water.. control

pH and treat dissolved solids.

1~•.3 Fabric fillers

The use of fabrie filters as a gas-cleaning device in steelmaking operations is

quite widespread. They present a

simple solution at a relatively low cost.

In the bag tilter cleaners.. fumace off­

gases are filtered through rabrie bags.

which are loeated in the baghouse

(Figure 1.9). Dacron polyester bags

can he used up to temperatures of

200°C: fibreglass is used for gases up

to 300°C. The bags are usually stored

in air tight gaIvanised sheet steel

boxes. As many as 84 bags can he

used for a 30 ton fumaees stored in

four separate compartrnents. To remove the dust, the bags are periodically vibrated.

however.. this increases bag wear.. For this reaso~ most modern facilities employ periodie

reverse tlow through the bags to remove the dust accumulation. The system can he

arranged so as to clean one compartment as the other ones are tihering.

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

availability. This gas-cleaning deviee can treat a large volmne oflow temperature gases.

However a main disadvantage lies in the tàct that the gases must he cooled to a level

compatible with the tilter materiaI ofchoice. Another disadvantage is the spaee required

setting up a baghouse facility.

1.3 Exposul8 to Pafliculllte .alterProduced Dutlng EAF Steelmaking
The exposure to airbome particles can he a hazard ta human health as they can

cause a variety of respiratory diseases affecting the fungs. Airbome particles can he

14



CHAPTER 1: LrrERATURE REVIEW

divided ÎDto two main categories: (a) dispersio~ wbich involves the breakdown from

solid or liquid matter resulting from such activities as milling or atomizatio~ and (h)

condensatio~ resuhing from the build-up of matter after a heating and cooling cycle. In

additio~ airbome emissions can he further eategorized into sulH:ategories as follows20
:

- Dusls., whicb faIl under the category ofdispersio~are produced from solids as they are

mecbanically processed; such is the case in min~ mills and foundries; such is the

case with EAF dusts.

- Misls., which are generated by liquid dispersio~ or by evaporation and/or condensation

ofvapours

- Smolces., which are partially formed by very fine 50Ud and liquid particles., are generated

by the buming ofcarbonaceous rnaterial. Most smokes contain harmful carcinogens

- Fumes., which are produced from the vaporisation and condensation ofhot salid species

usualIy occur in metallurgical industries.

Particle behaviour in air and in the human body depends on their physical and

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

sinee they determine particle settling rat~ and thus determine the time that these

partieles remain airbome. If partieles cause any harmful effects, it will he resultant upon

their chemical and mineralogical compositioIlt solubility, and biologica1 activity.

1.3.1 Particle Size

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

diameter will he a specifie indication of ils size, however., if the particle is non-sphericaI,

then the foUowing conventions are employed:

- The volume ofthe partiele is given in tenus ofa sphere;

.. The mass ofthe particle is given in terms ofa sphere:

.. The settling veloeity ofthe particle is given in terms ofthat ofa spberical particle;

- The diameter ofthe particle is determined in terms ofa dimension of the projected area

as seen through microscopy

15



CHAPTER 1: LITERATURE REVlEW

Particles in the range of 0.005...0.05 J.UIl are formed through the condensation of

vapors either through high temperatures or chemical processes. Particles in the range of

0.5-2 lll1l are formed through coagulation of smaUer particles or through small particles

ftam vapor condensation. Fume particles, such as EAF dusts contain diameters ranging

ftom 200~ down ta 0.01 f.1I1l. A wide spectra ofdifferent airbome particles can he seen

in Figure 1.ur1
•

4--- SII\IIr iOdld.- - -~

0.0005 OJXl1 0.005 0.01 0.05 0.1 0.5 1 5 10 50 100 500 1000 5000 ooסס1

PIItIde size (micraI1eIIIs)

Figure 1.10: Size distributions ofvarious airbome particles
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In order for particles to penetrate 10 the lungs and into the alveo~ they must bave

a settling velocity of approximately 3 x lUJ mis. This corresponds to a 7 J.UD. diameter

unit density sphere. Particles with a equivalent diameter of 10 J.1IIl will not penetrate

beyond the nasop~ inadditio~ particles ofan equivalent diameter of50 J.111l will he

too large to breath into the lungs. Although EAF dust contains a varied size distributio~

sorne of its particle sizes still fall in the harmful range where it could he inhaled into the

lungs.

1.3.2 Pamela Penetration IntG the Respiratarv System

The lungs are the organs that essentialIy convey with the atmosphere through a

series ofbranching tubeS., as shown in Figure 1.11. The lungs are constantly exposed ta

particulate matter that we breath ~ however, our lungs posses defences that can proteet

us against this airbome matter. For example, a coal minor may receive looOg of dust in

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

remaining in the vietÎm's lungs22
• This illustrates the lung's defences. Conversely, no

defense mechanism can he perfecto Excessive inhalation of dust Will result in lung

disease.

2---­
3---_--:

-;--;f-------4

6-------;~:eJ.~~~-----5

L.~....L"~---tO

1. boucs and cartilage in the nose
lhat makes inhalai air swirI [0

dcposit large puticles

2. mouth -bas no liltaing system

3. tangue

~.phuynx

5. CIOpbagus -tube lading ta die
Slomac:h

6. opeaing oflnlcllca

7. b'Icllca -tube Ic:ading [0 the
hmgs

S.branchus

9. bronchiole

10. tiDy a.ir SICS (alvioli) al the end
ofcach branchial '"tn:e'" brancb

Figure 1.11: Diagram ofairway passage to the lungs showing the routes taken by
contaminated air
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1.3.3 Penetration and Deposition Inlo the Lungs

Particulate matter that penetrates into the respiratory system can have barmful

etfects on the lungs and other parts of the system. Soluble substances can he especially

dangerous since they can he ingested into the bloodstream tbroughout the system.

The penetration and deposition ofpartieles into the respiratory system can he summarized

as foUows:

- Particles with an equivalent diameter greater than IOIJ.Dl will he retained in the upper

nasal area 0 f the respiratory system.

- For particles (ess than 10~ penetration will he increased with decreasing particle

me.
- The upper limit for penetration iuto the alveoli is approximately 10~ However. very

few particles ofthis size reach the alveo[4 theyare mostly found in the bronchioles.

The Probable site of partiele deposition can he summarised by Figure 1.1223
• The

foUowing curves show that 65-7()OAJ of deposited particles of 3 J.lIIl diameter will he

deposited in the nose't 25-30% in the pulmonary spaces't and 5-10% on the airways (Le.

esophagus). However, it must he noted that the deposition curves depend on the breathing

rate24
•

109821 3 4 5 6 7
Aerodynamic diameter

Figure 1.12: Deposition as a function ofparticle size for 15 respirations/min. (1450 cm3
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1.3.3.1 Health Etrects Resulting From ParticlelnhalMion of Metal Be.ring Particulate
Matter

Metallurgical industries generate great quantities of Metal bearing particulate

matter that could conceivably resuh in adverse heaIth effects to employees or nearby

residents. The following is a partial list of common heaIth etTects resulting from the

exposure to industrial particuIate matter:

Pneumoconicoses: Pneumoconico~ meaning '4dusty lung~, forms a group of lung

related diseases resulting from the inhalation of "respirabien dust. The most serious cases

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

However other forms of pneumoconiosis may he produced from the inhalation of

excessive amounts of the following dust: beryllium (berylliosis); kaolin (kaolinosis);

barium (barytosis; tin (stannaosis); talc't graphite't mica; and of special interest to the

steelmaking industry, iron oxide (siderosis).

Systemic poisoning: The respiratory system provides a prevailing entry for fine particies

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

and internai organs. Manganese, lead, cadmium and their compounds are examples of

toxic substances that can he round in particulate fonn.

Cancer: An accumulation of particulate matter in the lungs cao lead to cancer. Examples

of particuJate matter that cause cancer of the lungs after inhalation are arsenic and ils

compounds, chromates, particies containing polycyclic aromatic hydrocarbons.. and

certain nickel hearing dusts.

Irritation and inflammatory long injuries: Ahbough the major irritants to the respiratory

system are gases't particulate matter irritants can aJso occur. Exposure to sucb irritants

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

airbome particle irritants include: cadmium fumes, berylli~ zinc chloride.. cbromium

compounds and manganese.

Allergie l'eSjlODSeS: Deposition and retention of inhaIed sensitising substances may cause

allergic or other sensitivity reaction. Occupational asthma is a particular respiratory

disease ofallergic type caused by exposure to particuIate matter. Certain metaI dusts snch

as nickel and chromium can lead to the onset ofoccupational asthma.
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Metal fume fever: Metal fume fever resuIts ftom the exposure to fresh Metal fumes such

as zinc and magnesium oxides. The main symptoms includec~ fever, muscle~

weakness and nausea.

1.4 An Updllte on Electric An: Fumace Dust TRNJtment
EAF dust can he processed through numerous techniques. Tbese techniques can

he grouped into four main categories: (1) high temperature metals recovery (HTMR), (2)

recycling, (3) stabilisationlsolidificatio~ and (4) other.

1.4.1 High Temperature Metals Recoverv (HTMR)

A number ofoperations employ high temperature process to treat EAF dust. The

EAF dust is processed in a furnace or reactor with a reductant such as coal or coke to

recaver the zinc, lead and cadmium in a metal or oxide state. A by-product ofHTMR is

an iron rich slag, which can sometimes he tapped from the furnace and recovered. High

temperature processes allow for the recovery of metaIs sucb as zinc and lead in addition

to producing a non-hazardous slag that can he easily disposed. The recovery ofthe metals

defrays the cost of implementing a HTMR system.

1.4.2 Direct Recycling

Zinc content in electric arc furnace dust can vary from 5 to in excess of40010. As a

resul4 it is sometimes economically prudent to increase the zinc content in dust such that

the final costs of recycling will he reduced due to the increased zinc concentration in the

dust and the reduced volumes shipped oft:site. Th~ zinc dust is inttoduced into the

electric arc furnace along with the metal scrap during scrap melting. The reduced volume

is achieved once the dust bas attained the required zinc levels by various approaches such

as briquetting, pelletizing, and pneumatic injection. However, it is important to note that

direct recycling does not eliminate the need for further EAF dust processing, rather it

makes it more attractive due to the bigh zinc conten~ while reducing the volume that bas

to he treated

1.4.3 StabilisationJSolidification

Solidification and stabilisation techniques involve the addition of additives or

reagents with the EAF dust in order to physically or chemically reduce the mobility ofthe
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contaminants. Stabilisation employs a chemical modification ofthe dust7 thus making the

contarnioants less soluble7 mobile or taxie. However7 stabilisation need oot alter the

physical nature of the dust. Soliditicatio~ on the other Ilan<i changes the physicaI

cbaracteristics of the~ resulting in an altered 50lid structure tbat mecbanically traps

the contaminants. In arder for the new material to he delisted as bazardous mate~ it

must demonstrate to appropriate environmental authorities tbat the waste is adequately

stabilised. Delisting the hazardous waste can result in economic benefits as transportation

costs for simple solid waste is lower than that ofhazardous waste. In additiotlt the treated

dust must tirst pass environmental reguJations regarding the possible leaching of toxic

material before il can he landfilled.

1.4.4 Other Types of Processes

Due to the zinc content in the dust7 EAF dust in readily used in the fertiliser

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

fertiliser. In additjo~ EAF dust can he used in hydrometallurgical processes to extract the

valuable zinc, through cornplex leaching procedures; in the production of minerai wool:

in the production ofceramic produets; and in the manufacture of glass beads. Thereafter:

minerai wool, ceramic produet and glass heads are not regulated as hazardous waste.

1.4.5 Commerciallv Practiced EAF Oust Management Methods

The methods employed to manage EAF dust can he grouped under the following

categories: pyrometallurgical, hydrometallurgi~ hybrid pym-hydro treatment processes

and stabilisation or vitrification processes. Ten methods for managing carbon steel scrap

are DOW practiced commercially and are summarised in Table 1.525
• These commercially

practised methods are summarised below.

Two-Stllge Wae/z Ki/II: The two-stage Waelz kiIn operation is the tirst HTMR process to

he commercially viable in the U.S. In this metho~ EAF dust is fed to the first kilo in

arder to separate the zinc, cadmium, l~ and chioride from the non..hazardous,

partially metaUised iron product. Oust from the first kiIn is then retreated in the

second kiIn to produce an impure zinc oxide used fOr zinc smelter tèed. and a lead­

cadmium chlorid~ which requires further processing in order to separate the lead and

cadmium. This method treats 80 ta 85% ofthe dust produced by carbon steeImakers.
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SiIIgle SltIge W-k Kil,,: The single...stage waelz kiln process is particularly practised in

Europe and Iapan. It is identical to the first stage of the Two-Stage Waelz kiIn

process. The baIide bearing lead-containing zinc oxide is an intermediary product for

treatment in the Imperial Smehing Process ta produce lead and zinc metal or for

conversion to zinc·based chemicals and fertiliser additives.

Waelz kiln technology is a major player in the processing ofEAF dust and will

probably remain the industry standard until emerging technologies will prove

themselves economically and technologically competitive. Fees for Waelz kiln

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

Frame Reactor: This method requires a tine't dry EAF dust feed and oxygen ta react with

coke or coal reductant in a cyclone reactor. The product is a dirty zinc oxide that

contains ail the cadmi~ balides and lead present in the d~ and is ooly suitable as

feed to a primary zinc smehing facility which cao handle balides. The present process

does not bave the capability ofproducing zinc metal since carbon supplies the energy

required for reaction. The iron..rich slag produced conforms with EPA disposai

requirements.

