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ABSTRACT

Environmental regulations govern the emission of sulfur dioxide for lead smelteasiSBeuf
this, some have adopted a hydrometallurgical desulfurization step, which results in aisohsificate
slag being generated in their furnaces. This slag must be disposed of, but the behavior @srfrpunit
the solidified slag and the physical properties of the molten phase are not well understood. In this work
the leaching characteristics, viscosity, and density of a sodium-iron-silicate system regyeserddern
VHFRQGDU\ OHDG VPHGuMddUTY VODJ KDYH EHHQ V

Slag viscosity increased with decreasing temperature and increasing silica content. At constan
silica content, more iron led to a higher viscosity while more sodium led to a lower viscosity. A
Arrhenius-type model was produced to predict slag viscosity as a function of composition and
temperature. It showed good agreement between predicted and measured values. Density measurements

conducted by this study were not precise enough to establish trends with temperature or composition.

The slag samples tested in this study formed iron oxides and sodium silicates upon cooling.
Satmagan analysis suggested the iron was mostly, but not completely reddted)(HAe 7KH
impurities formed barium silicates and sodium-barium-silicates, lead silicates, and sodinates.s

In the composition region studied, the samples with more silicon tended to leach less. Further
investigation revealed that compositions in the center of the phase diagram (not simply théessswi
silica) produced extracts with the highest concentration of barium (which exceeded the T@a@mneg
limits). Similarly-high extract concentrations were seen with lead and arsenic fronmidigi-sodium
composition. Composition appears to be a more significant predictor of the extract impurity etiocentr
than temperature in the moderate range of cooling rates. However, when quenching and extra-slow
cooling are considered, the cooling rate becomes significant. Barium concentrations were higher for t
high-sodium samples which had been cooled more slowly. Quenching, however, can lead to

morphological effects which can be detrimental when high-silicon compositions are used.

Relating the two phenomena, the compositions which had the lowest viscosities also leached the
most. While this would be beneficial for phase separation (as viscosity is in the denominatarifia te
velocity of a sphere in a fluid), the leaching characteristics of this slag when solidifigd be
industrially undesirable. An economic incentive for avoiding this region is that increbsil@t. P pass
rate will reduce the expense of hazardous slag disposal. By increasing the TCLP pass rate by 25%, daily

profit can be increased by 2.43%.
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CHAPTER ONE
INTRODUCTION

/ H D @ffinity for yielding a pure product from secondary feeds at extremely high recoveries has
created a unique situation. In the United States, all lead produced comes from secondary sources. Of that
feed, the vast majority is lead-acid batteries. The lead recovered from batteries al@jeshwith other
elements to improve the properties of the battery while in service. When the battery is recycled
pyrometallurgically, these impurities are often separated from the metallic l@@thdmp in the oxide
slag. The slag is a waste product, and as such, must adhere to stringent environmental regulations for
disposal. If the waste qualifies as hazardous, it can still be disposed of, but doing so is much more
expensive. A much more economically attractive option for a lead produoerontrol the chemistry of

their slag so that it will meet those regulatory limits.

The slag system and impurity elements under consideration for this study are sodium-iron-
silicates containing barium, lead, and arsenic. Together the sodium, iron, silicon, and oxygep mak
PRVW RI WKH VOD ddivn isRsed &\alsiglceniponént as a result of upstream
desulfurization. Barium enters the system because it is an additive to the plastics anorsdpsad can
enter the slag in two ways: chemically, as an oxide from upstream processing; or physicathairaesde
metallic lead. Lead in the slag is a source of lost revenue for a smelter, so keeping the lead ¢hatent of
slag to a minimum is of primary importance. Arsenic is introduced into the systenhevitad, with

which it is alloyed to improve hardness.

Slags are subject to the regulations of the Toxicity Characteristic Leach Procedure (TCLP). A
sample of the material is crushed and leached in an acetic acid solution:f2rhib8irs. The leachate
from this test is then analyzed, and the elements must have concentrations under the given limits: bari
100 parts per million (ppm); arsenic, 5.0 ppm; and lead, 5.0 ppm. Solid caagtass the test if the
concentration in the solid is above these limits, but will fail if the concentration irgthiée &xtract

exceeds them. Therefore, it is ideal to design slags which retain those elements in insoluble phases

The primary goal of this work was to analyze a variety of sodium-iron-silicate slag systems
containing barium, arsenic, and lead to determine which slags, when cooled either quicklyypmhsidwl
lower impurity concentrations when subjected to the TCLP. Qualitative phase informat@ise
gathered to predict into which phases the impurities would congregate. Additionally, the physical
properties of those molten slags were investigated in order to understand how they changed as the

composition was adjusted to produce a slag which would pass the TCLP.



CHAPTER TWO
LEAD PROCESSING

Lead was hardly considered to be a noteworthy metal in ancient times due to its dull appearance,
but sees wide use today. It was commonly mined as a byproduct of silver, which was valued for currency
and decoration. Transmuting this undesirable metal into gold was an early goal of the study of alchem
Classical times brought a rise in the appeal of lead as it was used in waileutibn, roofing systems,
and stained glass. With the Industrial Revolution in tHeat&l 19' centuries, lead began to see
widespread use in plumbing and as an additive in paints. Concrete evidence recognizing the health
dangers of lead began to spread in the lafeab® 2@ centuries, which caused bans in lead from paints,
pipes, and gasolinethe last major product to contain potentially harmful lead. Modern lead is used
primarily in automotive lead-acid batteries, where it can be almost perfectly recycled with stenassi
of refining steps.

The most common primary source of lead is the mineral galena: PbS. Two other lead-bearing
minerals are anglesite and cerussite: PO PbCQ, respectively. Lead deposits are often associated
with zinc, tin, bismuth, antimony, arsenic, silver, and gold. Traditional smelting of leaddpeagis
occurredn reverb (short for reverberatory) furnaces, but several methods have since been developed.
Blast and rotary furnaces have come into use; in some cases, in conjunction with a revegbl Tiatde
North American lead producefiairnace types and capacities (in short tons) as of 2015. Worldwide
primary production of lead has recently been eclipsed by secondary production as a result of the ease of
recycling spent lead-acid batteries. Lead production in the United Statescisdsmiirely from

secondary feeds, almost all of which consists of lead-acid batteries. [1]

2.1  Traditional Lead Processing

There are two main furnace types which have been traditionally employed in lead smelting. They

are the reverberatory furnace (or reverb) and the blast furnace.

2.1.1 Reverberatory Furnaces

Lead is easily reduced in the reverb. Antimony, arsenic, and tin are not. The latter three are
selectively slagged in the reverb. The primary reactions to be considered are the convirawn of

sulfate, sulfide, carbonate, and oxide to lead sulfide, oxide, oxide, and metallic lead; respectively
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Table 2.1 North American Lead Smelting Operations and Capacities. From [1]

Country Company Location Furnace Type Primary Secondary Subtotal
Canada Cominco Trail, BC Kivcet 90,000
Xstrata Belledunne, NB Blast 80,000
Mexico  Penoles Torreon Blast 120,000 290,000
USA BRC Arecibo, PR Rotary 18,000
(idled 5/14)
Doe Run Boss, MO Reverb/Blast 140,000
East Penn Lyons, PA Reverb/Blast 100,000
Exide Forrest City, MO Blast 35,000
Muncie, IN Reverb/Blast 90,000
Vernon, CA Reverb/Blast 95,000
(idled 5/14)
JCI Florence, SC Rotary 120,000
Gopher Eagan, MN Reverb/Blast 130,000
Tampa, FL Reverb/Blast 110,000
RSR City of Industry, CA Reverb/Elec 120,000
Indianapolis, IN Reverb/Elec 120,000
Middletown, NY Reverb/Blast 120,000
Sanders  Troy, AL Blast 100,000 1,298,000
Canada Nova Pb Montreal, QC Long Rotary 80,000
Tonnolli Toronto, Ontario Rotary 45,000 125,000
Mexico JCI Cienega de Flores, NL Rotary 125,000
Garcia, NL Rotary 135,000
M3 Roynosa Rotary 30,000
Omega Planta Dr Gonzoles, NL Rotary 25,000
Pipsa Garcia, NL Rotary 25,000
Riasa St. Caterina, NL Rotary 25,000 375,000

Total

290,000 1,798,000 2,088,000



Reducing all of the metal in the reverb willide&H D 3VWLFN\" V sbasityfoQlBwZo. WK D
pour. In light of this, lead is retained in the slag as result of a conscious effort toeaithg the
impurities and ruining the soft lead. A generalized composition of the reverb sfagersanilar to that in
Table 2.2:

Table 2.2 Composition of a Reverb Slag
Constituent  Percent

Lead 58 to 72

Antimony 5t012
Tin 0.651t0 1.00
Arsenic  0.35t0 0.65
Sulfur 2.00 to 3.50
Silica 1.00 to 2.00

A historical smelter may have achieved a tlatpad ratio of approximately 1:3 when one
includes the sulfur-based matte phase as slag, but desulfurization (and therefore, extréeinditte

production) can decrease that to 1:6 or less.

2.1.2 Blast Furnaces

An early objection to the use of reverb furnaces was the considerable metallurgicaldosse
smoke. Metallurgists from Germany recognized that baghouses attached to a blast funwaoe all
retention of this value, and were the first to bring the blast furnace to the weStd2] bh operation,
KHHSLQJ WKH VODJ HDV\ WR KDQGOH ZLWKRXW FRQWDLQLQJ WRR P

A lead blast furnace is operated at a lower temperature and has a lower coke requirement than an
iron blast furnace. The conditions are not strongly reducing, so iron oxide is kept in the slag. Tte genera

a slag, scrap iron can be used as a reductant:

tE , £, E ¢ (2.5)

The slag will melt around 1200°C and the lead at 330°C. There can be up to four produets from
primary lead blast. The crude lead bullion contains the lead and impurities such as antimongntm, ars
copper, silver, and gold. The slag is traditionally an iron silicate with some lime and can alsozoata
oxide. A matte phase will be created when enough sulfur is present in the feed. Copper may also be

associated with the matte. Antimony and arsenic in excess may react with iron to form, avkpehiss



will contain cobalt and nickel. When the feed to a lead blast furnace is the slag from a reveal, \thk sl
contain soda in addition to lime, and speiss and matte phases will not be generated.

Figure 2.1 Schematic of a Lead Blast Furnace

2.1.3 Containing the Blast Furnace melt:

Used to contain and insulate the melt, refractories must meet several specifications. They should
hold their strength up to a high melting point and be resistant to thermal shock. Chemicattyshey
resist attack from the metal and slag, oxidation, and reduction. They should be stable to store. Finally, the
cost must be considered when choosing a refractory.

Oxide refractories include silica, fireclay (alumina-silicates), alumina, cheomit
[(Fe,Mg)(Cr,AlLO4] and magnesia-chromite (Mg&k: + MgO), magnesite (MgO) and dolomite (CaO +



MgO), forsterite (M@SiOs), more specialized oxides (Zx'h(Q,, BeO). The melting points are highest
of the pure oxides, which increase in the order> D03, CrOs, CaO, MgO. Carbon, graphite, silicon
carbide, and other metals can be used as other refractory materials as well.

To match the acidity and basicity of slags, silica and fireclay are acid refractbeesas
magnesite, burned dolomite, and forsterite are basic. Alumina and chromite are generallglagatral
Where lead slags are created, which are corrosive to all known refractories, a water jacket is used.
Cooling water is circulated around a steel shell, which cools a layer of slag on the inside walle#flthe st
Once thermal equilibrium is reached and maintained, the solidified slag serves as tta@yefract

Refractory bricks can serve several uses. When used as a furnace lining, refractory bricks are
bound with a similarly-composed mortar (with the exception of sheet iron between iteagrieks).
Heating the iron oxidizes it and forms a monolithic structure with the bricks. When used Fationsu
the bricks are more porous, weaker, and less resistant towards slags.

2.2  Primary Operations

Previous work by Oldwright and Miller was reviewed and critiqued by Ruddle. [3] The operating
characteristics of three smelters (Tooele, UT; Kellogg, ID; and Trail, B.C., Canada&yaafitheir main
difficulties were discussed: formation of lead accretions in the furnace and lessl o6 lthe slag.

The reactions in the furnacse are as follows. At the top, the feed is reduced by a gas rich in CO
Sulfur may be distilled off, and PbO is reduced. As the furnace temperature increases the deeper into the
furnace the feed travels, more constituents in the feed are reduced. While some sulfur creates the SO
much of it combines with copper and iron to create a matte or with cobalt, nickel, and arsenie @ creat
speiss. With little matte- and speiss-forming content, the copper and arsenic (if not gd)atdjzort to
the lead bullion. Iron is oxidized and combines with silica and lime to form the slag. Zinc is zediatili
captured in the bag house, and recirculated; or carried out in the slag. The ratio of slagisoométed

order of three to one.

The operating objective of the three smelters differed. Tooele smelted several @dd( 22+
3% S, 13-15% coke), Kellogg smelted a lead-rich charge (50% Pb, 2-3% S, 10-11% coke), and Trail
smelted a feed high in zinc (30% Pb, 10% Zn, 1% S, 10-11% coke). Representative charge compositions
for the three smelters are given in Table 2.3 and material analyses are given in Table 2.4. Every sixth
charge at Toole was a special charge to clean accretions, containing 1,200 Ibs lirigdf8cks blast-

furnace skimmings, 1,000 Ibs converter slag, 4,050 Ibs sinter, 500 Ibs miscellaneous ores, 250 Ibs



siliceous ore, 275 Ibs scrap iron and 1,100 Ibs coke. At Trail the charge also usually contained smal
amounts of material from blast-furnace flues, antimonial slag, copper-dross bars, metallic lead from
sintering machines, refining dross and silica.

Table 2.3 Representative Charge Compositions
Weight in charge (Ibs.)

Material Tooele Kellogg  Trail
Sinter 6,075 2,500 2,550
Lime-rock 1,375 25
Siliceous ore 550 25
Scrap iron 275
Coke 1,100 300 300
Returned scrap 100
Refining dross 50
Zinc plant residue 50 100-350
Bag-house dust 100
Slag shells 200-400

Accretionsformed on the shaft walls and in the crucible of the furnace. The latter may have
required a total shut down, as they can prevent the connection between the lead well and the molten lead.
It is theorized that they begin as difficti-fuse material mixed with pasty sulfides (such as zinc sulfide)
several feet above the tuyéres, and later material settled on top. The sulfides diffuseslandarthard,
slag-like surface developed on the outside. An alternative hypothesis for their formation @imgréofit
Kellogg and Trail) was the vaporization and subsequent condensation of sulfides higher in the shaft.

Fluctuations in furnace temperatures are also a likely contributor to shaft accretions.



Table 2.4 Typical Analyses of Materials Charged

Plant Material Date Pb % SiOz % Fe % S % CaO % Zn % Cu % Sb % As %
. 1929
Sinter 1951 30.0 21.0 18.5 3.2 2.9 4.3 - - -
. 1929
Siliceous ore 1951 36.0 45.0 5.0 3.0 1.0 1.0 - - --
1929
Tooele Converter slag 1951 3.0 20.0 50.0 2.0 1.0 2.6 -- -- --
. 1929
Lime-rock 1951 -- 31 -- -- 52.1 -- -- -- --
. 1929
Blast-furnace cleanings 1951 3.9 25.0 23.0 3.0 10.4 4.8 -- -- --
Sinter* 1930 51.0 , 12.7 2.4 6.8 5.0 0.6 0.3 0.08
1951 30 9 19 1 7 9.5 - -- --
1930
Bag-house dust 1951 60.8 , 0.2 7.2 0.6 7.2 0.07 1.2 0.24
. . 1930
Zinc plant residue* 1951 13.8 , 19.9 8.3 - 9.5 0.5 0.1 0.02
Kellogg 1930
Refining dross 1951 60.2 -- -- -- -- 15.8 0.06 5.0 --
1930
Returned slag 1951 5.0 , 27.1 2.7 104 8.0 0.6 -- --
. 1930
Siliceous ore 1951 8.0 . 3.0 1.1 -- 0.1 0.5 -- --
Trail Sinter 1931 34.0 , 18.6 1.1 6.1 12.4 - - -
1951 35 7.5 16 2 55 9.5 - - -

*K ellogg sinter (1930) contained 40.9 oz/ton of Ag and 0.15 oz/téwiothe zinc plant residue contained 22.6 oz/ton of Ag and 0.052 oz/#uwn
,Quoted as content of insoluble material



Table 2.5 Typical Analyses of Smelter Products

Percentage
Smelter  Product Date Pb Zn SiO2 Fe FeO S CaO Mn As Cu Others
Tooele Dross 1929 67.6 0.3 0.6 2.2 -- 1.6 1.0 0.3 2.2 10.50
Matte 1929 10.70 2.1 0.8 447 -- 23.4 0.4 0.3 -- 12.6
S| 1929 0.89 5.5 35.35 -- 32.0 1.2 20.2 1.1* -- 0.14 Al,O3
a
g 1951 1.6 15.6 23.0 -- 28.5 1.2 15.8 0.75* 0.15 0.3 MgO
Flue dust 1929 34.7 1.9 -- 7.28 Remainder consists of 433, carbon, some Cd, etc.
Al,03
1931 1.4 9.6 23.5 -- 33.6 1.6 14.0 3.2 -- --
Kellogg Slag MgO
1951 0.9-1.5 13.1 25.0 -- 325 2.2 13.5 -- -- -- 50
: Al,O3
2.7 C
1931 60.8 7.2 -- 0.2 -- 7.2 0.6 -- -- 0.07 Sb
Flue dust ]
1951 55.0 6.0 -- -- -- 4.0 - -- 3.0 -- As
510 Cd
MgO
_ 1934 4.35 18.0 18.7 -- 37.2 1.4 7.8 1.3* 0.05 0.19 I
Trail Slag Al,O3
1951 2.8 17.1 20.5 -- 35.0 2.8 9.2 -- -- - 48
. Al,03
Flue dust 1951 55.0 14.0 0.3 0.3 -- 6.0 1.7 -- -- -- 36 Cd

*Expressed as the percentage of oxide



The crucible accretions were layers of mainly zinc sulfide mixed with slag-forming constituents
and some amounts of lead. Likely, the slag materials reached the lead bath and were submerged, where
they fused in the cooler temperature region. This accelerated the formation of accretionsgythveoli
crucible (and limiting the amount of free smelting space for lead). General solutions tortagdiorof
accretions were limiting sulfur content of the feed, adding zinc-sulfide fluxing agents, detdngi the

furnace.

Lead lost to the slag is considered in one of two forms: entrained metallic lead and oxide, sulfide,
or silicate lead. The cause for lead silicate was found to be low CO near the tuyeretergveeatures,
DQG VKRUWHU G ZH O Orivhl ciraky¥ has ith® corsdgufeice@tbbBnGing in difficuieduce
lead silicates and difficulis-oxidize sulfur fused with lead in the sinter. Charging methods that resulted
in fines at the outside, coarse material in the middle, and zinc residue resting on top of the coke and sinter
were found to be optimal. Ruddle suggested experimental work in three directions of focusnifeterm
the nature of lead in the slag (dissolved or entrained), examining the effect of thedeteint of the slag
on the equilibrium between iron silicate and lead (and the effect of sulfur), and treaithesarbon (or
other methods) in a holding furnace. These studies would assist in reducing the amount of lead lost to the

slag.

6HYHUDO QRWHYV ZHUH PDGH RQ W Hndregdihg e ratio 0f 6kxygdKH VPHOW
present in silica to oxygen in bases®o WR G H F U H Doxrtat®n\eémdpéraiueelrdnd §200
to 1100 °C. Further addition of 10% lime reduced it to 1000°C. Lime rejects lead sulfide froagthe sl
and reduces it to metallic lead. Barite was used in the place of lime because it gave a lowatuemper
and more-fluid slag. It also mitigated difficulties with magnesia and zinc oxide. Replane with
alumina raised the formation temperature, but replacing silica with alumina lowérhdst.replacing
equal parts silica and lime with alumina has no effect. Magnesia raised the formation temperature and
made the slag pasty, so it was recommended to be less than 5%. Iron and manganese raised the formation
temperature, but reduced lead and other sulfides and peelveatl oxide from combining with silica.
Zinc oxide was slagged by raising the iron content while lowering silica and lime additions and by

quickly smelting at lower temperatures.

Metallic lead represented a large part of total lead (3.95%) when the slag was slowly cooled
(1.27%) as opposed to granulated (0.60%). This could either be due to oxidation of lead during
granulation or separation of metallic lead during slow cooling. While more detail is given andbrm

constituents of the slag, the accuracy of their methods is disputable.
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2.3  Modern Secondary Lead Processing

Lead-acid batteries contain several lead compounds in addition to plastic and silica-based casings
and separators. Metallic and oxide lead (Pb, PbO, ang) Piee up the grids of the battery, which is
immersed in a lead sulfate (PbJ®lectrolyte paste. Polypropylene is used for the tops and cases of the
batteries and glass fibers (silica) separate the grids.
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Figure 2.2 Cutaway of a Lead-Acid battery. From [4]

To begin the recycling process (illustrated in Figure 2.3), the batteries must be broken and their
components physically separated. Sulfuric acid and plastic can be recovered and treated (extruded, in the
case of the polypropylene) and sold as a byproduct.

Hydrometallurgical desulfurization is a modern pretreatment step before the remyberat
furnace. Battery paste can be stirred with soda ash to generate a solid matahial feuwifeeding into the
furnace and a liquid sodium sulfate suitable for crystallization and sale as a byproducseBisca or
dolomite would create hardés-separate solid sulfates, they are not used. The reaction is given in
Equation 2.6:

2>54E0%%\ 05%E2>%1 (2.6)
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Figure 2.3 Lead-Acid Battery Recycling Flowsheet. From [5]

The desulfurized material, separators, coke and other reductants, and fluxes are then fed into the
reverberatory furnace along with the other lead-bearing components. Separators (ethyldica)eae si
fluxed in the blast furnace. Alternatively, East Penn converts the sulfur dioxide to amminsilfite
liquid fertilizer and purifiest by solvent extraction. Modern reverb feeds are dried in rotary dryers from

20% to <2% moisture, which increases furnace capacity by approximately a third.
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CHAPTER THREE
SLAG FUNDAMENTALS

In general terms, a slag is simply a mixture of molten oxides. Extending this definitiogr fur
TXLFENO\ H[SRVHV D VODJTV FRPSOH[ WHFKQLFDO QDWXUH DQG SXL
processes in order to protect a molten metal from reacting with the environment, to repuvesn
from a melt, to chemically separate species from the feed, or to serve numerous other purpasgs. In m
instances, a flux is added to a charge in order to generate a slag with certain chemical or physica
properties. Some preferred attributes of a slag include: maximum ability to attract alnldesigEments,
minimum potential to attract valuable components, low liquidus temperature, optimal viscosity, and
optimal density. The performance of slags and selection of fluxes can vary greatly due to changing
composition of feed materials. A review of the purpose and properties of well-designed slags can be
found elsewhere. [6] Slag properties highlighted in this work are structure, viscosity, cemdity

environmental behavior.

