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ABSTRACT
Conventional oxygen sensors have been used for several decades for better

process control in metals industries. Such devices can accurately determine the oxidation
state of the molten metal phase. Investigators understand the importance of the slag
phase on the quality of the final product and therefore similar devices have been
implemented recently for analysis of molten oxides. While open circuit potential
measurements yield important thermodynamic information, this thesis will show that
additional information can be gained by using amperometric techniques.

Three different amperometric techniques were examined for use in an in-situ,
zirconia-based sensor to monitor the easily dissociable oxide composition of high
temperature metallurgical slags. Applied DC potential steps and impedance frequency
sweeps at applied DC potentials were shown to clearly distinguish between slags
containing different quantities of FeOx while demonstrating similar oxygen activities -
an improvement over conventional oxygen sensor technology. The techniques were also
shown to reveal information on transport properties, dissociable oxide type, and buffering
capacity of the slag to a given oxidation state.

In a separate set of experiments, coulometric titration was shown to easily
differentiate between slags containing different quantities of FeOx in large
concentrations. The ion-selective membrane properties of the zirconia allowed the
coulometric titration to proceed at current efficiencies near 100% and may be useful for
the recovery of commercial metals from oxide waste streams.

Thesis Supervisor: Uday B. Pal
Title: John Chipman Associate Professor of Chemical Processing of Materials
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1 Introduction

Stabilized zirconia based oxygen sensors are utilized extensively throughout the

steelmaking process for better control of deoxidation, continuous casting, and ingot-

making processes [ ,21'' 3 4 ] and for the prevention of blowholes, pinholes, or oxide inclusions

within the steel[ 5]. Oxygen activity measurements are usually taken within the molten

metal for a direct reading of the PPM oxygen dissolved within the steel melt. However,

the composition of the slag phase should not be ignored, because it has a strong influence

on the resulting composition of the final metal product. The relative amounts of transition

metal oxides such as FeOx, CrOx, MnOx, are known to set the oxygen activity within an

oxide melt, thereby controlling the oxidation and reduction reactions which occur at the

slag/metal interface. Chemical analysis for these transition oxides require more than 30

minutes while processes such as ladle refining may be completed in less than 30 minutes.

This delay creates difficulties in process control. In order to determine slag composition

in-situ, several investigators have explored the use of zirconia probes to estimate the

concentration of FeOx within the slag phase. By measuring the open circuit potential

(OCV) across the probe, the oxygen activity of the slag phase can be estimated and then

related the FeOx concentration by using knowledge of the slag structure and

thermodynamics [6' 7' 8' 9,10]1. Unfortunately, such techniques become more difficult if the

slag is not in equilibrium with iron or if the slag structure is not well known.

This thesis will demonstrate that additional knowledge of the slag structure and

composition can be obtained by utilizing amperometric measurements in conjunction

with the aforementioned thermodynamic OCV measurement. An amperometric



measurement yields kinetic information sensitive to the buffering capacity of the slag at a

given oxidation state. Under controlled conditions, the resulting current is proportional to

the concentration and transport properties of transition metal cations within the slag, and

therefore the current is not only a function of the thermodynamic activity. Such a

measurement can help to confirm the thermodynamic model used for the OCV

measurement as well as provide additional information concerning the transport kinetics

and buffering capacity of the slag phase. Furthermore, the use of AC impedance

measurements, both independently and in conjunction with an applied DC potential, can

be used to yield further information concerning oxidation state ratios for a given

transition metal oxide. Additionally, at high frequencies the AC measurement can

provide an estimate of the slag conductivity and would be of interest for EAF

steelmaking. Amperometric techniques utilizing zirconia membranes have been

successful at elevated temperatures for gas sensors [1 1' 12 '13 ,14 ], diffusion coefficient

measurements[ 51], molten metal refining[16, 17 ,18 ,19], fuel cells[20], and coulometric titration

of oxygen[21' 22]

The theory behind AC and DC electrochemical measurement techniques has been

covered extensively by several authors [23' 24] for analysis of aqueous based electrolyte

solutions. However, the theory behind the use of such techniques should not change

dramatically for different electrolyte systems such as molten salts or oxide melts.

However, surprisingly little work has been done using such measurements on high

temperature oxide systems. Electrolysis methods have been utilized with some success

for determining cationic transport numbers within oxide melts[25,26] but few investigations

focused on these systems as investigators realized that metals could not be produced



easily by direct electrolysis of molten oxides. Measurements by Goto and

Schwerdtfeger [27' 281 demonstrated the diffusive nature of the rate limitation at a metallic

cathode for small applied potentials within oxide melts. Other measurements at lower

temperatures for the analysis of glass have been conducted near 12000C[2 9,30 ]. High

frequency impedance measurements have been used for determining the bulk slag

conductivity [31], however, the use of low frequency impedance to describe the relative

concentrations of a given transition oxide species has not been demonstrated in the

literature for steelmaking slag compositions. The limited number of measurements made

for these systems can probably be attributed to the experimental difficulties associated

with the operation of high temperature electrochemical cells which undergo problems

with chemical stability of both electrodes and containment vessels. The use of a zirconia

electrolyte is important because it will provide a foundation for a stable oxygen reference

state, a conductive non-corrosive anode material, and a method for reducing electronic

short-circuit conditions for slags containing large quantities of FeOx.

This thesis will provide an initial investigation into the use of amperometric

methods in conjunction with a zirconia ion-selective membrane for providing information

on the concentration and transport properties of easily dissociable oxides within molten

oxide melts. By focusing mainly on demonstrating the ability of such techniques to

analyze simple oxide systems containing known concentrations of dissociable oxides, this

research will act as a foundation for future investigations interested in the analysis of

more complex systems such as those found in the steelmaking process. The thesis will

investigate several different amperometric techniques and their applicability to different

slag compositions. Oxide melts containing large quantities of dissociable oxides provide



the most difficulty for most amperometric based measurements due to the large currents

generated during the measurement which amplify any geometric uncertainties within the

cell. A coulometric titration technique was found to work most satisfactorily for such

melts and a similar approach might also be utilized for the production of metals without

the use of carbon as in conventional steelmaking. Amperometric techniques offer the

most interesting analysis for slags containing low concentrations of dissociable oxides.

The low currents generated allow for increased sensitivity to the dissociable oxide species

and thus a better estimation of the concentration and diffusion coefficients for the

relevant cationic species.

The thesis will be organized as follows: Chapter 2 will describe the motivation

for an amperometric sensor in more detail. Chapter 3 will characterize both the zirconia

and the slag material under investigation. Chapter 4 will provide a background

concerning the design of the sensor. Chapter 5 will investigate the ability of

amperometric methods to distinguish between low FeOx containing slags with similar

oxidation states. Chapter 6 will investigate the use of coulometric titration to yield

information concerning slags with high FeOx concentrations. Chapter 7 will draw

conclusions on the results discovered in chapter 5 and 6. Finally, Chapter 8 will describe

several possible directions in which the work may proceed.



2 Motivation

2.1 Introduction

The fundamental driving force behind developing any slag sensor is to improve

steel quality and yield. Metallurgists have known for several decades that proper control

of the slag phase is important for attaining a metal phase which is low in oxide inclusions

and impurities. This is because the slag acts to insulate the metal from the gas phase and

many important reactions are limited at the slag-gas or slag-metal interfaces[32' 33' 34 ]. In

addition, unwanted impurities from the metal phase are often removed to the slag. Since

many slag properties are strongly influenced by the composition of the slag, better

processing control could be implemented if the composition of the slag phase was well

understood and could be measured more precisely.

The current method for determining the state of the steelmaking system is to take

samples of the metal or the slag, and/or use an in-situ oxygen probe. These two

techniques will be considered below.

2.2 Sampling Techniques

Sampling techniques have been utilized since the dawn of steelmaking in order to

give the steelmaker an idea of what was present in the furnace during different processing

steps. Samples are taken from the metal or from the slag and then analyzed in the

laboratory. Metal samples can be measured for PPM oxygen content as well as various

quantities of alloying additions. Slag samples can be examined by wet chemical



techniques[35] as well as spectroscopic techniques such as Mossbauer[36 ], Electron

paramagnetic resonance (EPR)[3 71, and spectrophotometry I38 1 in order to yield both the

type of oxide present and the relative concentrations of redox species. While such

techniques are quite accurate for determining information on the oxidation state and

composition for both the slag and the metal phases, there are two major drawbacks. First,

the sample may change chemistry during sampling, removal, quenching, and transport.

Therefore, the results may not be a true indication of the state of the system in the actual

furnace. This is especially important for slag samples which may demonstrate changes in

redox state during quenching due to reactions between different species[3 91. Secondly,

approximately 30 minutes are required for the laboratory analysis. This is too long to

allow feedback of the data for process control. Therefore, a large database exists

concerning the slag compositions and oxidation states which are beneficial for making a

clean steel. However, the online process control to achieve these parameters is difficult.

2.3 In-Situ Techniques

2.3.1 Conventional Oxygen Sensor

Another method by which steelmakers examine the state of the system is the use

of an in-situ probe called the conventional oxygen sensorl4 0 ] (figure 2.1). This oxygen

probe consists of a reference metal/metal oxide mixture contained in an oxygen anion

conducting electrolyte such as partially or fully stabilized zirconia. The device is

immersed into the steel bath, and a potential is measured between the metal bath and the



reference oxide mixture. This potential can then be related to the oxygen activity in the

metal via the Nernst equation (equation 2.1).

E = 1RT1  -a- (2.1)

where E is the measured Nemst potential, ao is the activity of oxygen in the melt, P0 2 is

the reference oxygen pressure, F is the faraday constant, and Krxn is the equilibrium

constant for the reaction: / 02 (g) = OFe (wt%).