MF and Electrothermie Processes: The MF and Electrothermie processes are in use in a

limited seale in Iapan. They are adaptations of primary zinc processes and are

practised in facilities previously used for primary smelting, using modified

equipment These processes produce and intermediary lead-containing zinc oxide for

further processing.

zrrFerrolime Procas: Raw EAF dust is treated in a rotary kiIn with coke and coal as a

reductant for the zinc oxide present in the dust. The fumed zinc oxide, containing

l~ cadmium, and halides, is coDeeted following the afterbumer and washed in

order ta remove the halides~ The produet is an upgraded zinc oxide for sale ta primary

zinc smeiters and a mixed salt for sale as a drilling fluid additive. The partially

metallized iron...bearing produet, calIed Ferrolime can he retumed ta EAF steel plants

for recycle; ifil meets specifications.

Lllde. Steel Procas: The simple proœss directIy feeds an EAF dust and a reductanl

into an electric fumace. The oxide reduction reactions are effected and the resulting

zinclleadlcadmium vapour is condensed 10 zinc metal in a zinc splash condenser
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preceded by several gas handling steps. The iron...rich slag is appropriate for disposai..

However., the quaJity of the resulting zinc metal is deemed ta he quite poor., rendering

unsatisfactory for internaI galvanising use.

Table 1.5: SummaryofEAF dust management methods

Status Process Type Zn-bearing Fe-bearing produet Other produets
produet

Commercial WaelzKHn Pym Zno Iron oxideimetaJlized iron pbCl~Cda:

(2 stage) fume

WaelzKiln Pym Zno Iron oxidelmetallized iron -
(1 stage)
FtameRcador Pym Zno Slag

ZTI Ferrolime Pym Zno Ferrolime Salt mixture

MFlElectrothermic: Pym Zno Slaglresiduc Salt mixture

MRT HydrolPyro High purity Iron oxidelmetallized iron PIYCd mctaJs
Zno

Laclede Steel Pym Znmetal Slag PIYCd metaIs

EZlNEX Hydro Zn metal Iron oxide Salt mixture

Super Detox Stabilization - Stabïlized dust

lRC Vitri fie:ation Glassy granules

Emerging Ausmelt Pym lnO Slag

MetWool ~ ZoO Pig iron Mineral wool

Enviroplas Pym Zn metal or Slag
ZOO

Ali Met Pym Znmetal FelFC)C Salt mi.'<1Ure

IBDR-ZIPP PynYHydro Zno Pigiron Salt mixture

ZINCEX Hydro Zn metaJ Residue Pb/Cdcemem

Rezada Hydro Zn meta1 fronoxide Salt mixture.
Pb/Cd cement

Cashman Hydro Highpurily [ron oxidelmetallized iron Salt mixture.
loo Pb/Cd cement

Terra Gaia Hydro ZnS Ironoxide PbCI~PblCd

cement

MRT Process: The MRT Process is the first hydrometallurgical process to he

commercially viable in North America, for the treatment of EAF dust26
• Oust is

leached with hot ammonium chioride to dissolve most of the zinc~ lead and cadmium

oxides present in the raw dust. The leach slurry is then filtered ta separate the

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

the dissolved lead and cadmium as cemen~ which is further separated into metallic

lead and metallic cadmium for sale. The clean solution passes to a crystalliser where
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high purity zinc oxide crystaIs are produeed. The ammonium chloride solution is

recyeled as the leachant.

EZlNEX Process: This hydrometallurgica1 treatment was developed in Italy by Engitec

Impianti27
• ln this process~ dust is leached in an ammonium chloride solution to

solubilise the zinc~ cadmium and lead oxides. The leach solution is fikered and

treated with zine dust in order to cement the lead and cadmium and subsequently

electrowoo to produce hot-dip grade zinc for galvanising or zinc Metal for sale. The

spent electrolyte is recycled to leaching. The iron-ric~ zine-ferrite-containing leach

residue is drie<L peUetised with co~ and recycled to the EAF. This process offers the

advantage of producing 00 by-products that require subsequent disposai. A mixed

NaCI-KCl saIt is recovered through crystallisation and sold as a flux.

Super Detox Pr«ess: The Super Detox process was the first stabilisation method to

receive approval by the EPA. As a r~ the stabilised produet could then he

disposed in non-hazardous landfills. Super Detox involves mixing the dust with

alumino-silicates, lime and other additives. The heavy metals are chemically altered

to their least soluble states through precipitation and oxidationlreduction followed by

being physically boWld in the alumino-silicate matrix. The materia1 will solidify to

become a concrete-like substance and is fairly impermeable.

1Re Pr«ess: This process mixes EAF dust with additives and meks the resuhing

material in a specially designed furnace. The molt~ vitrified produet from the

fumaee is converted into a granular product for sale. The zinc, l~ cadmi~ and

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

EAF dust is a complex by-produet ofthe industrial process ofsteelmaking. There

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

this toxie produet. From this review7 it is apparent that there are a significant amount of

techniques used to try and re-use the dust in subsequent steelmaking operations~ however~

there are very few commercial applications in place. As sucb., steel manufaetW'ers are

increasingly Iooking into methods whieh would reduce the taxic metal impact of the dust

through new methods oftoxie Metal stabilisatiOIl-
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2 PURPOSE AND OBJECTIVES

2.1 Purpose

The proposed research will aim at understanding the behaviour of stainless steel

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

destruction of hazardous dust and the neutralization of toxie metals. Th~ the mass and

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

Consequently, the cost oftransportation will he considerably reduced due to the reduction

ofthe dust volume and mass. In additio~ thermally tleated dust could he de--classified as

a hazardous material and POssibly re-used as a co-produet in the construction industry.

The thermal treatment technology will he based on the application of the multi-zone

temperature concept to dispose of the hazardous waste. In this metho~ waste is initially

fed into a low-temperature region «lOOOOC), then subjected to a high temperatw'e

treatment (16000C) which is followed by another low-temperature zone «<IOOO°C). The

experiments simulating the events were conducted in a high-temperature furnace at

McGill University.

2.2 Resean:h Objectives

J. Establisb optimum conditions for the clean and efficient thermal treatment of

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

temperature regions (low-high-Iow) within the high temperature furnace will aim at

establishing the optimum operating conditions to ensure the following: (1)

minimisation ofdust volume; (2) maximisation ofweight loss, and (3) neutralisation

of toxic metals in the final produet. As a result. the hazardous characteristics of the

dust wHl he minimised and environmental risks reduced. The solid products resuJting

from this process will not he classified as hazardous and could he considered for re­

use as particulate tiller in construction materials sncb as concrete, and asp~

thereby considerably redueing the dust's environmental impact.

2. Solve the dust maD_gement problem by reducing dust volume thus reducing

transportation costs.
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3. Generate solid partieles capable of aeutnlisiDg tODe metat. during the thermal

treatment of stainless steel dust. Th~ the potential environmental impact of dust

disposai will he reduced; or even eliminated.

4. Explain the inOueDee of procas parameten (i.e. temperature profiles, heating rate,

residence time) on dust bebaviour and properties. This will allow for a better

understanding of the fate of toxie metals and metal..solid interactions in high

temperature dust remediation processes.
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3 EXPERIMENTAL FACIUTY AND ANALYTICAL INSTRUMENTS

3.1 Th."",,' Treatment Facllity

The principal instrumentation used in this research to thennally treat the EAF dust

was a combination of a Thermo-Gravimetric Analyzer (TGA) coupled ta a Fourier

Transform Infra-Red Spectrometer (FfIR). These two instruments are connected by a

gas-sampling accessory and allow for simultaneous heating and resulting gas evolution.

The procurement ofdata from these two units is controlled by a Data Acquisition System

(DAS).. A schematic ofthe system can he seen in Figure 3.. 1.

Figure 3.1: TGA FI1R System

3.1 ..1 Thermo-Gravimetric Analyzer aGA)

Thermo-Gravimetric Analysis (TGA) is well established as an analytical tooL In

this technique, a sample is heated in a controlled manner under a selected purge gas tlow

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

over wbat temperatures the weight Ioss occurred.. In addition, the TGA cao simulate the
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temperature history, the residence time and environment of more industrial thermal

treatment methods.

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

this unit are a recording microbalance, an alumina reactor, and a movable gravimetric

fumace. The maximum temperature ofthe fumace is 17000c, with a pressure limit of1.0

atm. The beating rate cao vary ftom 1.0 ta 1000c/min. The microbaIaoœ seositivity is

ll!g with a Iimit of100 grams and a 10 gram dynamic weight range2
!.

The material to he tested is placed in an alumina crucible and is suspended by a

platinum wire ftom the microbaIaoœ, wbich monitors the weight change during the

experiments. The container is smooth and non-porous and cylindrical in nature. It bas an

inner diameter of 2 cm. The sample is heated within the container and the resulting

temperature is measured by a thermocouple, which placed direct1y below the container.

The reactor chamber consists of a cylindrical cbamber encircled by heating

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

F.J .
\.

n--

ocou....

Figure 3.2: TGA reaction chamber

Airoutlet

t t

ttttt
Airinllt
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bottom in a portion of the chamber wbere the temperature is uniform. This area is

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

experimental conditions, samples must he placed within the UTZ since in this zone, it is

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

3.1.2 Off-Gas Sampling Accessories

The otI-gases that are produced in the TGA through thermal treatment are

thereafter analyzed by the FfIR. ln order to connect the TGA to the extemal ITIR unit,

gas-sampling accessories are requisite. These accessories consist of (1) an 1116" incanel

sampling tube for low temperature analysis «I0000C) and a 11l6~ quartz tube for bigh

temperature analysis (>10000C); (2) a parastaltic pump which consists of a Masterflex

7543-30 pump drive coupled to a Mastert1ex US Quick load pump head operating at

-0.85 atm. and; (3) a 1/8" 00 stainIess steel glass-lined transfer line tube. The tip of the

sampling probe sits just above the sample container as to capture a greater amount of

emissions without significant purge gas dilution. The sampling tube fus into a 1/8"

incanel tube, which is incorporated into a ring heated to 2000C and wrapped in K-Wool

insulation as to prevent the oft:gases in the tube from condensing. Thereafter, the off­

gases pass through the transfer-line, which is heated to 2500C, as to once again minimize

condensation ofoff-gases produced. The transfer-line connects the TGA ta the FfIR. The

off..gas flow into the FTIR is aided by the pump, which allows for an approximate tlow

of60 m1Jmin.

3.1.3 Fourier Transform Infra-Red Spectrometer (fTIRl

The ITIR used in this research is a Mattson GaIaxy 5020 Fourier Transform

Infra-Red Spectrometer. FTIRs are particularly useful when high-resolution work is

needed which is encountered with gaseous mixture analysis29
• In addition, ITIR

spectroscopy can collect infra-red data from very small samples. The FTIR used in this

research is equipped with a Iiquid nitrogen-cooled Mercury Cadmium Telluride (MeT)

detector, a 15 ml gas cell and a KBr beamspütter. The gas sampling interface can he seen

in Figure 3.3. The off-gas is pumped into the sampling cen from the transfer Une. The IR

beam, which is generated within the instrumen~ is retlected off a mirror into the cell.

After passing through the ce14 the beam is retlected offanotber beam 50 that it can pass
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tbrough the MCT detector. The gas phase fimctional group composition is determined

using ITIR software wbich contains the National Institute of StaDdards "

TechnologylEnvironmental Protection Agency (NISTIEPA) vapor phase library. The

resolution of the ITIR was 2 cm.-l
, the sam lime was set al 10 secjspec~ and the

pump f10w rate was set al 60 mUmin.

Figure 3.3: FIlR external gas sampling interface

3.1.4 TGA-F11R System

The TGA-FIlR is an important analytical tool as ft can simuJate heating profiles

of larger industrial processes while maintaining significant laboratory accuracy. The

kinetics in industrial thermal treatment processes are mostly too fast to suitablyanalyze

mechanisms that are occurring. However, with the TGA-ITIR system. the proœss cao he

siowed do~ in order to accurately investîgate mechanisms and stages in the process.

This system can continuously measure temperature, weight changes and corresponding

gas-evolution oc:curring during thermal treatment. A block diagram of the system is
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shown in Figure 3.430
• It descnDes the complex interactions between the various

components ofthe system.

Data System FTIR

Gas Cell

TGAoven

Purge Gas
l1li

To Oow roeter

Figure 3.4: Integrated TGAIFTIR control system

3.1.5 System Limitations

The nature ofthe instrument resu1ted in the occurrence ofa number of limitations

during the research. Heating rates cannat he consistent throughout the temperature

evolution profile. Table 3.1 displays the maximum heating rates which can he applied at

different stages within the temperature evolution profile.

Table 3.1: Maximum TGA heating rate profiles

Temperature Range eq
Room Temperature-990

991-1290

1291-1390

1391-1700

Maximum Heating Rate eC/min.)

100

30

20

10

Heating rates within the TGA cannot attain those used in industrial processe~

which cao attain thousands ofdegrees per minute~ however during thermal treatmen~ one

must not simply consider heating rat~ but rather rate of heat input per unit of mass.
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Industrial processes have high heating rates. however~ the quantity of mass to he treated

is aIso significant. The TGA's heating rates are significantly lower, however, 50 is the

sample mass to he treated, thus providing a base ofreference ta industrial processes.