3.1 Liquid Slag Structure

Describing the structure of a slag has been an ongoing pursuit for the metallurgicalrfetf. O
the earliest models put forth to describe a liquid slag is that of Flood and Grjotheilthdyltreated the
slag as a mixture of cations and anions and used thermodynamic reaction equilibrium equatates and r
constants to determine equations for the slagesysuch a treatment was criticized by Elliettal, but
that criticism was refuted as merely being a limiting case of the original derivatipf@][8]he Flood-
Grjotheim Treatment has been extended to other slag systems, as well. [10] More recent studies have
sought to describe the behavior of slags based on their similarities to polymers or the shadsragd p
orientations created by the molecular bonds. A review of slag fundamentals followed by a discussion of

existing literature is presented in the following sections.

3.1.1 Theory and Fundamentals

One of the most common slag-forming compounds is silicax{S80 an introduction to their
structure will begin with assuming a network exists which is comprised of silicon caitnsfd
oxygen anions (&). Each silicon ion is surrounded by four oxygen ions which are covalently bonded
between that silicon ion and one additional ion, such that the resulting structure is a threexxdahens
network of silicon-oxygen-silicon chains. In a crystalline form, the oxygen ions spread out from one

another at an angle of 109.5°. But when the silica is molten, that network does not show such long-range

13



order, and not every bond is at that angle. Figure 3.1 shows an illustration of these twestascifur

they were taken through a plane of the three-dimensional structure.

When a different cation is added to the silica melt, the structure changes. As an example, lime
(CaO) will be added to the silica, giving it calcium ions{Ti addition to the silicon and oxygen. The
nature of the calcium ion is to dissociate from its oxygen ion, which results in that oxygen iioatiegn
a chain of the previously-mentioned silicon-oxygen network. However, in order to maintain charge
balance (electroneutrality), the calcium ion remains relatively close to the oxygen iore (Fi). As
more and more calcium is added to the melt, the silica network begins to break into smaller pigces as it

chains are terminated. These structures and representative formulas are given in Table 3.1.

Figure 3.1 The structure of silica (crystalline, left; molten, right). From [11]

It can now be seen that there are two types of cations: those that contribute to the chains
and those that break them. Generally, singly-and doubly-valent cations will break the chains while
trivalent or more-positive cations will form them. An analogy can be drawn with aqueous chemistry in
naming these two types: they are basic components (chain breakers) and acidic components (chain
formers). Indeed, when dissolved in water, the pH of a basic slag will be high, and an acidic slag low.
Some components, such as alumina, are amphoteric: they can either contribute to or break chains,

depending on the overall composition of the slag.
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Figure 3.2 lllustration of a divalent metal oxide in molten silica. From [11]

Table 3.1 Structural Relationships in basic oxide-silicate melts. Adapted from [11]

Total Oxygen Corresponding . .
Atoms to Silicon NBO/T binary molecular Structure Equwalieonnt silicate
Atoms formula
21 0 SiO, All corners of Infinite network
tetrahedral shared
5:2 1 02 1Sio One broken link per (SigO15)% or
tetrahedron (SigO20)®
31 2 02 §io, Two broken links per (Siz00)% or (SkO12)®
tetrahedron (ring)
71 3 02 1Sio, Three broken links (SiO7)®
per tetrahedron
(chain)
4:1 4 02 BIO: All links broken Discrete (SiQ*
(orthosilicate) tetrahedra

If one could measure the oxygen ion activity in a liquid slag, they would have an absolute

measure of basicity. However, since only the activity of the neutral oxides can be measlaédea re
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measure of basicity must suffice. In industry, the ratio of basic oxides to acidic oxides isawhputed

as a proxy for basicity. Rosenquist suggests several of these empirical relations: [12]

%=% %=1 ,?e:lgé %=‘E/C1$_l
5 Bl 5 Egl S5EGE #:1, (3.)
Slags with many broken chains, such as those of an orthosilicate composition, are said to be

depolymerized. As it is in a pure silica melt, those with fewer, longer chains are referred to as
polymerized. The degree of polymerization can be quantified theoretically by the NBio/fbrahe

slag, that is, the ratio of non-bonding oxygen atoms to tetrahedrally-coordinated cations:

0$1Lt:1;Fv:6;__
6 6 -
Cation coordination structureSHSHQG RQ WKH UHODWLRQVKLS DQG UHODW

bond with oxygen. Basic oxides, which have a lower affinity for oxygen, tend to have an octahedral

(3.2

coordination, while acidic ones are tetrahedrally coordinated. Amphoteric oxides, suéhaasl Alé",

can be either octahedrally or tetrahedrally coordinated. [13]

3.1.2 Empirical Investigations of Molten Slag Structure

Raman and Méssbauer Spectroscopy are two common techniques used to study slag structures.
When using Raman Spectroscopy, the vibrational modes exhibited by a sample are recorded. These
vibrations are a product of specific chemical bonds present in the sample, and can thus be used to
determine which atoms are bound together, or to how many different atoms a center atom is bound.
Mossbauer Spectroscopy is used on iron-containing samples to determine the oxidation state of the iron
ions. Mysen presented four main structural features in silicate melts: netwdik/ing cations,
tetrahedrally-coordinated cations and their associated charge-balancing cations, ferria inetwask
former or modifier, and other cations. [14] In creating these groups, it is shown that theesfiotelts

can be described by just a small number of structural units.

Network-modifying cations consist of the alkali metals, alkaline earths, and ferrous iran. Thei
effect on the abundance of depolymerized structural units varies according to the ratioaddthiei
number to the radius squaréd®. SiQ, and SiQ* units correlate positively wité/rfor all values of
NBO/Si, while SiOs* units correlate negatively. The relationship for SiOnits varies according to the
NBO/Si value +for low numbers it is a positive correlation, but at values greater than 1.2 it becomes
increasingly negative. Low values Dfr’contain a peak for low NBO/Si melts for,Si® units, while

melts with NBO/Si > 2.4 show an increase in abundanceZiith
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Given enough available large, electropositive cations to provide charge balance, aluminum exists
in tetrahedral coordination. This behavior is shared with ferric iron. The stabilligsé tharge-balanced
complexes is positively correlated wifl? of the charge-balancing cations: KNa > C&* > (F&*) >
Mg#* 7KH 3RWKHU" FRPPRQAIAPD WhicRdenerallyddt IsLnetwork formers. In more
complex melts, the network-modifying effect of alkali and alkaline-earth cations caniteel loy tre

necessity of charge-balancing tetrahedrally-coordinated aluminum and ferric ions.

Iron presents an interesting challenge because it is commonly found in two valence states (ferrous
and ferric); but both are not always considered as separate components. Beyers suggested this is due to
different backgrounds of investigation: steelmaking slags (which are generally at iratica)wr
magmatic liquids (which are fully oxidized). [13] Because there is such a small ferric comiponent
steelmaking slags, its contribution is often neglected. Several authors have given evidence fer multipl
coordination structures for iron ions. Wagigal. analyzed the high-temperature structure of oxidized and
reduced sodium-iron-silicate and showed that reduced samples are less-polymerized thaditesir oxi
counterpartg15] In that work, the ferric ions were shown to be tetrahedrally coordinated, while the
ferrous ions were octahedrally and tetrahedrally coordinated. Kress and Carmichael showebéghat as t
Fe* )H UDWLR GHFUHDVHV WR OHVV WKDQ WKH FRRDEHQLW DR Q
to octahedral.[16] Dingwell and Virgo noted that this change is associated with a decreaseity.viscos
[17] Because a change in oxidation state could result in a change of polymerization, it has been

recommended that ferrous and ferric iron be treated as separate components in models.

3.2 Viscosity

As a liquid, one important property governing the behavior of a slag is its visattsity
resistance to flow or shear deformation. Some liquids (such as water) have low viseasiftesthers
have much, much higher viscosities (such as pitch). There are also liquids that have visaisities th
change according to the rate at which the shear stress is applied. The Sl unit for visttesPascal-
VHFRQG 3DAV NJ VAP DOWKRXJK WKH FJV XQLWV RI SRLVH 3 I
The viscosity of water at room temperature is approximately one centipoise, which is el to
millipascal-VHFR QG F3 P3DAV

Viscosity can be found as the slope of shear stPesssus shear strain re @Fhe simplest
relationship is that of Newtonian fluids, in which the viscosity is constant for at s&t&s. A Bingham

plastic will behave like a Newtonian fluid, but some initial shear stBassist be reached first.
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Figure 3.3 Abundance of anionic structural units in binary metal oxide-silica systems as a function
of Z/r? of the metal cation for bulk melt NBO/Si-values as indicated in the figure. From [14]

Two other fluid types are pseudoplastic and dilatant fluids, which have viscosities thaselecrea
and increase, respectively, with strain rate. The four fluid types are shown in Figurei@yisvaim
adaptation from Poirier and Geiger. [11] Viscosity can also be affected by time spent uradi@nagit
thixotropic fluids will exhibit a decreasing viscosity with time, while rheopectic fluidisexdtibit the
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opposite. Generally, any fluid whose viscosity is not independent of shear rate or agitatiomis a N

Newtonian fluid.

Shear Stress, T

Strain Rate, y

Figure 3.4 Shear StresstStrain Rate relationships for various fluid types. Adapted from [11]

$ 10XLGTV factoxs b \AlL trée fundamental transport phenomértdaZ WR Q TV /D Z
G HV F U L E Hiindnaltio WdcaaifyV  3aé as its resistance to momentum transfer:
Foeq,;
@Uu
When using the first formulation and the kinematic viscosity, the constant has units of length
squared per time, which makes it analogousandD LQ )RXULHUfY DQG )LFNMhY /DZV UHV

shear stresg« which develops on a stationary plane is a function of the change in momé&ntoxer

X % - F&,
lie L aH e L BH@&LP (3.3)

the height of the filntly. In this case, the velocity (or momentum) gradient is that between the plane,

where it is zero, and the surface of the flowing film, where it is at a maximum.

For a fluid flowing in a pipe, the Reynolds Number describes flow behavior as being laminar (Re
< 2,100) or turbulent (Re > 2,100). Here, when the viscosity increases for a given average flow &elocity
and pipe diametdD, the Reynolds number will decrease, meaning that a more-viscous fluid will exhibit
more-laminar flow, or that a more-viscous fluid will exhibit laminar flow ghir velocities than a less-

viscous fluid.

8 8¢
L— (3.4)
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The terminal velocity of a sphere falling through a stationary fluid can be determined by applying
a force balance on that sphere. Equation 3.5 shows the result of combining the effects of buoyancy,
weight, and drag W KU R X JK 6 WRiNeHAllifig/dptere. [L11ITKH I1OXLGYV YLVFRVLW\ DSSH
denominator, which means that the terminal velocity would increase when the viscosity dealieases;
other factors being constant.
- t45:6,.F &C

¢ B (3.9
Because blast furnace slags float on top of the liquid lead but lie below the feed, lied¢ebpaust travel
through the slag before it is tapped or they risk becoming entrdiriedy do not, the entrained particles
represent a loss in production. If the slag viscosity is high, the terminal velocity alfrtiodes will be
lower, andt will take longer for the particles to settle through the slag. Thus, it is apparentdhetra |

viscosity is beneficial for maintaining a higher throughput.

$ 10 Xdver§oé heat transfer coefficidnis also a function of its viscosity. Empirically,

CH — G oo pa
DL L— :r&x r4arr74ady (3.6)
where the Prandtl Number,
- éL Boé
V- ? (3.7)

defines the relationship between momentum and heat transfer. A higher viscositgredbe the
Prandtl number, which will increase the momentum transfer boundary layer without affectimgrthal
boundary layer. Because the Prandtl number (where viscosity is in the numerator) is raised taé power
0.343 but the Reynolds number (where it is in the denominator) is raised to a power of 0.5, an increasing
viscosity reduces the average heat transfer coefficient of the fluid. Because thieecaddwer heat flux

per temperature gradient with a more-viscous slag, it will insulate a melt better thaniadess-one.

Viscosity inversely affects the diffusiviy of non-reacting spherical particles of radRis

liquids at temperatur€ according to the Stokes-Einstein equation:

é)} 6 as
xe 4

(3.9)

Diffusion-controlled reactions which occur at the slag interface (either slag-metafenefractory) will
do so faster when the viscosity is lower. To maintain a higher refractory lifetime, it woutehéfcial to
have a higher viscosity (neglecting any effects of mechanical erosion). But, to increasetibe rates

at the slag-metal interface, a lower viscosity is desired.
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Viscosity is known to change with temperature, although no one single equation governs the
behavior for all fluids. Sridhar has presented a review of several common models. [18hanidstype
model is commonly used to model viscosity as a function of temperature. In that method, a pre-
exponential termd and an activation enerdss are employed. The activation energy describes the energy
required to break the bonds between the silica units and allow them to move along one anotiséy Visc
measurement data is often used to empirically determine valudsfatE, for use with specific

systems:

RL HeEl (3.9)
lida developed a model for the viscosity of a mixture made up of components with mole fractions
Xi based on their melting temperatikg , molar volume W, and molar weight1\Wi.
a
LI Ry (3.10
L@ 5

AA
19 (HE esET
Pyl saHsi H 3

o
8, 187 4ETea0

(3.11)

*oLwa H $3% (3.12)

Weymann took a statistical approach to modelling viscosity. [19] According to that method, a
geometric criterion (that a hole must be present) as well as an energetic criteri@species has
enough energy to move into the hole) had to be met. [20] Simplifying the terms from the original work,

the equation becomes:

RL #g €47E°Ely (3.19)
Riboudet al. created equations fésandEw which are functions of slag compositions. [21]
They relied on establishing five groups of similar-behahB PSRQHQW\W K36HK DOVR FRQWDLC
P.Os, TiO2,and ZrQ  3&D2° 0J2andBQis 30 3&D) D Q& 2% (K:0).

OLOOV &KDSPDQ )R] DQG 6ULGKDU FRQGXFWHG D PURXQG UR
models. [22] Their study collected viscosity measurement data on several types of sladsnaaueri
HYDOXDWHG PRGHOVY SHUIRUPDQ FHM&dA gSngrialig fiit eVl iged ugediod YLV F R\
mold fluxes, coal slags, and blast furnace slags. RiebalfV PRGHO ZKLFK ILW PROG IOX][ )
the best, did not perform well for Cae05-SiO; slags.
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3.2.1 Theory and Fundamentals of Viscosity Measurement

To measure viscosity, a viscometer is used; the most common type of which consists of a
cylindrical spindle connected through a spring to a motor. The derivation below follows thesdgi
Mills and Van Wezer. [23], [24] When the surface of the spindle is used as the plane referenced by
1HZWR Q th¥ sbeBratress on it is a function of the applied tdvtjaed a characteristic shape

factorf,

iLEH/, (3.14)
wheref is found using the radiug and effective length of the spindle:

s .
BL Te 2 (3.15)
When using a viscometer, the applied torlyuean be written as a function of the displayed
percentagéoT of the Y L V F R PrHaWImUoh forquéM ma,

I'L"6 H/ 306 (3.16)
The shear rat Ui related to the speed in RPM using a proportionality fagtor

Cb YH 421/a (3.1%)
which is determined using the radius of the spindle and crucible R

¢ 48

UL——a
( S48 F 4f; (3.18)

By substituting equations 3.15 and 3.16 into 3.14, equation 3.18 into 3.17, equations for shear

stress and shear rate are found:

"6 H/ z0¢
L—2Y° ¢4

teasp . T (3.19)
op 42! He-§ 5
sVH:48 F 4§; (3.2

The viscosity can then be found two ways. It can either be found by determining the slope
through a series of shear stress and shear rate pairs, or by dividing the shear $teesisday tate at
which it was recorded. The second method is expressed first in terms of physical constant&im equat
3.21 and, after regrouping those constants into a Torque Cohktand a Spindle CodeMC *as
Brookfield does when using their viscometetia equation 3.22. The physical constants that make up the

SMCare shown in equation 3.23.
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"6 H/ 306, yawW 48 F 45; s

L2 e tagy T (329

"6 H6- H5/%Hsrarr )

BL 127 a (3.22)
BH/ a0

0 -

5//(I'O/1,H:6— Hsreitrr;HSrr (3.29)

Wright reviewed previous viscosity measurements at the international conference of mo#ten slag
fluxes, and salts and discussed their benefits, shortcomings, and salien{Zgjikhile no single
method can span the full range of viscosities (see Figure 3.5), the rotating cylindejuedtfar and
away the most-common technique for measuring high-temperature viscosity. Yet, these measurements are
not undertaken without difficulty. Reactions between the container and measurement materia can lim
available setups, and many melts have viscosities that are still too low to beedgcneaisured by these

systems.

As modeling becomes more and more widespread as an investigative approach, its uncertainty
will continue to shrinkasthe reliability of databases continues to grow. These uncertainties are, at
present,inthex UDQJH ZKLFK LV FORVH WR WKH VDPH UDQJH JLYHQ IR
2012 study investigated the causes and results of various types of spindle, shaft, and crucible

misalignment.

Ken Mills has been given much credit for his collaborative approach and efforts to standardize
these types of measurements. He sought to identify best practices and a standard reference material
(SRM) for determining slag viscosity. [23], [26] The previous SRMs for high temperasoresity
measurement (NBS 710, 711, and 717) have viscosities which are approximately an order of magnitude
higher than most metallurgical slags. He determined that contact materials were an imgidatidt
affected the results (graphite had a particularly pronounced effect). Other recommertdatibasnade
included drying the sample overnight, using molybdenum components, using a neutral or reducing
atmosphere, centering the melt in the isothermal region of the furnace and determiremptrature
difference between the furnace thermocouple and the melt, using a maximum temperature of 1400 °C,
calibrating thermocouples (against previously calibrated ones) and viscometers (with @il8.i+1h0
Pas range and NBS 710 at high temperature), testing in repetitions of threes, and conducting post-mortem

chemical analysis. Measurements using molybdenum components had the least scatter at +10 K.
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Figure 3.5 Applicable ranges for methods and materials used in the study of viscosity. From [23]

3.2.2 Empirical Investigations of Viscosity

As slag viscosity can affect the amount of metal lost due to entrainment, mass and heat transfer,
and service life of refractory materials, understanding its changes with composition atemeper other
process variables is critically important. Dozens of labs have performed viscosity ensastis; which
has led to dozens of viscosity relationships that cover specific fluid types (blast furnacenslag
fluxes, etc.). Very few empirical relationships are accurate over the entire rangesityisglevant to
metallurgical processes, but many are accurate for smaller ranges relesait t-tRQ GLWLRQV RI WKH

studies.

Early experiments were conducted using a falling-sphere method on molten optical glasses and
binary alkali and alkaline-earth silicates. [27] Modern experiments have been dominated by theiconcentr
cylinder method, described previously. Although the viscosities of the optical glassessaderedly
higher than those of metallurgical slags, many of these glasses contain the same oxide components as slag
systems, so these studies can hold useful information for a metallurgist. Sftatdisund that in binary

alkali silicate mixtures, the viscosity increased according to K > Na > Li (on an equimotgr [28]i

24



Mackenzie investigated the viscosity of binary alkaline-earth silicates. [29] ta upeto 60 mol% metal
oxide, the activation energies were calculated (using the Arrhenius form) and found to belstletly
than those of the binary alkali silicates, as shown in Figure 3.7. Urbain and Gupta (separately)
characterized the viscosity of the PbO-Slfihary system and found the viscosity to decrease with

increasing lead content. [30], [31]
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Figure 3.6 Viscosity of Alkali Silicates. Fran [28]
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Figure 3.7 Activation Energy for Viscous Flow in Alkali and Alkaline-Earth Silicates. From[29].
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Another realm containing similar molten oxide components is volcanology, where silicate melts
representing magmatic systems closely resemble slag systems. While there has been little note made of
sodium oxide as a component, either minor or major, in lead smelting slags it has seen attention in
association with magma-like silicate liquids. Dingwell and Virgo analyzed viscoditsslimm-iron-
silicate melts with varying compositions equilibrated under air in the temperature range of 800-1450°C
[32] Their melts were along the P&4Oy tNasFe4Os join containing 5, 10, 20, 30, 40, or 50 wt% of the
latter; or along the Si&NaFeQ join containing 12.5 (SFN6), 25 (fe-albite), or 50% (acmite) of the
latter (see Figure 3.8).

Na,0 Fe,04

Figure 3.8 Graphic representation of experimental points used by Dingwell and Virgs2]

Their data showed that viscosity decreases with decreasing silicate content of the melt and, withi
error, obeyed an Arrhenius relationship. They used an equation similar to Eq@uatimmodel the
viscosity-temperature relationship of their melts, witim 3.9 being comparable to -leg o. The
activation energies and pre-exponential constants from that model are given in Table 3.2ilidatthe s

content decreased, the activation energies and pre-exponentials decreased.

Additionally, they investigated the effect of the ferrous ion on viscdsity Two melts from
their previous study - acmite and NS4F#@ere chosen because they represent a fully polymerized
(acmite) and de-polymerized (NS4F40) melt. To chang&¢fé Feratio, a COLO, atmosphere was
controlled above the melt without changing the sample, temperature, spindle immersion depth; three
items which can lead to considerable imprecision. The acmite melt at 1430°C showed a decrease in
viscosity with decreasinge®’/ Fe: 23 poises at the most oxidized to 9.5 at the most reduced (a factor of
24) 7TKH 16 ) VDPSOHTV YLVFRVLW\ GHFUHD¥deGedse iDvistoBitW RU R |
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was the result of depolymerization caused by reduction of ferric iron to ferrous iron and the

accompanying change in coordination structure from tetrahedral to non-tetrahedral.