The activity of oxygen can be related to the PPM oxygen content by knowing the

appropriate interaction coefficients for various alloying elements with respect to oxygen.

The conventional oxygen sensor has been of invaluable use to steelmakers by allowing

real-time measurements of the oxidation state of the metal product. Using the

conventional oxygen sensor, metallurgists can determine if the metal is ready for the next

processing step or if further additions or blowing operations are required. However, the

oxygen sensor is somewhat limited as to the information that can be obtained. The

measurement yields only thermodynamic information concerning the oxidation state of

the metal phase. No information is gathered on either the buffering capacity of the

system to a given oxidation state or on the oxidation state or influence of the slag phase.

The buffering capacity is important because it is a measure of the resistance of the system

to changes in the oxidation state.



2.3.2 Quik-Slag Sensor

During this thesis investigation, Heraeus Electro-Nite developed an in-situ

measurement device for the slag phase called the Quik-Slag sensort4 11 (figure 2.2). This

sensor uses the same OCV technology utilized in the conventional oxygen sensor and

attempts to measure the concentration of FeOx within the slag phase. During immersion

into the steel, slag is captured at the base of the sensor. Measurement of the OCV,

between the iron electrode immersed in the slag and a reference metal/metal oxide phase

located within a zirconia oxygen anion conducting membrane, can be used to calculate

the activity of FeO (aFeo) within the slag according to equation 2.2.

RT a eo
2F Krxn a Fe "02

where E is the measured potential, aFeo is the activity of FeO in the slag, aFe is the activity

of the iron electrode, Po 2 is the reference oxygen pressure, and Krxn is the equilibrium

constant for the reaction: FeOsag = Fe + 0 2 (g) .

Equation 2.2 assumes that the slag is in equilibrium with the iron electrode of unit

activity. Knowledge of the structure of the slag phase can then be used to estimate the

concentration of FeOx within the slag from the aFeo. While this device has been tested in

industry, it makes the questionable assumption that the slag is in equilibrium with the Fe

electrode - this is NOT necessarily a requirement of the system. Secondly, as with the

conventional oxygen sensor, the measurement is limited to providing only

thermodynamic information concerning the oxygen activity. Therefore, the measurement

can yield no information on either the buffering capacity or the kinetics regarding the slag

phase.



2.4 Amperometric Improvements

This thesis will describe the use of amperometric techniques to enhance the useful

information obtained using conventional OCV measurements. By application of

controlled DC potential step and impedance measurements, information concerning the

kinetics as well as the thermodynamics of the system can be evaluated. The buffering

capacity of the system to a given oxidation state can be revealed by examination of the

response to the applied signal. This will be helpful to the steelmaker for determining the

quantity of deoxidizer required or the processing time remaining to achieve the desired

oxidation state. Furthermore, amperometric techniques allow the investigator t, rather

insight on the type of oxide material present within the melt. This information is above

and beyond the simple oxidation state revealed by OCV measurements. Amperometric

measurements do not attempt to replace conventional OCV measurements but are merely

expected to enhance the information which can be obtained with these devices.

2.5 Summary

Metallurgists can examine the state of the steelmaking furnace in several ways.

Sampling techniques can yield a fairly accurate description of the sampled material but

are timely and are not always representative of what actually exists in the furnace. In-situ

OCV devices yield the oxygen activity of either the slag or the metal phases but are

limited to providing ONLY thermodynamic information. This thesis will demonstrate

that the use of an amperometric techniques can be used to enhance the information



currently obtained with OCV sensors. Such information includes the knowledge of the

concentration of dissociable oxide, type of dissociable oxide, and buffering capacity of

the slag to changes in oxidation state. This information will be quite useful for

determining the processing time remaining, deoxidizer quantity required, and/or limiting

the yield loss of alloying additions to the slag phase.



Figure 2.1 Conventional Oxygen Sensor.

Figure 2.2. Heraeus Electro-Nite Quik-Slag Sensor.
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3 Materials Characterization

This thesis is concerned with the behavior and transport properties of two

electrolyte materials; the liquid oxide slag electrolyte and the yttria stabilized zirconia

solid electrolyte. The slag electrolyte is the phase under investigation. By carefully

designing an electrochemical cell and measuring the open circuit voltage and the

response to the application of applied potentials and impedance spectroscopy we hope to

learn as much as possible about the concentration, structure, and properties of the slag

electrolyte phase. The yttria stabilized zirconia solid electrolyte will act as a useful tool

for undertaking this task. The zirconia will separate a known reference phase from the

slag of interest, enable the removal of oxygen ions from the slag, prevent the passage of

electrical current, and protect the anode from oxidation. Complete knowledge of the

zirconia phase is therefore important in order to make proper use of this tool for slag

phase investigation. In order to have a clear picture as to what the measured responses

represent in terms of useful parameters commonly used to describe the slag phase, the

slag characterization section will evaluate the important characteristics of oxide melts and

provide literature values concerning the slags used in this thesis.



3.1 Zirconia

3.1.1 Introduction

Stabilized zirconia based electrolytes have been utilized for a variety devices and

applications because of their unique oxygen ion conducting properties [4 2,43,44,45]. The

following introduction will serve only as a brief summary of the important aspects of the

zirconia electrolyte as it pertains to this investigation and should not be considered as an

all encompassing summary of this large field of study. For this reason, this section will

focus primarily on v 20 3 stabilized zirconia.

3.1.2 Background

Pure zirconia demonstrates three solid phase transitions during heating. The

monoclinic structure is stable up to 1100oC, the tetragonal structure is stable to 23700C,

and the cubic phase is stable above 23700C. Solid solutions of pure zirconia with oxide

additions such as CaO, MgO, or Y20 3 lead to the stabilization of the high temperature

cubic structure at lower temperatures. Zirconia containing enough oxide additions to

stabilize the cubic structure at room temperature is called fully stabilized zirconia (FSZ).

Partially stabilized zirconia (PSZ) contains a lower quantity of oxide additions and

consists of tetragonal and/or monoclinic particles within the cubic matrix. PSZ is often

used under conditions where thermal stresses or fracture toughness is required because

the martensitic transformation of the metastable tetragonal phase to the less dense

monoclinic phase helps to blunt crack tips and relieve tensile stresses within the material.



Figure 3.1 demonstrates the phase diagram for Y20 3 stabilized zirconia [46 ]. The addition

of the stabilizing oxides also leads to an increase in the number of oxygen anion

vacancies within the material as shown in Kroger-Vink notation for Y20 3 stabilized

zirconia in equation 3.1.

ZrO2

Y203 -- 2Yr + 300 + Vo7 (3.1)

The high concentration of oxygen vacancies in the fluorite crystal structure ensures that

the oxygen vacancy is the predominant ionic charge carrier within the material. The total

conductivity of the zirconia is related to all of its defect concentrations by the following

equation 3.2.

ro, = ~,c,q,, + nque/ + pqh/h = -or, + o, + h (3.2)

where co , is the measured conductivity of the Zirconia (1/(Q-cm)), ci is the

concentration of ionic defects such as interstitials or vacancies (mole/cm3), p is the

concentration of holes (mole/cm3 ), n is the concentration of electrons (mole/cm3), q is the

charge of the species, u is the mobility of the species within the material (cm2 /V-sec),

a x is the partial conductivity of YSZ due to charge carrier x. The relative impact of each

species on the overall conductivity is usually described by means of the transference

number as defined in equation 3.3.

Cax = tX,o ,  (3.3)

where t is the transference number and ranges from 0 to 1. Mainly because of their

smaller mass, the mobility of electrons and holes is orders of magnitude greater than that

of the ionic defects. However, when the zirconia structure is fully stabilized, the

conductivity is determined mainly by the mobility of the oxygen ion vacancies because of



their overwhelming concentration over that of the mobile holes and electrons. Thus the

transference number associated with the motion of oxygen vacancies is very close to one

under most conditions.

Changes in the oxygen partial pressure can influence the concentration of

electrons and holes within the zirconia thereby altering the predominant mode of

conduction through the material. Most applications of stabilized zirconia rely upon the

purely ionic conduction properties of the zirconia to function accurately and/or

efficiently. A significant amount of conduction due to holes or electrons lead to

problems in the application of zirconia for sensors and/or deoxidation processes. For this

reason Patterson [47] has described the various conduction domains for solid electrolytes as

defined by the parameters P, and a.oo. At large oxygen pressures, atomic oxygen enters

into the ZrO 2 lattice forming oxygen interstitials and holes via equation 3.4.

0 2 (g) = O"'+ 2h' (3.4)

The partial conductivity of the zirconia due to holes is expected to increase with the

partial pressure of oxygen as shown in equation 3.5 assuming that the concentration of

oxygen interstitials is independent of oxygen partial pressure.

= r = o' P, (3.5)P P02 (3.5)

At small oxygen pressures additional oxygen vacancies are created which are charge

balanced by the formation of electrons as shown in equation 3.6.

Oo = ) 0 2 (g) + Vo " + 2e' (3.6)

The partial conductivity of the zirconia due to electrons is expected to increase with

decreasing partial pressure of oxygen as shown in equation 3.7 assuming that the

concentration of oxygen vacancies is independent of oxygen partial pressure.



oe = 2 Po (3.7)

The increase in the concentration of electrons or holes without a significant increase in

the concentration of oxygen vacancies leads to an increase in the overall conductivity of

the material but a decrease in the transference number of oxygen vacancies. Therefore at

both very high and very low oxygen partial pressures, the electrolyte may become an

electronic or mixed conductor as opposed to a purely ionic conductor. The partial

electronic conductivity is often characterized by the parameter Pe which is defined as the

oxygen partial pressure at which the electronic and ionic partial conductivity's are

identical (to2.-t,=0.5). If Pe and oion are known, then the electronic conductivity can be

defined at any oxygen partial pressure as shown by equation 3.8 and 3.9.

ao = opP cr, •a =0 a (3.8)

t e 0 eoion

3.1.3 Zirconia Thermodynamic Measurements

The predominantly oxygen anion conduction mechanism of stabilized zirconia

makes it a useful material for measurement of oxygen activity using a galvanic cell.