Another limitation with this instrument is the fact that the TGA reactor is not

under vacuum. During certain pyrolysis experiments where nitrogen is the reaction gas,

air infiltration can possibly occor since the reaction chamber is not onder vacuum.

However, the alumina reaction tube is well-seale~ with rubber o-rings and stainless steel

threaded rings which attaeh themselves ta the upper and lower baffies of the instrument.

In arder ta minimise the etTects ofair, the cbamber must he purged with nitrogen gas for

a period oftime prior ta experimentation. In additio~ the nitrogen gas must fiow into the

reaction chamber al a sufficient rate to minimise the etreets ofany air infihration.

When analysing the resuhs ofFrIR analysis" one must consider the limitations of

the system due ta the transfer line. The transfer line can only be heated up to a

temperature of250°C due to limitations ofmaterial properties within the line. As a resuh"

sorne 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 lhat the mR data

probably oroits information on gaseous products which wouId condense at temperatures

greater than 250°C.

3.2 Analytlcallnstrumems

The EAF dust samples collected during thermal treatment were subject to many

tests. Particle size analysis was done through sieving; elemental analysis of the dust was

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

ray diffraction (XRD); elemental metal distribution within the dust was accomplished

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

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

to examine elemental composition within the particles; and leachability tests were

performed on the thermally treated samples and analysed through atomic absorption

spectroscopy (AAS).
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3.2.1 Sieve Analysis

!l) Tyler Canadian Standard Sieve Series screens were used in order to dry·screen the

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

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

38 J.1IIl. Thirteen screen were used following a descending geometric sequence 0 f "2. The

largest size class, which did oot pass through the initial 1.70 mm screen was labelled

+1.70 mm, while the smallest size class which passed through the 38 J.lID screen and into

a pan was labelled -38 J.1m.

3.2.2 X-Ray Fluorescence (XRA

A Philips PW2400 X-ray spectrometer was used to perform elemental anaIysis of

the EAF dust. In this metho<L the materiaI~ excited by the absorption of a beam frOID X­

rays from 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 mest

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

elements having atomic numbers greater than oxygen (> 8)31.

3.2.3 X-Ray Diffraction CXROl

The crystalline phases present in the dust were determined using an X-ray powder

diffiaction method. This is the only analytical method capable of providing qualitative

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

fact that an X-ray diffraction pattern is unique for each crystalline substance. Th~ ifan

exact match can he round between the pattern of an unknown and an authentic sample,

chemical identity can he assumed. The instrumentation used in this research was a

Rigaku RotofIex goniometer. X-rays were provided through the Cuf<tt radiation of a

copper tube. The voltage was set to 50 kV and the current was al 150 mA. XRD can

determine material structures as weil as a practical means for the qualitative identification

ofcrystalline compounds.

3.2.4 Scanning Electron MicroscoPe (SEM)

The thermally treated dust particles were analysed for morphology through a Ieol

Jr\ 840 SEM using an accelerating voltage of 10 kV. The particles first underwent gold
\
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sputtering in arder to prevent cbarging. Tbrough the~ one could foUow the evolution

ofparticle morphology occurring through thermal treatment. The particles~ surface could

be weIl-analysed due to the high magnification of the instrument (700X). In additio~ a

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

though a Tracor Northern 820 energy dispersive X-ray spectrometer (EDS)~ which

operated al a probe voltage of 10 keV.

3.2.5 Electron Probe Micro-Analysis (EPMA)

Metal distnDution within the particles was performed using a Jeol Superprobe

8900 EPMA coupled with five wavelength-dispersive spectrometers (WOS) and a Tracor

Northem 5520 EDS. With the electron microprobe metho~ X-ray emission is stimulated

on the surface of the sample bya narrow, focused beam ofelectrons. The resulting X-ray

emission is deteeted and analysed with though bath EDS or WOS32
•

3.2.6 Atomic Absorption Scedroscopy (AAS)

Bulk Metal concentrations in the leachates of thennally treated dust are analysed

through a Perkin-Elmer 3110 flame atomic absorption spectrometer. AAS is a sensitive

means for the quantitative determination of more than 60 metals or metalIoid elements.

Detection limits for C~ Cr, C~ N~ Pb and Zn are l, 3, 2, 5~ 10 and 2 ng/ml

respectivel~3 .
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4 EAF DUST CHARACTERISTICS AND FORMATION

4.1 Introduction
A stainless steel mini·mill that produces over 2~OOO tonlyr. of EAF dust provided

EAF dust samples used in this research. Oust samples were collected from an existing

20~OOO ton on-site accumulation. StainIess steel EAF dusts differ from other carbon steel

dusts in their high levels 0 f chromium in addition to other alloying elements such as zinc~

lead and cadmium.

Investigations ofEAF dust are sparse thus this chapter will focus on determining

the physical characteristics (i.e. morphology~ particle size distrIbution) and chemical

characteristics (Le. elemental compositio~ phase composition, metal distnèution and

metalleacbability) ofthe particular EAF dust through a numher ofanalytical techniques.

4.2 Physical Ch.racterlstics

4.2.1 Size Distribution

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

represents an average particle size distribution of these four samples. It was determined

that the largest size class contained particles larger tban 1700 J.U11. However, this size

class was discarded as it was not representatÏve of dust particles, but rather of stone

fragments and other entrained particles that collected with the dust during storage or

handling.. From Figure 4.1, it is apparent that the mass seems to he relatively equally

distributed between the size classes.. The bars present on the cbart represent ±1 standard

deviation trom the mean.. In gen~ partiele size distnbutions are not wen determined

due ta uncertainties in techniques., however, Stephen et af4 indicated that most dust

particles are in the range of0.. 1-5 J.UD in diameter.. This would indicate that the size class

distnbution performed on this particuIar EAF dust does not represent individual particles.,

but rather agglomerations of fine micron and su~micron size particles.. This hypothesis

will he confirmed in the fo llowing section.

The EAF samples received were poured into the upper-most screen (1700 J.UD)

and placed in a Rotap rotameter for 30 minutes. Thereafter~ the largest size class was

discarded (> 1700 J.1IIl) and the rest of the size classes were separated and weighed. For

35



CHAPTER 4: EAF OUST CHARACTERfSTtCS AND FORMATION

this section of the researc~ four ditrerent dust samples received from the company were

used: EAFDl, EAFD2, EAFD3, and EAFD4.. This was to get a proper representation of

the size distribution of the dust we were dealing with. However, il should he noted lhat

al1further analysis and experimenlation in lhis research uses EAFD2 as the experimental

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

throughout the research.
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Figure 4.1: Mass percent ofdifferent size classes with respect to EAF dust samples.

4.2.2 Pamela Morphology

Figure 4.2 displays SEM photos of the EAF dust. As seen from SEM imag~ the

particles are spherical in nature and range in size trom 1 to 800 f.lm. The dust is present as

agglomerates as well as particles of su~micronsÎZe. The agglomerations represent bath

homogeneously nucleated particles and entrained fugitive particles that bave experienced

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

surfilce. This is caused by the adhesion of fine dust and fume particles that have

agglomerated onto the surface ofthe larger particles thus providing a fibrous appearance..

Due to the small nature of these particles, they were most likely produced through

homogeneous nucleation. This phenomenon can he hetter viewed in Figure 4.2b, which is
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a magnification of the surfilce of Figure 4.2a The individual su~micron and micron

particles which fonn the larger aggIomerates are clearly seen.

c

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

From EOS analys~ it was possible to obtain a qualitative eIemental analysis of

the dust particles. Particles analyzed through EDS were 100 J.UIl or smalIer in diameter

since these were idea1 for SEM examination. Iron peaks were quite prevalent in the EDS

scaDS. They were followed by significant cbromium~ which is to be expected this

these two elements are the principal coostituents of the dust. Aside from the initial two~

smaller copper~ nicke~ l~ and zinc peaks were DOticed on the scaDS. Sorne particles

contained large calcium and silicon peaks. These particles were MOst probably

representative of entrained reftactory pieœ~ whose major constituents are silica and

lime. Manganese was present in every particle~ which is indicative of its level within the

dust. Resides the major compone~ small aluminum.po~ sulphur~ and titanium

peaks were identified in the EDS SC8DS. In addition ta these, chlorine peaks were aIso

identitied. Chlorine is a hindrance sinec il can act ta increase Metal vaporization in the

mell. For example, the vaporization temperatures of nickel and lead chlorides are

drastically reduced over their oxide COunterpms35. However, this is not the case for

cadmium. which does not readily fonn chloride species36
•

4.3 Chemlcal Ch8l'llCtetlaflca

4.3.1 Elementsl Analysis

Chemical analysis Petformed on the EAF dust through XRF (Table 4.1) indicated

( ~, that the primary composition of the dust is for the most part Fe (34 wtO/O) ml Cr (9.6,
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wt%) and to a lesser extent Si Ca. C~ ~ ~ N~ Zn and Mg. The four samples

represented specimens collected &om the same source but al different time periods.

Composition ofthe dust can vary depending on the type 0 f scrap that is used to feed the

EAF. Stainless steel dusts contain greater levels of Cr, N~ ~ since these are main

alloying elements in the stainless steel scrap in the meh. The presence of Zn and Pb

principally arise trom coated steel produets that fonn the scrap metal input into the

fumace. Stephen et al.34 reported that in the US~ stainIess steel dust is composed of22­

36% Fe, 1.8-6.2% Zn, 2.4-4.6% Mn and less than 1% each ofCr and Ni. In addition this

dust contains less than 10% each ofC~ Mg, S~ K and Na. The EAF dust analyzed in this

paper differs from the American values due to the extremely high levels ofCr present in

the dust. In additio~ the level of Ni is also slightly superior to US values whereas the

level ofZn is lower.

Table 4.1: Elemental Analysis ofEAF Oust

Element Detection EAFDl EAFD2 EAFD3 EAfD4 EAFDAvg.
Limit (wtOAt) (wtOl'o) (wt%) (wt%) (wt%)
(ppm)

AI 64 2.39 0.31 0.21 0.32 0.81
Ca 11 10.60 4.03 0.29 0.50 3.85
Cu 3 0.24 0.16 0.26 0.10 0.19
Cr 10 5.99 10.93 10.88 10.61 9.60
Fe 21 25.17 37.96 35.80 36.65 33.86
K 21 029 0.36 0.58 0.60 0.46
Mg 51 1.51 1.53 2.15 1.21 1.60
Mn 23 2.07 3.32 4.13 3.06 3.30
Na 56 2.04 1.18 3.34 0.45 1.75
Ni 3 1.71 3.77 2.67 3.89 3.01
P 15 0.02 0.03 0.27 0.13 0.11
Pb 3 0.11 0.07 0.52 0.28 024
Si 28 9.31 2.29 2.20 2.40 4.05
Ti 21 0.58 0.11 0.04 0.07 021
ln 2 0.87 l.20 3.86 0.77 l.67
Cd (ppm) 10 37.50 107.50 43.75 350.00 134.69

4.3.2 Phase Composition

A typical XRD pattern for the EAF dust is shown in Figure 4.3. The main phases

detected in the dust were mainly metal oxides. The greatest peaks within the diffraction

",-
patterns contained chromium and iron in the oxide form. This is to he expected since iron

"
1
\
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and chromium are the two major constituents of this particular EAF dust. The iron

components represented the majority ofthe diffiaction peaks. Most iron was round to he

in the oxidised state., as either Fe203 or F~04. Chromium was mostly present as Cr203,

which is a very stable and insoluble compound. In additio~ it was also present as

FeCr204.. Nickel was primarily grouped with manganese to form complex compounds

such as NiMD204 and MnNh04; in addition it was present in the simple oxide fonn as

NiO. Copper is found in complex oxide forms a10ng with iron and manganese principally

as CuMn204, CuFfl04 and CuFeMn04• Zinc was primarily found coupled with

chromium to form ZnCr204. XRD patterns were measured on the different particle size

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

were chosen from a range of 1.18-1.70 mm. down a sile class of less than 38 Jll1l.. The

resulting diffraction patterns were essentially identica4 indicating the relative

homogeneity ofthe distn1Jution ofcrystal phases in particles with different sizes..

11lIlO r

1

28

Figure 4.3: X-ray diffraction pattern ofEAF dust sample

4.3.3 Metal Distribution

Figure 4.4 presents a surfàce map ofan EAF dust particle greater than 200~ in

diameter produced tbrough EPMA analysis. The concentration of the element is relative

to its intensity on the photograph; red being the highest and orange the lowest.
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The three photographs represent the three largest components of this particular

EAF dust: Fe (Figure 4.4a)9 Cr (Figure 4.4b) and Si (Figure 4.4c). From tbese pic~

one can see the agglomerate nature ofEAF dust particles. This is particularly true for the

Fe and S~ which are DOt wcU dispersed throughout the particle. Rather, they are present

as aggIomerate clumps. The Fe agglomerates result from the entrainment of steel

particles into the oft:gas due to the agitation of the EAF melt. In the same manner, Si

agglomerates in the dust result from the addition of fluxes into the turbulent EAF bath.

The chromium appears ta he more finely dispersed within the agglomerate particle. The

chromium is present in smaller particles that were homogeneously particles nucleated

tram the gas phase and are eventually aggIomerated onta the surface ofthe larger particle

due ta electrostatic forces.