Table 3.2 Arrhenius constants for sodium-iron-silicate melts. Frong2]

Sample Ea(kcal/mole) -logio o

NS4F5 40.8 3.41
NS4F10 39.8 3.53
NS4F20 36.3 3.58
NS4F30 35.9 3.98
NS4F40 35.2 4.27
NS4F50 33.7 4.39
SFNG6 61.9 4.41
Fe-albite 52.7 461
Acmite 42.6 4.14

Sukenagat al.also concluded that the viscosity of a 38Dal0FeO; £0SiG (mol%) melt
decreased with decreasing®#eFe ratio. Their data is shown in Figure 3.10. Again, the decrease in
viscosity with decreasing ferric content was attributed to the change in coordinatiturstaiche
melts.[33]
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Figure 3.9 Viscosity as a function of ferric iron to total iron in Acmite and NS4F40 melts. Adapted
From [17]
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Figure 3.10 Viscosity as a function of ferrous to total iron. Fronis3]

Altman et al. conducted one of the earliest investigations on industrial lead smelting slags
containing predominantly CaO, FeO, and S5i34] The other constituents were ZnO, MgO:&l Pb,
and S, and temperatures for all tests ranged from 1126 to 1298 °C. They fit their data to an Aypenius-
equation using a concentration ra@® of SiQ,, Al,Os, and MgO to CaO, FeO, ZnO, and S.

XZrat

Z'BL s&xXriZ' ' %4E Fudzza (3.24)

S5ESE#1,E/C1 _

% L - >
%tE (AE<J E5a (3.29)

Battle and Hager determined viscosities of a variety of lead smelting slags in eatmusilicate
systems from 1150-1350 °(35] Slag viscosities were found to be independent of spindle RPM (which
validated the assumption that they were Newtonian fluids) and immersion depth beyondt2 cm. A
shallower depths, the surface tension and end effects increased the error in the measurerostar Res
several of their experiments can be seen in Figure 3.11. Viscosity was dependent on composition and
temperature: it rose as the weight parameter (described below) or temperature decreaséue ohé v

poise was discussed, albeit briefly, as beidgal” for lead smelting slags.
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OAECORN=IAD A E/CLIE<JE2>E %CH(AE(AI/ENS
/ i a 5T E#E1y (3.26)

The rise in viscosity as the weight parameter decreased was attributed to the chiaig-for

behavior of silica and alumina. An increase in the temperature at which viscosity robewharp
attributed to the basic oxide components, and corresponded to a rise in liquidus temperature. After
comparing available data sets, they proposed the following general expression (equation 3.27) for
viscosity at a given temperature. Coefficients, @, etc.) were then fit for several temperatures. It was
noted that the correlations reporiadhis study (Table 3.3) are limited in applicability to systems within
the examined composition rangea cautionary statement which can be made of any similar study.

RL #4E #;H92 E #, HI2P E@E #¢ H9 2 (3.27)

Figure 3.11 Viscosity as a function of temperature, immersion depth, and spindle RPM. Adapted
from [35]
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Table 3.3 Results of curve-fitting procedure for viscosity correlations. From [35]

Temperature, °C WP, o (Poise) Ao A1 Az As A As
1150 2.46 1.8 745.55 -1858.69 1864.35 -933.95 233.03 -23.13
1200 2.77 1.1 242.97 -516.54 447.28 -195.31 42.86 -3.77
1250 2.19 1.0 437.78 1253.29 1459.92 -856.70 252.03 -29.64
1300 2.21 0.7 614.65 -1783.74 2069.13 -1192.85 341.15 -38.70
1350* 2.42 0.4 70.53 -67.80 0 0 0 0

116.13 -258.73 219.74 -82.68 11.53 0
*The first parameters are valid for WP < 0.92 and the second for 0.92 < WP < 2.42

Reddy and Zhang studied calcium-iron-silicate industrial lead smelting slags over a similar
temperature range. [36], [37] The authors commented that preivious correlationsVXFK DV $OWPDQ T\
RU % DWW O H T8&vedxa6agand Hdprhximation, they failed to differentiate between individual
basic or acidic components, as they generally took the sum of the former divided by that of the latter
ReddyDQG =KDQJYYVY FRQWULEXWLRQ WKHUHIRUH ZDV WR EULQJ WKF
that accounted for both composition and temperature:
si’

ZBL (H E T #u0.9PE $4ET $u »:-9A,H—6a (3.2§)

where X is the weight percentage of network-forming oxidesg; ¥ the weight percentage of metallic
oxides or other non-network forming components in the slag, and thel iitand T are3D AVKD Q G
respectively. Combining data from several previous studies (Urbain, Gupta, AtragrBattle and
Hager) with their own, their regression produced the values in Table 3.4.

3.3 Density

$ VXEVWDQFHTY GHQVLW\ LV WKH DPRXQW RI PDVV FRQWDLQH

kilograms per cubic meter, kgfmAt room temperature, water has a density of approximately 1,000
kg/m? (1 g/cn? $ VXEVWDQFHTY GHQVLW\ GLYLGHG E\ WKH GHQVLW\ RI Z
For comparison, Ligquid lead has an s.g. of ten at its melting point, and slags have an s.g. between two and
five. This difference makes for a relatively easy separation of the two phases. Thedquaeiiy

YROXPH SHU PDVV LV D IOXLGYV VSHFLILF YROXPH RU ZKHQ GLYL
considering a mixture of components, the contribution from each component is termed its partial molar
volume. Because multicomponent slags can contain more than one phase in the form of immiscible

liquids or solid precipitates, an accurate calculation of density is not always $traigind.
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Table 3.4 Regression results for Reddy and Zhang's viscosity equation. From [37]

Constant Value Input Data Range
Ao -575715.3740%0° Temperature 719°C to 1433°C
Asio, -389437.4952x16 SiO; 8.24 to 36.8 wt%
Ani0, -390404.5030x18 Al,O5 2.11 to 11.5m%
Bo 786518.4490x10 MgO 0.2 to 9.5m%
Bwmgo -771212.5136x16 CaO 3.3 to 21. Mit%
Bcao -800472.4918x16 Zn0O 0.54 to 24wt%
Bzno -784229.3480x16 FeO 9.37 to 34. Mt%
Breo -791899.5395%0° PbO 0.13 to 91.767t%
Bebo -788793.4502x16 CuO 0 to 23.18nm%
Bcuo -610832.3709x16 NiO 0 to 7.47wt%
Bnio -431765.0764x10 S 0 to 6.8wt%
Bs -902650.2835% 16 Viscosity 0.027 to 19.20 Pa.s
Bothers -688434.7979x16

3.3.1 Theory and Fundamentals of Density Measurement

Many empirical investigations db | O Xl&nSity Yely on its contribution to buoyaneyhe
upward force exerted on a body by a fluids a measuring principle. This approach is called
$UFKLPHG H VFpramy\dbiet,@s weighb is equal to its masso times gravitational

acceleratiory.

9¢eLlegH @ (3.29
Archimedes stated that the buoyant fdfg®n an objecis equal to the weight of the fluid
displaced by that objedn a separate finding, he determined that the displaced volume of fluid is equal to

the immersed volume of the object (Eurekal).

(6L 1oHCL %0zanedé H @ (3.30
Once the object is immersed in a fluid, the buoyant force acts against its weight to @moduce
apparent weighiVi. This is illustrated in Figure B2, where the object seen is the cresstion of a
cylinder with radiug and immersed depth $Q HUURU WHUP O LV LQFOXGHG LQ WKH |
effect of surface tension; assuming the object is not fully immersed or that it is ezhtoeatwire

extending out of the fluid.
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9:L 9: F()E M IsH CF:gH NHD; HCEY (3.31)

If that immersion depth is changed, a second apparent iightcreated:

9¢L1sH CF:gH N HD:;HCEY (3.32)

Figure 3.12 lllustration of an object's apparent weight as it is lowered into a fluid.

After the second apparent weight is subtracted from the first,

9: F9:,L ¢gH W HDLFDy; H & (3.39

the terms can be rearranged to yield the density of the fluid in which the object is ithmerse
dsFle;

6 H FD:C (3.39

By taking the difference of the two apparent weights in this manner (and not the weight and an

apparent weight), the error from surface tension is cancelled out.

Early density studies used a platinum bob that was spherishape suspended by a thin
platinum wire. [27], [28] The sphere was hung from a balance and immersed in a fluid. Weights were
added to or removed from the opposite side of the balance, and the velocity of the ball was rElcarded.
equilibrium YHORFLW\ RI WKH EDOO ZDV WKHQ XVHG Zli/iKkmersed QLSXODYV
mass. That mass was divided by the volume of the sphere (corrected for thermal expansion) to yield the
density of the fluid. Measurements in this manner are only reliable up to viscosities of about 500,000

centipoises.
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Bockriset al. used a similar balance apparatus, but used bobs that were cylinders with conical
ends instead of spheres. In an effort to negate the effect of surface tension, the two c@thttersame
stem diameter, but different volumes. The density calculation was made by subtracting the awgypbuoy
results. [38] Later studies also ughis two-bob technique, but measured the mass of the bob at a steady
depth. [39], [40]

By studying the density of a variety of fluids and using a regression function on the data set, the
partial molar volume (PMV&RI WKH IOXLGTV FRPSRQHQWY FDQ EH GHWHUPLQ!
EHHQ FUHDWHG WKURXJK FDUHIXO H[SHULPHQWDWLR@QVKH GHQVI
can be calculated as a function of the mole fracipmolar weightMW, and PMV,

, FiigHI9
G‘BULWa (3.35)

3.3.2 Empirical Investigations of Density

Shartsis and Spinner first characterized a variety of optical glasses produced by I8 iaf
their viscosity, density, and expansivity; the latter two of which had not been studied in miich dep
before. [27] Capps joined them for further work on binary alkali silicate mixtures. [28jddeiork
presented an attempt to model the densities of the systems, but the latter showed that density decreased
and thermal expansivity increased with increasing alkali content. Bockris, Tomlinson, andMthite

studied molten binary alkali silicates, including a pair of ternary compositions.

Bottinga and Weill collected and evaluated existing silicate partial molar volumdrazaalihg
that of Bockrisget al). [41] They fitted partial molar volumes as a function of silicate mole fraction, the
compared their calculation to measured data; finding good agreement. They concluded that density of
complex silicate systems could be calculated from their composition with an error comparable to that of

experimental determination.

That data set and model has been expanded upon. First, Nelson and Carmichael experimentally
validatedit through experiments which included more complex melts as well ascoi@aining melts.
[39] Their regression approach yielded slightly different results than Bottinga and Wah tivey
attributed to the modeling techniques employed: their model was regressed from data contaéming larg
number of ternary melts, instead of the previous technique of using two previously calculated patrtial
molar volumes (from binary melts) to calculate the third in a ternary melt of knowmg&oMoet al.

again added to the data set by determining partial molar volume valbe®ef[42] Ferric iron had been
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neglected from previous models due to its appearance in only low concentrations. They fitahe parti

molar volumes to a linear function of temperature,

Lange and Carmichael critically reviewed the accuracy of the generally-accepted density data set
DQG GHWHUPLQHG WKDW VHYHUD 43V WheyGHL.GH\PIL Q B AX7HD dat&kmDNAH LVONDXGA
include only measurements which had been taken with the Archimedean double-bob technique. This
allowed them to present a new, more accurate regression of partial molar volumes asradtinctio

temperature; the parameters of which are in Table 3.5:

&;6; L ﬁﬁg,;;mE%ﬁ’éanyyu;a (3.36)

Dingwell et al. determined several densities within the@d&eOFe0s-SiO, system and found
their own values for the partial molar volume of ferric iron in silicate meh$.Their values suggested
that the partial molar volume of ferric iron had a compositional dependence. However, upon review of
analytical techniques used for sodium-iron-silicate melts, Lange and Carmichael highlighted that
Mdossbauer spectroscopy overestimates tRedeenponent in high-iron (>14%) silicate systefag]
They poined out that while the density measurements of Dingetedl. are consistent with their own
previous investigation, the discrepancy in their calculated volumes could be attribinedies from

this compositional error.

Table 3.5 Fitted oxide PMV parameters; one standard error in parentheses.
Units are cm?/mole and cn¥/mole-K. From [43]

Vi,1573 K Vi,1673 K Vi,1773 K Vi,1873 K d\/I/dT X 103
Sio, 26.92 (0.07) 26.90 (0.06) 26.91 (0.06) 26.90 (0.06)  0.00 ((
TiO, 2243 (0.32) 23.16 (0.26) 23.89 (0.25) 24.60 (0.27)  7.24 ((
Al,O, 36.80 (0.21) 37.11 (0.18) 37.37 (0.17) 37.63 (0.18)  2.62 ((
Fe,O, 41.44 (0.31) 42.13 (0.28) 42.97 (0.29) 43.94 (0.36)  9.09 (:
FeO 13.35 (0.18) 13.65 (0.15) 13.97 (0.14) 14.23 (0.16)  2.92 ((
MgO 11.24 (0.15) 11.45 (0.13) 11.73 (0.12) 11.98 (0.13)  2.62 ((
CaO 16.27 (0.11) 16.57 (0.09) 16.85 (0.09) 17.15 (0.10)  2.92 ((
Na,O 28.02 (0.12) 28.78 (0.10) 29.51 (0.10) 30.26 (0.10)  7.41 ((
K,O 44.61 (0.20) 45.84 (0.17) 47.01 (0.16) 48.22 (0.17) 11.91 (l
Li,O 16.19 (0.18) 16.85 (0.15) 17.36 (0.14) 17.90 (0.15)  5.25 ((

Na,O-TiO, 20.33 (2.71) 20.28 (2.25) 2021 (2.14) 19.99 (2.32)
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3.4  Solid Slag Structure

Jak and Hayes compiled common experimental methods for phase determination, the object of
such studies, and examples of the method in use. [45] In doing so, they highlighted that these experiments
should only be performed after extremely careful consideration of the properties aftém,ghe
reactivity of the system with potential containment and measurement methods, and therignfahe
proposed experimental techniques. Otherwise, they cautioned, the data from these experiments may lead
to incorrect conclusions. They stated that electron probe X-ray microprobe analysis (EPMA) is t
preferred technique for phase identification and measurement, with X-Ray DiffracR@) @ a
complimentary method. Although Energy-Dispersive Spectrometry (EDS) can provide rapid, semi-
guantitative phase information, they regarded it as unsuitable for accurate phase diagram determinat
Instead, Wavelength-Dispersive detectors were recommended for accurate chemisal afndlgse

phases.

With increases in experimental understanding has come an expansion in the power of
thermodynamic modeling. Modeling advances make it possible to accurately and reliably investigate e
more complex systems that have been difficult (or impossible) to do so previously. Software packages f
analysis of multiphase equilibrium systems with databases include Thermo-Calc, FACT, ChemSage,
MTDATA, and GEMINIZ2. [46] Data assessment has been performed and solution models have been
developed by SGTE (Scientific Group Thermodata Europe). FACTSage and ChemApp present a user-
friendly experience for exploring thermodynamic databases, while Thermo-Calc and Dtofine

thermodynamic databases with kinetic models.

3.4.1 Phase Separation

The foremost relationship describing phases at equilibrium is the Gibbs Phase Rule, which states
that the maximum number of phageplus the number of degrees of freederis equal to the number of

non-reacting components in the syst€mlus two.

2E (L YE ta (3.37)
ThephasesL,Q D V\VWHP DUH WKH GLVWLQFW 3SDUWV"~ VROLGV OLTXLC
physically separated. Thiegrees of freedonefer to the conditions of equilibrium (temperature,
SUHVVXUH DQG FRPS Bovhpoldnt@ theSubstahdésiuzgdvo create the phases
(elements). By definition, phases at equilibrium with one another must have the same temperature,

pressure, and chemical potential of their components.
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If it is assumed that each phase contains every compd@rgguations are needed to specify a
phase§ composition (any more than that become redundant). Adding to the compibditio \VWHP IV
temperature and pressure means®{@t1) variables are required to specify equilibrium. These
variables fit intoP-1 equalities (again, more would be redundant), which when summedRi&)C+2)
equations. Collecting the numerical difference between the number of variables and the number of
equations as the degrees of freedom and rearranging the terms yields EqRatdno@:. This
GHULYDWLRQ ZDV D VLPSOLILF DONanikq ERuiliviknij4¥] JLYHQ LQ 'HQELJKY

When two- and three- component systems are under consideration, their phase distributions can
be displayed graphically usimdnase diagramdn either case, pressure is customarily set at one
atmosphere. Two-component systems lead to two-dimensional binary diagrams, which display
composition versus temperature. While three-component systems can be created using three-dimensional
diagrams (as two dimensions are required to establish composition, leaving temperature to a)third axi
is simpler to extract information from them when they are plotted at a fixed temperature ansliafyr
FRPSRVLWLRQ $Q H[FHOOHQW UHIHUHQFH IRU FPRRaDMyIabisWLQJ D Q(
in Metallurgy. [48] Presentation of quaternary, quinary, and higher systems can be done in two or three
dimensions by simplifying the system into pseudo-ternary systems or by overlaying temperature

information on plots in compositional space.

Phase development in slags is dependent on the rate at which they are cooled. When they are
cooled slowly enough for equilibrium reactions to proceed to completion, slags will form several soli
phases due to differences in th&iR P S R @CHQal\sWUEtures, atomic sizes, valences, and
electronegativities. [49] When they are rapidly cooled, slags can retain nonequilibriumabtetast
phases. These phases are not the most stable according to thermodynamics, yet unfavoble kineti

prevents them from transforming.

The nucleation rate @fphase transformation can be broken down into three components: the
IUHTXHQF\ RI WKH VROLG DWRPVY YLEUDWLRQV HVUKBIF b DWR NDR\L @ KW
solid, and the rate at which a stable nucleus is formed. [50] The first component, the frequency of the
VROLG DWR P,yrviddska Waik\wpdeunities per second) for there to be an available site for an
incoming atom. This is a result of the thermal energy of the solid. The rate of an atwssingtthe
second componentcomes from the existence of an activation energy barrier between the solid and liquid
phases7KH WKLUG WHUP UHIHUULQJ WR D 3VWDEOH"™ QXFOHXV FRPH)\
a solid of one phase appears in another. A competition exists between contributions of the (negative)

volumetric free energy term and the (positive) surface energy term, which is illustratedra 3=i8. If
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the solid phase is assumed to be spherical, there exist small radii at which the torarfrgeleange

increases when more atoms join the sphere. This is thermodynamically less favoralelspbete tends

to shrink. If enough atoms form a sphere with a radius larger than that critical value (marked by the arrow
in the figure), the sphere will continue to grow.

Figure 3.13 lllustration of Free Energy Changes Associated with Growth of a Spherical Particle.
From top to bottom, the lines represent the surface energy contribution, the total free energy, and
the volumetric energy contribution.

The latter two components are plotted for a generic system in Figure 3.14. The rate of @an atomi
jump decreases with decreasing temperature, because it becomes less likely that the atomsheill have
energy required to cross the interface. Higher temperatures will result in juhigheatfrequencies and
jumps to higher energy levels. The rate of stable nucleus formation decreases with in@egsngttire
because it is a function of the degree of undercooling (the differencedrdteezing temperature and
the actual temperature of the melt). This is because the critical radius and energyl regriease with
temperature. The overall rate of nucleation is the sum of these components, and has a maximum that lies

somewhere in between these low- and high-temperature extremes.

If Figure 3.14 is rotated, Figure 3.15 can be created, which is a generalization of a Time-
Temperature-Transformation (TTT) diagram. It can be used to predict which phases would be formed
under different cooling rates. If the temperature is brought down slowly, many nuclei will forrhit lsit
done extremely quickly, none will form, and the result will be a glass. This is because althoagté
thermodynamically more favorable for crystallization to occur, kinetically it caiiole considering

diffusion, it is also noteworthy that composition can have an effect on crystallization. Acidiastdgss

37



prone to crystallization than their basic counterparts because it is easier for thesdrearteolymer

chains to rearrange.

Figure 3.14 Rate Components' Contributions to Nucleation. Frons0]

Figure 3.15 Generalized TTT-Diagram for a phase transformation. From [50]

3.4.2 Phase Diagrams of Relevant Oxide Systems

Many of the oxides used in this study ¢NaFeO, SiQ, BaO, PbO, Af3) form binary and

ternary compounds with at least one of the other oxides involved. Binary and ternary phase diagrams for
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those systemawhether thermodynamic optimizations, results of experimental investigations, ot both
are presented in this section. Since there are three compounds in the base system and three impurity
oxides, there should exist twelve binary systems and ten ternary systems.

3.4.2.1 NaO-FeO

Four compounds were calculated to form between FeQNag@: NaFeOs(at 17 mole percent
Na0), NaFeQ (25 mol%), NaFeQ; (50 mol%), and NgeQ; (66 mol%). [51] They can be seen in
Figure 3.16. The lowest eutectic reaction is at 898 K and 75 mNaé®, at which the liquid solidifies
into NasFeQ D Q ®la:0. Some high-temperature solubility &0 in the wustite solid solution exists,
up to a maximum of around 15 mol% at 1230 K.

3.4.2.2 NaO-SiC;

By calculation of thermodynamic data and comparison to previous datdaAReSiO, phase
diagram (Figure 3.7) has been obtained. [52] It contains two low eutectic regions; one at 19 moj% SiO
and one at 76 mol% S30A variety of sodium silicate intermetallics form with no solubility 4Sl@4,
NasSi0O7, N&SiO;, NaSi;Os, and NaSigOso.

Figure 3.16 Calculated optimized FeONa;O phase diagram. From[51].
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Figure 3.17 Calculated NaO-SiO; phase diagram showing presently calculated and previously
reported (in parentheses and brackets) temperatures. From [52].

3.4.2.3Fe0O-SiQ

The FeO-Si@system has been studied extensively as it forms the backbone of a variety of
industrial slag systems. Belaw Figure 3.18, the system has been thermodynamically calculated. [53]
The only stable compound formed by these two oxides;BiBge Often referred to by its mineral name
fayalite #it is the iron-rich endmember of the olivine solid solution, with forsterite,@i®) being the
magnesium-rich endmember. The two eutectic reactions occur at 1173 °C and 1189 °C, forming FeO and
fayalite at 24.5 mol% Si£and fayalite and Si£at 41.0 mol% Si@

3.4.2.4Ba0O-SiQ

One of the rare systems containing a higher-melting oxide than silica, the Ba@ijam has
been calculated and is given in Figure 3.19. [54] At 72.6 mol% iSi@aches its lowest eutectic, forming
BaSbOs and tridymite. The system contains several other intermetallics, with those containing more

barium having progressively higher melting points, but no solubility.
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Figure 3.18 Calculated FeO-Si@phase diagram. From [53].