Wagner1481 derived equation 3.10 which describes the relationship between the open

circuit potential (electromotive force) and the chemical potential at each electrode.

-1E = n, todp, (3.10)
in,FIFf



where i is the ion of interest, n is the valance, F is the faraday constant, tio, is the total

ionic transference number, and pt is the chemical potential at each electrode.

The above equation simplifies to the following Nernst equation when the ionic

transference number (tio.) approaches 1.

RT P'
E = RT In (3.11)4F P1

If there is mixed electronic and ionic conduction, Schmaltzried [4 9] demonstrated that the

open circuit voltage would be given by equation 3.12.

RTF __P__+ PpX + '1I
F po +p) inp ,+ Fi0 Oh

where Po is the partial pressure of oxygen at which oio.=o,, P. is the partial pressure of

oxygen at which aion=hole, P/ is the partial pressure of oxygen at the reference electrode,

P, is the partial pressure of oxygen at the working electrode.

3.1.4 Zirconia Characterization

A sound knowledge of the electronic properties of the zirconia electrolyte as a

function of temperature and oxygen partial pressure are very important to the successful

implementation of the electrochemical techniques described within this thesis. While

literature data exists on the ionic conductivity and P, values for many different

compositions of zirconia electrolytes [ 50' 51',52], high temperature measurements are rare for

the specific yttria PSZ composition used in this thesis and the scatter among investigators

concerning the Pe value is somewhat large[511. The scatter is due to reasons ranging from



differences in material structure and composition to improper experimental measurement

techniques t53 . Measurement of the ionic conductivity and Po values for the two zirconia

electrolytes used within the thesis were measured and compared with other values found

in the literature.

The zirconia utilized in this thesis consisted of Coors ZDY-4 and ZDY-9 8wt%

(4mole%) yttria partially stabilized zirconia tubes. Both tubes contained the same

concentration of stabilizer but the ZDY-4 was of lower overall purity (and lower cost).

The following measurements were carried out to fully characterize both materials: 4

probe DC technique for determination of ionic conductivity, Swinkels Coulometric

techniquel 541 for determination of Pe, SEM microprobe analysis for grain size and

structure, and XRD for zirconia phase determination.

3.1.4.1 Ionic Conductivity

3.1.4.1.1 Experimental

A four-probe DC techniqueJ 55] (figure 3.2) was used to determine the ionic

conductivity of both the ZDY-4 and ZDY-9 compositions in air as a function of

temperature. The four-probe technique is superior to a simple two electrode technique

for the measurement of ionic conduction because the current carrying electrodes may

polarize. Each of the four electrodes consisted of a 0.02" diameter Pt wire and were

applied to the zirconia using Engelhard Platinum ink #6926. Using a 1287 Solartron

potentiostat, a current was passed through the outer two electrodes (WE and CE) while

the potential was measured between the inner two electrodes (RE2 and RE1). Applied



potential sweeps (RE2 vs RE 1) were used instead of potential steps in order to ensure that

the measured resistance was not a function of the applied current. The system

temperature was monitored using an S-type T/C. Ionic conductivity measurements were

taken at approximately 500C increments from 1200 to 17000 C. The ionic conductivity

was calculated using equation 3.13.

app d (3.13)
V.. A

where A = ;r(ro~D- r~) is the cross-sectional area of the zirconia tube, d is the distance

between the RE2 and RE 1 electrodes, Ve,,, is the voltage measured between the RE2 and

REI electrodes, and i,.p is the current applied between the WE and CE electrodes.

3.1.4.1.2 Results

The relationship between ionic conductivity and temperature for the ZDY-4 and

ZDY-9 electrolytes is shown in figure 3.3 and was described by equation 3.14156]

' = T p - E, (3.14)

ZDY-4 (1200-1500 0C): Ci = 1.27x10 6, E, = 1.066 eV

ZDY-4 (1500-1700 0C); Ci = 2.25x105, E, = 0.8 eV

ZDY-9 (1200-1700°C); C, = 8.95x10 6, Ei = 1.002 eV

where Ci and Ei are fitting coefficients with Ei representing the activation energy for ionic

motion, k is the Boltzman constant, and T is the temperature in K. The conductivity of

the ZDY-9 was consistently higher than the ZDY-4 over the entire temperature range.

The ZDY-4 sample demonstrated a shift in the appropriate Ci and E, values at a

temperature of approximately 1773K. The ionic conductivity did not vary as a function



of applied current ensuring that no polarization or irregular current paths were

influencing the measurement.

3.1.4.2 Electronic Conductivity

3.1.4.2.1 Experimental

A modified Swinkels coulometric titration technique [541 was utilized to determine

the parameter Pe for the ZDY-4 and ZDY-9 zirconia electrolytes. The Swinkels

technique avoids many of the experimental complications realized in other techniques

such as permeation, blocking electrode, or EMF methods with known gas compositions.

The experimental setup is shown in figure 3.4 and consists of driving current though the

following cell to reduce the partial pressure of oxygen in the Ag near the electrolyte to a

very low value. Equation 3.15 describes the electrochemical cell.

Mo / Ag(O) / ZrO2 + 4wt%Y 20 3 / 02 (0.2 latm), Pt (3.15)

The WE and RE2 electrodes were constructed of 0.02 inch diameter Mo wires and were

dipped into the Ag prior to the measurement. The Ag was shielded with argon gas at a

flow rate of 15 ml/min. Platinum WE and RE2 electrodes could not be used because of

their rapid dissolution into the Ag melt. The CE and RE1 electrodes were made from

0.02 inch diameter platinum wires and were attached to the zirconia using Engelhard

6926 platinum ink and were located in a chamber containing air as a reversible reference

electrode. The temperature was measured at the counter electrode using a type S

thermocouple. Measurements for the Pe value were taken at approximately 500C

increments from 12000C to 16500C. A Solartron 1287 potentiostat was used to apply a



potential sweep between the RE2 and REl electrodes by driving a current between the

CE and WE electrodes until a current of approximately 1 ampere was achieved at which

point the applied current was cut off. At this point the oxygen partial pressure in the

silver near the zirconia was sufficiently low such that equation 3.16 was valid.

Po, (Ag) << Po (3.16)

The resulting open circuit potential between the CE and WE electrodes was recorded

using a Tektronix digital oscilloscope at 100 microseconds after cut-off. The measured

potential was corrected for the thermoelectromotive force between the Mo-Pt wires using

data by Iwase 1 s31 which was also confirmed by our own measurements to be given by

equation 3.17.

E, (Mo+, Pt-, mV)= -22.1 + 0.04T (3.17)

The corrected potential was then related to the P6 value using equation 3.18, a modified

version of equation 3.12 which is valid only for very short times after the current cut-off.

E RTnP
E= F -In( (3.18)

3.1.4.2.2 Results

The relationship between the Po value and temperature for the ZDY-4 and ZDY-9

samples is shown in figure 3.5. Linear regression analysis was used to fit the data to

equation 3.19.

log(P,)= - + B (3.19)
T

ZDY-4: A = -85400, B = 30.985

ZDY-9: A = -82800, B = 28.746



The ZDY-4 zirconia demonstrated slightly lower Pe values than the ZDY-9 zirconia.

Using the ionic conductivity data, the electronic conductivity can be determined as a

function of temperature and partial pressure of oxygen using equation 3.9.

3.1.4.3 Microstructure Characterization

3.1.4.3.1 X-ray Characterization

The ZDY-4 and ZDY-9 electrolytes were examined using X-ray spectroscopy in

order to determine the phases present at room temperature. PSZ wuuld be expected to

demonstrate tetragonal and cubic phases at room temperature. The existence of large

quantities of monoclinic zirconia could lead to short circuit electronic conduction within

the zirconia and would be undesirable. 4 mole% yttria PSZ has been examined

previously using XRD s57] in order to determine the types of phases present at room

temperature after various high temperature annealing processes. The XRD patterns for

the ZDY samples are shown in figure 3.6 and have been smoothed using the appropriate

correction procedures to eliminate background noise, Lorentz polarization, and

absorption effects. The XRD patterns demonstrated the existence of cubic and tetragonal

phases in the material while the presence of monoclinic zirconia was minimal.

3.1.4.3.2 SEM Microprobe Characterization

The ZDY-4 and ZDY-9 electrolytes were examined using a JOEL SEM

microprobe to determine the composition of the binder, the grain size, and porosity. A

portion of each of the tubes was sectioned, mounted in epoxy, and then carbon coated.

SEM micrographs of the ZDY samples can be found in figures 3.7a-b. Table 1 describes



the range of grain size, porosity, and binder composition for each sample. The ZDY-9

sample did not contain a binder phase at the grain boundary and hence the approximate

grain size was difficult to estimate without etching the grain boundaries. The binder

phase of the ZDY-4 sample was analyzed using the SEM microprobe to be of the

following composition: 20 wt%CaO, 25 wt%A120 3, 45 wt%SiO 2, balance 10

wt%(ZrO2+Y20 3). The melting point of this phase was estimated from the CaO-AI 20 3-

SiO 2 phase diagram to be approximately 1450-1500 0C.