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

microscope glass sample bolder. It was then compacted and coated with a thin epoxy

layer. Therea1ler, the sample was polished down ta one micron and carbon coated. The

instrument probed a cross sectional area of2 mm2
•

(a) Fe distribution (h) Cr distribution

high lavel

lawlev.'
(c) Si dimibution

Figure 4..4: EAF dust metal distribution
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4.3.4 EAF Oust LeachabiiitV

The leacbability of this EAF dust is ofutmost concem due to the fact that it can

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

leaching solution recommended by the MEF. It consisted of 10:lliquid to solids ratio and

a leaching time of 24 hours. The leacbate produced from the ovemight test was then

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

included in the MEF's Hazardous Waste Regulation: cadmium. chromiu~ copper't

nicke~ lead and zinc. Cadmium and chromium are used for corrosion resistance~ Ni is

usually added to steel for strengthening purposes, Pb and Zn are added as steel coatings.

Table 4.2 shows the resuhs of leachability tests performed on the particular EAF dust.

The levels of cadmium. copper, nickel, lead and zinc were aIl under regulatory lîmits.

This was to he expected due to the low levels ofthese elements present in the dust.

The majority ofthe Cr in the dust is ofa trivalent fonn. Cr3
+ is very stable nature

and is not considered taxie. However, the chromium leaching out of the dust is of the

hexavalent phase37 since the latter is very unstable and thus soluble. Cr6+ is considered to

he carcinogenic. The levels of Cr6+ within the dust greatly surpass MEF guidelines for

maximum allowable Cr limits contained in leachates of solid materials. Elevated Cr6+

levels in the blood is considered dangerous.

Table 4.2 - EAF dust leacbability

Element MEFNonnJi EAF Oust
(mgIL) (mg/L)

Cd 2.0

Cr 5.0 270

Ni 10.0 0.50

Pb 5.0 0.14

Zn 10.0 0.27
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4.4 Dust Fonnation Mechanism
ln this sectio~ we will examine the possible formation mecbanism ofthe particular

dust. The formation of r-------------------~

the EAF dust occurs

within the melt. Due

to agitation in the

EAF melt, elevated

melt temperatures

(-1600oq and bigh

heating rates, volatile

metals will vaporise Electdc An: Fumee.

or react with oxyge~ Figure 4.5: Vaporisation ofMetal species

sulphur or chiorine to

form species that will vaporise and he present within the gaseous phase as illustrated in

Figure 4.5.

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

phase can react to form the EAF dust (Figure 4.6). The tirst mechanism is that of

heterogeneous condensation39 (Figure 4.6a). In this process, metals will heterogeneously

condense onto the surface of small particles tbat have been entrained into the off:gas

stream due to the violent reactions of the meh; 50ch is the case with metal fragments or

fugitive dust. Most metal condensation will occur onto surfaces of small particles since

they provide the best surface area/volume ratio. Thereafter, these particles will

mechanically agglomerate ioto larger particles that can attain 800 lllD in diameter.

Stephen et al.34 suggested that surface charge and magnetic properties resuh in the

agglomeration of EAF dust. Chung-Lee el al.40 bave suggested tbat EAF dusts are

agglomerated through a Znche4Zn(OHh-H20 or ZnChe4Zn(Oflh binding substance

which is formed wben condensed Zncb reacts with Zno in the EAF gas cooler. The

reactions are as follows:

mq+4â~~O (~~)àqe~Offl2 ro
ZnC' e4ZT(OH)2 +H20 1J~47'C )ZnC' e4ZI(Olf)2 eH20 (2)
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The second mecbanism ofdust formation is that of bomogeneous oucleation and

partiele growth (Figure 4.6b). If not enough surface area is available for condensatio~

Metal species in the gas phase will homogeneously nueleate to form sub-mieron nuelei.

Thereafter., through collisions or partiele adhesion., partiele size will increase. [n addition.,

the favourable surface arealvolume ratio of the ~~lrmicron nuclei will make them sinks

for heterogeneous condensation., thus producing particles in the range of 0.02-1.0~

These smaller partieles can then mechanically agglomerate ooto the surface of larger

partieles.

heterogeneous
condensslion enlo
entrained patŒJes

•• ••••• •

dus! patticIes (1 ta 10 pm)

JJ,~
• ••.. dust patticIes (up to

•••., 2OOpm)

-
(a) Heterogeneous nucleation

fumenuclei

1 > • fume 8tJd Ifne dust
• • • (0.02 to 1.0pm)

• •• •

(b) Homogeneous nucleation

Figure 4..6 - Mecbanisms ofdust formation
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5 EXPERIMENTAL METHODOLOGY

Figure 5..141
: Strategie approach to

experimental design

Update
Information

Confirm Runs

Appy Results

Run Experfment

Go to next stage

U

Interpret Results

U

Define Objectives

U

Analyse Experiment

Design experiment

U

1 Gene!allnfcrmation 1

V

5.1 Experimental Designs
Research within the field of waste destruction incorporates many different types

of wastes, treatment facilities and operating parameters.. In order to obtain the hest

possible treated produc~ a researcher must find the best mix of parameters and

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

one variable at a time) requires thoroughness, adequate funding and time.. These

resources are luxuries tbat are not always available; especially in industry, where time is

of an essence. Major processes require the

study of the influence of numerous

parameters and as suc~ 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 Experiments42

(DOE). OOE is a discipline that applies

statistics to the experimental process.. It

allows researchers ta systematically vary a

number of independent (input) variables in

order ta evaluate their effect on dependent

output variables or responses.

ln arder to optimise the use ofOOE,

it is recommended to follow a strategie

approach ta the methodological application

(Figure 5..1).. The tirst step in the process is

to gather information. Researchers determine

wbat they know and what they need to know

about the research. Based on this preliminary

brainstorming, they next define the

objectives for the experiment. Once the researchers gather information and define their
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objective~ they then select an appropriate experimental design. They review the chosen

design for feasibility. If the design is viabl~ it is run according to the plan. If it is

impractica~ alternative designs can be considered or the objective can be modified and

new tests run. After the experiment is~ the responses are analysed through appropriate

software packages. Finally., the resuIts are interpreted in light of the stated objectives. At

this point~ financial constraints play a role in determining whether more experimentation

is needed. A screening design should he used ifone would want to rank the variables or a

full response-swface design should he used ifone would want to confirm the results.

5.2 Determination ofOptimal Res.rch Conditions

5.2.1 Design of Experiments (DOEl

In the OOE syste~ independent variables and the responses that result are

viewed as an interactive relationship within the system. As the variables are changed in

the experimental process., their relationship~ eifects and interactions are measured.

analysed and mapped. Statistical models ofthe system play a key role in this strategy.

According to OOE principles., an experiment is a system composed of

independent input variables and dependent output variables. When an experiment is

design~ the values or settings for numerous input variables are systematically cbanged.

The experiment then measures and analyses the etfeet of these changes on the output

variables.

ln the present research into EAF dust thermal treatmen~ we are considering the

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

affecting two dependent output variables (weight loss and metal leachability within the

treated product). The three input variables will he tested al three different conditions. One

can visualise this experimental matrix as a cube (Figure 5.2) defined by three values for

three control variables. In this graphical representation., an input variable cao he loeated

anywhere in the cube~ and ils co-ordinates are detined by ils three values. An output

response can similarly be pictured as a point in another cube.
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3

1

/ /
7

3

1

3

2
Heating Rate

Figure 5.2: Schematic Cube diagram ofinput parameters

OOE provides many designs, which tell us how to choose the variables (the axes

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

each variable (points aIong the axes). Sînce il would he unpractical to test all possibilities

within the syste~ a factorial design was developed to realise the goal of obtaining the

mast significant input variable.

Interaction or factorial designs look at fewer variables (usually three ta six) than

other designs. One orthe fundamental characteristics ofDOE is the assumption that input

variables often interact. Factorial designs help quantify 50ch relationships. Factorial

designs include experimental runs for all combinations of conditions represented by the

circles at the cube junctions.

In this researc~ we have three input variables at three conditions. Through

factoriaI design, this would amount to 27 separate experiments (33=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 conditio~ 3125 (55) experiments

would need to he run in order ta evaluate parametric significance. As a result, cross-
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experimentation methods must he employed to reduce the level of experimentation.

Using this technique, 3125 experiments can he reduced down 10 25, while maintaining a

representation ofthe system. In the case orthe current researc~ the initial 27 experiments

can he reduced down to nine through the chosen cross-experimental methocr3
• Table 5.1

demonstrates the cross-experimental technique, wbile Figure 5.3 graphically displays the

experiments 10 he performed on the cube. This cross-experimental can he represented by

the designation44
, L9 (i), which indicates that nine experiments are being conducted,

varying three different input variables at three different conditions.

Table 5.1: Sample cross-experimental table
Input Variables

Experiment Number
A B C

(row number)
1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 2
5 2 2 3
6 ") 3 1
7 3 1 ...

J

8 3 2 1
9 3 3 2

Tt

t\

Heating Rate
t[

Figure 5.3: Schematic diagram ofcross-experiments
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As previously mentione<L the present research ioto thermal treatment ofEAF dust

will focus on three input variables or parameters witbin the TGA system (Figure 5.4):

maximum thermal treatment temperature (Tmax, OC); residence time at the maximum

thermal treatment temperature (-r~ min.); and the heating rate to attain the maximum

temperature ~ °C/min.). Tbrough the strategie approach to experimental design and

through limitations witbin the thermal treatment facility~ three conditions were chosen for

each input parameter~ thus giving the L9 rt) cross-experimental matrix.

!.a
l!
l
E
~

Maximum Temperature ( T",.)

1 1
tE-----------~

Residence Time (-rJ

Heating Rate (H)

Time(min.)

PARAMETERS

- Temperatures
- Residence Time
- Heating Rate

(

1,

Figure 5.4: Experimental Parameters

Through the cross-experimentation desi~ conditions can he studied in arder to

establish the influences 0 f the different parameters on the results. In addition to the latter.,

one can also determine the optimum combination ofconditions within the parameters that

will yield the most desired results. In order to achieve this goal, an experimental table

was constructed (Table 52). Wrthin the table is a column referred to as "Combining

Deviees'. This column detines the combination of the different parametrie conditions

within the experiment. The fast column refers to the resuhs obtained and will be in terms

of weight 10ss and leachability of zinc~ nickel and cbromium. The latter result is

extremely important since leacbability of ehromium in the dust surpasses government
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regulations. Nine experiments were conducted, analysing the three ditTerent parameters at

three conditions. The three different maximum temperatures (Tmax) used were 900, 1200

and 15000C; heating rates of 10, 40 and 75°C/min. were used to attain Tmax; and finally,

the samples experienced residence times of 5, 15 and 30 minutes at Tmax. Experiments

used 2.1g. ofEAF dust as the initial material and were conducted in the TGA using air as

the thermal treatment gas.

Table 52: Cross-experimental table
Test #: Combining Experimental Conditiœs Results

Deviees Tmg (OC) t (min) H (OC/min)

2 Tlt!H! 900 IS 40 y!

3 T,t]Hl 900 30 7S Y;

4 T!t,H! 1200 S 40 y..

5 Tzt 2H3 1200 15 75 Y5

6 Tzt]H, 1200 30 10 VtJ

7 TItIH] ISoo 5 75 Y7

8 T3t1H, 1500 15 10 YI

9 T]t;H2 1500 30 40 Yq

5.2.2 Determination of Optimal Experimental Parameters

Once the experimentation is complete, the dependent output variables are

statistically analysed in terms of their significance through a mathematical average value

ofthe results obtained at a specifie condition (e.g. at a residence time of30 minutes). The

difference (D) between these average values al different conditions within the parameter

is then calculated. Once D-values are obtained for each parameter, theyare compared to

see which parameter plays the greatest role in influencing the results. As suc~ the D­

value is directIy proportional to the influence ofthe particular parameter.

Through the cross~xperimental desi~ resuhs were obtained for the nine tests

and are shawn in Table 5.3. The '"Final Weighf column indicates the percent ofthe initial

sample weight rernaining after thermal treatment and is given by the recording

microbalance in the TGA system. Metal leachability is determined through atomic

absorption analysis of the resuhing leachate of the treated sample after undergoing

leachability tests.
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Table 5.3: Results ofcross-experimentation

Test # Final Weight (%) Metal Leachability (ppm)
Cr Ni Zn

Yl 97.97 660 3.75 0.56
Y2 97.63 540 4.28 0.30
YJ 97.71 560 3.37 0.28
YI 97.60 129 0.44 0.22
Ys 96.80 120 0.40 0.10
Y6 96.51 250 0.32 0.29
Y7 94.07 13 0.21 0.16
Ys 95.02 2 0.09 0.06
Yg 93.85 5 0.30 0.12

Cross-experimental methods cannot galber a direct correlation of a single

parameter's influence on the results since other parameters vary during the experiments.

For example, it cannot directly he said which is the optimal condition within the

residence time parameter, 5, 15 or 30 minutes, since the ather twa parameters

(temperature and heating rate) are DOt kept constant throughout the cross-experimental

test runs. However, by determining the D-values of the parameters, one can determine

their influence on affecting resuIts. The D-value technique was introduced earlier in this

section and will now he implemented to calculate parametric influence. Using the results

(YJ-9) in Table 5.3 the appropriate D-values were calculated and shown in terms weight

loss and metal leacbability in Table 5.4 and Table 55-5.7 respectively.