Figure 3.19 Calculated BaO-Si@ phase diagram. From[54]
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3.4.2.5PbO-SiQ

Figure 3.20 displays the PbO-Si@iagram, from the ACerS-NIST Phase Diagram Database. [55]
Three intermetallic compounds form with no solubility28i0s, PkSiOs, and PbSi@ The eutectic

reactions between any of these and the pure compounds occur between 714 °C and 732 °C.

3.4.2.6 As;03-SiO;

TheAs;0s-SiO, diagram, shown in Figure 3.21, contains no intermetallics and no solubility of
the phases, although the tridymiteguartz transition is still seen. [55] There is a region of liquid
immiscibility from 1000 °C to 1187 °C, between 30 and 80 mAB4Ds. The liquidus comes down to
309 °C at almost 99 mol%s,0s.

Figure 3.20 The PbO-SiQ phase diagram. From[55].

3.4.2.7 NaO-FeO-SiQ

The work of Carter and Ibrahim was one of the first to determine phasesNe,Md-eO-SiQ

system. [56] Their experimental procedure involved melting slags samples from reagent powdegs, cool
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and crushing them, and remelting under nitrogen. In some cases, days-long heat treatment was used in
order to encourage formation of equilibrium phases. Using a combination of optical and x-ray techniques,
they characterized several regions of the ternary diagram (Figure 3.22) and established tlce existen

one ternary compoundNaO-FeO-SiQ.

Figure 3.21 The AsOs-SiO. phase diagram. From [55]

They found that addition of soda (richer in soda thasONRSIQ) to fayalite formed sodium
silicates and wiustite at the expense of fayalite. They proposed that this was caused by the larger, less
positively-charged character of the sodium ions compared to the iron ions, which allowed them to more

easily fit in the interstices of the silica network.

Schairer, Yoder, and Keene investigated thgONae O-SiQ system, but little information about
their experimental program was found. Their work is summarized by #@-RNsO-SiQ entry in the

Slag Atlas, reproduced in Figure 3.23.
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Figure 3.22 Primary Phase Regions with Experimental Points in thHa,O-FeO-SiQ, System.
From [56]

Figure 3.23 FeONa,O-SiO, Phase Diagram, based on Schairer, Yoder, and Keene. From [57]
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More recently, Moosavi-Khoonsari and Jung reviewed the data for and modeled (using
FACTSage) the reduced and oxidized systems; noting that it is impossible to have a systpurdyyng
at either extreme. [51] Results of their models are given as phase diagrams (overlaigavithemtal
work) and liquidus projections below. While Carter and Ibrahim only noted the existence of one ternar
phase, this work identified four stoichiometric ternary compoundg=é&iQ, NasFe;SiisOs0, NaFeSiOs
(aegirine or acmite), and BEeSiO12. Due to limited information on the experimental procedure and

data, not much information was gained from the works of Ostrovskii or Bat-ala

A comparison of the thermodynamically-calculated primary phase regions and previous
experimental work is given in Figure 3.24. The calculated liquidus contours and primary phase regions
for the reduced system are given in Figure 3.25. Only two of the ternary compsNadSiQ and
NagFesSisOs0 had accurately-determined compositions.

Figure 3.24 Calculated Primary Phase Regions and Previous Experimental Points in the J9aFeO-
SiO, System. From[51]
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Figure 3.25 Calculated Liquidus Contours (in °C) and Primary Phase Regions for the Ma-FeO-
SiO; System. From [51]

The system was also modeled as if in contact with air. Figure 3.26 compares the work of Bowen
and Schairer with the thermodynamic calculation, while Figure 3.27 displays the calculated liquidus
contours. In this oxidized system only the ternary Naf&®%ind NaFeSkO;, phases had compositions

and melting behaviors which were accurately determined.

3.4.2.8 N&O-BaO-SiQ

TheNa0O-BaO-SiQ system has been studied, and the primary phase diagram with liquidus
contours (Figure 3.3&as been determined for silica contents greater than 40 mol%. [58] There exist
three certain ternary phases::RaSii0O25, NeaBaSiOs, and NaBa:Si-O; as well as two probable
ternary phases: MRa;sSi»sO75 and NaBassSizz0192. None of these phases exhibited solid solubility, yet

almost all phases were accompanied by crystallization of metastable products.
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Figure 3.26 Calculated Primary Phase Regions and Previous Experimental Points in the Ja
Fe0s-SiO; System. From[51]

Figure 3.27 Calculated Liquidus Contours (in °C) and Primary Phase Regions for the Ma-Fe,Os-
SiO, System. From[51]
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Figure 3.28 Primary Phase Regions with Liquidus Contours for the Na20-BaO-SiO2 System.
From [58]

3.4.2.9 Na20-PbO-SiO2

The ACerS-NIST Phase Diagram Database contains the pdagatPbO-SiQ diagram (from
pure SiQ to the PbQN&:SiO;s join) shown in Figure 3.29. [55] On the diagram, the following phases are
indicated by roman numerals= N&:Pb,SisO11, Il = NaPsSii6016, IV = NaoPySizOg, V = NaPsSizO1s,
VI = NasPSi1102s.

3.4.2.1@ther Oxide Systems

Phase diagrams could not be found fop@i8aO, NaO-PbO*, NaO-As,0O3*, BaO-FeO*, PbO-
FeO*, AsOs-FeO*, Na20-BaO-FeO*, Na20-PbO-FeO, or Na28Os-FeO, BaO-FeO-Si®, PbO-
FeO-SiQ*, As,0s-FeO-SiQ, or Na0O-As;03-Si0,. Systems similar to those indicated with an
asterisk (*) have been previously characterized or calculated, but these diagrams are exciuded f
current consideration because they includg®ker AsOs, lack completeness, or lack descriptions for the
diagram. [55], [59H62]

Arsenic oxide forms compounds with sodium and iron oxides. [63] When all are present, the

sodium arsenate Na&sO; will predominate until a stoichiometric excess of arsenic is reached and iron(ll)
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diarsenate FAs,0g will form. Adding silicon dioxide to this system will promote the formation of the

iron(Il) diarsenate by bonding with the sodium oxide to form the sodium silicag&®a

Figure 3.29 Approximation of the liquidus projection of the NaO-PbO-SiO, system. From [55]

3.4.3 Empirical Investigations of Solidified Slags

Identification and characterization of the distribution of lead-bearing phases irri@dslags
and matteswerdVKH JRDOV RI % H\[BUHThke slagsWwarXdetailed: one from a reverb-BF
process, one from only a blast furnace, and one from a (sodium carbonate) desulfurizationfteverb-B
process. As the third slag would be most relevant to the current study, it has been highlightedh®ue t
desulfurization step, the glassy slag did not have an associated matte phase. It was composed of iron-
sodium-calcium silicates, iron oxides and sulfides, and iron sulfates (with a totalcsuifant of
approximately 3 wt%). Metallic leadoccasionally containing impurities like iron, antimony, and arsenic

twas found entrained in the latter phases. Tentatively-identified phases were Na2Fe2Si3010 and
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Na2FeSiO2. The silicate phases in the SEM images of Figure 3.30 appear dark, iron phases are gray and

lead phases are white.

Figure 3.30 SEM backscattered images of desulfurized reverb-blast slag. Left: 200X magnification
silicate matrix. Right: 620X, enlargement of upper-right corner of right image.

Lewis and Hugo also characterized a secondary lead slag. [65] A Scanning Electron Microscope
(SEM) was used at a magnification between 1000X and 5000X in Energy Dispersive Spectroscopy (EDS)
mode to qualitatively determine phases present in the unpolished slag s#@®lable 3.6 shows, the

samples were predominantly a sodium-iron-silicate:

The white particles in SEM 1, 4, and 6 are <@-rills of metallic lead or lead sulfide. Sodium
sulfide and iron sulfide were expected (as seen in the amorphous, dark gray regions and columnar blocks,
respectively, of SEM 2 and 3). The light gray area in SEM 1 is identified as an iron oxide matrix
containing sodium and oxygen. Octahedral crystals of iron oxide spinels are shown in SEM 2 and 3.

If it meets certain particle size specifications (which vary by geographic regiasi) fiMnace
slag can be used as aggregate in concrete. Todo et al. investigated whether it was possible to produce
high-density, coarse-grained slags through granulation. [66] As Figure 3.31 shows, the twaallg mut
exclusive when compared alone. However, when other material properties are considered (slag and water
temperature, water velocity, etc.) and other processing steps are used (such as further gristingy, of a

production of a granulated slag with desired physical properties is shown to be possible.
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Table 3.6 Average Composition of Lewis and Hugo's slag samples. [65]

Element Average Concentration (Mass %) Standard Deviation

Sn 0.7 0.3
Sb .04 0.5
Pb 9.2 11.0
Fe 22.2 6.7
s 7.6 2.2
Zn 1.6 1.3
As 0.15 0.2
Al 1.2 5.3
Ca 1.3 0.3
Na 16.1 5.4
Si (9.42)

Figure 3.31 Relationship between Grain Diameter and Particle Density. From [66]
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Figure 3.32 SEM images of a secondary lead slag. From [65]

35 Environmental Behavior

Metallurgical slags are most often treated as waste material. Exceptions do exist, as slags which
have an appropriate composition and required physical properties (morphology, strength, etc.) can be used
as construction aggregate, filler for new land, cement, or other materials. Whether disposed ef@s wast
used in other applications, slags must remain stable. Although it is unlikely for the silica takedem

from the matrix, given favorable Eh and pH of an environment other metals can become mobile (such as
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zinc, cadmium, and nickel in an acidic or oxidizing environment). Tabl&E3-/ORZ VXPPDUL]JHV HOHP
mobility in various weathering conditions. [6AXHQHD XV SDSHU VKHGYV OLJKW RQ |
and applications of metallurgical slags. [ BRQVLGHULQJ WKH SRWHQWLDO HIIHFWV F
a slag is disposed of as waste in a landfill (or elsewhere), the importance of regulataypeEsimes

apparent.

Table 3.7 Relative mobilities of elements in soils and sediments exposed to weathering
(From [67], [68])

System pH Eh
Relative Mobility | Neutral-alkaline Acid Oxidizing Reducing
Very High Cl, S, Se ClL, S ClL, S Cl
High Na, Ca, Mg Na, Ca, Mg, Zn, Na, Ca, Mg, Se Na, Ca, Mg
Cd, Ni

Medium Mn Al, Cr, Pb, Cu Cu, Ni, Zn, Cd Mn

Low K, Si, P, Fe, Pb, K, Fe™ K, Si, P, Pb K, Si, P, Fe, Ni, Zn
Zn, Cd

Very Low Al, Cr, Cu, Ni Si Al, Cr, Fe,Mn Al, Cr, Cu, Pb, Cd,

Se

3.5.1 Toxicity Characteristic Leaching Procedure (TCLP)

The United States Resource Conservation and Recovery Act of 1976 (RCRA) outlines the
authority given to the Environmental Protection Agency (EPA) to manage solid and hazardous wastes.
The EPA Code of Federal Regulations Part 261 defines the characteristics of regulated waste types and
the limits for compounds that could classify a waste as toxic. [69] In the United States, it iy the onl
regulatory test used for the disposal of hazardous materials. Producers of such materiafare the
obligated to adhere to the test. The contaminant metals of interest to this inesagatisted in Table
3.8. EPA Method 131%The Toxicity Characteristic Leaching Procedui®ates the procedure for
GHWHUPLQLQJ D ZDVWHYOWR[LFLW\ FKDUDFWHULVWLF

Due to the potentially harmful health and safety effects that these contaminants pose, their
disposal must be carefully controlled. As it can be nearly ten times as expensive to dispose of a hazardous
waste as to dispose of a non-hazardous waste, considerable effort is undertaken to ensure that waste meets

regulatory compliance.
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The TCLP has come under criticism for not accurately representing slag disposal conditions.
Shortcomings which have been noted include: acetic acid not being representative of runoff drainage,
such as from a mine; while a maximum particle size is given, no minimum size or distributienis gi
and the test only involves a 24-hour leach, while conditions of a landfill may change (which affects the
stability). Whatever its criticisms and shortcomings may be, it is the only suitablegdgibumeet

regulatory requirements in the United States.

Table 3.8 Regulatory Limits for EPA contaminants relevant to metallurgical slags
Regulatory Level

Contaminant (mg/l)
Arsenic 5.0
Barium 100.0

Cadmium 1.0
Chromium 5.0
Lead 5.0
Mercury 0.2
Selenium 1.0
Silver 5.0

3.5.2 Empirical Investigations of Slag Environmental Behavior

In addition to SEM characterization, Lewis and Hugo tested a South African secondary lead
smelter slagtthe composition for which is given Fable 3.6 xunder various regulatory tests, including
the TCLP. [65]7KH UHVXOWYV RI VHYHUDO D JFhe &ktddetontehivanow obléadl JLY HQ
in the extract, analyzed by ICP6 ZDV IRXQG WR EH SSP 1 ZKLOH DUVH
DYHUDJHV RI SSP 1 DQG SSP Comment w&\madk éh hoPH P HD C
the impracticality of applying the TCLP (an acetic acid leach) to mineral processites \aad the
difficulty in meeting the TCLP filtering requirements, due to the fine particulate nattine wfaste. The

TCLP does not define a minimum particle size, but does dictate that samples be sieved to 100% passing

s

Jahanshalet al. constructed and doped calcium-iron-silicate slags with arsenic, antimony,

cadmium, zinc, and chromium and leached them according to the TCLP. [71] Oxidation states were
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controlled through the ferric oxide to metallic iron ratio and kept undéafid to prevent magnetite

formation in the iron silicate slags above 1300°C.

Arsenic and antimony were found to existta$* and SB* with some A% and SB'. The latter
species became more prevalent at higher oxygen potentials. When slow-cooled slags were analyzed, they
were found to be crystalline with toxic elements distributed among the lower melting point phases.
Samples with a larger particle size distribution were found to have lower levels of toxic elements
solution. Quenching the samples also led to lower levels in solution.

Table 3.9 Target composition of slag samples frofmai]

Slag Al20s CaO FeO Fe03 MgO SiO.
CaFe2 0 20 30 48 2 0

CaFeSil 0 20 315 415 2 5
CaFeSi2 0 20 32 29 4 15

FeSil 1 1 50 13 5 30
BF1 15 30 0 0 10 45
BF2 15 30 0 0 10 45

Table 310 TCLP results for slag samples froni71]

Arsenic  Antimony Cadmium Chromium Zinc

Slag Cooling Particle Size  Liguor  Final pH mg/| mg/| mg/| mg/I mg/|
CaFel slow coarse 1 5.13 153.00 17.90 0.31 0.00 1.33
slow fine 1 5.48 276.00 31.10 0.21 0.00 1.77

quench coarse 1 4.98 65.10 13.20 2.40 0.00 1.24

CaFeSil slow coarse 2 5.09 157.00 10.60 0.24 0.00 1.11
slow fine 2 7.00 164.00 13.00 0.01 0.00 0.90

quench coarse 2 4.30 63.20 7.65 1.42 0.02 2.15

CaFeSi2 slow coarse 2 7.05 20.90 8.66 0.17 0.00 0.14
slow fine 2 8.54 48.20 8.03 0.01 0.00 0.12

quench coarse 2 6.90 36.90 5.82 2.39 0.00 1.39

FeSil slow coarse 1 4.96 4.71 3.99 0.46 0.02 1.23
slow fine 1 4.99 8.43 7.19 0.72 0.15 2.01

quench coarse 1 491 1.30 0.75 0.57 0.02 0.80

BF1 slow coarse 1 5.00 3.12 3.27 0.55 0.00 451
slow fine 1 5.00 4.48 5.68 0.69 0.06 6.28

quench coarse 1 4.90 5.00 2.24 24.10 0.03 1.25

BF2 slow coarse 2 4.47 45.60 18.90 32.40 0.06 43.10
slow fine 2 4.84 59.10 10.80 47.50 0.05 69.00

quench coarse 1 4.93 0.84 0.58 0.60 0.03 0.63
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CHAPTER FOUR
EXPERIMENTAL METHODS AND MATERIALS

Experiments were carried out in two realms: determining viscosity and density of molten slags
and evaluating the TCLP response of impurities within those slags. Before experiments nest@atr
thermodynamic modeling was used to predict which phases would develop. Slags were produced
synthetically from reagent-grade powders. The crucibles used to contain the slags were made from
alumina, and the spindles which were immersed in them were molybdenum. Ultra-High Pandligy Gr
argon was used to prevent oxidation of iron in the slags, and a variety of analyses were employed post-

mortem to determine phase distributions and compositions.

4.1  Selection of Slag Recipes

Asuiteof (RPSRVLWLRQV WR EH WHVWHG ZHUH GHW KR HG XVLQ
$IWHU QRUPDOL]JLQJ DQ LQGXVW Uthdtlred/rRajbOcdntpan@nts,\a@efidn 6ffMB SRV LW
ternary phase diagram which contained that point was bounded and thirteen compositions were generated.
The resulting points are displayed graphically on the Na20-FeO-SiO2 ternary diagram in Figure 4.1 and
tabulated in Table 4.1. Of those thirteen recipes, six produced reliable visessitg (thin border in the
figure; italicizedin the table) and four were chosen for the TCLP response investigation (thickiborder
the figurebold in the table). Two compaositions were tested for both investigations (double-bordered in
the figure bold italicizedin the table).

Figure 4.1 Experimental Points presentedh the NaO-FeO-SiG; ternary space. 7&/3 WHVWVY] ODEHC
are bold, successful viscosity tes® O DddHtalivized and XQVXFFHVVIXO YLVFRVLW\ WHV)
red.
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Table 4.1 Experimental Compositions (in weight percentBold entries signify TCLP tests,jtalicized
entriessignify successful viscosity tests, and red entries signify unsuccessful viscosity tests

Recipe NaO FeO SiOz
4 16.667  49.667  33.667
1 12.583 45583  41.833
3 31.750 42,750  25.500

22.875  39.375  37.750

5 27.667  38.667 33.667
12 14.000  36.000 50.000
13 23.583 34583  41.833
8 29.083 29.083  41.833

4.2  Thermodynamic Modeling

2XWRWHFYV +6& VRIWZDUH S D F NevahHsodiDriv-irsnvsHicatevb&iumR GHO WKH
lead, and -arsenic systems. By inputting the amounts of sodium, iron, silicon, oxygen, barium, lead, and
arsenic called for by the recipes (and ultimately tht F@ H 1U R P \Wagar), 6He @g@ilibrium phase
compositions at two relevant temperatures were determined. Those chosen were 1200 °C and 700 °C, to
represent the phases which may have frozen in place while the slag was still molten and those which

developed under slow cooling as the slag crystallized.

4.3  Measurement of Viscosity and Density

For the viscosity and density determinations, a Brookfield LVDVE viscometer with a custom
spindle attachment and an Ohaus Pioneer digital balance were used to record data. These instruments
were placed on a movable platform, under which a vertical tube furnace was mounted. The reaction vessel
was constructed from mullite with a steel cap which contained an opening large enough for théospindle
pass through and rotate freely. Argon was introduced at 500 ml/minute to maintain a protective

atmosphere and positive pressure in the reactor.

To meet the depth requirement for the viscosity measurements, half of the total sample mass was
initially melted and cooled in a Deltech box furnace. The second half of the mass was added when the

sample was placed in the tube furnace. Heating took between 11 and 17 hours, depending on the rate
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HPSOR\HG 6 R P HiciésRiachket! b1y h€dting, so the initial 2.5 °C/minute heating rate was
reduced to 1.5 °C/minute.

Once the slags were heated to 1300 °C, they were held at the temperature to equilibrate for one
hour. At that point, the spindle was lowered until the viscosity reading rose to ~2% or themtis
balance changed substantialtgither phenomena indicated that the top of the melt had been contacted.
To measure the density, the spindle was lowered one centimeter into the melt and the depth and mass
wererecorded. Then it was lowered approximately another centimeter and the measurements were
repeated. After that, the spindle was withdrawn from the melt and attached to the viscometer. The
platform was lowered until the spindle was three centimeters immersed in the melt and thdgeroent
at each RPM was recorded from high to low. The range of usable RPM varied: if the motion at higher
RPM (100 or 60) was deemed too erratic, the value was not recorded. The low end of usable RPM was
determined by the torgue value. When the viscometer displayed a torque percent less than 10%, no

lower-RPM readings were taken, as that one and those for lower RPM were considered unreliable.

4.4  Determination of Leaching Characteristics

The second body of work in this study was to determine the leaching characteristics of arsenic,
barium, and lead from four slag compositions cooled either quickly or slowly. The four base recipes were
doped with zero, one, or five percent of an impudigrium hydroxide, lead oxide, or arsenic oxide. As
the decomposition of barium hydroxide to barium oxide has been noted before, it was used as a substitute.
[72] The reagent powders were weighed, mixed, and poured into 750-mL alumina crucibles from

AdValue Technology.

Figure 4.2 A Batch of Powder-Filled Crucibles Ready to be Heated.
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To heat the slags, a 5.3 ftox furnace from Deltech Furnaces Inc. with molybdenum disilicide
elements was used. The controller was programmed to dwell for three hours to allow the duihace t
with argon, heat to 1,200 °C at 2 °C per minute, hold for 90 minutes, then cool to room temperature at
2 °C per minute. After 60 of the 90 minutes passed at 1,200 °C, the furnace was opened and four of the
slags were removed one at a time and poured into a room-temperature cast iron mold. The argm flow w
stopped, and the four remaining slags were allowed to cool as programmed. All eight slags were then

massed, crushed, split, and sent to an external lab for assaying and TCLP extraction.

Once the TCLP leach results were obtained, the samples that leached the most and least were
mounted and imaged with a scanning electron microscope. These samples were then leached in 0.1M
acetic acid for 22 hours, and imaged again.

4.5  Analytical Techniques

The analytical methods employed by this study were thermodynamic modeling (Gibbs Energy
OLQLPL]DWLRQ ZLWK 2XWRW HidNdatively-cougled paZrialdpticsl Briidsidr) H
spectrometry (ICP-OES), X-Ray Diffraction (XRD), X-Ray Fluorescence (XRFgimgausinga
Scanning Electron Microscope (SEM), Energy-Dispersive X-ray Spectroscopy (EDS), and Satmagan

analysis.