3.1.4.4 Summary and Conclusions

The ionic conductivity and P0 values were determined for the 4 mole% (8wt%)

Y20 3 PSZ ZDY-4 and ZDY-9 Coors samples used in this thesis. The values do not differ

much from each other and correspond well with previously determined literature data.

The main difference between the ZDY-4 and ZDY-9 is the existence of the CaO-AI20 3-

SiO 2 binder phase. Grain boundary phases have been shown to influence the properties

of bulk zirconia[ 58]. At high temperatures (>15000C) the binder phase most likely

becomes liquid causing a shift in the ionic conductivity curve for the ZDY-4 zirconia.

Also, because the binder phase is a predominantly ionic conductor over all ranges of

oxygen partial pressure, it might influence the measured PO values of the bulk material. If

the binder phase is located in series with conduction in the zirconia electrolyte it would

be expected to lower the effective P0 value measured for the bulk material. This would

explain the slightly lower P0 values obtained for the ZDY-4 vs ZDY-9 samples.



Table 3.1 Results of SEM analysis of ZDY-4 and ZDY-9.

Grain Size Pore Size
lmf gim

10-20
10-30

Binder Composition
wt%

None
5-10 20%CaO-25%AI 20 3-45%SiO 2

ZDY-4
ZDY-9



Figure 3.1 Y2 0 3 stabilized ZrO2 phase diagraml 46 .
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Figure 3.3 Results of the ionic conductivity experiments for the Coors ZDY-4 and
ZDY-9 tubes used in this thesis.

6.5

6.0

5.5

5.0
0.00052 0.00056 0.00060 0.00064 0.00068

1/T (K"')

Figure 3.4 Experimental setup for the Pe measurements.

Ar inlet ReferencePlrr=
2)Wire

0.5 cm

1 cm

Air Reference
Gas

Counter Electrode
(CE)
Pt Gauze
S-type T/C

WorkingFlartrla



Figure 3.5 Results of the Po measurements for Coors ZDY-4 and ZDY-9 zirconia tubes.

-IZ

-14

-16

E -18
-20

nC -22

S-24

-26

-28

-30
0.00052 0.00056 0.00060 0.00064 0.00068

1/T (K')

Figure 3.6 XRD pattern for the Coors ZDY-4 zirconia tube.

100

80

60

40

20

0

(202),

(1 13)€,,

(311),

(222),

(004), (400),

(002),

(200)

30 40 50 60 70 80 90 100 110 120 130

20

-1I-- -

4 P)

6htl- - I I I -r -r-- -- f -1- - ý I



Figure 3.7a SEM photograph of Coors ZDY-4.

Figure 3.7b SEM photograph of Coors ZDY-9.



3.2 Slag

3.2.1 Introduction

A molten oxide slag is a very complex material that can demonstrate a wide range

of properties depending upon its underlying composition. Knowledge of how the various

properties of a slag phase are influenced by its composition will be important in

evaluating the responses measured by the amperometric sensor. For this reason, the

preparation and composition of the slags investigated in this thesis are described in the

first section. Following sections then provide both a description and an estimation of the

following important properties as they pertain to these slags: structure, conductivity,

transport properties, and thermodynamics. Table 3.2 contains a complete summary of the

values obtained for each of the slags.

3.2.2 Slags Investigated

3.2.2.1 Composition

The slag compositions were separated into two groups, those containing a high

FeOx concentration (>10wt%) and those containing a low FeOx concentration (<10wt%).

Within each group the CaO-A120 3-SiO 2 ratios were held constant while the FeOx content

was varied. The slag compositions are described in detail in equations 3.20-3.22.

High FeOx concentration:

Aus slags:



(0.37CaO - 0.63Si02 )100ý(Fe 2 03)z z = {20,30,40} (3.20)

Low FeOx concentration:

H slags:

(0.39Ca0 - 0.48Si02 - 0.13A1 20 3 )100z [Fe203 ] z = {0,0.5,1,2,4} (3.21)

L slags:

(0.48Ca0 - 0.39Si0 2 - 0.13A1203 )1ooz [Fe203 ] z = {0,1,2,4} (3.22)

The phase diagrams representing the CaO-SiO 2-FeOx and A120 3-CaO-SiO 2-FeOx slag

systems [59,60' 61] can be found in figures 3.8-3.10. The slag compositions were

intentionally chosen such that the melting points were located below 14500C. From

literature data [62], the density of the H and L slags were estimated to be approximately

2.56 and 2.624 g/cm' respectively.

3.2.2.1.1 Preparation

Slags of the desired compositions were obtained by the following procedure. An

oxide mixture of CaO (Alpha-Aesar 99%), SiO2 (Alpha-Aesar 99.5%), A1203 (Alpha-

Aesar 99.5%), and Fe 20 3 (Alpha-Aesar 99%) powders was mixed in the applicable ratio

for each slag composition. The SiO2, A120 3, and Fe20 3 powders were preheated at 2000C

for two days in order to remove any absorbed water vapor. The CaO was pre-calcined at

10000C for 6 hours in order to remove any CaCO 3. The oxide powders were thoroughly

mixed for 24 hours on a ball mill using isopropyl alcohol and A1203 milling media. The

mixture was dried under argon, pressed at 5000psi, sintered at 10000C for 6 hours, and

then recrushed to provide a feed material for the experiment.



3.2.3 Slag Structure

Molten slags consist of three types of oxides; basic, acidic, and amphoteric. Basic

oxides (CaO, FeO, MgO etc.) donate 02. to the oxide melt as well as free cationic species

as given by equation 3.23.

CaO -> Caci + O 2g (3.23)

Free cationic species have been shown to be the main charge carriers in oxide melts as

will be described in more detail in the conductivity section. Acidic oxides (SiO2)

consume 02- from the melt and form complex anionic species as given by equation 3.24.

202-g + SiO2 - Si04:ag (3.24)

Formation of complex anionic species increases the slag viscosity and reduces slag

conductivity. Amphoteric oxides (A120 3) behave as acidic oxides under basic conditions

and as basic oxides under acidic conditions. Therefore, the impact of amphoteric oxides

on slag properties will change depending upon the underlying slag structure. Depending

upon the ratio of acidic and basic oxides, the slag will demonstrate very different

properties. In order to compare the slags investigated in this thesis with results obtained

by other investigators for similar slag structures, two measures of basicity commonly

used in the literature[631 are shown in equations 3.25 and 3.26.

B- XCaO (3.25)
X SI0 2

BXc- o (3.26)Ao= X s,0 + X Al2o3



The basicity values for slags in this thesis ranged from 0.6 to 1.1 indicating significant

anionic polymerization within the slag structure. Most slags for steelmaking are quite

basic with low SiO2 content demonstrating basicity values larger than 1. Acidic slags

with low basicity values are investigated in this thesis in order to prevent rapid

dissolution of the zirconia electrolyte.

The structure of polymeric melts is an extremely complex field and researchers

are still not capable of fully understanding all of the phenomena involved with melts

containing several oxide species. Further discussion on the structure of slags can be

found in the following references and should be referred to for supplementary

information[64,65,66,67]

3.2.4 Conductivity and Diffusivity Values

3.2.4.1 Background and Theory

The conductivity of any medium is a strong function of its underlying structure.

Electric current in slags can be conducted by the migration of cations, anions, electrons,

or holes contained within the melt. The overall slag conductivity is defined as a sum of

the partial conductivities of each of the migrating species as shown in equation 3.27.

,o, = =-c,: + •* +(re +oh (3.27)
l 1

The relative contribution of each of these species to the overall conductivity is described

by its transference number (t,).

0"(
t, = (3.28)

0tot



The transference number for electrons or holes is generally quite small except for

slags containing large quantities of transition metals such as iron, nickel, copper, or

zinc[681. Therefore most slags are predominantly ionic conductors. Ionic conductivity is

related to charge, mobility, and concentration.

a, = FzuC, (3.29)

The transport number for anionic species in molten silicate slags is considered to

be negligible because of the large radii associated with the covalently bonded anionic

network. Therefore most slags are cationic conductors. The fast diffusivity values

resulting from the relatively small size of basic cations (Fe 2+, Ca 2 ' , Mg 2
+, etc.) largely

determine the conductivity of the overall melt. The Nemst-Einstein equation attempts to

describe this relationship between ionic self-diffusivity and partial conductivity.

Ne2Z2CiD,r, = 1  (3.30)
kTf

where D is the self diffusivity cm2/sec, N is Avagadros number, e the electronic charge

1.6x10-' 9 A-sec, Zi the valence, Ci the concentration (mol/cm3 ), and f is the correlation

factor.

Goto demonstrated that the complex silicate anion structure significantly lowers

the value of the correlation factor [6 9 '701 applicable for silicate melts. Note that for a given

slag structure (f=constant) the transport number for cationic species within the melt can

be estimated by knowing the relative concentrations and diffusivity values for each of the

relevant ionic species.

cD,ti = cD (3.31)

i~o



where j consists of Fe2
+, Fe3", and Ca 2

+ ions (the D value for Si 4
+, Al3", or 02- ions is

assumed to be negligible).

However, diffusivity data for molten slags are not readily available and have

typical experimental errors on the order of 20-30% or more. While typical values for

acidic "cations" (Si 4+, A13+) are around lx10'7 to lx l0 cm2/sec, typical values for basic

cation species range from lxl 06 to lx 104 cm2/sec depending upon the ion, slag structure,

and temperature [661.

Because the mechanism of slag conductivity is related to the motion of ionic

species it is expressed by an Arrhenius relationship:

cr=A exp(~ (3.32)

where c is the electrical conductivity in (Q~'-cm'), R is the gas constant 8.314 J/mole-K,

E is the activation energy J/mole, and A is a constant.