The D-value will provide us with an idea on the effect of temperature, residence

time and heating rate on weight loss and metalleachability. Calculation ofthe D-value is

shown in Figure 5.5. It demonstrates how D-values were obtained in terms of the ·weight

loss' results output variable. The first step in obtaining the D-value is a summation orthe

weight loss resuhs of every test containing a particular condition (i.e. EfJ(900°C)

=Y,+ Yz+ YJ). Thereafter~ this summation is divided by the number oftests containing this

particular condition (ie. T, (tng.j= Er,/3). Once the average resuJts have been calculated

for every condition within a parameter~ the D-value can he calculated by obtaining the

maximum ditrerence between the average conditions within a parameter (i.e_ T, ftlllg. ma:rr

T;(avg. mini)·
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Part 2: Average results for ft particular condition within a parameter

Part 1: summation of the weight 10ss results ofevery test containing a particular condition

!:Hf (fO't:lmIn)=Y'+Ycs+y,=97.97+96.51+95.02=289.50 ETt(a mm)=Y'+Y.Y7=97.97+97. 60+94.07=289. 64 Er, (loo-e);;; y,+Y2+ y,,=97. 97+97.63+97.71=293.31

»-12 (40-0lrrlln)=Y2+Y.+Ye=97. 63+97.60+93. 85=289.08 Er2('8 mln)=Y2+Ys+Y,=97. 63+98. 80+95. 02=289.45 rT2 (,200-e)=Y..+Ya+Ya=97.80+96.80+96.51=290.91

IH3(70WClmlnj=y,,+Ya+Y7=97.71+96.80+94.07=288.58
Er3(30 mm)=YJ+Ya+ Ye=97. 71+96.51+93.85=288.07 Er3('f1OO"C)=Y7+Y,Ye=94. 07+95.02+93.85=282. 94

H,(.vg)=1:H,(,ooC/m/n/3=289.5013=96. 50

H,(.vg)=1:HZ(ilO'C/m/n/3=289.0813=96.36

H3(lvg}=~3(7lj.Clmln/3=288. 5813=96. 19

~
."

.;",./j-
...

ff(lvg}=ETI(6 mlnI3=289.6413=96.55

fZ(lvgJ=Erz('6 minI3=289. 4513=96.48

f3(lvg}=Er3t30 m/nI3=288.0713=96.02

Imm.!r;[,i

~

T,(.VQ}=IT,(eoo-c/3=293. 3113=97. 77

TZ(lIvgJ=ITz(fzoooc/3=290.9113=96.97

T3(lIvgJ=ET3(,aooec/3=282.9413=94.31

o

~
::0
~

~
m
i:
m

~
i:

~
8

~

Part 3: calculation of the D..value through the difference of the maximum and minimum average for each parameter

Ut

1 DVaIu,,(H)=96.50-96.19=O.31 1 1 Dv......(T)=96.55-96.02=O.52 1

Figure S.5: Calculation of D-value

1 Dv../u,,(T)=97.77-94.31 =3.4' 1
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Table 5.4: Calculation ofD-value in terms ofthe 'weight Ioss' resuJt

Parameters Sumrnalicn Average ovalue

TI (900OC) Y,+Y2+YJ 293.31 97.77 3.46

T2 (l200OC) Y4+Yj +Y6 290.91 96.97

T3 (15000c) Y;r+Ya+Y9 282.94 94.31

'tl (5 min.) Y,+Y.,+Y7 289.64 96.55 0.52

'C2 (15 min.) Y.z+Yj +Y8 289.45 96.48

't3 (30 min.) YJ+Y6+Y9 288.07 96.02

Ht (1 OOC/min.) Y/+Y6+Ya 289.50 96.50 0.31

H2 (40OC/min.) Y2+Y.,+Y9 289.08 96.36

H3 (7SOC/min) Y3+Yj -+ Y7 288.58 96.19

3

o

4-r----------------.,

1degree of influence of a 'i 2
ci

particular parameter within the

thermal treatment process. The

higher the D-value~ the greater

its effect in influencing the

output variables. From the Figure 5.6: Int1uencing degree ofparameters in

resu~ it is evident that the terms ofweight Ioss"- -----1

maximum temperature ofthermal treatment pfays the greatest mIe in influencing weight

loss. 115 D-value is an arder ofmagnitude higher than those ofresidence time and heating

Mass loss and volume reductions are two important aspects of thermal treatment

of wastes since they contnDute to the bottom line. Residual waste resulting from the

thermal treatment of waste is adverse since it must he further processed through

transportation and subsequent landfilling. As suc~ the viability of such treatment

methods is dependent on generating the least amount of residual 50 as to reduce further

processing costs. Consequently, this research aims to determine the parameter that bas the

greatest influence over weight loss within the cross-experimental ftamework. The chart in

Figure 5.6 shows the influencing

degree of the three parameters

with respect to weight loss.

Since the D-value denotes the
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rate. The level of influence of the parameters foUows the foUowing trend: !>r>D;>DH,

where maximum temperature bas an overwhelming influencing effect; followed by the

residence time at the maximum temperature; and tinally, the least influencing factor,

being the heating rate necessary to attain the maximum temperature. The latter two

parameters were quite similar in tenns of influencing degree over the weight loss. As

suc~ their variance had little etTect on the final weight. [t should be noted that the weight

loss within the dust during thermal treatment is quite insignificant as it ranges between 6­

7 wt% at 1500°C. This is to he expected since the dust is composed mainly of oxides..

which are quite stable under the high-temperature oxidative conditions of the cross­

experimental runs.

99.00

• 98.00 97.77
ca 1l!• 97.00
~ 96.50
~
0 96.001:1;;
~

0 95.00U
u

1 94.00
E
!• 93.00CL

92.00
900 1200 1500 5 15 30 10 40 75

Temperature R.idence TIme Henng Rate
(OC) (min) (OClmin)

Figure 5.7: Optimum conditions within parameters with respect to weight loss

In addition to determining the optimum parameter, the cross-experimental

technique aIso provides infonnation on the prime conditions within each parameter 50 as

to optimise resuIts during future experimentation. Wtthin the chart in Figure 5.7, Each bar

represents an average EAF dust final weight per parametric condition. The lowest final

weights are indicated by arrows, and represent the optimal conditions within the

parameters. These optimal conditions occur at the highest Ievels ofeach condition, Le. at
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a maximum temperature (T) of 15000C, a residence time ft) of30 minutes, and a heating

Cl rate (li) of 75°C/min. It should however he noted that it is unfeasible to draw definite

conclusions about optimum conditions within the parameter since the average values for

each parametric condition are quite similar; whicb is especially true for the latter two

parameters, i.e. residence time and heating rate. One could conclude that these two

parameters are inconsequential in determining weight loss within the dust. Nonethele~

tbis study into parametric optimisation does provide us a base of knowledge mto

parametric applications during further experimentation throughout this research.

Table 5.5: Calculation ofD-value in terms ofthe ·Cr leacbability' result

Parameters Summalion Average ovalue

Tl (900OC) Y/+Y1+Yj 1760 586.67 580.00

T2 (1200OC) y.,+Yj + Y6 1229 409.67

T:; (lSOOOC) Y;t+Y8+Y9 20 6.67

'tl (5 min.) Y/+Y.,+Y7 802 267.33 4.33

t2 (15 min.) YZ+Yj +Y8 662 220.67

t3 (30 min.) Y3+Y6+Y9 815 271.67

HI (1 aOC/min.) Y/+Y6+Y8 912 304.00 116.'7

H2 (40OC/mîn.) Y2+Y.,+Y9 558 186.00

H3 (7SOC/min) Yj +Yj +Y7 562 187.33

Table 5.6: Calculation ofD-vaIue in terms ofthe "'Ni leachability' result

Parameters Summation Average ovalue

TI (900OC) Y/+Yz+Yj 11.4 3.80 3.80

T2 (1200OC) Y.,+Yo5+Y6 1.16 0.39

T3 (ISOOOC) Y"+Y8+Y9 0.6 0.20

tl (5 min.) Y/+Y.,+Y7 4.4 1.47 0.14

tz (lS min.) Y2+}j+Ya 4.77 1.59

't3 (30 min.) Yj +Y6+Y9 3.99 1.33

Ht (1OOC/min.) Y/+Y6+YS 4.16 1.39 0.01

H2 (40OC/min.) Y1+Y.,+Y9 5.02 1.67

H3 (7SOC/min) Yj +Ys+Y7 3.98 1.33

(
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Table 5.7: Calculation ofD-value in terms orthe 'Zn leacbability' result

Parameters Summation Average ovalue

Tl (900OC) Y/+Y2+YJ 1.14 0.38 0.27

Tz(1200OC) Y.,+Y,5+Y6 0.61 0.20

TJ(ISOOOC) Yï+Ya+Y9 0.34 0.11

Tl (5 min.) Y/+Y4+Y7 0.94 0.31 0.08

T! (l S min.) Y1+Y5+Y8 0.46 0.15

TJ (30 min.) Yj +Y6+Y9 0.69 0.23

Hl (IOOC/min.) Y/+Y6+Ya 0.91 0.30 0.12

H! (40OC/min.) Y1+Y4 +Y9 0.64 0.21

H3 (7SOC/min) Yj +Yj +Y7 0.54 0.18

Another important aspect within the field of thermal treatment of wastes is the

leachability of toxic metals from the residual final produet sinee the latter contains

concentrated levels of heavy metaJs within its structure. Taxie metal leaehability is a

determining factor in deciding whether a material can he de-cIassified as a hazardous

produet. As sue~ it is important to produce structures within the thermaHy treated

produet which will oot easily leach out toxie metals present thus complying with

environmental regulations.

EAF dust samples were tre8ted according to the design of the cross-experimeotal

matrix. Thereafter. the

treated product was 700 4.0

leached according to 800 [.cr .11 [Jznl 3.5

environmental guidelines 500
3.0

0
and test through AA for 'C' 2.5 i

2.400
2.0 !metal leachability in !

J300 J
terms of chromium., ci 1.5 ~

200
1.0nickel and zinc; three 116.67

metals eontained in the
100 0.5

dust and present under 0 0.0

Temperature Residence Tune Heating Rate
Quebec~s Hazardous Figure 5.8: Influencing degree ofparameters in terms of

Waste Regulation Act. metalleachability
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The leachability ofthe final product will determine whether il can he placed in a regular

landtill or re...used as a co-product in other industries; or whether it needs to he placed in a

bazardous Iandfil~ which is the more expensive option.

The chart in Figure 5.8 shows the influencing degree of the three parameters with

respect to metalleachability. Chromium D-vaIues are represented by the left...hand y...axis

while nickel and zinc D-values are represented by the y-axis on the right. The higher the

D-vaIue~ the greater the degree of influence of a particular parameter within the thermal

treatment process. Once aga~ il is evident that the maximum temperature of thermal

treatment plays the greatest mie in influencing the output parameter; that of metal

leachability. In the case ofchromi~ parametric influence foUows the subsequent trend:

Dr>D.;>DH. Temperature <n is the MOst important parameter in influencing Cr

leachability fo Uowed by the heating rate (H). Residence time (t) at the maximum

temperature does not seem to influence metal Ieachability a great deaL In terms of nickel

and zinc., no directs trends could he observed since the leveis of these metaIs in the

leachate were quite low resuhing in very low O-vaIues. Thus.. it was unclear whether

residence time and heating rate generally atfected the leacbability of these !wo metals.

However~ the influence of

temperature could still he noted

in influencing the leachability

ofboth nickel and zinc.

leachability. The maximum a - ',., --_.. ' . a
900 1000 1100 1200 1300 1400 1500

temperature was an important Temperature (oc1

factor in determining Metal Figure 5.9: Optimal condition in terms ofmaximum

leachability. Metal leachability temperature en
decreased dramatically as the thermal treatment temperature increased (Figure 5.9). This

is due to the fact tha.t the dust structure changed after thermal treatment at high

temperatures (beginning al 12000C)~ that resuhed in the sintering of the initial produet.

This stronger structure caused in a reduction in metalleachability.
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Figure 5.10: Optimal condition in terms ofresidence
time ('t)

leachability is rninima4 as

there does not seem he a

clear-cut optimal condition

for the metals (Figure 5.10).

Cbromium and zinc show a

minimum leachability at a

residence lime of 15 minutes,

while there seems to he a

minimum leachability at 30

minutes in terms of nickel.
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As suc~ the results seem to cont1i~ as the influence of this

insignificant.

Heating Rate (H)

seemed to affect the levels of

chromium leachability within

the samples (Figure 5.(1). As

the heating rate was

increase<L the leacbability 0 f

Cr decreased by -100 ppm.

The optimal condition in

terms of cbromium

leachability was determined

to oecur al a heating rate of

75°C/min. This decrease in Cr

leachability is however unsubstantial and cannot he confirmed through the other two

metals (i.e. N~ Zn). The levels ofthese lattertwo metals are insignifiean~ as a resuI4 they

do not demonstrate any marking trends within this parameter.

The optimum parameter in terms of metaI Ieachability is the maximum

temperature of thermal trealment. This is confirmed by its bigh D-value, indicating
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parametric significance. The effect ofboth residence time and heating rate were minimal

in influencing leachability results. ChrOmiUDl levels within the dust were high enough to

show consequential trends within the parametric optimisation analysis. However, the

levels of nickel and zinc within the dust were too small to establish any optimal

conditions.