45.1 ICP-OES

Gopher Resource performed the chemical analysis of the slags (via digestion) and of the TCLP
extracts using ICPR2(6 6 DPSOHV SURYLGHG WR *RSKHU ZHUH FUXVKHG WR |
OvHUVL]H PDWHULDO ZDV FUXVKHG ZLWK D UROO FUXVKHU VHW WR
7KHVH VDPSOHV ZHUH W KadihQle ha® bivwaBdHFeRvde® LD And/AR0YY &H
mass desired (1509 for all tests) using a Jones Riffle. The samples were screened at 1prowgda to
material (the undersize from that screening) for the Extraction Fluid Determination. The@®wasi

split into subsamples assaying and TCLP extraction.

The subsamples were leached according to EPA Method 1311, which is an 18 +2 -hour agitated
leach in an acetic acid solution. After leaching, the solution was filtered from the saeppisted into
aliquots, and analyzed for eight metals (arsenic, barium, cadmium, chromium, lead, mercury, selenium,
and silver) by ICP-OES. For the assay, subsamples were digested using a microwave-assistdd four-ac

digestion, and those digestions were analyzed with ICP-OES.
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4.5.2 Microscopy and Spectroscopy

Several types of x-ray spectroscopy were employed in analyzing the slags. Crystadifmity w
estimated using x-ray diffraction (XRD), elemental compositions were estimated using sessdeidly
fluorescence (XRF), and observed phases were imaged with a scanning electron microscope (SEM) and

estimated using energy-dispersive x-ray spectroscopy (EDS).

$ FRPSRXQGTV ;5" VSHFWUXP VEWHAHQWXIQUIKHWY DWODSMIEY HL F
spectrum from an unknown crystalline sample can then be compared to a catalog of known samples to
determine its crystalline composition. If a compound has amorphous content, however, this will show up

on its spectrum as a broad hump in the low-angle region

X-Ray fluorescence (XRF) and EDS both rely on atomic structure to determine composition.
When atoms are hit with x-rays released from a high-voltage source, electrons from innereshells a
ejected. In order to minimize the potential energy of the atom, electrons from outer shellghé&hdov-
vacant spot, and release a characteristic x-ray. Because the shells of different atoms arelsgpquoed at
specific radii from the nucleus, the energy or wavelength of the characteristic x-ray carctesl detd,
when compared to the intensities of other energies or wavelengths detected, used to determine the
composition of the specimen.

Whereas an optical microscope uses light to record an image, an SEM uses electrons. A high

electrical potential is created between the source and the instrument, which caused i toegjecof

electrons. A series of electromagnetic lenses control the size and shape of the beam, which is focused on a

spot on the sample. As that spot rasters across the sardptectolis used to create an image of the
sanple. An SEM can be used in one of two modes to determine the topography (secondary electron
mode) or the composition (backscattered electron mode) of a sample. Secondary eledvansrengy
electrons produced from the shells of the atoms following interaction with the incidembrelbeam,

while backscattered electrons are high-energy electrons detected after rebountim@toifiis. Heavier
atoms rebound more electrons than lighter ones, so bright spots appear in the images where heavier

elements are present.

4.5.3 Satmagan Analysis

In order to determine the magnetic content of the slag samples, a Satmagan was employed.
Standards were made up using pure silica and magnetite (repaeat-¢0,). Once a linear calibration

curve was obtained with the standards (Section 0), pulverized slag samples of the same massdvere test
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to determine their magnetite content. The magnetite content (from the Satmagan) was ueetiteedet
the experimentally-achieved¥e )H UDWLR XVHG LQ WKH ILQDO WKHUPRG\QDPLF
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CHAPTER FIVE
EXPERIMENTAL QUALITY CONTROL

Defined by Montgomery, quality HD QV 3I1LW Q H V VimritdelX poportivgaGo L V
variability. " [73] In order to demonstrate the fitness for use and limit the variability in the data acquired as
part of this work, numerous checks were performed to validate assumptions and illustrate theliggpeatabi

of the measurements

5.1 Slag Composition

Slags were designed to meet composition targets iN&@-FeO-SiQternary space, with the
impurities making up 1.00%, 1.83%, 5.00%, or 8.84% of the total sample weight. Confidence in these
compositions stems from four areas: high purity of the reagents, properly calculated compositions, and

accurately massed recipe ingredients

5.1.1 Reagent Purity

Specifications for the reagents used in this study are given in Table 5.1. It should be noted that the
sodium oxide was only 80% pure, with the remaining 20% being sodium peroxide. As compensation for
the extra oxygen, recipes that used sodium oxide were adjusted to use more iron and less iron oxide to
reach the FeO target. Barium hydroxide was used instead of pure barium oxide, as it has been shown that
it decomposes to barium oxide at temperatures lower than that at which the slags weretedujiit2ja
The mass of barium hydroxide to be added was calculated assuming use of a honahydrate, but in practice,
anhydrous barium hydroxide was used. This miscalculation was not corrected until after completion of

the experiments, so the actual amount of barium oxide included was higher than the 1% and 5% targets.

5.1.2 Crucible Interactions

A variety of materials were tested to determine which might be sufficient to contalaghe s
These included graphite, silicon carbide (with and without a boron nitride coating), cashatutories,
and alumina. Graphite crucibles were seen (Figure 5.2) to react with the slag by reducing the iron. In the
ILIXUH WZR UHJLRQV RI UHGXFHG LURQ FDQ EH VHHQ DW WKH HGJ
reaction occurred at an appreciable extent while the slag was molten was not determinedfdnitats ef

the phase distribution after cooling was seen as detrimental.
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Table 5.1 Reagent Specifications

Reagent Grade Vendor
N&aSiOs Anhydrous, technical Alfa Aesar
NaO 80% (20% NaO; ) Sigma Aldrich
SiO, 99.5% Alfa Aesar
Fe Approximately 40-mesh filings Fisher
Fe04 97% Alfa Aesar
PbO 99.9% Alfa Aesar
Ba(OH) Anhydrous, 95% BeanTown Chemica
As;0s 99.5% Alfa Aesar

Figure 5.1 TGA curves for (I) recrystallized barium hydroxide octahydrate and (Il) barium
hydroxide octahydrate prepared by the rehydration of the monohydrate. From [72]

Silicon carbide crucibles were also investigated. Initially, they showed promise for re-use as
several slags either cleanly poured out of them or left little enough residue that it cotraipeel $rom
the walls. However, the compositions of successive slags were seen to be changing from their (common)

target. Applying a boron nitride coating (to prevent reaction with the crucible wall) proved tdithe of
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value. Either due to misapplication leading to cracks or to chemical reaction with timg cthegislag

formed a spongy mass and did not pour from the crucible. Silicon carbide was deemed unsuitable.

\
/7 N=7

-_—

Figure 5.2 Bottom Face of Slag Contained in a Graphite Crucible. Regions of reduced iron are
circled in red.

Figure 5.3 Silicon Carbide Crucible Coated with Boron Nitride. From left to right: before heating
slag, immediately after heating slag to 1200 °C, and after cooling to room temperature.

Castable refractories were applied to the silicon carbide crucibles to deterengftetit of using
materials similar to those in industrial practice. Specimens containing slagseatiaglare shown in
Figure 5.4. Both refractories experienced slag infiltration; the slag pictured on thdisjghted an

excessive amount. Impurities were also seen in the slags.

The container material which displayed the least drift in composition was alumina. Figure 5.5
demonstrates the pros and cons of the alumina crucibles. On the left and bottom-left edge of the crucible,
the minimal amount of slag attack on the crucible wall can be seen. However, the crucible interface which

was exposed is the result of a small cratke slag wetting through the crucible can be seen in the
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discolored bottom edge. It was thus determined that alumina should be used for its good-quality slag
compositions, but the heating and cooling rates would have to be carefully controlled to avoid cracking
the crucibles.

Figure 5.4 Two Crucibles Coated with Different Castable Refractory Compounds Containing a
Slag, after heating.

Figure 5.5 Alumina Crucible Containing a Slag After Heating. Discoloration due to slag wetting a
crack is indicated with red arrows.

5.1.3 Before-and-after Comparison

The data in APPENDIX C show that in general, there was good agreement between the targeted

and actual compositions. One potential concern with using alumina crucibles was that alumina might
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leach into the melts. This proved to be an unfounded concern, as no sample had more than 2Gwt% Al
Actual sodium oxide contents were around one percent lower than their targets, with slightlyress i
high-sodium melts. This was expected given the tendency for sodium oxide to volatilize during the
heating cycle. Iron and silica compositions were around five percent (on average) lower tharggtsir t
Barium, lead, and arsenic oxides were almost all within one weight percent of their targeted halues. T
exceptions were 1.28% and 1.11% for two arsenic tests, and several percent for the composition-outlier

tests.

For the composition outlier tests, the argon flow was incidentally stopped earlier than the other
tests. This likely exposed the samples to oxygen during the equilibration time. Their hggreocweries
point to this, as oxidation of the iron would increase the mass. This extra mass would also decrease the
actual percentages of every (non-oxygen) constituent, which was also observed.

5.2 Furnace Environments

Two furnaces were used in this study: a custom-built 533t furnace from Deltech Furnaces
Inc. and a vertical tube furnace from Micropyretics Heaters International Inc., both heated using
molybdenum-disilicide elements. Ultra-High Purity argon (99.999% Ar) was used to establish a

protective atmosphere to limit the oxidation of the slag.

5.2.1 Temperature Verification and Profiles

An external Pt/Pt-Rh 13% thermocouple was used to monitor the temperature inside the reaction
tube during operation. An illustration of the temperature profile while the furnace hgldregare at
1,014 °C is provided in Figure 5.6. The height from the bottom is marked, and outlines of the endibl
crucible holder are given. It can be seen that at the base of the crucible, the temperatures are almost
identical, and that the temperature as recorded from the sheath hanging above the crucible is
approximately 60 °C lower than the temperature read in the hottest zone.

The box furnace was used to slowly cool the slags at a nominal rate of 2 °C per minute
(0.5 °C/min for the extra-slow cooling rate). Figure 5.7 shows that this was true for the uppéthalf
cooling regime; up until approximately 500 °C. Around that point, the actual furnace tempesthiatra f

rate slower than that which was programmed.
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9.0 823

7.0 976 953
6.5 980 955

Figure 5.6 Tube furnace temperature versus height profile.

Figure 5.7 Box furnace temperature versus time profile.
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5.2.2 Establishment of Protective Atmosphere

For the tube furnace, a flow rate of 500 mL/minute was used to retain a protective atmosphere
above the slag. In the box furnace, this rate was increased to 1.9 L/minute. To fill each reaction space, a
dwell of 60 minutes and 180 minutes was used in the tube and box furnaces, respectively.

5.3 TCLP Slag Preparation

When samples were sent away for TCLP analysis, they were given a simple source, batch, and
number designation (DJS-A-1, DJS-E-15, etc.). A list was kept of which sample had been given which
designation. The actual sample descriptions (recipe, cooling rate, impurity, amountetmptgiven
to the laboratory. Once data was returned, the leach and digestion results were assigned back to their

corresponding samples.

5.4 Calibration of Instruments

Several steps were taken to ensure the data recorded from the equipment used in this study were
reliable. These included calibration, comparison to reference fluids, and periodic checkdamstan

5.4.1 Viscometer Calibration

Before experiments began, the viscometer was factory-calibrated by Ametek-Brookfield. A
silicone oil from Brookfield with a certified viscosity of 4,965 + 50 cP (x1%8 tested with a standard
spindle to ensure the viscometer was indeed functioning properly. Figure 5.8 shows the viscosity as a
function of RPM. As expected, the Brookfield Spindle points are almost exactly where they should be.
The gray dotted lines in the figure represent the acceptable error window, consisting ad trediu(1%
of the certified value), and the viscometer error. The viscometer error is based on the Full<oeigyVi
Range (FSVR):

5/%H6- Hsrarr
42/
The FSVR represents the maximum viscosity that can be calculated usingnaspindle and

(584L

(5.1)

RPM combination. The viscometer error is one percent of this value.
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Figure 5.8 Viscosity of Brookfield 5,000-cP standard oil.

Raw data was recorded from the viscometer as a percent torque at a given RPM. Egudéations
and 320 were used to transform the spindle RPM and percent torque into shear rateandtrass
values. The spindle cod&MCfor the custom spindle was computed using equation 3.23. In that equation,
the lengthL used in the calculation was the effective length, which is slightlgidatgn the immersion
depth. The factor used to determine the effective length was approximated byg findiratio of the
effective length to spindle length for similarly-sized Brookfield custom seidFinal values chosen
were those that raised the viscosity into the acceptable error window. In thidveasmpirical correction

matched up well with the physically-defined constant.

The tails toward a higher viscosity at low RPM are obvious for botlorcuspindles. Because
this tail is not observed in the curve for the Brookfield spindle, isssimed to be a result of the custom
spindles wobbling as they rotate. Since the viscosity values stilvitbiin the acceptable error window
for the standard spindle (which is tighter than that of the custom spindles beca8&&Cislower), no

further correction was made.

8V LQJ D-diameter spindle at 60 RPM, the lowest viscosity that would be measurable is
44 +44 cP, taken from a reading of 1% torque. Brookfield cautions againstvsugs under 10%
torque, as a reading of that level carries a relative error of 10%, anertitiarises quickly below that
point. The 44-cP viscosity has a relative error of 100%. To ensure that the viscaadration

extended to these extremely low values, a 94.6 = 9.5 cP fluid was also tested, atal dinel @arors are
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given in Table 5.2. That data shows that although the relative erroitéslarge (up to 71 %), the

certified viscosity value was still within the error window for the measurement.

Table 5.2 Calibration Values for 94.6 + 10 cP Standard Fluid
RPM % Torque Viscosity, cP Relative Error

60 3.7 97 + 26 27%
50 1.6 70+ 44 63 %
30 14 73 +52 71%

After the spindle factors were determined, the spindles were used to test the visdomionof
oxide. The values recorded were compared with those reported previously by Nagoldhaad are
displayed in Figure 5.9. [74]

Figure 5.9 Viscosity of BOs. Lines represent data taken from Napolitancet al. (from [74]), while
points represent experimental observations from this study.

5.4.2 Balance Calibration

Accuracy of the balance during measurement was limited to one hundredth of a gram due to noise
caused by convective currents rising from the spindle port. Its precision was periodicatbtedli

against an assay-ton standard weight.
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The densities of water and a saturated sodium polytungstate solution were measured as standards.
Fluid was measured into a 10-mL volumetric flask and massed. Then, the fluid was placed into a 50-mL
centrifuge vial and the spindle was used to measure the mass change. From this value, the density was
recorded. The results of this validation are shown in Table 5.3.

Table 5.3 Density Setup Room-Temperature Validation Data

Reported Density, Experimental Density, Percent

Fluid g/mL g/mL Error
Water 0.999 1.06 6.11%
Sodium Polytungstate 3.10 3.14 1.29%

5.4.3 Satmagan Calibration

The Satmagan was calibrated using four mixtures of reagent-grade magnetite and silica. The
samples were 0 wt% magnetite (pure silica), 10 wt% magnetite, 50 wt% magnetite, and 100 wt%
magnetite. The curve is displayed in Figure 5.10 along with the equation of the line aAddheeRof
0.9962).

Figure 5.10 Satmagan Calibration Curve.
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55 Discussion of Errors

The data collected in this study was not without error. Three areas for which dirbaa wi
discussed are the assumption of Newtonian behavior of the slag viscosities, the spindle geometry
assumptions for the viscosity and density, and the repeatability of leaching tests on the slags.

5.5.1 Viscosity

As the viscometer displayed a percent torque which was then converted into a viscosity value, the
assumptions and errors of that calculation method must be addressed. The fundamental principle behind
using the viscometer is that slags are Newtonian, and that shear stress varies linetmyshitar rate

(Equation 3.3). The constant which relates the two terms is the viscosity.

Once the data for a sample is recorded, it must be decided if it is Newtonian. In a true Newtonian
fluid, the intercept of the shear stress - shear rate trendline should be zero. A non-zexut invtaric
represent Bingham plastic behavitmeaning that there is some minimum shear rate that must be
exceeded for flow to occutand contradict the assumption that the fluid is Newtonian. The statistics
given in Table 5.4 are exemplary of the data recorded in these tests. After a linesquasss regression
was performed, the slope, intercept, addRD OXH IRU HDFK WHPS shegdDhtexddri¢§ VvV VKHDU \
were calculated (and are given in blue). That some intercepts are positive and some are negative is
indicative of this intercept being the result of errors and that the fluid is likely not ka@mplastic.
Because of this phenomenon, the slopes used in later calculations were those generated byforcing th

intercept to be zero (the purple columns).

If the intercept is assumed to be zero, then a viscosity can be calculated by dividing each shear
stress by the shear rate at which it was recorded. Plotting the data from this method yietdS1Rig
For a true Newtonian fluid, all the viscosities (for one temperature series) caldalétés manner would
be the same and they would equal the slope found above when setting the intercept to zero. To compare
this method to the previous one, this data is placed in Table 5.4 in tan. If the fluids were perfectly
Newtonian and there was no error in the data, the tan intercept would be the same as the tan average

Y LV F RMd4)Vdnd it would also be equal to the purple and blue slopes.
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Table 5.4 Regression Statistics for Sample 1.

TEMP SLOPE RSQ INT SLOPE(0) RS
1299 639 0.9918 -753 569 0.9982
1199 1090 0.9940 -25 1087 0.9987

1100 3376  0.9993 392 3477 0.9992
1000 11226  0.9999 1140 11964 0.9974
900 75197 0.9977 -214 78005 0.9991

INT {ave RSQ o}P { 0}P { ol
473 556 0.8082 2.75 2.81 2.75
1057 1077 0.0334 3.03 3.04 3.04

3934 3681  0.4367 3.57 3.53 3.54
15781 13766 0.5003 4.14 4.05 4.08
86109 77057 0.4896 4.89 4.88 4.89

RSQ (T) 0.9951 0.9866  0.9917

Figure 5.11 Viscosity as a function of RPM for Sample 1.

There are several indications that error exists in this calculation, or that theoisawh
Newtonian behavior is incorrect. The tan intercept value is higher than the average valumgralicse
in viscosity at lower RPM. This increase is shown clearly in Figure 5.11. However, it has been
demonstrated that the error in viscosity measurement increases as RPM decreases. In tba pidibrat
using the Brookfield standard oil (Figure 5.8), this rise can be seen, but the values are stithwithi
acceptable error limits. The error in a viscosity measurement is stated by Bbakfio of FSVR.
Thus, error bars in the log viscosity versus reciprocal temperature plot are etfdabtohe FSVR for

the lowest RPM used in the series.

Another explanation for the rise in viscosity in the experimental samples could bdubadafof
precipitated solid particles. Tests were knowingly performed at temperatures close tmanith®el

liquidus boundaries for primary phases. It would not take a large volume fraction of solids to have an
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influence on the viscosity. [75] Precipitation (phase segregation) would also change the ttmmiosi

the liquid, which would in turn affect the viscosity. This phenomenon could not be avoided, so only those
melt viscosities believed to contain minimal influence of solids are reported. Completetslara se
presented in APPENDIX A, as they still have relevance for industrial melts in the composition and
temperature ranges studied.

Table 5.5 Viscosity data as a function of RPM.

Viscosity, cP
RPM\°C 1299 1199 1100 1000 90
100
60 590 1,080
50 547 1,073
30 531 1,175 3,461

20 987 3,414

12 1,072 3,424 11,698

10 3,480 11,639

6.0 3,680 12,039

5.0 3,743 12,165

4.0 3,911 12,538

3.0 4,338 13,013

2.5 13,335

2.0 14,110

15 14,914 77,886
1.0 16,230 75,303
0.6 19,740 77,983
0.5 82,175
0.3 88,219

5.5.2 Density

To assess slag adhesion to the spindle, it was imaged after being fully withdrawn from the melt
and allowed to cool. Qualitatively, these images (Figure 5.13) show that the slag adhered talleaspi
least at the lowest temperature tested. Combined with the mass readings taken when the spindle was
suspended above the melt (between immersions), it can be assunsednisag stuck to and eventually
solidified onto the spindle after every immersion. This extra slag would make the effectiveofabeis
spindle higher, which would increase the mass difference. By using the initial radius and nitahe ac

radius of the slagged spindle, the reported densities would be higher than their true values.
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Figure 5.12 Ratio of Slurry Viscosity to Carrier Fluid Viscosity as a function of Solids Content.
From [75]

Figure 5.13 Slag Adhesion to Spindle After (from top to bottom) Tests 1, 8, and 13.
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5.5.3 Leaching Results

Several compositions were prepared a second time to assess the reproducibility of the impurity
extract concentrations. These data are shown in Table C.4. From there, it can be atreaghavery
sample had a leach value within one part per million of its partner. The high-sodium, high-$@ample

had a difference of about four parts per million.

The high arsenic concentrations leached from fast-cooled recipes 2 and 13 (22.2 and 8.7 ppm)
were peculiarly high, and a plausible explanation for these outliers could not be determined. Upon
repeating samples of the same composition and cooling method, the lower values (0.24 and 0.28 ppm)

were produced.
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CHAPTER SIX
RESULTS AND DISCUSSION

Results of the investigations conducted for this study are presented in this chapter. First,
representative data and calculation procedures for selected visaosjtles is given along with a
discussion of observed trends with composition and tempergtr& K YLVFRVLW\ WHVW{V UHFR
be found in APPENDIX A. After discussion of the experimental results, a temperature and tomposi
model is presented which incorporates previous lead-smelting slag and relevant mixed-oxid¢amelt
Results of the density investigation are then given. Following that, a discussion of the pdtases th
developed in the solid samples under different cooling rates is presented, culminating witbsaodisifu
WKH VDPSOHVY @HDFKLQJ EHKDYL

6.1  Viscosity Tests

The shear stress-shear rate (SS-SR) series plotted in Figure 6.1 is represafritadiviata
collected for each sample. That each temperature series is a straight line is evatahedlthid is
Newtonian. As the temperature decreases, the slopes can be seen increasing. The viscosityatalculate
each temperature is the regressed slope (through the oRdinW KD W W F5B-SR1dgrizsV X U H {V

Figure 6.1 Shear Stress versus Shear Rate for Sample 1.