For silicate melts the activation energy is only valid over small temperature

ranges because the complex anionic structure is ionized with increasing temperature

reducing slag viscosity and increasing the apparent conductivity and diffusivity.

3.2.4.2 Relevant Literature values

Measurements of the conductivity of a molten slag can be accomplished by

utilizing electrochemical setups[7" found in figure 3.11 and by utilizing AC techniques to

eliminate polarization effects. By properly standardizing the cell geometry accurate

values for slag conductivity can be obtained. Conductivity values for a wide range of

slag compositions are available in the literature[711. The following sections focus on



conductivity and diffusivity values in the literature for slags containing FeOx in order to

develop a background for the slags investigated in this thesis.

3.2.4.2.1 Conductivity of FeOx containing slags

The conductivity of slags containing FeOx will be dependent upon a number of

different factors as described earlier. In general, the slag conductivity will increase with

FeOx concentration, temperature, and slag basicity. Jiao and Themelis [72] have

extensively reviewed the experimental literature on ferrous and nonferrous metallurgical

slags and expressed the slag conductivity as an exponential function of the molar

fractions of FeO, CaO, and MgO for a wide range of industrial slags. At 15000C the

following correlation was found:

Incr = -4.45 + 9 .15XFeo + 5.34(Xco + XM ) (3.33)

and at 14000C

Incr = -5. 2 1 + 9.92Xe o + 5.94(XcaO + XMo ) (3.34)

Jiao and Themelis[ 72] also summarized the influence of FeOx on the relative

transport number of electronic and ionic conduction mechanisms. As described earlier,

the addition of transition metals to a slag may lead to predominant electronic conduction

mechanisms. They found that slags containing less than 20wt% FeOx demonstrated

negligible electronic conductivity whereas slags with greater iron oxide contents

demonstrated electronic conduction which increased with the oxygen partial pressure or

Fe3+/Fe 2+ ratio (figure 3.12)[72 ]. For FeOx concentrations between 10 and 30 wt% they

found that the conductivity did not change dramatically over the Fe3+/FeTot range from 0

to 0.5. This would appear to indicate that the equivalent ionic transport number is



approximately identical for Fe2+ and Fe3+ species in this range. However, for slags

containing lower total iron concentrations, Engell and Vygen observed a decrease in ionic

conductivity with increasing oxygen partial pressure indicating Fe2+ species may be more

mobile than Fe3+ species [73] (figure 3.13).

3.2.4.2.2 Tracer Diffusivity Values of Cationic Species

Limited tracer diffusivity values are available for different cationic species in the

literature. However, disparities are often seen in the values of diffusion coefficients in

independently carried out experiments. Tracer diffusivities in the literature for the same

ion in identical slags may differ by almost one order of magnitude[ 74 ]. In agreement with

equations 3.33 and 3.34, the tracer diffusivity of Ca2+ is smaller than FeX+ indicating that

the influence of Ca2+ on the total slag conductivity is not nearly as strong as that of Fex+

per unit of concentration. Schwerdtfeger et al.[75,76] used both electrochemical and porous

frit techniques to determine that the self diffusion coefficients of Fe2+ and Ca 2+ at 16000 C

for SiO2 saturated slags were approximately 1-3x10 5 cm2/sec and 1-2x10 cm2/sec

respectively. Schwerdtfeger also demonstrated that the diffusivities remained largely

independent of composition up to approximately 15 wt%FeOx as might be expected

because the overall slag structure should remain largely unchanged in the Henrian

regime. Goto [77] found that the tracer diffusivity for Fex+ (-3x10-5 cm2/sec) was

approximately 3 times greater than that for Ca 2+ ions for 33CaO-27SiO 2-40Fe20 3 slags

between 1300-1450 0 C. A review article by Nagata and Goto[78] compared the diffusivity

values measured for a wide variety of blast furnace and steelmaking slags over the

temperature range 1300-1600 0C. The data can be found in figures 3.14 and 3.15 where



the diffusivity for FeX+ appears centered near lx10-5 cm2/sec for acidic oxide melts near

15000C.

The mechanism for the higher diffusivity of iron cations as compared with

calcium cations is not clear - it cannot be simply explained by the difference in their

respective radii (equations 3.35a and 3.35b) as others have assumed improperly in the

literature179] by using Waldens rule.

= FeO (3.35a)
t XFeO + XCaO

rc 0.99
a = rc -= =1.34 (3.35b)

rFe 0.74

Calculations of the respective diffusivity values obtained by using equation 3.35b would

indicate that their diffusivities should differ by a factor of 1.34 as opposed to the 3-10

times reported from tracer diffusivity and conductivity experiments. Nowackl 75]

proposed that the 3d orbital of the Fe2+ ion allows it to achieve a transition state with the

anionic network which Ca 2+ is unable to form. However, a conclusive mechanism has

not yet been established.

Another factor which may influence the diffusivity of FeX+ species is the oxygen

partial pressure. The influence of oxygen partial pressure on the self-diffusivity and

conductivity of iron is somewhat misleading. While Engell and Vygen1 731 observed a

decrease in conductivity with increasing Po2, Jiao and Themilis[72] did not observe any

change, and Goto et al. [77] (figure 3.16) demonstrated that diffusivities of both Ca2+ and

Fex+ increased with oxygen partial pressure. The oxygen partial pressure would influence

the ratio of Fe3+/Fe2+ species in the slag. The most likely explanation is that the total iron

concentration is important in providing an electronic short circuit that might assist ionic



transport. Since some Fe3" species will likely be located in network forming tetrahedral

sites s8 01, the calculated self-diffusivity of Fe3" might be expected to be lower than for Fe2+

for FeOx containing melts simply because of the fraction of immobile ions associated

with the network. However, because of the mixed valency of the Fe species in a slag,

tracer diffusion data cannot easily determine the relative diffusivity values for each of the

Fe species, and the apparent diffusivity of a Fe3+ species may be more mobile because of

its semi-conductive properties.

In summary, values for the diffusivity of Fe in molten oxides vary widely with

slag structure but are typically in the range of lx10 5 cm2 /sec for acidic slags near

15000 C.

3.2.4.3 Estimating Values of Conductivity and Diffusivity

3.2.4.3.1 Low concentration slags (H, L)

Values of conductivity for the two 0 wt%FeOx slags, HO and LO, are reported in

the Slag Atlas[81 . Values for A and E in equation 3.32 are shown in equations 3.36a, b.

HO: A = 7943, E = 161950 (3.36a)

LO: A = 4508, E = 147380 (3.36b)

The conductivities for the H and L slags containing iron oxide were estimated using two

different methods:

1. Jiao and Themilis regression data

2. Nernst-Einstein relation to transform self-diffusivity data into partial conductivity

data.



3.2.4.3.1.1 Jiao and Themilis Method

Using Jiao and Themilis[ 721 regression data (equations 3.33 and 3.34) slag

conductivities were estimated at 14000 C and 15000 C. Intermediate temperatures were

then approximated by assuming the Arrenhius relationship in equation 3.32 between the

two temperatures as follows shown in equations 3.37a, b.

E (aIC (3.37a)

A= 1400Ce (3.37b)

The conductivity values derived from the Jiao and Themilis regression data agreed fairly

well with the zero FeOx conductivity data reported in the slag atlas [811 (error approx. 10-

20%). The use of values predicted by Jiao and Themilis are somewhat questionable for

the H and L slag compositions because they lie outside the range of those measured in the

original regression paper. However, their use can be justified because the relationship is

fundamentally based upon the motion of the mobile cationic species.

The transport number for Fe cations for each slag composition can be estimated

using equation 3.38 under the assumption that the slag conductivity for Owt%Fe is

entirely due to Ca2+ and that the addition of small quantities of FeOx does NOT

dramatically change the underlying slag composition.

t,, =1 'ba se (3.38)
3yFe

3.2.4.3.1.2 Estimation from Diffusivity data



From the above discussion the diffusivity of Fe2" can be assumed to be

approximately six times greater than the diffusivity of Ca2'. Using this assumption the

transference number for iron cations was computed from equation 3.39.

X Fe DFe X,, Dord

t, = D(3.39)
XFeDFe + XcaDca XFeDord + XCa

where Dord is the diffusion coefficient ratio (6) of Fe2~ to Ca 2+. The conductivity of the

slag at various iron oxide compositions was then estimated by applying equation 3.38

using the 0 wt%Fe slag and the result from equation 3.39.

3.2.4.3.1.3 Summary: Low Concentration Slags

The estimated and literature values for the H and L slags described above are

summarized in Table 3.2. In general the conductivity of the L slags are approximately

twice that of the H slags for most temperatures. This corresponds well with the estimated

slag viscosities for temperatures between 1400 and 15000C (figures 3.17a,b)182]

Assuming the validity of the Stokes-Einstein relationship (equation 3.40)
kTV (_Sna, kT

D 6,zi In c, 6At-, (3.40)

the diffusion coefficient for a given ion should be inversely proportional to the slag

viscosity.

D, = D2 7l (3.41)

which in turn is proportional to the conductivity. The value of viscosity for the L slag is

approximately 4 centipoise whereas the viscosity for the H slag is approximately 8

centipoise at 15000C (figures 3.17a,b). Specific diffusivity values are expected to be on



the order of lx10-5cm2/sec for the low FeOx slag systems compositions in agreement

with the values typically found for metallurgical slag systems. The L slag should

demonstrate diffusivity values approximately twice as large as the H slag.