5.3 Thermal TtNtment Evolution
Once the cross-experimental tests conclude~ appropriate parametric conditions

could he applied for the foUowing segment ofthe research: a thermal evolution profile of

the EAF dust. Sînce the maximum temperature was the most influential parameter in

detennining weight loss and metal leachability, it was decided to vary this parameter

from a low value to the highest level poSSIble permïtted by the TGA syste~ thus

obtaining a complete temperature profile ofthe EAF dust. The residence time ('t) chosen

was IS minutes. Although this was not the optimal condition in terms ofweight lo~ its

parametric influence was rather minimal The time period chosen was regarded as

adequate to stabilise the temperature al the maximum level. The heating rate (H) chosen

was 40°C/mîn. This level was not the optimallevel in tenœ ofweight loss, however, as

in the case of the residence time, the influence of the parameter was insignificant. Thus,

in arder not to overstress the TGA system by applying an undue high heating rate (i.e.

7soC/min), a more moderate rate was chosen. The maximum temperature varied from a

minimum of 6000C and continued up to a maximum of l6QOOC, in increments of2oo°C.

Thus tests were perfonned al the foUowing set temperatures: 600°C~ SOOOC, 1000°C,

1200°C, 14000C and 1600°C. After a residence time of 15 minutes at the set temperature

the dust samples were subsequently cooled down to room temperature. The sample cools

at a similar rate as the furnace as it eventually drops back down to room temperature.. The

cooling rate in the furnace after the set temperature is attained was IsoC/min.. Thermal

treatment experiments were perfonned under bath oxidative and pyrolitic conditions.. as

shop air and nitrogen were the respective purge gases used in the tests. These two thermal

treatment conditions were applied to gain a comparative understanding of the process. 2.1

grams ofEAF dust was used per experimenL The helium tlowrate was set al 60 ml/min.

and the purge gas tlowrate was 100 ml/min. Experiments were repeated twice for

statistical accuracy.
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5.4 Ma.. Balance Experimenta
Samples produced through thermal evolution experiments underwent mass balance

tests in arder to determine the decrease in levels of certain metals occurring during

thermal treatment. Acid digestion tests were performed on samples using methods

descnlJed by the Ministry of the Environment of Quebec. Hydrochloric acid (HCI) was

mixed with nitric acid (lINO) in a 3:1 ratio. Sample were heated and left ovemight. The

leachate was separated from insolubie particles and tested using atomic absorption

spectroscopy. The metals that were tested for included chromi~ copper~ nicke~ lead

and zinc since these were aIl toxic metaIs contained within the dust.

5.5 Afetlll Leachability Experimenta
Leaching tests were carried out on the thermal evolution samples according 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 litre of distilled water4S
• The leaching

solution and EAF dust sample was mixed with distilled water in al:1:9 mass ratio. The

sample was rotated at 30 rpm for 24 hours al room temperature. The samples were then

centrifuged to separate the leachate fram the residual solids. The resulting leachates were

analysed for C~ Cr~ N~ Pb and Zn concentrations using atomic absorption.
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6 BEHAVIOUR Of EAF OUST DURING THERMAL TREATMENT

6.1 We;ght Loss
The first condition studied within the thermal treatment of EAF dust was its

weight loss. An insignificant weight loss within the EAF dust samples was anticipated

since the latter contained mostly Metal oxides and little carbonaceous material. The

primary abject of studying the weight loss was to obtain a reference as ta study the

thermal evolution of the EAF dust as it was treated from 600°C up ta a maximum of

1600°C. Certain infIections on the weight loss curves can give rise to corresponding

manifestations which occur within the sample.

Weight loss curves were constructed fram the thermal evolution of EAF dust in

oxidative and pyrolitic atmospheres respectively.. Figure 6.1 and Figure 6.3 represent the

curves as theyare plotted as weight loss (%) versus time (sec.). ln addition to the weight

loss curves.. derivative curves (dw/dt), to determine the locations of the maximal weight

loss/gain rates, were constructed.. These derivative curves are shown in Figure 6.2 and

Figure 6.4. During thermal treatment experiments, the dust was placed in a crucible.

Tbroughout these experiments, it was assumed that the temperature of the dust, which

was measured by a thermocouple placed directly below the crucible, was at the sante

temperature as the fumace.. This assumption was plausible mce the thermocouple was

placed al close proximity to the sample in addition to fact that the small quantity of dust

used per experiment would negate any possible thermal gradient within the material thus

allowing heat to rapidly dissipate throughout the sample.

Data collection was recorded tbroughout the experimental runs (Le. during

heating and cooling up to room temperature), however~ no noticeable changes in weight

loss occurred during the cooling process after a temperature of-700°C was attained. As a

result~ the experimental run-time represented on the curves by the x-axis is cut al around

5000 sec. or -83 minutes.. From the resuhing weight loss curves~ appropriate zones can

he designated on the graphs, which can provide insight inlo the different stages of

thermal evolution.
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6.1.1 Weight Less During Oxidative Treatment

Figure 6.1 displays the weight loss (% weight loss) and temperature (OC)

evolution ofthe EAF dust with respect to time using oxygen as the reaction gas. From the
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Figure 6.1: Thermal evolution ofEAF dust under oxidative conditions

resulting corve., the evolution of EAF dust under oxidative conditions can he separated

into 3 distinct zones. These zones are characterised by different weight loss/gain rates

within the sample. Zone l encompasses a temperature region of room temperature to

-450°C. Approximately 2.5 wt.% weight loss occurs within this zone., resulting in 36% of

the entire weight loss in the sample. At the end of Zone l, the EAF dust sample bas

achieved 42% ofils final weight 10ss occurring through the thermal evolution process. By

caIculating the weight loss (in mgs) over the time equivalent orthe zone, it is possible to

obtain an average weight loss rate over the zone. Within Zone 1, this corresponds to an

average weigbt loss rate of4.05 mg/min over the time length of the zone. At the heating

rate used (ie. 40°C/min.), this coincides to the first 9 minutes of the evolution process.

The sharpest weight loss rate occurs inside this zone and is most Iikely due to the

evaporation of moisture and oxidation of residual carbon present in the EAF dust. This

will he further analysed within the "Gas Evolution' section of this cbapter. Zone II is a
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brief phenomenon which oœurs during oxidative thermal treatment, encompassing the

temperatme range of47o-1000°C. In this zone., oxygen reacts with metal or metal oxides

species present in the dust to make them iuto oxides or to render them into a more

advanced oxidative stage., which resuhs in a temporary weight gain within the sample of

-1.5 wt.%. At the end of this mDe., the sample bas achieved but 17% of ils final weight

loss, decreasing trom a level of42% at he end ofZone 1due to the temporary increase in

weight. The weight gain rate in the sample corresponds to 2.4 mg/min. At the heating rate

of40°C/min., this transitory phenomenon persists for 19 minutes. Thereafter, the thermal

evolution of the sample leads to Zone ill. Wtthin this zone is observed a graduai weight

loss of -5 wt% up to the maximum final weight loss 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 loss rate is but 1.63 mg/min. The boundary of the zone lies 83

minutes into the experimental run whereupon the final weight of the EAF dust has

stabilized. Thereafter, minimal weight fluctuations are noticed. Weight loss within this

zone is most likely due to the slow volatilization ofMetal and metal oxide species into the

otJ:.gas.

Figure 6.2 displays the 3 distinct peaU that can he seen within the curve,

corresponding to three ditTerent weight loss/gain rates within the sample. Peak l is

representative of the weigbt loss within Zone 1. A high yet brief weight loss rate is

evident in Peak 1which corresponds to the rapid evaporation ofmoisttu'e and reaction of

residual carbon in the dust. Peak II denotes the momentary weight gain experienced by

the sample around the temperature range of47o-1000°C though oxidation. Peak ID is a

small but sustained peak that encompasses the weight loss of Zone ill. The large area of

this peak represents the bulk of the weight loss occurring in the sample as the sample

reaches the target temperature of 1600°C. The buIk ofthe weight loss can he attributed to

the vaporisation ofMetal and metal oxide species.
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Figure 6.2: DTG Profile obtained during oxidative thermal treatment ofEAF dust @ 1600°C

6.1.2 Weight Loss During Pyrolitic Treatment

Thermal treatment ofthe EAF dust was aIso performed onder pyrolitic conditions

as nitrogen was used as the purge gas during the experiments. The goal ofthis trial was to

detennine the ditTerences between thermal treatment under oxidative and pyrolitic

conditions. The weight loss evolution of the EAF dust cao he viewed in Figure 6.3. As

with the oxidative experimen~ the evolution ofEAF dust under pyrolitic conditions cao

he separated into 3 distinct zones. These zones are characterised by different weight loss

rates within the sample. Zone 1encompasses a temperature region of room temperature to

-400°C. Approximately 5% weight loss occurs within this zone, resulting in 700A. of the

entire weight loss in the sample. The average weight loss rate within Zone 1 is 9.80

mg/min over the time length of the zone. At the heating rate used (i.e. 40°C/mîn.), this

coincides to the first 10 minutes of the evolution process. As in the previous set of

experiments, the sharpest weight Ioss rate occors inside this zone. It is most likely due to

the evaporation of moisture and possible oxidation ofresidual carbon due to ftee oxygen
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present in the EAF dust. This will he further analysed within the 'Gas Evolution' section

1(.:i ofthis cbapter.

1800 100

1000 2000 3000

Time(uc.)

92
1

i 91

4000

ZONE III

Temperature

1 99

t 98

1
... 97 f

t96 1.....-----------··195 i
1 _

1 ~+94 -
1

1 93

7.0NF. Il

o
o

200

400

1400

1600

_ 1200

~
! 1000
~

1 800 .~_......

i... 600 ZONI: 1

i-Weight Loss (%) -Temperature (OC> 1

Figure 6.3: Thermal evolution ofEAF dust under pyrolitic conditions

Zone n is a plateau which occurs during the treatment process. This zone

represents the counter-balance ofevaporation of metal species and probable oxidation 0 f

other metal species resulting trom free oxygen present in the dust.. which results in a

minimal weight decrease ofless tban one percent within the dust. The weight loss rate in

the sample corresponds ta 0.2 mg/min. In additio~ al the beating rate of40°C/min., this

transitory phenomenon persists for 12 minutes.

Thereafter, the thermal evolution ofthe sample leads to Zone m. Within this zone

is observed a graduai weight 10ss of-2 wt.% up to the maximum final weight loss in the

sample of7.1 wl.%. Ind~ 28% of the entire weight loss is 8Chieved in this zone.. As a

resuJt of the conditions appü~ the duration of the zone is approximately 45 minutes.

Zone III is graduai in nature as the weight loss rate is but 1.1 mg/min. The boundary of

the zone lies 67 minutes into the experimentaI run whereupon the final weight ofthe EAF

{'. dust bas stabilised. Thereafter, minimal weight fluctuations are noticed. Weight Ioss
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within this zone is 1110st likely due to the slow volatilisation of metal and Metal oxide

species into the off.gas.

Figure 6.4 displays the 2 distinct peaks that can he seen within the curve. These

two peaks correspond to the two weight loss slopes that can he seen in within Zone 1of

Figure 6.3. A high yet briefweight loss rate is evident in Peak lot which corresponds 10 the

rapid evaporation ofmoisture. This peak occurs from approximately 90°C to 150°C. Peak

II is also representative of the initial weight loss within the sample~ however<p the weight

loss rate within this stage is considerably s[ower than in the previous peak although it is

more sustained. Weight loss within this region corresponds to the reaction of free carbon

in the d~ which produces carbon dioxide 0ff..gas. It occurs within a temperature range

of 150°C to 450°C. The greatest weight 10ss within the dust sample occurs in Zone I..

which is verified by the DTG curves. Subsequent weight loss in the sample is minimal

which is reflected in Figure 6.4 by the insignificant weight loss rates observed.

1.2----------------~---~

.- ~peakl
111 0.8
!
•!i 0.8

~-.cC.1 0.4

~peakU
0.2

~0 ~
0 100 200 300 400 500 600 700 800 900 1000

TI•• (••c)

Figure 6.4: DTG Profile obtained during pyrolitic thermal treatment ofEAF dust @
l 600°C

6.1.3 Comparison of Thermal Treatment Methods

Both thermal treatment methods (oxidative and pyrolitic) exhibit sorne similarities

in terms of their weight Ioss curves. These corves show three distinct zones. The first
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zones of bath treatments are similar as they show a sharp decrease with respect 10 the

(d~' totality of the eurve. The initial zones Iast tôr the first 8 ta 10 minutes of the thermal

treatment experiments and end when the temperature surpasses 450aC. The majority of

the weight loss in this initial zone is attributed to the vaporisation of moisture present in

the dust and formation ofearbonaceous otJ:gasses. Thereafter~ the weight loss evolution

ofthe proeesses starts differing. Within the dust treated under an oxidative atmosphere't a

brief weight gain is notiee~ whieh oeeurs within a temperature range of 450-1000aC.

The latter phenomenon can he attributed to oxidation of Metal species present within the

dust. In the pyrolitie weight loss curve~ a steady plateau is seen within a temperature

range of 450-1300aC. which represents the counter-balance of weight gain oceuning

from oxidation of Metal species due ta the presence of ftee oxygen in the dust: and the

weight 10ss resulting from the vaporisation of Metal species within the dust. The latter

stages of the thermal evolution of the dust are once again similar for bath treatment

methods. In the case of the oxidative metho~ vaporisation of Metal species oceurs once

the temperature surpasses lOOOae and results in the remainder 0 f the weight loss in the

sample. The pyrolitic dust sample experiences the remainder of the fmal weight 10ss once

aU the tree oxygen bas been depleted in the dust. The weight loss in this final section is

quite small due to the relatively slow beating rate in the reactor. which results in the

graduaI vaporisation ofMetal species in the dust.