The logarithm of the viscosity can be plotted as a function of the inverse absolute temperature,
like in Figure 6.2 for Sample 1. Doing so shows that the viscosity obeys an Arrhenius relatithiashisp
LW KDV D FRQVWDQW VORSH ZKHQ ORJ LV SORWWHG DJDLQVW
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Figure 6.2 Logarithm of Viscosity as a function of inverse absolute temperature for Sample 1.

The data for every sample is plotted &5 Y \in Figure 6.3. From this plot, three main
trends are observed. One, the viscosity rises with decreasing temperature. It also rises with increasing
silica content, as the weight percent silica increases in the order 5 <2 <13, 8, 1 < 12. As they contain
equal percentages of silica but an increasing percentage of FeO (and therefore déd¢agakisgmples

13, 8, and 1 also show the increase in viscosity with increasing Fgbddatent.

The trends for composition were expected. The structural backbone of the slags is their silica
network. With a higher proportion of silica, the average polymer chain length is longer and thhesviiney
a more difficult time sliding by one another. When the basic oxides (FeO a@®) &te incorporated into
the melt, they dissociate. The oxygen anions bind with silicon, terminating 8#®©@hain. The cations
remain nearby to balance the charge. Sodium is more effective than ferrous iron at breakingshe chai
(and thus lowering the viscosity) because the iron remains near two oxygen atoms, while each sodium ion
needs only one nearby oxygen to stabilize the charge. Sodium, therefore, does not have as strong of a

cross-linking effect between the polymer chains.

After applying a least-squares fit to this data, the activation energy for viscous.ftan be
extracted. As the Arrhenius equation can be written in a linear form (Equation 6.1), it can batseen th
multiplying the slope by the constaRwill produce the activation energy. Doing so for Sample 1

produced a value of 190 kJ/mol. A table of activation energy is given in Table 6.1.

Z:B L l—pr—ZE#ﬁ (6.1)
Calculating the activation energies in this manner provides an estimation ¢éthgarature
dependence, but does not account for the pre-exponentiahtéton instance, the viscosities for Sample
12 were higher than those for Sample 1 even though Sample 1 has a higher temperature dependence. That

is because the pre-exponential fackdor Sample 12 is considerably higher than for Sample 1.
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Figure 6.3 Logarithm of Viscosity as a function of inverse absolute temperature for all tests.

Table 6.1 Experimentally-Calculated Activation Energies.

Sample Ea, kJ/mol

1 190
12 166
2 130
13 122
8 115
5 95
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7R FRPSO\ ZLWK =KDQJ DQG 5H G G \¢kporeqtisV tobtr@®utidnvsW LR Q WKDYV
function of the chain formers and the temperature dependence comes from the chain breakers, the higher-
silica Sample 12 should have a larger pre-exponential, while the lower-silica Sample 1 should have a
higher temperature dependence. After referring to the above plot and figure, this is seemeto be t

The samples used in this investigation were simple ternary melts whose compositions were
generated from normalizing the composition of a sodium-iron-silicate-based industrial tlege
components. In order to apply the viscosity data from this study to industrially-relevant systemssdata set
from previous lead-smelting or sodium oxide-containing melts were gathered. Those data sources were
the works of Altmaret al, Battle and Hager, and Zhang and Reddy on industrial lead slags; Urbain and
Gupta on lead-silica melts; Dingwell and Virgo on sodium-iron(lll)-silicate melts; ands&hand
Spinner on optical glasses. These data were combined and regressed using an equation derived in a
similar fashionW R =K D QJ D Q3B] BHé &ha@ih Jovmers used in the pre-exponential are 8i@

Al;0O; and the chain modifiers in the temperature term are FeQs;,Rda2,0, PbO, CaO, MgO, ZnO,
CuO, S, andall other components These make up th& andB; terms in Equation 6.2, respectively:
. ] ] sif
Z'BL G ET #0PE § ET Sy PH— & (6.2)

The regression coefficients in Table 6.2 describe well the predicted behavior of the slags. Firstl
the inverse temperature has a strong positive effect on the viscosity (that is, thepiisc@sises with
decreasing temperature and vice versa). At a given temperature, as the percentage of chailsiOsmers (
and AbOs) increases relative to the chain breakers, the viscosity will increase. An increaséni
breaking components (FeO,.Bg, NaO, PbO, CaO, MgO, ZnO, CuO, and S) will decrease the
dependence on temperature; or at a given temperature decrease the viscosity. Differencdsdndhe ef
the individual chain are seen with their constants being dissimilar. Particularly, diffatees are found

for FeO and F©;3, representing their differing contributions to viscosity.

Several noteworthy trends appear in Figure 6.4. Perhaps the most obvious is that the industrial
lead-VPHOWLQJ VODJV] RUGFHRMW.WLRD UM XGH ORZHU WKDQ WKH RS
iron(lll)-silicate melts lie between these extremes. The calculated viscosgiteswaell with the
measured ones over the whole range; rarely is there more than an order of magnitude difference between
WKHP 7KH FXUUHQW VW X GFKifjiMe 6.5, Wi pDiktsistic alKa® halviti\hie&suted
viscosities that are higher than their calculated values. Upon investigation, it was folalldfitrebf
these points are from Sample 1 as it decreased in temperature from 1300-900 °C. (from bottom-left to

top-right).
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Two observations are noted: the highest-temperature point lies about one log-unit to tbfe right
the 1:1 line and that the distance increases as test temperature was decreased. The idiffieedirst
point suggests some experimental ert@rhether it was unaccounted-for oxidation in the sample or
sampling error. The second observation can be explained by referring to the relative positiens of
experiments and liquidus linesFigure 6.6. In that figure, it can be seen that the point for Sample 1 (the
top-right-most in the figure) lies very close to the 1100 °C liquidus contour. Gg/position, it is
plausible that fayalite or wistite began to precipitate, which would raise the apparesityigis
phase transformation is not considered by the regression equation, and would worsen as more solid

precipitated with lower temperatures.

Table 6.2 Regression Coefficients for Equation 6.2.

Coefficient Value

Ao -3.847137
Asioz -0.035825
Anaiz03 -0.063438
Br 16.568073
Breo -0.134941
Bre2os -0.11284
Bnazo -0.180731

Brbo -0.142819
Bcao -0.151655
Bmgo -0.214371
Bzno -0.131592
Bcuo -0.038266

Bs -0.292295

BOthers -0.111480
Adjusted R 0.9344
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Figure 6.4 Calculated Versus Measured Viscosity.

Figure 6.5 Calculated versus Measured Viscosity with Emphasis on Current Study Data.
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Figure 6.6 Overlay of Experimental Points and Projected Liquidus Contours.

In industrial practice, the viscosity of a melt can affect recovery by determining the avhount
material entrained in the slag. Because the slag floats on the molten lead, particles of leadehust tr
through the slag to reach the bath below. This settling must be completed before the slag is tapped or the
metal still in the slag will exit the furnace as entrained lead. Assuming a regulaevoitapped slag

and hearth cross sectional area, the maximum height over which the particles must settlewat be f

SKHQKB6=LLAB=C /I=TEIQISH=@GEGDP
*A= NF"/DNKBZ)QC?PEKBI#LH Q 3

The equation for the settling velocity of a solid particle was given as Equation 3.5. lagkishe
lead particles are liquids and as such their terminal velocities likely will ber thsin those predicted
below. However, their relative behavior in low- and high-viscosity slags will remain uredhang
Dividing the maximum height of the slag by the terminal velocity of the particle (EquatioreSulis in

the slag residence time for that particle:

SH=YAE(:DP L5H=CAOE @®BIA)
6ANIEJ8:/HHK"I-D(1LI|'8 4

Inserting Equation 3.5 into Equation 6.4 yields Equation 6.5:

H{HPUBeUx L R&

tHA”OagUuH €0acuF €ugeyH C 5
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The direct influence of viscosity on the residence time can now be seen: an increase in viscosity
will proportionately increase the residence time. Viscosities in this studyH&gl URP 8 I F3
depending on composition and temperature. The residence times forRlé&8ad particle settling
through 0.1-meter slags of those extreme viscosities would vary from four minutesd@yotiehe slag
tapping interval is fifteen minutes, any 5 OHDG S D U W L FaOLBO¢P Zl&glirFtke ldsp W H U
3.79 minutes before tapping would remain entrained. The lead recovery for particle®thisidit be
75%. None of theelead particles would settle completely through a 50®8kag. Table 6.3 shows the
expected recovery after fifteen minutes for various particle size and viscosity caamsin@ihus, the
preference for a low slag viscosity (either through adjusting the composition or maintairgihg a hi

temperature) is demonstrated.

Table 6.3 Recovery of Lead Particles Through Slag After Fifteen Minutes.

F& 10 30 100 300 1,000 3,000 10,000 30,000 100,000
5 Pt,mn 038 114 379 11 37 113 379 1,137 3,791

37 95.38 86.15 53.84 0.00 0.00 0.00 0.00 0.00 0.00
52 97.68 93.03 76.78 30.34 0.00 0.00 0.00 0.00 0.00
74 98.83 96.50 88.32 64.96 0.00 0.00 0.00 0.00 0.00
104 99.41 98.24 94.13 82.38 41.26 0.00 0.00 0.00 0.00
146 99.70 99.11 97.05 91.14 70.45 11.36 0.00 0.00 0.00
206 90.85 99.55 98.51 95.54 85.14 55.41 0.00 0.00 0.00
201 99.93 99.78 99.25 97.76 92.52 77.57 25.24 0.00 0.00
410 99.96 99.89 99.62 98.87 96.24 88.72 62.40 0.00 0.00
578 90.98 99.94 99.81 99.43 98.11 94.33 81.09 43.26 0.00
815 99.99 99.97 99.90 99.71 99.05 97.15 90.49 71.46  4.87
1149 100.00 99.99 99.95 99.86 99.52 98.56 95.21 85.64 52.15

6.2 Density Tests

LangH D QG & D U pattiglKridler @dfuvhes were used to predict the density of the slag
systems at 1300°C (which is within their reported temperature range), and extrapolated 900 °C. Figure 6.7
shows the predicted densities of the melts over the temperature range. Within the grouping around the
second line from the top, the densities increase (below about 1250 °C) with increasing sodgum oxi

content.

Density measurements were performed over the temperature range 900-1300 °C, but the precision

of the data, and to a lesser extent the accuracy, suffered. The temperature trends predjoredary F
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are not discernable in the experimental data. As an example of the variation in the experimental data,
every sample decreased in density from 1200 °C to 1100 °C, when they all should have continuously
increased over the temperature range. However, the predicted trend assumes the melts remain liquid over
the temperature range, which is believed to not be valid. As a theoretical verificationditjoés in

Figure 3.25 are above 900 °C in the experimental composition range.

Not only would floating solid phases interfere with the immersion of the spindle, theanpees
would change the composition of the liquid phase. These solid phases could also nucleate or freeze on the
spindle, respectively, when it was submerged in the melt or suspended above it. Images taken after an
experimental campaign (presented in Section 0) suggest this to be an issue.

Figure 6.8 compares the predicted densities with the measured ones, with all measurements over
the temperature range averaged and given a standard deviation. It can be seen that the averages for
samples 1, 2, and 3 are slightly under their predicted values, but those of 5 and 6 are much lower than
predicted. The predicted value for sample 4 is above the measured average, but it is still within the
standard deviation.

A possible explanation for the error in the higher-density measurements is the viscous behavior of
the fluids. As noted above, the higher-density samples have more silica, which would make them more
viscous. As such, the spindle in these melts would take longer to reach its equilibrium position. It is

possible that insufficient time was given for this position to be reached.

Figure 6.7 Calculated Densities using Parameters from Lange and Carmichagi3]
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Figure 6.8 Predicted and Experimental Densities Ordered by Predicted Density.

6.3 TCLP Slag Preparation

After the TCLP slag samples had cooled, their masses and recoveries were noted. Then they were
split and analyzed by ICP-MS to determine their compaosition. The data for the samples is given in
APPENDIX C. Figure 6.9 shows the prepared slags. In the middle of the image are four fast-cooled slags.
Above them are the crucibles from which they were poured. Below them are their four counterparts which
had been cooled in the furnace. The four TCLP slags are described relative to their poigon i
HISHULPHQWDO GHVLJQ VSDFH 7KH\ DUH UHIHUUHG WR DV 3KLJK V
VLOLFRQ®™ 60DJ 6 DQG 3PLGGOH" 60DJ O

Mass Recoveries from samples varied from 45% to 103%. When ordered by recovery from
lowest to highest, it can be seen that the sample recoveries tended to increase in thénaitlea kig
high iron < middle < high sodium, although that does not mean that the recovery of every middle-
composition slag was worse than every high sodium slag. The fast-cooled slags showed worse recoveries
than their slow-cooled counterparts, because when slags poured slowly, the material whichmiae left
crucible was not recovered. A close-up of the pan containing each of the four recipes after having been
fast-cooled is presented as Figure 6.10. There it is shown that slags S and M had generally lower

recoveries.
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Figure 6.9 Prepared Slags.

Figure 6.10 Poured Slags. From Left, Slags N, F, S, and M.
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6.4 Phase Analysis

Several techniques were used to predict and identify major phases present in the samglles, as w
as determine whether the impurities (barium, lead, and arsenic) segregated into their owor phases

remained distributed among the major phases.

6.4.1 Satmagan Analysis

Pulverized samples from eight TCLP slags were used to determine the magnetic content
(assumed to be only magnetite)tiidse TCLP samples. The magnetite content according to the Satmagan
was then used as a basis to estimate thie Fle ratio for the samples. The assumption in making the
recipes was that all iron would react to form FeO and stayZistfes partial oxidation was known to be

possible, although argon was introduced to limit its extent.

Table 6.4 Magnetite Content from Satmagan Analysis.

Sample Magnetite, wt%
Cooling Rate Fast Slow
S 1.99 7.31
F 2059 23.18

N 2.65 0.66

M 0.00 0.00

The only sample with significant magnetite content was the high-iron sample (E),alloxch
returned 21% for the fast-cooled sample and 23% for the slow-cooled sample. A magnetiteo€ontent
approximately 20% in the high iron was produced by HSC when the inffut Fel UDWLR ZDV VHW WR

which would be akin to one ferric idor every five ferrous ions.

6.4.2 Predicted Equilibrium Phases

2XWRWHFTV +6& VRIWZDUH Zdi¥ pkagds haWWwbulGdeve B under egiiltrium
conditions. The results for 1200 °C are given in Table 6.5 and for 700 °C in

Table 6.6. The phases were mostly composed of sodium silidsei@; and NaSi,Os) and

iron oxides (FeO and E@.) tthese phases comprised 500% of all samples.
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When barium was added, it was predicted to form EaSBaSiQ, Ba,SiOs, and BaSi:Os. Lead
was predicted to form PbSi@h the high-silica sample, but remain as elemental lead in the other samples
(or gaseous lead at 1200 °C). Adding arsenic to the samples was predicted tosfas@uMNad various

arsenic gases.

Table 6.5 Phase Distribution (wt%) According to HSC at 1200 °C.

No Impurity Barium Lead Arsenic

S F N M S F N M S F N M S F N M

Na2sio3  8.19 18.04 4752 2756  8.51 18.98 4193 2871 7.56 16.75 4502 2578 7.23 15.83 46.63 24.02
FeO 19.38 29.90 26.29 2528 18.85 2949 2408 2471 16.12 2516 21.99 2064 1361 20.31 30.28 17.41
Na20*2Si02  27.17 20.56 0.15 2446 2488 16.81 0.08 19.47 2582 20.08 0.13 2383 2569 20.83 0.81 24.66
Fe304  6.80 1168 1191 9.14 6.67 11.29 1140 8.83 9.44 1495 13.43 1234 1232 2031 857 15.45
*2FeO*SiO2 11.32 9.84 0.02 5.64 10.07 7.71 0.01 4.26 8.64 7.96 0.02 4.28 6.55 5.99 0.15 3.49
Si02 2250 7.28 0.02 5.49 18.60 5.46 0.01 4.06 2161 7.04 0.02 524 2202 735 0.11 5.64
NaFe(SiO3)2  2.95 0.90 0.00 0.73 2.42 0.62 0.00 0.48 3.69 111 0.00 0.92 4.72 157 0.00 1.24
FeNaO2  0.07 0.18 5.88 0.23 0.07 0.20 6.79 0.27 0.08 0.20 6.50 0.27 0.09 0.23 1.95 0.30
Fe203 1.38 1.44 1.65 1.29 1.30 1.37 1.63 1.24 2.14 2.02 2.06 1.96 3.25 3.23 1.05 2.82
*2Na20*Si02 0.00 0.00 4.40 0.01 0.00 0.00 5.50 0.01 0.00 0.00 4.40 0.00 0.00 0.00 0.74 0.00
BaSi205  0.00 0.00 0.00 0.00 6.72 4.46 0.01 391 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na3AsO4  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.17 0.36 7.63 131
Pb(g) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.18 4.48 4.50 4.47 0.00 0.00 0.00 0.00

Pb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

BasiO3  0.00 0.00 0.00 0.00 1.28 2.80 1.49 3.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
As2(g) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.34 2.33 0.84 1.93
Ba2si0o4  0.00 0.00 0.00 0.00 0.00 0.04 4.58 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na(g) 0.02 0.06 1.64 0.08 0.02 0.08 1.85 0.10 0.01 0.05 131 0.06 0.01 0.03 0.97 0.04
As4(g) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
AsO(g) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.82 1.50 0.15 1.59
*3Na20*2Si02 0.00 0.00 0.52 0.00 0.00 0.00 0.60 0.00 0.00 0.00 0.53 0.00 0.00 0.00 0.08 0.00
Ba2Si308  0.00 0.00 0.00 0.00 0.41 0.61 0.00 0.63 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PbSiO3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.33 0.04 0.00 0.04 0.00 0.00 0.00 0.00
FeO*Si02 0.23 0.12 0.00 0.08 0.19 0.09 0.00 0.06 0.19 0.11 0.00 0.07 0.17 0.09 0.00 0.06
PbO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.04 0.05 0.05 0.00 0.00 0.00 0.00

PbO(g) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.03 0.04 0.04 0.00 0.00 0.00 0.00
Pb2SiO4  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fe 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

As(g) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.02 0.02

BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

As3(g) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

*3Na20*As205 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00
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Table 6.6 Phase Distribution (wt%) According to HSC at 700 °C.

No Impurity Barium Lead Arsenic

S F N M S F N M S F N M S F N M

Na2SiO3 14.28 2520 4547 3578 1448 2539 39.31 3585 13.23 2349 4461 3352 11.24 21.69 47.60 30.80
FeO 1390 23.00 3441 20.08 13.70 23.57 3287 2042 1233 19.69 2845 16.86 8.73 1471 3596 12.93
Na20*2Si02 14.78 8.94 0.00 1141 13.16 6.84 0.00 8.56 13.57 8.76 0.00 11.10 12.16 9.29 0.00 11.68
Fe304 3.46 1032 232 7.76 3.80 10.40 1.69 7.92 4.94 13.20 4.68 1056 10.01 20.20 2.29 15.20
*2FeO*SiO2  20.77 20.57  0.00 14.03 18.83 16.89 0.00 1121 17.22 17.02 0.00 11.05 9.62 1155 0.01 7.78
Si02 20.48 6.66 0.00 6.01 16.89  4.90 0.00 4.36 19.08 6.51 0.00 5.79 19.04 7.06 0.00 6.35
NaFe(SiO3)2 11.57 4.03 0.00 3.81 9.80 2.61 0.00 2.43 1351 4.94 0.00 4.78 2217 813 0.00 7.53
FeNaO2 0.03 0.10 9.15 0.12 0.04 0.11 9.26 0.13 0.04 0.11 11.20 0.14 0.06 0.14 3.56 0.17
Fe203 0.66 1.14 0.20 0.98 0.70 1.08 0.14 0.95 1.01 1.58 0.44 1.48 2.72 3.05 0.18 2.65
*2Na20*Si02 0.00 0.00 8.21 0.00 0.00 0.00 10.47  0.00 0.00 0.00 5.76 0.00 0.00 0.00 1.41 0.00
BaSi205  0.00 0.00 0.00 0.00 7.31 5.40 0.00 5.19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na3AsO4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.71 0.66 8.12 1.80
Pb(g) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.20 0.20 0.19 0.20 0.00 0.00 0.00 0.00

Pb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.89 3.96 4.36 3.88 0.00 0.00 0.00 0.00

BaSiO3 0.00 0.00 0.00 0.00 0.69 1.72 0.47 1.87 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
As2(g) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.99 0.99 0.40 0.93
Ba2SiO4  0.00 0.00 0.00 0.00 0.00 0.00 5.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na(g) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
As4(g) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.49 2.49 0.41 2.16
AsO(g) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
*3Na20*2Si02 0.00 0.00 0.25 0.00 0.00 0.00 0.28 0.00 0.00 0.00 0.18 0.00 0.00 0.00 0.04 0.00
Ba2Si308  0.00 0.00 0.00 0.00 0.55 1.04 0.00 1.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PbSiO3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.43 0.28 0.00 0.32 0.00 0.00 0.00 0.00
FeO*SiO2 0.05 0.03 0.00 0.02 0.05 0.02 0.00 0.02 0.05 0.03 0.00 0.02 0.04 0.02 0.00 0.02
PbO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.41 0.22 0.04 0.28 0.00 0.00 0.00 0.00

PbO(g) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pb2Si0O4  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.01 0.00 0.02 0.00 0.00 0.00 0.00

Fe 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.09 0.01 0.00 0.00 0.00 0.00

As(g) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

As3(g) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

*3Na20*As205 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

The underlying assumptions of this phase analysis deserve scrutiny. For one, the modeled
conditions were not necessarily reflected in the tests. 1200 °C was chosen to represent the phases that
would exist in the fast-cooled samples, but most of the samples were primarily liquid at thahtieraper

Also, in cooling quickly, the samples vitrifietinstead of crystallized:-so these phases were not present.
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The phases predicted at 700 °C are likely more representative, as the cooling rate wasvitalegave

diffusion the opportunity to occur and allowed the predicted phases to segregate.