Both the Jiao/Themilis and the diffusivity approaches demonstrate that increasing

concentrations of Fe should result in increased values of slag conductivity. The values

computed from the self-diffusivity approach were in close agreement with those

computed using the Jiao and Themilis regression data. The estimated electronic

conductivity for the low iron oxide containing slags is assumed to be negligible because

the low concentration of semi-conducting species ensures that the tunneling distance

required for electron electron hopping is large.

3.2.4.3.2 High concentration slags

The conductivity of the Aus compositions were determined using the regression

data by Jiao and Themilis as described above. The regression data falls within the

parameters of the regression model. Comparison with data from Martin and Derge [831

(figure 3.18) at 15000C and using an activation energy of 155 kJ resulted in slightly

higher conductivities than those approximated by the regression data as shown in Table

3.2.
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Figure 3.8 CaO-SiO2-FeO Phase Diagram. Points A, B, and C represent Aus slags 20,
30, and 40 wt% FeOx respectively [591

Sinn, 'e

Figure 3.9 CaO-SiO 2-Fe20 3 phase diagram. Points A, B, and C represent Aus slags 20,
30, and 40 wt% Fe20 3respectively[60 ]
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Figure 3.10 A120 3-CaO-SiO 2 phase diagram.
concentration

Points H and L represent Owt%FeOx low
slags 61].

^G2

Figure 3.11 Electrochemical setups for measuring the conductivity of slags [711.

71i 4, 81-wf
AC o C r 3-

"'E:ECo:es ,c,,e~! IbsVoitoge 2.Crucible 3.Sloc



Figure 3.12 Conductivity data taken from Jiao and ThemilisI 721 demonstrating influence
of Fe3+/Fetot on conductivity.

0.9 St1u , C0O Fe' h 0.1

E 0 16.8 f. 2 30
S 0.8• + IS. 49J.5 20.6 3

0 41.6 ,0 2,.4 .
A 40.6 40 16.4 3S•' 4 .4 .4 12 -,. 3
S4(.4 7 . 5 161 3

0.6 - 0

0.1

0,2

0 0.2 0.4 0.5

Figure 3.13 Conductivity data taken from Engell and VygenlP 31 demonstrating lower
conductivity with increased Fe 3 /Fetot ratio.
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Figure 3.14 Tracer diffusivity data taken from Goto[781 on blast furnace slags.
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Figure 3.15 Self-diffusivity data taken from Goto[781 on steelmaking slags.
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Figure 3.16 Diffusivity data taken from Goto et al."77] demonstrating higher diffusivities
for Fe and Ca with increased Fe3+/Fetot ratio.
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Figure 3.17a Viscosity data for A120 3-CaO-SiO 2 slag system at 15000C. Points H and L
represent Owt%FeOx low concentration slags[82]

AIC

Figure 3.17b Viscosity data for A120 3-CaO-SiO 2 slag system at 14000C. Points H and L
represent Owt%FeOx low concentration slags[82 ]
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Figure 3.18 Conductivity data for CaO-FeO-SiO2 slag system I[831
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3.2.5 Thermodynamics and Redox Equilibrium

3.2.5.1 Introduction

Over the past 60 years a large thermodynamic database has been compiled on

many of the subsystems of the Al-Ca-Mg-Si-Fe-P-O slag system. However, many

compositions remain unexplored. Meanwhile, structure based thermodynamic models

initially attempted by Masson[ 841 in 1965 have attempted to describe the slag structure

from a theoretical viewpoint. Gaskell[8 5] summarized the classical work through 1980 on

binary slag systems and recent work by Shim [861 and Selleby [87'881 have examined ternary

oxide systems. Unfortunately, the complex polymeric nature of SiO2 based oxide

systems makes thermodynamic modeling of slag activities from first principles very

difficult. Perhaps someday it will be possible to simply model the activity of a given

species within a slag, but at present we must rely upon experimental data of similar slag

structures and generally observed trends in order to determine the concentration-activity

relationship of an oxide within the slag. The section below will describe the

experimental relationships that exist between the concentration and activity of iron oxide

species as they relate to temperature, slag structure, and oxygen activity.

3.2.5.2 Iron Oxide Redox Equilibrium

Unlike oxides such as alumina or calcia, iron oxide is a transition metal oxide that

exhibits different valance states with changes in the oxygen partial pressure. Since the

actual slag structure cannot be easily evaluated, several thermodynamic equations exist in

the literature for describing the activity of redox species within a slag. According to



Turkdogan the general relationship between a transition metal oxide and oxygen partial

pressure can be given by the following redox reaction equilibrium[8 91:

M(m÷' ) +n + o2- = M + 02 (3.42)
2 4

where m is the valence of the reduced metal cation, and n is the valence change of the

reaction with oxygen.

The equilibrium reaction for FeOx in CaO-SiO 2-A120 3-FeOx slags would then be

described by equation 3.43.

Fe3 +102- =Fe2+ + 1 0 2  (3.43)
2 4

Yokokawa[901 has demonstrated that equation 3.44 is actually a better

representation of the actual slag structure because with increasing basicity, or increased

oxygen anion activity as defined by Temkin[911, ferric ions are found to be more stable

than ferrous ions.

FeO 3-2"n = Fe0m2-2m + 1 (2n - 2m -1) 2- + 0 2  (3.44)

The reader should note that use of equation 3.43 would predict the opposite

response to basicity changes. Because of the complexities involved in properly defining

the activity concentration relationship for the ionic species in equation 3.44 most

literature data concerning the redox state of iron is reported using either equation 3.45 or

equation 3.46 thereby intentionally neglecting the ionic nature of the slag[ 92' 93 ].

1
FeO,., = FeO+- 0 2  (3.45)

4

1 1
Fe2 0 3 = FeO+-0 2  (3.46)

2 4



It should be stressed that the use of either of the above equations for determining

thermodynamic information will predict identical results as long as all activity

coefficients are properly defined. A thorough discussion of the relationships between the

activity coefficients in the above equations can be found in Appendix A as an aid for

comparing data from different literature sources. Equation 3.45 will be utilized during

the remainder of this section for simplicity.

The equilibrium constant (K3-2) for equation 3.45 is defined as:

K 3-2 -(aFeo°• (3.47)
aFeO ,)

K3-2 can be determined from thermodynamic data by Elliot for the Raoultian

standard states of pure liquid FeO, pure solid Fe20 3, and pure oxygen at one atmosphere

over the temperature range from 1665-1809K[94]:

AG30-2 = 170200 - 76.5T = -RT In K3-2 = -nFEo  (3.48)

Where AG is the Gibbs free energy in J/mol.

Equation 3.47 can be rewritten to explicitly define the mole fraction ratio as a

function of all equilibrium variables:

logX =XFe -log(K32)+ )= o -P log Feo1 (3.49)

Equation 3.49 demonstrates that the FeOI.s/FeO concentration ratio (Xrat), defined by

equation 3.50,

XFeO



increases with oxygen partial pressure and decreasing temperature. This has been

verified by numerous investigators [90,92,93,95,96,9 7] in the literature. The influence of the

activity coefficient ratio (Yrat), defined by equation 3.51,

Yrat = O (3.51)
YFeO

on Xrat has a complex relationship with the overall slag structure. In general, yrat

demonstrates the following properties:

1. 7rat increases with the addition of network forming oxides and decreases with the

addition of network modifiers.

2. yrat is not strongly influenced by temperature[98 ]

3. Trat is not strongly influenced by the total iron content [96 '981 especially in the

Henrian regime.

A more thorough discussion of literature data concerning the CaO-SiO 2-Al2 03-

FeOx slag system can be found in Appendix B.

3.2.5.3 Iron Oxide - Iron Melt Equilibrium

Slags in equilibrium with an iron electrode or iron containing melt are further

constrained by the chemical reaction in equation 3.52 which influences the bulk

concentration of FeOx (XFeox) within the slag.

1
FeO = Fe +-0 2  (3.52)

2

The reaction rate constant (K2-0) is defined as follows:



K2 0 - ae(3.53)
- FePo02

where the Gibbs free energy[941 for pure liquid FeO in equilibrium with pure solid Fe8

(1665-1809K) is given by equation 3.54:

AG2-0 = -229800 + 43.87T = -RT In K2-0 (3.54)

or for higher temperatures with pure liquid FeO in equilibrium with pure liquid Fe (1809-

2000K) by equation 3.55:

AG2-0 = -238400 + 49.53T = -RT In K2- 0  (3.55)

Equation 3.53 can be rewritten to explicitly define the mole fraction ratio as a function of

all equilibrium variables:

log(Xe) )= log(K 2- 0 )+ log(aFe)+ log(PoY2)- log(yeo ) (3.56)

Equation 3.56 predicts that with increasing oxygen partial pressure and decreasing

temperature the mole fraction of FeO in the oxide melt increases - this relationship has

been demonstrated in the literature [ 95' 96' 99,100 ]. Equation 3.56 defines the equilibrium

concentration of FeO within the slag in equilibriur with iron. It should be noted that for

high temperature oxide systems ferrous and ferric species are both present at equilibrium

and therefore the relationship defined in equation 3.49 is also valid. When the slag is in

equilibrium with iron, equation 3.56 determines the total concentration of iron cations

within the slag whereas equation 3.49 defines the Xrat.

Because the total iron content of the slag is often of greater interest than the mole

fraction of Fe 2+ it is common practice to recalculate all of the iron oxide to X'FeO'. This

approach simplifies quaternary phase diagrams to ternaries, and ternaries to binaries -

with the known constraint that the phase diagram is in equilibrium with pure liquid or



solid iron and thus there exists a ratio of Fe3+ and Fe2 + species. The following equations

are used for this conversion:

wt%' FeO' = wt%FeO + 0.9wt%Fe2O3  (3.57)

XFeO XFeO + 2 XFe203 (3.58)

%' FeO'
X*FeO,  %'FeO' (3.59)

X'FO' is the mole fraction FeOx, %'FeO' is the wt% of iron units represented as FeO,

MWFeo is 71.85, and Ntot is the total number of oxide moles in the slag/cm 3

(approximately 1.6 for most steelmaking slags).