Figure 6.5: Volume reduction in thermally treated dust samples
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(Figure 6.5) shows that at

lower temperatures (600­

1000°C)~ volume reduction

is insignificant. In this

case~ the treated produet is

present as the fine

partîculate matter~ which is

observed in the original

dust. However, at higher

6.2 Volume Reduction
Thermal evolution in

terms of volume reduetion
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temperatures (12QO-I6OQOC), a significant volume reduction occurs within the dust

sample which resuIts in a volume reduction ofgreater than SOOA» in the case ofthe treated

12000c 16000c

'C
Figure 6.6: Sintered structures formed at 1200°C and 1600°C respectively

product al 16000C. The main reason for the dramatic volume reduetion is the sintering

process that occurs within the dust particles at these elevated temperatures. The resuh of

the sintering process is the creation ofa strong peUet-like~ which will he furtber

examined in the following chapter. The sintering process resuhs in the densification of

the dust and the elimination of pores within the resulting structure. An example of this

sintering can be seen in Figure 6.6, wbich displays the cross-sectional images of two

treated products formed al 12000c and l6OO'C under oxidative conditions respectively.

Although the initial particles are aggIomerat~ the final structure created is a cylindrical

pellet structure mimicldng the container structure in which it is originally placed. The

circles represent the diameter of the container in wbich the dust was placed and

compacted in. Ailer the treatme~ the thiclmess aud the diameter of the trealed produet

d~ as seen in the Figure. This resulted in an average volume reduction of35% in

the dust treated al 12000C, and over 500/0 volume reduction in the 16OO'C treated product.

'.3 Ga Evolution Dudng ThetmaI T,..",."t
Due to tbe insignificant weight Ioss in the treatedd~ the ott:gas generated by
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the oxidative treatment of the sample in the TGA was minimal. Tbrough FfIR analysis

(Figure 6.7) il was determined tbat the main off:gases formed was (1) COI, resuJting

from free carbon present in the dust~ (2) moisture. The levels of COI evolved during

thermal treatment are insignificant due to the low Ievels of carbon present in stainless

steeldust.

0.5

1\ C~

1:
04

' ~!031 ~ .~

i::~~~_ Background

al ,-~~
4000 3500 3000 2500 2000

W awenum ben
1500 1000 500

Figure 6.7: FTIR speetra obtained dming thermal treatment @ 1600°C under <h

98

~.....
0.8

f\ - 0.7

91).

• ·0.6

•
~97 . • ·0.5

• • ~

1 "0 • B.., • . 0.4 ir- •~ •C8 :1

i 96 . • ft• •
••

. 0.3

•• Q.2• •95· •• •1.........._•.6........6. ...~
- 0.1

91 a
0 CI) ID:J 12IJJ 1600

T.......tcJ

1 -'lëght(%) • C02 ~ H20 1
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Figure 6.8 displays the evolution profiles of CCh and water obtained during

thermal treatment of the dust sample at 16000C. The gas evolution profiles were similar

for ail thermal treatment experiments nm al varying set temperatures. CÛ2 evolution was

significant at a temperature range of 4OO-10000C during the healing process.. This

temperature range corresponds to the area of rapid weigbt loss noticed at the end of Zone

II during the oxidative thermal treatment process. From the profile, evaporation of

moisture seems insignificant. However, since the FfIR's oft:gas recording only started al

400°C, mast of the evaporation was clisregarded br the system. Gas evolution profiles

obtained from the pyrolitic experiments revealed the same general trend as in the

oxidative tests. COz was the primary off-gas detected by the FTIR... followed traces of

water vaPQur.

6.4 Proeesses Dunng Therma' Treatment
Based on the data presented, the thermal treatment ofEAF dust can he divided into

three separate stages as seen in Table 6.1.

Table 6.1: Possible processes occurring during thermal treatment ofEAF dust

Stages Temperature Range Possible Processes
(OC)

90-150 Vaporisation ofmoisture present within the
initial EAF dust

Stage 1

Initial 250-600 Formation ofCÛ2 (g) resulting from the reaction

vaporisation
of ftee carbon in the dust and the oxidative
environment and/or oxygen present in the dust.

Stage 2 600-1000 Oxidation 0f Metal species present in the dust

Transition 800-1100 Volatilisation ofcenain metal species present in
the dust.

Stage 3 1200-1600 Structure bardening and densification

Final Sintering

The first stage of the thermal treatment process is initially associated with the

evaporation of moisture and secondly with the formation ofCÛ2 (g) due to the reaction of

ftee carbon with oxyge~ which is subsequently revealed through FfIR analysis.. As the

temperature increases past SOO°C, the detection of CCh (g) decreases up to its eventual

disappearance, thus indieating the depletion of ftee carbon in the dust. Since the dust is
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inorganic in nature, 00 buming occurs during this stage ofthe thermal evolutioo process,

and thus weight (oss is minimal (2-3%).

The second stage of the thermal evolution process is characterised by the possible

oxidation of Metal species present within the dust according to the fol1owing reaction

type46:

(1)

This bas the effect of slightly increasing the sample weight in experiments that are run

under an oxidative environmenl The oxidation ofMetal species occurs concurrently with

the volatilisation ofcertain Metal specie~ wbich aets to reduce the overall weight of the

sample. Many heavy metals are volatilised during this stage ofthennal evolution such as

cadmi~ lead and zinc and do not remain in the final thermally treated produet~7. When

the ott:gas cools do~ these metals condense ooto the reactor's uptake equipment and

thus cannat he analysed by the ITIR. During this stage of thermal evolutioll, the sample

experiences littie or no weight loss.

The third stage of the EAF dust evolution is the final sintering stage in which

densification and particle agglomeration occurs. The smfaces of the particles begin to

fuse together and produce a very dense compact structure. This resuJts in a decrease in

mass diffusion from 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 could

potentially he trapped within the resulting struetme before being able to volatilise.

However't some volatilisation of metal compounds will continue from the surface of the

structure to the increasing temperature4
&. which in tum contributes to the reduction in

sample weight by around 3-4%.

6.5 Metal Balance W1IIJin the Thennally TreatedProduet
Metal balance experiments were carried out in order 10 determine the fate of the

toxie metals within the EAF dust during the thermal treatment process using acid

digestion tests prevîously described in the ~xperimental Methodology~ cbapter. Table

6.2 represents an average ofthe six sets ofduplicate samples which were analysed at each

thermal treatment temperatw'e. From the~ il is evident that significant amounts of

metal vaporisation occurs during the thermal treatment process at high temperatures. As a

~ the levels oftoxic metaJs present at elevated temperatures are quite negligible. The
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resuIting thennally treated ash is low in toxic metal cont~ however, this content is

higher than the maximum leacbability alIowed trom leachates ofsolid matter.

Table 6.2: Toxic metal content within the EAF dust during thermal treatment

Temperature Metallevels (mgl1)
(OC)

Initial
600
800
1000
1200
1400
1600

Cd
5
4

02
0.1
o
o
o

Cr
5010
5000
4510
4280
413
356
30

Cu
220
213
200
165
82
50
25

Ni
1930
1910
1870
1590
170
50
13

Pb
119
lOS
SO
14
Il
6
2

Zn
1170
1100
980
560
340
55
33

Table 6.349 demonstrates Metal volatility temperatures ofcertain metals. It shouId

he ootOO that chromium is one of the MOst stable metals and only begins to volatilise

beyond a temperature of 1600°C. When chromium does volatilise. it can do 50 in a

hexavalent form (e.g. cr03). The decrease in chromium content in the dust resuIting from

increased thermal treatment temperature can poSSlbly he explained through a presence of

chlorine within the dust or in the atmosphere. As Figure 6.9 shows50
, chromium can

vaporise at much lower temperatures ifamounts ofchlorine are present in the flue gas. A

small &action of hexavalent Cr03 (g) is formed at high temperatures under ail chlorine

conditions. However, Figure 6.9 suggests that chlorine might promote the formation of

carcinogenic hexavalent cbromium in a temperature window ofaround SOO°C. It should

he emphasised that the equilibrium predictions MaY not he realised if either ather

chromium species not considered in this calculation are important, or kinetic rates are too

slow to allow equihlnium ta be reached.

Table 6.3: Metal Volatility Temperatures

Metal
Chromium
Nickel
Lead
Cadmium

Vo(atility Temperature (OC)
1613
1210
627
214

Principal Species
Cr<Wcr03

Ni(OHh
Pb
Cd

6.6 LeachabilityofTh."".,1y TtNtedEAFDust
Leaching tests were performed on the treated dust to examine the effects of thermal

treatment on leachability properties.. The treated dust was subject ta the same leaching
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treatment as the initial dust samples and analysed for metal leachability through AA

analysis. As in the initial case~ the dust was analysed for five metals wbich are contained

in the MEF bazardous waste guidelines: C~ Cr~ N~ Pb and Zn. Table 6.4 reveals the

level of metals found in the leacbate solutions of the treated dust samples. The levels of

C~ N~ Pb and Zn were already below reguIatory limits in the initial dust and as

expect~ this trend continues in the treated samples.. Beyond lOOOOC, there is no ooticed

leacbability of the aforementioned metals. The Cr levels detected in the leacbate decrease

as the temperature ofthennal treatment increases. However, al lower temperatures, there

is no significant reduction in leacbability ofthis treated product as its levels ofCr are still

elevated compared to reguJatory limits by two orders of magnitude. At higher

temperatures (~ 12000C), the levels of Cr found in the leachate dramatically decrease.

This is due to the fact that the treated product al 12000C is sintered into a resistant

cylindrical pellet. The pellet properties aet to decrease the leachability ofthe metals in the

dust. The sample treated 16000C does not exfubit measured leacbability 0 f Cr. The

leachability orthe chromium falls below MEF guidelines of 5 mg/l. [t must he noted that

the levels oftoxie metals contained within the dust decrease at a dramatic rate due to the

volatilisation of Metal species. This contnbutes to an overalI decrease in metaJs present

within the leachate ofthe treated dust.

Table 6.4: Leachability ofmetaIs from tbermally treated EAF dust

Leachability (mgJl)
Ccl Cr Cu Ni Pb Zn

lnitial 0 270 0.1 0.8 0.1 0.3

600°C 0.04 300 0.1 0.9 0.1 0.3

aoooe 0 289 0.1 0.9 0 0.3

lOOO°C 0 300 0 0.2 0 02

1200°C 0 S6 0 0.2 0 0.2

1400°e 0 10 0 0 0 0

1600°C 0 0 0 0 0 0
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6..7 PIIase Evolution Dunng Til."",,' T,.""".nt
The main phases present within the EAF dust did oot change during the thermal

treatment process, indicating 00 crystalline change. The main phases detected during

thermal treatmeot were oxides within the cbromium and iron form. Iron constitutes the

strongest peaks and is primarily round under the FC203 or Fe304 oxidised form.

Chromium is mainly found under the Cr2ÛJ oxidised species or mixed with iron as

FeCr204. Nicke~ copper and zinc were also present in the final thermally treated products

as complex oxide produets usually coupled with cbromium or manganese. Hexavalent

chromium compounds peaks are not visible through XRD since it is present in minute

quantities within the dust.

Dming the evolution orthe dust in the oxidative environment~ transitory crystalline

phases appeared between SOO°C and ended once the dust reached a temperature greater

than 1200°C (Figure 6.10). These traDsitory phases correspond to the momentary weight

gain noticed during oxidative thermal evolution within 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 resuJting in probable valatilisation al higher temperatures.

AIthough the exact composition of these phases was not detennin~ il was mast likely

the result of an intermediary unstable oxidative phase appearing during thermal

treatment. These transitory phases were Dot noticed within the dust samples which

experienced pyrolitic thermal treatment thus indicating stability within the mert

atmosphere.
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7 MORPHOLOGICAL CHANGES DURING THERMAL
TREAlMENT

The fo1I0wing coopter will reflect the physical changes that the EAF dust underwent

during the thermal treatment procedure. The morphology of the particles will he closely

examined with respect to temperature and the thermal treatment environment:

atmospheric thermal treatment in air and pyrolitic treatment in N2 (g). Particle

morphology is an important feature of the treated dust particle since an appropriate dust

structure can result in metal encapsulatioIL

7.1 Influence of Temperature
From the analysis on parametric influence on EAF dust behaviour~ it was

coocluded that temperature played the greatest role in influencing dust properties. As

previously mentione~ EAF dust particles are spherical in nature and have a varying size

range as it present as agglomerates as weU as particles of sulrmicron size. The particles

can he seen as individual structures within the surface. This is caused by the adhesion of

fine dust and fume particles that have agglomerated ooto the surface of the larger

particles thus providing a fibrous appearance. Thennally treated dust morphologies can

he divided into the three stages of thermal evolution: Stage 1: Initial Vaporisation; Stage

2: Transition and Stage 3: Final Sintering.