6.4.3 Spectroscopic Analysis

The degree of crystallinity in the samples was investigated with XRD. Very fetaltiye
phases were observed, and the majority of those were iron oxides. The high silica sample (Figure 6.11
and middle composition (Figure 6.14) showed broad amorphous regions. The best-defined peaks were the
iron oxide peaks in the high iron sample (Figure 6.12) and the sodium silicate peaks in the high sodium
sample (Figure 6.13 7KH 36 FRUH"~ OLVWHG LQ WKH ILIJIXUHV EHORZ LV WKH

Search Match function assigned to the reference peak being present in the unknown spectrum.

Figure 6.11 XRD Pattern for a Slow-Cooled, High-Silica Sample.

The appearance of iron oxide peaks in the slow-cooled high-iron sample was expected due to its

composition lying in the iron oxide (wistite orBg) primary phase region.
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Figure 6.12 XRD Pattern for a Slow-Cooled, High-lron Sample.

Figure 6.13 XRD Pattern for a Slow-Cooled, High-Sodium Sample.
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Figure 6.14 XRD Pattern for a Slow-Cooled, Middle-Composition Sample.

A similar trend occurred with the fast-cooled samples. The high-silica sample had the most-
pronounced amorphous region (Figure 6.15). Again, iron oxides were detected in the high-iron sample
(Figure 6.16) and sodium silicates in the high-sodium sample (Figure 6.17). The middle composition
showed a large amorphous curve and a peak (Figure 6.18), but the software was unable to identify a

compound from the lone peak against the background.

Figure 6.15 XRD Pattern for a Fast-Cooled, High-Silica Sample.
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Figure 6.16 XRD Pattern for a Fast-Cooled, High-lIron Sample.

Figure 6.17 XRD Pattern for a Fast-Cooled, High-Sodium Sample.

The distinct peaks were identified as being a sodium-iron-silicate, approximately corresponding
to a composition oNa 2 T )68 6 k. Zccording to Figure 3.25, the primary phase for this composition,
if fully reduced, would be N&eSiQ. Satmagan results show there is some oxidation of the sample, so
the formation of a more-oxidized compound is expecteden if it was not the primary phase (Figure
3.27).
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Figure 6.18 XRD Pattern for a Fast-Cooled, Middle-Composition Sample.

Based on the relatively high crystallinity of the slow-cooled high sodium sample, EDS Maps at
1000X magnification were created for the high-sodium sample containing each impurity to sd@dhto w
phases the impurities congregated. In these images, colored pixels represent locations whereoansignal fr
the specified element originated from. Thus, by comparing where the colors in the images overlap (or
not), it can be determined which elements are associated with which other elements. Several broad trends
appeared: the sodium was not associated with iron, sodium was generally associated with siliam, and ir

was not generally associated with silicon.

The behavior of each impurity was unigue. Barium was seen (Figure 6.19) to form a phase with
silicon, and to a lesser extent, sodium. The barium was not associated with iron. These asdecdtions
more support to the hypothesis of barium forming a barium silicate or barium-sodium-silipegediated
by Figure 3.28. The lead was associated with silicon, as shown in Figure 6.20. While the barium was
associated with silicon and partially associated with sodium, the arsenic appears in Bigiw®dé.
associated more with sodium and significantly less with silicon or iron. This is expected fromthe HS

prediction of the formation of sodium arsenates.
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Figure 6.19 EDS Maps for Slow-Cooled High-Sodium Sample Doped with 8.84 wt% Barium Oxide.

Figure 6.20 EDS Maps for Slow-Cooled High-Sodium Sample Doped with 5 wt% Lead Oxide.
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Figure 6.21 EDS Maps for Slow-Cooled High-Sodium Sample Doped with 5 wt% Arsenic Trioxide.

Samples were also imaged before and after leaching in acetic acid. Figure 6.22 shows a secondary
electron image of a slow-cooled high-sodium sample doped with barium before and after leaching. In the
before image, a flat surface (below some surface imperfections) can be seen. Afterwards, hoa#ver, sm
islands appear, with the space between them recessed. Upon comparison with the EDS maps, these

islands are revealed to be iron oxides.

Figure 6.22 Secondary Electron Image of Barium-Doped High-Sodium Sample before (left) and
after (right) Leaching.
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Barium EDS maps at 1000X were taken at the same spot before and after leaching and are shown
in Figure 6.23. There are several regions which are not present in the after imageeftimmots the
lower third, and towards the top of the right side). Images of a fast-cooled highsaiiigde did not show
phase segregation or any difference on leaching: Figure 6.24 #higeg the case of barium. Thus, the
difference between the two samples is apparent: given a slow cooling rate and enough sodium, barium
will form a soluble silicate phase, whereas a fast cooling rate and more silicon will deveation of a

soluble phase.

Figure 6.23 Barium EDS Map of Barium-Doped High-Sodium Sample before (left) and after (righ
Leaching.

Figure 6.24 Barium EDS Map of Barium-Doped High-Silica Sample before (left) and after (right
Leaching.

98



6.5 TCLP Leach Tests

The TCLP leach was conducted by an off-site laboratory familiar with the procedure for
industrial slag samples. For each of the three impurity elements (barium, lead, and arsengdfgraph
extract impurity concentration in parts per million are presented. A phase diagram whichesothelat
VDPSOHVYT ORFDWLRQV LQ WHUQDU\ VSDFH ZLWK WKHLU OHDFKHG

Most of the samples leached amounts under the EPA regulatory limit. For barium, that mark is
100 ppm. All but one of the samples in this study reported a concentration under that limit, buptae sam
which exceeded the limit (Slag N, slow-cooled, 8.84 wt% BaO) returned a concentration more than four
times the limit at 406 ppm. Five parts per million is the maximum allowable extract cotioarfwalead

and arsenic. Samples N and M exceeded the limit for lead and arsenic.

From the EDS maps in Figurel§, it was seen that the barium forms a sodium-barium-silicate,
as predicted by Figure 3.28. Given that sodium silicates are soluble and barium regions disappeared after
leaching (Figure 6.23), it seems likely that the sodium-barium-silicates also igelthbil

Figure 6.25 TCLP Leach Results for Barium.
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Figure 6.26 TCLP Leach Results for Lead.

Figure 6.27 TCLP Leach Results for Arsenic.
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Figure 6.28 TCLP Leach Results (in ppm) for Barium (blue), Lead (red), and Arsenic (green)
overlaid on the NaO-FeO-SiO; ternary diagram. Lead valuesDUH FHQWHUHG RQ WKH WHV\
mole percent compositions.

Four more barium-doped samples were prepared and leaciet. V H dhipasitibdfiwere
targeted as 60:2P0 mol% for each component (b@:FeO:SiQ) as well as the center, 33:33:33 mol%.
They were all cooled at the slow rate (2 °C/min) used previously. These compositionestierGDWD LV
plotted along with the initial four compositions in Figure 6.29. There, it can be seen tlegitimewhose
samples produced the highest extract concentrations were not the low-silicitlomé&8:20:20 sample
leached 8.5 ppm and the iron outlier leached 37 gt the region approximately in the center of the
phase diagram, where similar to the 406 ppm leached by the high-sodium sample, 269 ppm barium was
leached.

Two of the pseudo-binary phase diagrams generated by Moosavi-Khoonsari are presented again
in Figure 6.30; one along the F&@xSiO; join and one along the F&0s-NasSiOs join. Also shown in
Figure 6.31 is an overlay of the TCLP experimental compositions on the liquidus contour plot, @ith soli
and dashed arrows representing the respective pseudo-binary joins. The ternary pRaSeQNizes in

the center of each figure, and is the point at which they cross.

101



Figure 6.29 TCLP Leach Results (in ppm) for all BariumWHVWY 9DOXHV DUH FHQWHUHC
targeted mole percent compositions.

Figure 6.30 Pseudo-Binary Phase Diagrams for Fe@a,SiOs (left) and Fe;SiOs-NasSiOs (right).

In Figure 6.31 the locations of the experimental points if they were along the binary pseudo-
diagrams can be seen. If the composition of the center sample were perfect, it would form one single
phase. The initial high-sodium sample would lie slightly to the left of the centerline eftiadge in
Figure 6.30. The 60-20-20 point would be at the 0.4 mole fraction in the figure.
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Figure 6.31 Overlay of TCLP Experimental Points onto Liquidus Contours. The dashed line is the
Fe;SiO4-NazSiO;4 join and the solid line is the FeONazSiOs join.

The appearance of the iron oxide primary phase in the Sample 7 EDS images (specifically Figure
6.19) suggests that all three of these compositions remained to the left of the centanbnall Thre
would have forrad primary wistite, a large amount of {f&SiQ, and a final wiistite and fayalite
eutectic. The right half of the right binary join displays the complex sodium silicatels fohm at
sodium-rich compositions of the ternary space. Although there is no diagram to display phases in the
region between the 60-20-20 and 20-60-20 points (ie, the left side of the phase diagram), thrgfollowi

proposal is given.

Sample 7 showed evidence of primary iron oxide in its EDS images. Thus, its composition lies to
the left of the centerline in Figure 6.30-Left. However, there is more sodium in that sampte ihtm
perfectly fit on that pseudo-binary join. Comparison of the right-hand sides of the two binaryejveals
that adding more sodium may drastically increase the complexity of the possible phases. This, combined
with a eutectic valley beyond the compaosition of Sample 7, suggests that there are complex sodium
silicate phases present as Sample 7 (and the 33-33-33 sample) cool. Noting also the intrudignidf the
region terminating at approximately 0.7 mole fraction®@, there exists the possibility for the barium
to remain in the liquid until a final barium silicate and sodium silicate solidifies at around 700i8C

phase development stands in contrast to that of the other samples, which would form iron oxide solutions
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and sodium-iron-silicates. Fayalite was not seen in the EDS images, and its lack of presence has been

suggested to be due to the greater ease of infiltration of the sodium ions into the silicatke. netw

The cooling rate range was extended for barium as well. Two more rates were investigated using
the high sodium and high silicon composition: an extra-fast water quench and an extra-slow rate of
0.5 °C/min. For the high-sodium sample, it can be seen that as the cooling rate is decreasedumore bari
will leach. Table 6.7 shows that the quenched sample only leached 3 ppm Ba, while the slowest-cooled
sample leached 65 ppm Ba. Although this is still under the 100 ppm regulatory limit, it is noted that this
sample was only doped with 1 wt% Ba. Samples with similar compositions which were cooled slowly
leached several hundred ppm Ba.

The trend for the high-silica sample is not as apparent. The extreme samples leached more than
the moderate ones: 1.63 and 1.35 ppm for the fast-cooled and slow-cooled samples versus 11 ppm Ba for
the extra-fast sample and 28 ppm Ba for the extra-slow sample. Given that the repeatability gflde sam
is + 3 ppm, the moderate samples are essentially equal. The high amount leached from the quenched
samples is likely a function of its particle size. Figure 6.32 shows the two quenched samiigsilde-

In the image, it is apparent that the particle size distribution of sample S is finerahahsample N and

that less mass was recovered for sample S. Most of the slag product for Sample S was used for the TCLP
leach, while Sample N was split in half. Therefore, the sample had a higher specific surfasbiahea

would have increased the amount leached. It has been shown (Figure 3.31) that higher-density slags will

have a smaller particle size when quenched.

Figure 6.32 Image of Quenched Samples N (left) and S (right), taken after drying.
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Table 6.7 Barium Leached from Temperature Outlier Tests.
Sample BaO, Cooling Extract
wt% Rate ppm Ba
N 1.86 ExtraFast 3.02
1.83 Fast 6.57
1.83 Slow 6.13
1.86 Extra Slow 64.86
S 1.86 ExtraFast 11.33
1.83 Fast 1.63
1.83 Slow 1.35

1.86 Extra Slow 28.22
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CHAPTER SEVEN
ECONOMIC ANALYSIS

An economic estimate was made to show that increasing the slag TCLP pass rate without
DIIHFWLQJ WKH OHDG WKURXJKS X of. R xi@pk praficfunetibovH D VPHOWHU Y
(Equation 7.1) was developed:

D P K 120>

D
&= EEINJKELEPK2>H @=U

D PKXO 5H=C
£ PKEO PKXDH=C PKO*5H=C PKEMN=C e (70
ECETA TS DIPKI=VEH=C D PKI¥aVHLE

E "DPKQO* 5H= EFKJO*SH C PKBMH= G

The equation consists of terms which generate reveheealaily throughput and price per ton of
lead; and terms which affect the cost of slag disposal:tetigd ratio, TCLP pass rate (written as tons
of nonhazardous slag per total tons of slag produced), and the disposal costs of nonhazardous and
hazardous slag (the latter of which is written as a factor multiplied times the Yotiairg that equation,
the sensitivity of the profit to changes in these factors was analyzed. The analyesgsidqu graphically

in Figure 7.1.

Figure 7.1 Daily Profit Sensitivity Analysis.
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The throughput and price per ton of lead strongly positively influenced the daily profipa@sn
to those factors, the influence of the TCLP rate was slight, but it was still positiveasing the TCLP
pass rate would increase daily profit. To better compare the remaining factors, theedatatied in
Figure 7.2 excluding the lead price and throughput. An increase in the hazardous disposal price would
decrease daily profit more than an increase in non-hazardous disposal. (The equation was modified so that
the increase in honhazardous price did not increase the hazardous price.) An increase in the hazardou
price would decrease profit slightly more than an increase in theécslegd ratio, and slightly more than

an equal-percent change in the TCLP pass rate would increase it

Figure 7.2 Daily Profit Sensitivity Analysis, Excluding Lead Price and Throughput.

It is clear from the figure that the production and sale of lead have the most signifiectist af
the daily profit. Any process changes aimed at controlling the characteristics of thasslagjtfy or
TCLP pass rate) would therefore only be carried out if they do not produce more slag (gspeciall
hazardous slag) or sacrifice production of lead. The economic benefit of such a change, should it be
enacted, would be partially offset by an increase in capital costs for new monitoring asm@gogpment
as well as increased operating costs related to the labor or energy required to implement new process
controls.
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CHAPTER EIGHT
CONCLUSIONS

Slag viscosity increased with decreasing temperature and increasing silica content. At constan
silica content, more iron led to a higher viscosity while more sodium led to a lower viséwosity
Arrhenius-type model was produced to predict slag viscosity as a function of composition and
temperature. It showed good agreement between predicted and measured values. Density measurements
conducted by this study were not precise enough to establish trends with temperature or composition.

The slag samples tested in this study formed iron oxides and sodium silicates. Satmagan analysis
suggested the iron was mostly, but not completely, reduced. HSC modeling to match the Satmagan-
determined magnetite content predicts a ferric conteRetf ) H 7KH LPSXULWLHV IRUPI

silicates and sodium-barium-silicates, lead silicates, and sodium arsenates.

In the composition region studied, the samples with more silicon tended to leach less. Further
investigation revealed that compositions in the center of the phase diagram (not simply théssswi
silica) produced extracts with the highest concentration of barium (which exceeded the Td@a®meg
limits). Similarly-high extract concentrations were seen with lead and arsenic freamtlechigh-sodium

composition.

Composition appears to be a more significant predictor of the extract impurity conoerihan
temperature in the moderate range of cooling rates. However, when quenching and extra-slow cooling are
considered, the cooling rate becomes significant. Barium concentrations were higher for the high-sodium
samples which had been cooled more slowly. Quenching, however, can lead to morphological effects

which can be detrimental when high-silicon compositions are used.

Relating the two phenomena, the compositions which had the lowest viscosities also leached the
most. While this would be beneficial for phase separation (as viscosity is in the denominatarifia te
velocity of a sphere in a fluid), the leaching characteristics of this slag when sdliduld be

industrially undesirable.

An economic incentive for avoiding this region is that increasing the TCLP pass ratdwudéer
the expense of hazardous slag disposal. By increasing the TCLP pass rate by 25%, daily profit can be

increased by 2.43%.
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CHAPTER NINE
RECOMMENDATIONS FOR FUTURE WORK

Regarding the viscosity data, tests should be performed while holding the melts at a given
temperature immediately and after a certain amount of time has elapsed. This would elucidfstetshe ef
RI SRWHQWLDO SUHFLSLWDWLRQ ZKLFK RYHU WLPH VZRX U Kk RXDOR |
also be performed on more-complicated systems (five to ten components) to validate the empirical model
proposed.

The main shortcoming of the density investigation was its lack of precision. Multiple elerhtéms o
experimental setup can be altered to improve that precision. A platinum double-bob spindle should be
used, as that has been shown to be the most accurate. If an enclosure were placed around the bob, it would
be protected from convective currents from the furnace and melt, which would reduce the errazdyenerat
from a swinging bob. Longer equilibration times would ensure the bob has reached the correct height and
thus that the proper mass is recorded. A finer mechanism for adjusting the height would reduce the er
in the height measurement, as well as prevent constant adjustment if the desired height is missed.

A broader range of compaositions should be investigated to determine the actual phase development.
These could be thermodynamic modelling and cooling from different temperatures. Combined with
guantitative phase analysis (such as QEMSCAN), this would show the actual phase development.

The dramatically increased leaching of all impurities towards the center of the ¢ihgram should
be investigated more closely. A study could be conducted which includes compaositions spaced at regular
intervals between the points in this study. Quantitative before-and-after-leaching invagéhshow
which phases become more prominent with composition, as well as which are more likely to disappear. If
the sample composition were known and the leach solutions were analyzed, a mass balance could be
FUHDWHG WR EDFN XS WKH 30thbibEdh Diter@uie s&aikeh of khor&tdfy HUW LR Q
investigation of pure compounds could also determine their relative solubility in acetic adieiand t

respective leaching kinetics.
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APPENDIX A
VISCOSITY DATA

Data for the viscosity tests is presented in the following tables. Values whielh&en
struck through were determined to be unrealistic, either due to high variability in thetpergae value

recorded or because it was suspected that precipitation of solid particles wasgatfiecineasurement.
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Table A.1 Viscosity Test Data for Sample 1.

RPM 100 60 50 30 20 12 10 6.0 5.0 4.0 3.0 2.5 2.0 1.5 1.0 0.6 0.5 0.3
1299 24.2 18.7 10.9
o 1199 443 36.7 24.1 13.5 8.8
g 1100 71.0 46.7 28.1 23.8 15.1 12.8 10.7 8.9
s 1000 96.0 79.6 49.4 41.6 34.3 26.7 22.8 19.3 15.3 11.1 8.1
900 79.9 51.5 32.0 28.1 18.1
SR 21.40 12.84  10.70 6.42 4.28 2.57 2.14 1.28 1.07 0.86 0.64 0.54 0.43 0.32 0.21 0.13 0.11 0.06
1299 7,597 5,871 3,422
1199 13,908 11,522 7,566 4,238 2,763
« 1100 22,290 14,661 8,822 7,472 4,741 4,018 3,359 2,794
1000 30,139 24,990 15509 13,060 10,768 8,382 7,158 6,059 4,803 3,485 2,543
900 25,084 16,168 10,046 8,822 5,682
1299 590 547 531
1199 1,080 1,073 1,175 987 1,072
1100 3,461 3,414 3,424 3,480 3,680 3,743 3911 4,338
1000 11,698 11,639 12,039 12,165 12,538 13,013 13,335 14,110 14,914 16,230 19,740
900 77,886 75,303 77,983 82,175 88,219
Intercept as calculated Intercept set to zerc Brookfield Method
TEMP SLOPE R? INT ORJ SLOPE R? ORJ INT AVG R? ORJ 104T, K oQ
1299 639 0.9918 -753 2.81 569 0.9982 2.75 473 556  0.8082 2.75 6.36 6.34
1199 1,090 0.9940 -25 3.04 1,087 0.9987 3.04 1,057 1,077 0.0334 3.03 6.79 6.99
1100 3,376  0.9993 392 3.53 3,477 0.9992 3.54 3,934 3,681 0.4367 3.57 7.28 8.15
1000 11,226 0.9999 1,140 4.05 11,964 0.9974 4.08 15,781 13,766 0.5003 4.14 7.86 9.39
900 75,197 0.9977 -214 4.88 78,005 0.9991 4.89 86,109 77,057 0.4896 4.89 8.53 11.26
R2 (104T) 0.9866 0.9917 0.9951 Ea 1.902E03
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Table A.2 Viscosity Test Data for Sample 2.

RPM 100 60 50 30 20 12 10 6.0 5.0 4.0 3.0 2.5 2.0 1.5 1.0 0.6 0.5 0.3
1300
g 1197 8.5
g
° 1097 16.5 13.9 8.2
s 999 441 36.8 22.0 14.8 9.2
900 68:2 542 415
SR 21.20 12.72 10.60 6.36 4.24 2.54 2.12 1.27 1.06 0.85 0.64 0.53 0.42 032 021 013 0.11 0.06
1300
1197 4,742
o 1097 9,204 7,754 4,574
999 24,600 20,528 12,272 8,256 5,132
900 38;044 30:234 23:150
1300
1197 372
1097 722 730 717
999 1,929 1,932 1,925 1,942 2,012
900 29:831 28;449 27229
Intercept as calculated Intercept set to zero Brookfield Method
TEMP SLOPE R? INT log SLOPE R? ORJ INT AVG R? ORJ 104T, K oQ
1300
1197 373 2.57 372 2.57 6.80 5.92
1097 731 0.9995 -56 2.86 726 1.0000 2.86 713 723 0.2734 2.86 7.30 6.59
999 1,919 0.9999 159 3.28 1,937 1.0000 3.29 1,990 1,948 0.4577 3.29 7.86 7.57
900 35427 0-9992 -6-759 455 - 28,916 0-9987 4-46 - 21,996 28:503 0-9987 445 - - 853 1027
R2 (104T) 1.0000 0.9945 0.9940 Ea 2.072E03
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Table A.3 Viscosity Test Data for Sample 5.

RPM 100 60 50 30 20 12 10 6.0 50 40 3.0 2.5 2.0 15 10 0.6 0.5 0.3
1300 4.0
o 1198 4.2 3.6
g
2 1100 7.6 5.9
L
998
900
SR 21.20 12.72  10.60 6.36 424 254 2.12 1.27 1.06 085 0.64 0.53 0.42 032 021 0.3 0.11 0.06
1300 2231
1198 2,343 2,008
o 1100 4,239 3,291
998
900
1300 175
1198 184 189
1100 332 310
998
900
Intercept as calculated Intercept set to zero Brookfield Method
TEMP SLOPE R? INT ORJ SLOPE R? ORJ INT AVG R? ORJ 104T, K oQ
1300 75 224 75 224 636 547
1198 158  1.0000 335 2.20 186 0.9998 2.27 215 186 1.0000 2.27 6.80 5.23
1100 447 1.0000 -1,450 2.65 324 0.9988 251 196 321 1.0000 2.51 7.28 5.78
998
900
R2 (104T) 1.0000 1.0000 1.0000 Ea 9.475E04
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Table A.4 Viscosity Test Data for Sample 8.