Several examples of the relationship between slag structure and activity of FeO

from the literature data concerning the CaO-SiO 2-A1203-FeOx system can be found in

Appendix C.

3.2.5.4 Estimation of Yrat

Section 3.2.5.2. and Appendix B developed the theory and literature data

concerning Yrat. By examining slag systems with similar structural composition as used in

this thesis, Yrat values were estimated for the H, L, and Aus slag systems.

Pargamin et. al. [10o] investigated the Fe3+/Fe 2+ ratios of two CaO-Si0 2-A120 3-

FeOx slag systems equilibrated in air at 15500C using a Mossbauer spectrometer after

quenching. The slag compositions examined by Pargamin et al can be described by

equations 3.60 and 3.61.

Type I: [(0.35CaO - 0.65SiO2)100y (Fe2 03 )y 1oo [A1203 ]z (3.60)



Type II: [(0.55CaO - 0.45SiO2)100-y (Fe2 03 )y00-, [A12 03 ] (3.61)

Where y = 10, 20, 30, 40 and z = 0, 10, 20.

The type I and type II slag systems were extremely similar to the slag

compositions examined in this thesis. yrat values for the above slags were calculated

using equation 3.49 using knowledge of the Xrat values in equilibrium W,' h air at 15500 C.

yrat was found to be approximately 1.6-3.1 for the type I slag and 1.05-1.3 for the type II

slag at 10wt%FeOx. The yrat values obtained at 15500C were assumed to be relevant at

14700 C because Yrat values are not expected to change much with temperature.981. In

order to compare the type I and II slags with the H, L, and Aus slags in this thesis,

basicity values were determined using equation 3.25 and can be found in table 3.2. The

type I and type II slags demonstrated basicity values of 0.55 and 1.22 respectively.

,,rat values for H, L, and Aus were then estimated by using basicity values as a

guide. The L slag had an identical value of basicity as the type II slag and therefore the L

slag was estimated to have a Yrat value of approximately 1.2. The H slag had a basicity

value half way between the type I and type II slags so Yrat was estimated to be

approximately 1.8. The Aus slag had a basicity value near the type I slag but contained

more Fe20 3. Increased Fe contents in the Pargamin slag led to lower Yrat values so the Yrat

value for the Aus slag was estimated to be near 1.5. The Yrat values can be used to

generate plots of Fe3+/FeTot as a function of the oxygen partial pressure for different

temperatures. Figure 3.19 demonstrates the predicted Fe3÷/FeTo, curves for the H, L, and

Aus slags at the operating temperature of 14700C. Note that even Yrat variation from 1.2

to 1.8 does not drastically shift the location of the Fe3 ÷/Fetot curve.



3.2.5.5 Estimation of YFeo

Section 3.2.5.3. and Appendix C developed the theory and literature data

concerning YFeo. Figure 3.20[11o2 was used to estimate YFeO to be approximately 2.5 for the

Aus containing slags at temperatures near 15500C. YFeo values for the H and L slags were

assumed to also be near 2.5 because data concerning YFeo for low FeOx containing slags

is scarce.



Figure 3.19 Predicted Fe3+/Fetot for Yrat=1.2, 1.5, 1.8 representing L, Aus, H slags
respectively at different applied potentials vs air reference at 14700C.
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4 Ideal Electrode

Figure 4.1 demonstrates the sensor design anticipated during the original thesis

proposal. This design is slightly different than the actual setups used within this thesis as

will be described later. This section describes the initial attempts at achieving the sensor

design of figure 4.1 and the reasons why these attempts were unsuccessful. The

important aspects involved in developing a high temperature slag sensor are examined

and discussed individually. The conclusions culminate in the design used for the

experiments reported in this thesis.

4.1 Electrochemical Cell

In figure 4.1 the oxygen ion conducting PSZ separates the slag phase of interest

from a reference gas phase. Oxygen is pumped from the slag phase across the zirconia

into the gas phase by means of an applied potential between the counter electrode (CE)

and the working electrode (WE). A reference electrode ensures that no polarization

occurs at the counter electrode and provides a reference oxidation state using either the

reference gas phase or a mixture of metal and metal oxide powders. The electrochemical

cell would be described by equation 4.1.

Gas, CE / PSZ /WE, Slag (4.1)

The intimate contact between the CE, RE, and WE to the zirconia ensure that two three-

phase interfaces exist in the system. Interface 1 is a gas-CE-ZrO2 three-phase interface,

and interface 2 is a slag-WE-PSZ three-phase interface (figure 4.2). The electrolyte of

importance to equation 4.1 is the PSZ which is a predominantly ionic conductor over a



wide range of oxygen partial pressures as demonstrated in the materials characterization

section. The following reversible electrochemical reactions would be expected to occur

at the 3-phase interfaces:

Interface I (CE-gas-ZrO2) (anode):

~ • = O2,gas + eE (4.2)

Interface II (WE-slag-ZrO2) (cathode):

2 slag slagsag 2sl zro2 (4.3)Of-• + Fefl+ eg ' = Fe £g + 2 (4.3)

Note that the 02- and Fex+ species in the slag have been approximated by ionic forms in

equation 4.3. In reality the slag structure is much more complex than equation 4.3 would

indicate, as was discussed in the slag thermodynamics section. Equation 4.3 allows us to

utilize the activity coefficients derived in the literature concerning the relative oxidation

state of iron in slags with different overall structures.

The total cell reaction can be described by equation 4.4.

n 2- Fe 3+ =-Fe2+ + 0 (4.4)12 aFg Fsl = Fesalg + s 02,gas (4.4)

Because the PSZ is primarily an oxygen anion conductor, the cell potential at equilibrium

would be given by equation 4.5.

RT a  PYo
E =E+ In 2 (4.5)

F aFeo.

Application of applied potentials would most likely result in a diffusion limited current of

easily dissociable species to the WE 3-phase interface.



4.2 Selection of a Working Electrode

Significant time was spent determining the material and geometry required to

generate a three-phase interface WE. In order for such a WE to operate properly in an

amperometric measurement as described in the above analysis it must demonstrate the

following properties: non-blocking, stable, reproducible surface area, adherent, and

conductive. These characteristics will be discussed below in order of importance.

4.2.1 Non-blocking

A schematic of a blocking electrode to oxygen anions is shown in figure 4.3. A

blocking electrode would convert the three-phase slag-WE-ZrO 2 interface into a simple

WE-ZrO2 interface. A WE-ZrO2 interface will not yield ANY information concerning

the slag phase because 02- will not be removed from the slag during applied potential.

This property of blocking electrodes is utilized by the Hebb-Wagner polarization

methodl' 03,104] in order to measure electronic transference numbers in electrolytesi'0 51

4.2.2 Stable

The WE must be composed of a material which does not chemically react with the

slag phase. A reactive WE would alter the composition of the slag near the electrode

thereby altering slag structure or viscosity and influencing the measured currents.

Dissolution of easily dissociable metallic oxides might also provide an additional source



of current. In order to investigate a variety of slag conditions it would be desirable to

have an inert WE over a wide range of reducing and oxidizing conditions. A reactive

electrode would also have a problem with maintaining a reproducible surface area as

described in the next section.

4.2.3 Reproducible Surface Area and Morphology

Because of the amperometric nature of the sensor, it is imperative that the surface

area and morphology are either strictly controlled, calibrated, or measured prior to use.

As will be described in the electrochemical methods section, any diffusion limited

currents generated during use will be strictly proportional to the apparent surface area.

Factors which might alter the effective surface area include: chemical reaction with slag,

loss of adherence to ZrO 2, surface tension effects at the three-electrode interface,

thickness of cermet coating, pore size in electrode coating, etc.

4.2.4 Adherence to ZrO2

In order to maintain the three-phase interface area the WE must remain adherent

to the ZrO 2. The loss of electrode adherence would result in the formation of two 2-

phase interfaces and an additional electrolyte phase in the electrochemical cell as shown

in figure 4.4 and equation 4.6.

Slag, WE / Slag / Zr02 / CE, gas (4.6)



Partial adherence of the WE would add complexity as both electrochemical cells,

equation 4.6 and 4.3, would operate in parallel. Loss of adherence will also affect the 3-

phase surface area reproducibility.

4.2.5 Conductive

The WE must be conductive such that iR drops within the electrode do not

generate a significant potential in comparison with the total applied cell potential.

Significant electrode iR drops would result in concentration gradients along the electrode

surface. Equations 4.7 and 4.8 describe the maximum current density allowed in order to

ensure that the potential drop across the electrode surface is less than 1% (Appendix D).

Equation 4.7 describes the required condition for a planar electrode.

i 0.02tVo c(4.7)

A L2

Where i is the current (A), A is the surface area (cm2), t is the thickness (cm), Vo is the

applied potential (V), and a is the electronic conductivity of the electrode (1/Q-cm).

Equation 4.8 describes the required condition for a wire electrode.

S< -0.0rV0  (4.8)
A L2

Where r is the radius of the electrode (cm).

4.3 Searching for the Ideal Working Electrode

Several electrode materials and structures were examined during the first 1.5

years of the thesis with the hopes of fulfilling the above criterion for the ideal working



electrode. The following electrodes were evaluated for use as the WE: Metal-PSZ

cermets, Molten Ag, LaCrO 3, and a variety of Pt products.