7.1.1 Ash Morphology During Stage 1: Initial Vaporisation

This initial stage of the thermal evolution process occurs from approximately

lOOoe to 600°C. This stage is characterised by a marked weight loss within the dust

sample due to the vaporisation of moisture and the reaction of free carbon present in the

dust. From a morphological perspective~ the treated dust partiele greatly resembles the

initial particle. The treated dust is present as aggIomerates (Figure 7.la) as weil as

particles of sulrmicron sïze. The agglomerates seem to bave a fibrous appearance at the

surfilee due to the adhesion of fine dust and fume particles that bave elustered onto the

surtà.ce of the larger particles thus providing a fibrous appearance. The individual sulr

micron and micron particles that fonn the larger agglomerates are clearly seen at the

particle surface level (Figure 7.th). These particles appear to he slightly shrunken over

( .~ their original state due ta the etTects ofthermal treatment.
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(
\

(a) (h)

Figure 7.1 : (a) Particle occurring during initial stage, treated al @600°C,
(b) Particle Surtàœ treated al 6000C

7.1.2 Ash Morpholoay During Stage 2: Transition

The transition phase of the thermal treatment process occurs from a temperature

range of600°C to 1100°C and is accompanied by oxidation reactions. It cau he seen that

C in this stage oftreatment the dust particles begin 10 change morphology. The particles

(Figures 7.2a,c) still demonstrate a fibrous appearanc~ however, the etfects of shrinkage

appear to be taking place. When examining the particle surfaces (Figure 7.2b,d), it is

evident that the boundaries between the micron and su~micron particles are

disappearing. In additio~ significant particle sbrinkage cao be notÎœd al the surtàce.

Small areas of liquid can he noticed al the surtàce of the particles. Some of the SiÛ2 and

K present in the dust form a gIassy binary SiÜ2-K20/Na20 system with a low mehing

point below llOO°CS1
• This liquid phase is quite limited due to the insignificant levels of

these compounds in the dust. The resuItant glass phase is too limited to create a strong

impenetrable structure tbat could trap metaIs within ils matrix. The formation of the

liquid POckets and the particle sbrinkage does however resuJt in a more resistant treated

produet as compared to the original EAF dust.

r·
{

77



CHAPTER 7: MORPHOLOGICAL CHANGES DURING THERMAL TREATMENT

(a) Particle

(
(C) Particle (d) Particle Surtàœ

Figure 7.2: Particle Structures occurring during the Transition Stage ofThermal Treatment

7.1.3 Ash Morphology During Stage 3: Final Sintering

The rmrphology in Stage 3 occurs between a temperature range of llOO°C ta

1600°C. This stage is cbaracterised by the final sintering ofthe dust resulting in a strong

penet-like structure at high temperatures. Through the examination of the particles

(Figure 7.3 ~ c, e), it is evident that the particles bave gODe through a sintering process.

The fibrous appearance ofthe particle bas disappeared 10 he replaced by a SJD)()th plate­

like structure. Analysis ofthe particle surfaces (Figure 7.3, b, ~ t) reveals that the micron

and sub-micron particles are no longer evident and bave been replaced by a smooth

continuous-pbase. The porosity in the sample is considerably diminisbed due ta the

(\ formation ofthe reguIar struàUres.

"
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(a) Particle (h) Particle Surface

LUo.tTreated at 12000c

( (c) Particle

lAI'o.t Treated at 1...c

(e) Particle (t) Particle Surfàœ

lAI' o.tTraled l' l6OO"C

Figure 7.3: Particle Structures oœurring during the Sinterïng Stage ofThermal Treatment
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7.1.4 Theory of Sintering

The process ofsintering is the densification ofthe oxide particles within the initial

EAF through the removal of pores hetween particles through shrinkage., combined with

growth and strong bonding hetween adjacent particles. The fo llowing criteria must he

met in arder for sintering to proceed: (1) A method of material transport must he

available an~ (2) a source ofenergy to activate and sustain this material transport must

he made availables2. Transport occurs mainly through diffusion and viscous flow. The

energy is mainly provided through hea~ in conjunction with energy gradients due to

particle-particle contact and surface tension.

The process ofsintering can he divided into three stagesS3 as shown in Table 7.1.

es

St e 3
Much owth
Discontinuous re hase
Grain boundary pores
eliminated

The initial stage (Figure 7..4b) incorporates the rearrangement of particles. which

consists of slight rotation of adjacent particles as to fonn more points of contact. [n

additio~ the formation ofa necking contact point occurs between adjacent particles due

to the high probability ofmaterial transport in these areas ofbigh surtàce energy.

The second stage of sintering (Figure 7..4c) is referred to as the intermediate

sintering stage.. In this stage~ the size orthe neck between the particles grows~ resulting in

a decrease in porosity as the particles move closer together. Shrinkage resuIts due ta the

motility of the particles.. The boundaries between the particles (which will DOW he

referred to as grains) begin to move 50 that one grain begins to grow to the detriment of

the smaller grains; this aIlows for a change in geometry tbat will accommodate furtber
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necking and porosity removal. Intermediate sintering continues as long as pore cbannels

are interconnected and ends when pores become isolated. Most of the shrinkage during

the sintering process occms during this stage.

The third and final stage ofsintering (Figure 7Ad) is referred to as final sintering.

In tbis stage, final porosity is removed by diffusion along the grain boundaries. Therefore

pores must remain close to the grain boundaries. Additionally, grain growth occurs in this

stage due to surface energy. The forces of nature reduce surface area to a minimum to

minimise surface free eoergy't such as water drops which fonn into spheres. These same

forces set 00 salid materiaIs during sintering. Grains will grow in such a way as to

increase their radius ofcurvature (Le. they will straighten out). The sumller grains have a

smaller radius ofcurvature't thos providing them more energy for motility and ultimately

consomption by larger grains. The final distnoution of grains and pores is referred to as

the microstructure.

(a)

(h)

Smalt grain
consumption

o Particle

- Porosity

Neck formation

(c)

(d)

Figure 7.4: The three stages ofsintering, (a) EAF dust in its original stat~ (b) First stage~
(c) Second or Intermediate stage~ (d) Final sintering
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The mechanism of sintering which occors during the thermal treatment of the

EAF dust is that of solid-state sintering. Solid-state sintering involves volume diffusion

as illustrated in Figure 7.5. Diffusion can consist ofatomie or vacancy movement along a

surface or grain boundary or through the volume of the dust. Surfctce diffiJsion will not

result in shrinkage, however volume diffusion whether through the grain boundaries or

through the dislocations wiU result in shrinkageS4
•

Two particles in contact

Neck fonnation by
diffusion

Distance between
particles decreased,
partieles bonded, pore
size decreased

Figure 7.5: SoIid-state materiaJs transport
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The driving force for solid-state sintering is the difference in free energy or

<- : chemical potential between the free surlàces of the particles and the points of contact

between the adjacent particles. The equation representing the model of the mechanism of

transport of material by lattice diffusion between from the line of contact between two

particles to the neck region isss:

Where,
MiLo =linear shrinkage (equivalent to the sintering rate)

y =surface energy
a3 =atomic volume orthe ditlùsing energy
D* = seLf-diffusion coefficient
k =Boltzmann constant

T =temperature
d =particle diameter (ifwe 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 of0.3 to 0.5.

From this equation., it is evident that the greatest influence on the sintering rate is

particle diameter. The sumller the particl~ the greater the rate. In addition, temperature

also plays a role in influencing the sintering rate. This is due to the exponential

relationship between temperature T, and the diffusion coefficient.

7.2 Influence ofPyrolitic Environment
Figure 7.6 shows the morphology of the EAF dust treated in a pyrolitic

environment as N2 (g) was passed through the reaetion chamber. The resulting therrnally

treated products demonstrate the same structures and morphologies as those produced in

the atmospheric environment indicating tbat the pyrolitic environment does not have an

influence on the resulting product characteristics. The thermally treated products present

the three stages of treatment: Vaporisatio~ Transition and Sintering. During the

vaporisation pbase~ the dust particles present a fibrous surlàce due to the Ioosely

C- aggIomerated micron and suf>..micron particles on its surface. During the transition pbase~
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particle shrinkage starts to occur and the boundaries between the micron and su~micron

particles begin to disappear. Within the final sintering stage, fusion between the particles

is noticed and a dense, smooth final structure is produced.
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Partiel. Partiela Surface

Figure 7.6: Morphological evolution orthe thermaUy treated EAF dust in. a pyrolitic
environment
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8 CONCLUSIONS AND RECOMMENDATIONS

The cunent research bas provided sorne insight into EAF dust~ through its initial

physical and ehemieal eharacteristics and the transformations tbat occur within the

original produet throughout the thermal treatment process. From the resuJts obtain~ it is

clear that il may he eventually possible to recommend an efficient and safe thermal

remediation technique to deal with the abundance oftoxie EAF dust.

The following conclusions and recommendations can he established:

The EAF dust particles in question are randomly distnDuted between <38 JlIll and

1.17 mm. The particles represent spherical agglomerations of homogeneously nucleated

particles and entrained partieles, the latter providing an adequate surface area for

heterogeneous condensation to oceur. Chromium and iron are the predominant elements

present in the dust. S~ C~ ~ N~ N~ Zn and Mg are aIso present in the dust in a lesser

extent. The high level of Cr present in the dust is due ta the fact tbat the dust was

obtained trom a stainless steel mill. The main phases present in the EAF dust are

Ff20y'FC304 and Cr103.

The Design of Experiments (DOE) technique is introduced in this research and

was greatly benefieial as il reduced research time while providing insightful results.

During the thermal treatment of the EAFd~ temperature is detennined to he the major

influencing parameter in the process as il plays the greatest role in atTecting weight loss

in addition to diminishing the leaehability of toxic metals trom the dust product. The

other two parameter researched; heating rate and residence time played a negligible role

in influencing weight loss and metal leacbability. As a resuh of the parametric

experimentatiollt an optimum set ofparametric conditions is established: a beating rate of

40°C/min.~a residence time of 15 min. and a maximum temperature of 1600°C.

Thermal treatment of EAF dust can he characterised into tbree main stages: (1)

Initial Vaporisation (90-600°q, where moisture present within the dust evaporates and

free carbon reaets with oxygen to produce CÛ2 (g); (2) Transition (60o-1100°C)~ where

oxidation and volatilisation of metal species begins; and (3) Final Sintering (1200-
,..- ....
( :' 1600°C), wbere structure bardening and densification occurs.
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Thermal evolution profiles reveal an insignificant weight loss occurring in the

dust throughout thermal treatment. During bath atmospheric and pyrolitic thermal

treatment the weight loss corves exhibit tbree distinct zones. During atmospheric thermal

treatmen~ the Middle zone experienced a slight weight gain as re-oxidation 0 f certain

Metal species occurred. In pyrolitic treatmen4 the middle zone was delineated as a

platea~ representing the opposing etfects ofweight Ioss through volatilisation and weight

gain through oxidation of Metal species resulting from fine amounts of free oxygen

present within the dust. Through thermal treatmen~ a maximum 0 f 6 to 8 wt% can he

achieved a final temperature of 1600°C. through analysis of the off"g~ this weight loss

mostly oecors through the evolution ofCOz gas and minimal amounts ofwater vapour.

Thermal treatment of EAF dust above 1200°C can lead to significant volume

reduction in the dust due to the effects of sintering. Thus't the original EAF dust is

transfonned ÎDlo a resistant pellet-like structure. In additiollt metals mass balance

experiments indieate that the taxic metal concentration in the initial dust diminishes to

negligible levels at temperatures greater than 1200°C. This type of structure can he

beneficial in subsequent landfilling operations due to ils strength, compactness and

resistanœ 10 leachability.

Temperature plays an important mie in the morphology of the final EAF dust

product. The different stages ofthermal treatment reveal different ash morphologies. The

dust product produced during the initial Vaporisation stage is very similar to the initial

EAF dust as il is present as agglomerates with a very Ioose tibrous surface. The particles

created do not fonn an adequate structure to prevent metaIs leachability. The particles

formed during the Transition stage present aspects of shrinkage and liquid eutectic

formation. However, as in the previous~ the particulate nature of the dust product

during this stage would oot he sufficiently resistant for disposai. The dust product formed

during the Final Sintering stage provides a plate-like, dense morphology. The resuhing

penet produced contains very resistant qualities which would provide an adequate matrix

to prevent the leaching oftoxic metaIs present within the dust.
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The leaebability of the thennally treated EAF dust decreases dramatically as

thermal treatment temperatures ÎI1Crease. At temperatures greater than 1200°C.,

leachability is significantly redueed due to the resistant pellet structure that is created. At

1600°C the leacbability ofall taxie metals tàlls bellow environmental guidelines ta create

a produet that is environmentally safe to dispose or to re-use as a tiller produet in other

materials.

Due to the fact that thermal treatment ofEAF dust results in volatilisation oftoxic

metal specie~ it is important ta study the parameters which affect the volatilisation

behaviour of toxic metals sueh as hexavalent cbromium. Operating conditions and waste

composition are two such parameters whieh can greatly influence thenœl treatment.

Thermal remediation procedures require high temperatures to treat EAF dust.

Effective remediation can only result at temperatures greater that 1200°C. It would he

beneficial ta research thermal remediation techniques which employ co-produets to

reduce the treatment temperatures.

The greatest challenge to thermal remediation concept is ils ability to treat various

toxic materials and ta do 50 through a cast and operations effective manner without

creating secondary emissiODS. Th~ it is essential to design techniques which will

continuously demonstrale safe operation and high performance. In doing 50., public fears

regarding this waste disposai option will he allayed.
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