RPM 100 60 50 30 20 12 10 6.0 50 4.0 3.0 2.5 2.0 15 10 0.6 0.5 0.3
1300 8.0
g 1198 17.8 14.0 8.7
g 1100 29.8 23.7 13.3 8.4
s 998 70.2 56.9 32.7 21.0 127 10.4 6.7
900
SR 21.20 12.72  10.60 6.36 424 254 2.12 1.27 1.06 085 064 053 0.42 032 0.21 0.13 0.11 0.06
1300 4,463
1198 9,929 7,810 4,853
o 1100 16,623 13,220 7,419 4,686
998 39,159 31,740 18,241 11,714 7,084 5,801 3,737
900
1300 350
1198 779 735 761
1100 1,303 1,244 1,164 1,102
998 3,071 2,987 2,861 2,756 2,778 2,729 2,931
900
Intercept as calculated Intercept set to zero Brookfield Method
TEMP SLOPE R? INT ORJ SLOPE R? ORJ INT AVG R? ORJ 104T, K oQ
1300 351 2.55 350 2.54 6.36 5.86
1198 784 0.9910 -223 2.89 763 0.9993 2.88 744 758 0.0470 2.88 6.80 6.64
1100 1,400 0.9986 -1,383 3.15 1,259 0.9978 3.10 1,010 1,203 0.9931 3.08 7.28 7.14
998 3,099 0.9986 -862 3.49 2,999 0.9989 3.48 2,745 2,873 0.6082 3.46 7.87 8.01
900
R2 (104T) 0.9987 0.9922 0.9900 Ea 1.148E03
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Table A.5 Viscosity Test Data for Sample 12.

RPM 100 60 50 30 20 12 10 6.0 5.0 4.0 3.0 2.5 2.0 1.5 1.0 0.6 0.5 0.3
1300 68.9 59.9 36.5 24.4 15.0 12.8
o 1200 67.4 45.3 28.1 23.3 14.7 12.4 10.2
g 1097 76.2 59.9 36.9 29.8 25.2 19.4 16.3 13.6 10.7
B 1000 94.0 67.9 56.1 45.6 35.4 25.0 16.7 14.3 10.9
900
SR 21.40 12.84  10.70 6.42 4.28 2.57 2.14 1.28 1.07 0.86 0.64 0.54 0.43 0.32 0.21 0.13 0.11 0.06
1300 21,631 18,805 11,459 7,660 4,709 4,018
1200 21,160 14,222 8,822 7,315 4,615 3,893 3,202
N 1097 23,923 18,805 11,585 9,356 7,911 6,091 5,117 4,270 3,359
1000 29,511 21,317 17,612 14,316 11,114 7,849 5,243 4,489 3,422
900
1300 1,679 1,752 1,779 1,784 1,828 1,872
1200 3,285 3,312 3,424 3,407 3582 3626 3,729
1097 9,285 8,759 8,992 8,715 9,212 9455 9,533 9,943 10,430
1000 34,361 33,094 32,811 33,338 34,508 36,555 40,698 41,819 53,126
900
Intercept as calculated Intercept set to zerc Brookfield Method
TEMP SLOPE R? INT ORJ SLOPE R? ORJ INT AVG R? ORJ 104T, K oQ
1300 1,674 0.9987 516 3.22 1,731 0.9993 3.24 1,873 1,782 0.8713 3.25 6.36 7.46
1200 3,224 1.0000 458 3.51 3,339 0.9994 3.52 3,673 3,481 0.7646 3.54 6.79 8.11
1097 8,945 0.9970 262 3.95 9,110 0.9989 3.96 9,840 9,369 0.3689 3.97 7.30 9.12
1000 32,916 0.9966 588 4.52 34,044 0.9980 4.53 44,110 37,812 0.4965 4.58 7.86 10.44
900
R? (104T) 0.9921 0.9915 0.9892 Ea: 1.660E03
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Table A.6 Viscosity Test Data for Sample 13.

RPM 100 60 50 30 20 12 10 6.0 5.0 4.0 3.0 2.5 2.0 15 10 0.6 0.5 0.3
1298 8.2 6.9 4.3
o 1199 15.0 13.2 8.0
g 1100 27.4 225 13.2 8.9
s 1000 56.4 47.6 28.9 199 124 10.4 6.8
900 71.5 42.4 34.9 214 18.0 14.9 11.4 9.8
SR 21.20 12.72  10.60 6.36 424 254 2.12 1.27 1.06  0.85 0.64 0.53 0.42 032 0.21 0.13 0.11 0.06
1298 4574 3,849 2,399
1199 8,367 7,363 4,463
o 1100 15,284 12,551 7,363 4,965
1000 31,461 26,552 16,121 11,101 6,917 5801 3,793
900 19,468 11,937 10,041 8,312 6,359 5,467
1298 359 362 376
1199 656 693 700
1100 1,198 1,181 1,155 1,168
1000 2,467 2,498 2,528 2,611 2,712 2,729 2,974
900 9,159 9,361 9,448 9,776 9,973 10,288
Intercept as calculated Intercept set to zero Brookfield Method
TEMP SLOPE R? INT ORJ SLOPE R? ORJ INT AVG R? ORJ 104T, K oQ
1298 342 1.0000 223 2.53 363 0.9998 2.56 394 366 0.9796 2.56 6.37 5.89
1199 624 0.9931 558 2.80 677 0.9992 2.83 744 683 0.7140 2.83 6.79 6.52
1100 1,218 0.9996 -290 3.09 1,189 0.9998 3.08 1,141 1,176 0.7306 3.07 7.28 7.08
1000 2,424  0.9999 733 3.38 2,509 0.9994 3.40 2,837 2,646 0.7080 3.42 7.86 7.83
900 8,804 0.9999 776 3.94 9,385 0.9991 3.97 10,367 9,667 0.7905 3.99 8.53 9.15
R2 (104T) 0.9918 0.9882 0.9892 Ea 1.217E03
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APPENDIX B
DENSITY DATA

Data for the six density tests is presented in this appendix. Values recorded at eachuremperathe height (in centimeters) at which
the platform was positioned, the mass recorded at each height, the change in mass between the twd pobnripe volume change from the

difference in spindle immersion depths, and the calculated density.

Table B.1 Density Data for Tests 1, 2, and 3.

1 H m apP Vol ! 2 H m aP Vol ! 3 H m aP Vol !
1300 67.8 44.63 1300 66.25 42.48 1299 65.3 88.65
66.7 44.30 65.2 42.04 64.2 88.00

65.7 43.86 0.44 0.178 2.47 64.2 4152 0.52 0.178 2.92 63.2 86.87 1.13 0.317 3.56
1198 67.8 44.67 1197 66.25 42.53 1199 65.3 88.61
66.7 44.39 65.2 42.14 64.2 87.97

65.7 43.86 0.53 0.178 2.98 64.2 4164 0.50 0.178 2.81 63.2 86.88 1.09 0.317 3.44
1100 67.8 44.67 1097 66.25 42.28 1100 65.3 88.73
66.7 44.37 65.1 41.83 64.2 87.88

65.7 43.86 0.51 0.178 2.87 64.15 41.39 0.44 0.169 2.60 63.2 86.94 0.94 0.317 2.97
999 66.25 42.16 1000 65.3 88.68
65.15 41.98 64.2 87.90

64.15 41.45 0.53 0.178 2.98 63.1 86.93 0.97 0.349 2.78
900 66.25 42.12 900 65.3 88.76
65.2 42.04 64.2 87.82

64.1 4147 0.57 0.196 2.91 63.2 87.03 0.79 0.317 2.49
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Table B.2 Density Data for Tests 4, 5, and 6.

4 H m aP Vol ! 5 H m aP Vol ! 6 H m aP Vol !
1298 63.4 38.95 1300 69.8 43.50 1300 66.7 90.54
62.4 38.52 68.6 43.02 65.7 89.61

61.4 38.04 0.48 0.178 2.70 67.6 4253 0.49 0.178 2.75 64.7 88.69 0.92 0.317 2.90
1199 63.4 39.09 1198 70 43.48 1200 66.7 90.33
62.4 38.75 68.6 43.19 65.7 89.10

61.4 38.19 0.56 0.178 3.15 67.6 4265 0.54 0.178 3.03 64.7 88.15 0.95 0.317 3.00
1100 63.4 38.96 1100 70 43.45 1097 66.7 90.77
62.4 38.71 68.6 43.19 65.7 89.60

61.3 38.24 0.47 0.196 2.40 67.6 4271 0.48 0.178 2.70 64.7 88.74 0.86 0.317 2.71
1000 63.4 39.14 998 70 43.58 1000 66.7 91.31
62.4 38.88 68.6 43.20 65.7 89.69

61.3 38.28 0.60 0.196 3.06 675 4263 057 0.196 291 64.7 88.91 0.78 0.317 2.46
900 70 43.50 899 66.7 91.86
68.6 43.26 65.7 89.32

67.6 42.75 051 0.178 2.87 64.7 88.17 1.15 0.317 3.63

123



APPENDIX C
TCLP SAMPLE DATA

Data for the TCLP samples is presented in this appendix. Targeted and actual compositions,
recovery (from an assumed 400.00-g charge), and impurity extract compositions are presented in the

following tables. Samples are organized by impurity, impurity amount, cooling rate, and composition
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Table C.1 TCLP Leach Data for Barium Oxide-Doped Samples.

Doped Targeted Compositon, wt% Targeted Compositon, mol% Actual Composition Recovery Leached
% Cooling Rate  Recipe Na&O FeO  SiO. Impurity NaeO FeO SiO: Impurity NaO FeO SiO. Impurity  Balance % ppm Imp.
Barium 8.84 Slow 7 30.16 40.61 24.23 8.84 33.67 39.11 23.23 3.99 29.51 36.61 15.71 9.04 9.13 103 405.9
6 15.84 47.19 31.99 8.84 18.08 46.48 31.36 4.08 16.40 38.88 27.80 8.63 8.28 70 10.86
13 21.73 3741 35.86 8.84 2459 36.52 34.85 4.04 19.13 32.71 32.60 8.15 7.42 84 4.56
2 13.30 34.20 47.50 8.84 15.26 33.85 46.79 4.10 12.97 30.38 38.93 8.43 9.28 95 2.65
Fast 7 30.16 40.61 24.23 8.84 33.67 39.11 23.23 3.99 28.39 36.87 23.81 8.25 2.69 97 68.08
6 15.84 47.19 31.99 8.84 18.08 46.48 31.36 4.08 15.81 41.25 31.06 8.89 2.99 81 9.02
13 21.73 37.41 35.86 8.84 2459 36.52 34.85 4.04 20.92 33.89 1571 8.29 21.18 89 5.25
2 13.30 34.20 47.50 8.84 15.26 33.85 46.79 4.10 13.43 29.89 41.60 8.24 6.83 70 4.16
1.83 Slow 7 3143 4232 25.25 1.83 34.78 40.40 24.00 0.82 28.75 36.98 22.46 1.74 10.07 99 6.13
6 16.50 49.17 33.33 1.83 18.69 48.05 32.42 0.84 16.73 43.54 24.49 1.78 13.46 69 1.91
13 22.65 38.98 37.37 1.83 2542 37.74 36.02 0.83 22.28 33.20 34.99 1.99 7.53 71 2.96
2 13.86 35.64 49.50 1.83 1578 35.00 48.38 0.84 13.57 29.30 43.20 1.97 11.95 96 1.35
Fast 7 31.43 4232 2525 1.83 34.78 40.40 24.00 0.82 30.21 38.97 24.15 1.97 4.70 95 6.57
6 16.50 49.17 33.33 1.83 18.69 48.05 32.42 0.84 16.92 42.69 32.21 1.83 6.35 60 1.69
13 22.65 38.98 37.37 1.83 2542 37.74 36.02 0.83 23.04 3553 3257 2.18 6.68 74 1.17
2 13.86 35.64 49.50 1.83 15.78 35.00 48.38 0.84 15.41 33.01 47.93 2.09 1.57 64 1.63
1.86 Extra Slow 7 31.35 4222 25.18 1.86 34.78 40.40 23.99 0.83 26.69 34.34 19.66 1.86 17.45 98 64.86
2 13.83 35.55 49.38 1.86 15.77 34.99 48.38 0.86 8.59 19.44 24.89 1.12 45.96 82 28.22
Extra Fast 7 31.35 4222 25.18 1.86 34.78 40.40 23.99 0.83 21.17 33.28 20.09 1.30 24.17 91 3.02
2 13.83 35.55 49.38 1.86 15.77 34.99 48.38 0.86 12.88 26.47 40.55 1.70 18.40 39 11.33
8.84 Slow 51.37 19.85 19.94 8.84 57.60 19.20 19.20 4.01 39.61 1550 16.04 6.47 22.38 105 8.53
16.16 56.19 18.82 8.84 19.15 57.46 19.15 4.24 14.61 3432 15.74 2.93 32.40 104 36.74
16.13 18.69 56.34 8.84 19.15 19.15 57.45 4.24 1495 14.93 34.82 5.20 30.10 85 39.9
2743 31.79 3194 8.84 31.95 3195 31.95 4.16 21.25 2490 19.30 5.22 29.32 107 269.2
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Table C.2 TCLP Leach Data for Lead Oxide-Doped Samples.

Doped Targeted Compositon, wt% Targeted Compositon, mol% Actual Composition Recovery Leached
% Cooling Rate Recipe NaO FeO  SiO;  Impurity NaO FeO  SiO:;  Impurity NaO FeO SiO; Impurity Balance % ppm Imp.

Lead 5.00 Slow 7 30.16 40.61 24.23 5.00 3451 40.09 23.81 1.59 29.67 36.03 21.43 4.34 8.53 92 16.4

6 15.84 47.19 31.99 5.00 18.55 47.67 32.16 1.63 15.72 40.38 28.32 4.52 11.07 68 6.00

13 21.73 37.41 35.86 5.00 25.22 37.44 35.73 1.61 19.46 33.52 31.01 4.39 11.61 73 2.03

2 13.30 34.20 47.50 5.00 15.65 34.72 48.00 1.63 13.43 31.33 39.40 4.34 11.50 97 1.97

Fast 7 30.16 40.61 24.23 5.00 3451 40.09 23.81 1.59 29.12 3432 2233 4.37 9.87 93 5.87

6 15.84 47.19 31.99 5.00 18.55 47.67 32.16 1.63 16.22 39.04 28.57 4.76 11.41 59 2.66

13 21.73 37.41 35.86 5.00 2522 37.44 3573 1.61 20.79 33.08 3151 4.45 10.17 80 2.01

2 13.30 34.20 47.50 5.00 15.65 34.72 48.00 1.63 13.86 29.43 41.22 4.07 11.43 59 0.88

1.00 Slow 7 3143 4232 2525 1.00 34.96 40.61 24.12 0.31 30.88 40.88 22.82 0.89 4.53 98 0.54

6 16.50 49.17 33.33 1.00 18.79 4830 32.59 0.32 16.88 4471 32.19 1.03 5.19 99 0.73

13 22.65 3898 37.37 1.00 2555 37.94 36.20 0.31 23.70 33.26 27.93 0.99 14.11 73 0.55

2 13.86 35.64 49.50 1.00 15.86 35.18 48.64 0.32 1450 31.17 41.26 0.86 12.21 93 0.42

Fast 7 31.43 4232 2525 1.00 3496 40.61 24.12 0.31 30.75 39.88 23.76 0.99 4.62 92 0.64

6 16.50 49.17 33.33 1.00 18.79 48.30 32.59 0.32 16.96 43.41 3245 0.98 6.21 62 0.39

13 22.65 3898 37.37 1.00 2555 37.94 36.20 0.31 22.73 3311 33.09 0.95 10.12 63 0.85

2 13.86 35.64 49.50 1.00 15.86 35.18 48.64 0.32 14.10 28.16 41.79 1.04 14.91 55 0.26
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Table C.3 TCLP Leach Data for Arsenic Oxide-Doped Samples.

Doped Targeted Compositon, wt% Targeted Compositon, mol% Actual Composition Recovery Leached
% Cooling Rate Recipe NaO FeO  SiO;  Impurity NaO FeO  SiO; Impurity NaeO FeO  SiO; Impurity Balance % ppm Imp.
Arsenic 5.00 Slow 7 30.16 40.61 24.23 5.00 34.44 40.01 23.76 1.79 28.80 36.18 21.77 4.39 8.85 77 267.20
6 15.84 47.19 31.99 5.00 18.51 47.57 32.10 1.83 14.38 37.39 21.60 3.72 22.91 99 0.20
13 21.73 3741 35.86 5.00 25.16 37.36 35.66 1.81 21.46 3229 30.18 4.79 11.29 64 6.66
2 13.30 34.20 47.50 5.00 15.62 34.64 47.90 1.84 13.12 3231 4181 4.24 8.52 92 0.78
Fast 7 30.16 40.61 24.23 5.00 34.44 40.01 23.76 1.79 30.72 34.86 21.45 4.54 8.44 61 3.84
6 15.84 47.19 31.99 5.00 18.51 4757 32.10 1.83 16.13 4256 27.33 3.89 10.08 90 1.12
13 21.73 37.41 35.86 5.00 25.16 37.36 35.66 1.81 22.18 32.84 30.03 4.8 10.15 74 1.25
2 13.30 34.20 47.50 5.00 15.62 34.64 47.90 1.84 13.23 28.88 42.39 5.05 10.46 45 0.45
1.00 Slow 7 31.43 4232 25.25 1.00 34.95 4059 24.11 0.35 30.38 38.01 23.16 0.98 7.47 75 43.41
6 16.50 49.17 33.33 1.00 18.78 48.28 32.58 0.36 17.22 44.03 25.13 1.13 12.49 101 0.20
13 22.65 3898 37.37 1.00 2554 37.92 36.19 0.35 21.60 33.53 28.40 1.07 15.39 71 0.20
2 13.86 35.64 49.50 1.00 15.85 35.17 48.62 0.36 14.00 33.32 40.87 0.89 10.92 89 0.22
Fast 7 31.43 4232 2525 1.00 3495 4059 24.11 0.35 30.92 38.19 2282 1.07 7.00 70 0.20
6 16.50 49.17 33.33 1.00 18.78 48.28 32.58 0.36 16.47 42.07 28.81 0.99 11.66 93 0.61
13 22.65 3898 37.37 1.00 2554 37.92 36.19 0.35 2294 35.23 3351 0.99 7.33 78 22.2
2 13.86 35.64 49.50 1.00 15.85 35.17 48.62 0.36 13.52 26.79 41.47 1.34 16.88 46 8.7
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Table C.4 TCLP Leach Data for Quality Control Samples.

Doped Targeted Compositon, wt% Targeted Compositon, mol% Actual Composition Recovery Leached
% Cooling Rate Recipe NaO FeO  SiO;  Impurity NaO FeO  SiO; Impurity NaeO FeO  SiO; Impurity Balance % ppm Imp.
Lead 5.00 Slow 2 13.30 34.20 47.50 5.00 15.65 34.72 48.00 1.63 13.43 31.33 39.40 4.34 11.50 97 1.97
Lead 5.00 Slow 2-R 13.30 34.20 47.50 5.00 15.65 34.72 48.00 1.63 1491 3253 42.58 4.27 5.71 96 1.47
Barium 1.83 Fast 2 13.86 35.64 49.50 1.83 15.84 35.13 48.57 0.46 15.41 33.01 47.93 2.09 1.57 64 1.63
Barium 1.83 Fast 2-R 13.86 35.64 49.50 1.83 15.84 35.13 48.57 0.46 1495 3250 43.65 1.83 7.07 64 1.90
Barium 1.83 Slow 6 16.50 49.17 33.33 1.83 18.77 48.23 3254 0.46 16.73 4354 24.49 1.78 13.46 69 1.91
Barium 1.83 Slow 6-R 16.50 49.17 33.33 1.83 18.77 48.23 3254 0.46 16.88 43.12 29.32 1.92 8.76 66 2.14
Lead 5.00 Fast 6 15.84 47.19 31.99 5.00 18.55 47.67 32.16 1.63 16.22 39.04 28.57 4.76 11.41 59 2.66
Lead 5.00 Fast 6-R 15.84 47.19 31.99 5.00 18.55 47.67 32.16 1.63 16.00 41.51 33.07 4.51 4.92 62 2.66
Lead 1.00 Slow 7 31.43 4232 25.25 1.00 34.96 40.61 24.12 0.31 30.88 40.88 22.82 0.89 4.53 98 0.54
Lead 1.00 Slow 7-R 31.43 4232 25.25 1.00 34.97 40.61 24.11 0.31 28.20 38.49 26.12 1.51 5.69 84 0.93
Barium 8.84 Fast 7 30.16 40.61 24.23 8.84 3451 40.09 2381 1.59 29.12 34.32 2233 4.37 9.87 97 68.08
Barium  8.84 Fast 7-R 30.16 40.61 24.23 8.84 34.27 39.80 23.63 2.30 28.71 3557 22091 8.41 4.40 99 71.81
Barium  8.84 Slow 13 21.73 37.41 35.86 8.84 25.03 37.17 35.47 2.33 19.13 3271 32.60 8.15 7.42 84 4.56
Barium 8.84 Slow 13-R 21.73 37.41 35.86 8.84 25.03 37.17 3547 2.33 22.36 33.64 15.71 7.76 20.53 70 4.16
Lead 1.00 Fast 13 22.65 3898 37.37 1.00 2555 37.94 36.20 0.31 22,73 33.11 33.09 0.95 10.12 63 0.85
Lead 1.00 Fast 13-R 22.65 3898 37.37 1.00 2555 37.94 36.20 0.31 2273 35.45 36.04 1.34 4.45 97 0.37
Arsenic  1.00 Fast 13 22.65 3898 37.37 1.00 2554 37.92 36.19 0.35 2294 35.23 3351 0.99 7.33 78 22.2
Arsenic 1.00 Fast 2 13.86 35.64 49.50 1.00 15.85 35.17 48.62 0.36 13.52 26.79 41.47 1.34 16.88 46 8.7
Arsenic 1.00 Fast 13 22.65 38.98 37.37 1.00 2554 37.92 36.19 0.35 - - - - - 86 0.24
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