4.3.1 Mo/ZrO2 Cermet

Zirconia based cermets were initially thought to provide the best solution for the

ideal working electrode. Cermets have been utilized in order to provide metal-zirconia-

gas electrodes for molten metal deoxidation [' 06 1 and fuel cells ['0 7 ]. A cermet is made by

mixing and sintering metallic and zirconia powders in order to create a two phased

structure exhibiting both ionic and electronic conduction properties. Although several

different cermet compositions and preparation techniques were examined (Appendix E),

adherence of the cermet to the zirconia in the presence of slag could not be obtained. A

typical result after immersion into the slag is demonstrated in figure 4.5. The electrode

demonstrates a lack of adherence - effectively resulting in two two-phase interfaces and

an additional electrolyte phase as in equation 4.6. Despite the experimental difficulties

associated with achieving perfect adherence of the cermet a number of additional

theoretical problems existed as well and are described below.

As described earlier amperometric measurements will be directly proportional to

the effective surface area of the WE. The effective 3-phase interface area of a cermet

will be a strong function of its sintering history, particle size, wetting angle with the slag,

and the conductivity of the slag. This presents a problem for WE surface area

standardization. In addition there may be competition between current paths based upon

3-phase and 2-phase electrochemical cells (equations 4.3 and 4.8) in the same system.



This would result in an effective electrode surface area that would change with the slag

conductivity.

Another problem is the reactivity of Mo with the slag phase. Assuming unit

activities for Mo and MoO2, Mo would be expected to oxidize even in relatively reducing

environments. For effective electrode conduction, stable electrode surface area, and

stable slag composition, the slag must be quite reducing. The slags investigated in this

thesis focused on higher oxidation states and therefore use of a Molybdenum was judged

to be inappropriate.

4.3.2 Other Cermets

Cermets based on other metals were also considered to be inappropriate.

Fe based cermets were rejected because of the possibility of iron oxidation prior

to the sensor measurement. Jahanshahi and Wright [' 8os suspected that partial oxidation of

iron electrodes in an electrolysis experiment by Arato et al.110 91 may have influenced

overall results during electrochemical measurements of slags containing low quantities of

FeOx. The use of iron electrodes in the current investigation was not explored.

Pt based cermets were rejected because of the large expense required for testing

and producing a useable cermet material.

4.3.3 Molten Ag

A molten silver based electrode was utilized by Iwase et al. in order to provide a

three phase interface for potentiometric slag analysis"0 1]. Ag and Fe are completely



immiscible over a wide range of temperatures (figure 4.6)[111] and hence the activity of Fe

deposited within the Ag can be assumed to be effectively 1. Also, Ag is stable over a

much wider range of oxygen partial pressures than is Mo. A similar approach was

attempted for the amperometric slag sensor (figure 4.7). Several problems were

encountered during operation. The large Ag/ZrO2 two phase interface may act as a large

blocking electrode resulting in a relatively large fraction of electronic current even at low

applied potentials. Also, oxygen dissolved within the bulk Ag demonstrated an ionic

signal independent of the oxygen removed from the slag phase. The Mo electrode

inmnersed in the Ag resulted in a MoO2 signal during potential sweeps. Use of a Pt lead

was unsuccessful because it rapidly dissolved into the Ag causing problems with

maintaining WE contact. The large two-phase interface area likely dominated over the

small three-phase interface area. In addition, the strange geometry ill-suited for two-

phase area measurements would cause difficulties in determining the true effective

surface area of the working electrode.

This system was judged to be too complex for accurate sensing me ,ods because

of the variety of experimental noise which would be created by problems ranging from

dissolved oxygen in the silver and unknown effective WE surface areas to potentially

large electronic current at the Ag-ZrO2 two phase interface.

4.3.4 LaSrCrO3 and TiO2 Doped ZrO2

Mixed conducting oxide materials such as LaSrCrO 3 and TiO 2 doped ZrO 2 have

been suggested for use as electrodes for high temperature environments because of their

stability in oxidative environments while maintaining relatively high conductivity. Such



materials would avoid the problems associated with three-phase interfaces in cermets

because they are a homogenous phase providing both electronic and ionic conduction

paths. As described in Appendix E both materials appeared to sinter intimately with the

zirconia, however, no tests were run placing the electrode materials in contact with a slag

phase. These materials were not tested in the slag phase because of the following

concerns: inadequate conductivity (Appendix D), slag reactivity, and difficulty in

attaching electrode leads. Appendix D demonstrates the problems associated with

inadequate conductivity of the LaSrCrO 3 electrode under normal operating conditions.

For current densities larger than lxl10 -5 A/cm2 significant potential drops will occur along

the WE resulting in concentration gradients within the slag phase.

4.3.5 Pt Ink, Wire, Gauze

Use of platinum products to develop reproducible 3-phase interfacial electrode area

was unsuccessful. Pt wire, gauze, or foil would not produce an intimate three phase

interface unless ZrO 2 was pressed onto the Platinum as shown in figure 4.8. Under such

conditions the electrode consisted of a Pt/ZrO2 blocking electrode of unknown area, a

small region of unknown three-phase interface area, and a complex geometry two-phase

interface area. The electrode structure of Pt ink based electrodes was found to change

with time - especially when the ink was in contact with slags containing large quantities

of FeOx. Even for low FeOx containing slags corrosion of the zirconia and sintering

conditions altered the structure of the platinum ink as shown in figure 4.9.



4.4 Solution to the 3-Phase Interface Problem

After significant exploration for a WE exhibiting the three-phase interfacial

design described in the thesis proposal the search was abandoned. The lack of previous

research or literature in designing electrodes which demonstrated the list of required

properties in section 4.2 precluded that the thesis either focus entirely on developing

proper techniques for the attainment of such an electrode OR focus on the utilization of a

more manageable experimental setup. The remainder of the thesis will focus on the

general electrochemical cell represented by equation 4.6 and shown in figure 5.1. Instead

of an oxygen porous WE intimately in contact with the zirconia electrolyte, a platinum

wire electrode of known diameter is immersed a known distance into the slag. The new

WE demonstrated chemical stability, reproducible surface area and no longer required

adherence to the zirconia or control of a three-phase interfacial area.



Figure 4.1 "Ideal" Sensor Design (not achieved).
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Figure 4.3 Blocking Electrode. A blocking electrode would prevent any useful
information from being obtained from the slag phase. Blocking electrodes can be used to

determine the electronic transport properties of mixed electrolytes.
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Figure 4.5 SEM Photograph of cermet exposed to slag.
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Figure 4.7 Ag based slag sensor.
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Figure 4.9 SEM photograph of the platinum ink / zirconia interface.
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5 Experimental - Low FeOx

This chapter will describe the amperometric measurements applied to slags

containing low quantities of FeOx (<5wt%). The amp ,,, -tmetric techniques utilized were;

applied DC potential steps and impedance frequency sweeps at applied DC potentials.

The chapter consists of the following sections: First the experimental setup will be

described. Then the appropriate theory will be introduced for the different measurement

techniques. Finally, the results will be reported and compared with information from

conventional open circuit measurements.

5.1 Experimental Setup

This section describes the experimental setup and procedures used for

investigating the low FeOx containing slags with OCV, potential step, and impedance

methods.

5.1.1 Experimental Cell

Figure 5.1 a-c demonstrates the three different setup types (A, B, C) used during

the low concentration measurements. The setups differ only in the surface area of

immersed electrode and the use of a physically discrete primary reference electrode

(RE1) in contact with the reference gas phase. Therefore, the minor differences

associated with the different setups are not expected to significantly impact the final

results. In all cases the zirconia solid electrolyte separates the reference gas phase



consisting of air from the slag phase to be measured. An inert Argon gas (BOC gasses -

Grade V) is flowed through the system in order to prevent any slag/gas reactions from

occurring during experimentation. The counter electrode (CE) consisted of a platinum

gauze (mesh size, 5mm ht x ZrO2 OD) sintered to the zirconia tube outer diameter (OD)

using platinum ink (Engelhard #6926). Two lead wires were connected to the CE in

order to provide an S-type thermocouple (T/C) for temperature measurement. For the

type A setup the Pt/10%Rh wire was utilized as the CE and the Pt wire was utilized only

for T/C measurements. For the type A and B measurements the Pt wire was utilized as

RE1 and the Pt/10%Rh electrode was utilized as the CE. An additional electrode was

utilized in the gas phase for the type A measurements consisting of another T/C where

the Pt electrode was used as RE1. RE1 consisted of a 0.01 inch diameter wire sintered to

the zirconia with Engelhard Pt ink and was located 2mm above the CE with a surface

area of (2mm x ZrO2 OD). The working electrode (WE) and secondary reference

electrode (RE2) were composed of 0.02 inch diameter Pt and Pt/10%Rh wires (Engelhard

standard grade) respectively. The wires were carefully immersed 0.55cm (+/- 0.05cm)

into the slag in order to control the surface area of the WE. The wires were insulated

using a double-bore alumina tube in order to prevent inadvertent contact between the

WE, RE2, and ZrO 2. In type C measurements the weld bead of the Pt/10%Rh wire was

located above the slag surface and only a single wire was immersed into the slag. This

helped better standardize conductivity measurements of the cell and is discussed further

in Appendix F.

Two different zirconia tubes were used throughout the 'measurements. The

majority of experiments utilized the ZDY-4 zirconia tube while some measurements



utilized the ZDY-9 zirconia tube. The ZDY-4 tube was a lower quality tube containing a

binder material. Both of the tubes contained 4 mol%Y 20 3 and have been characterized in

the zirconia characterization section. The experimental differences between the two

types of tubes in the current setup are expected to be negligible except for geometrical

variation caused by differing OD and ID values. In general, ZDY-9 tubes tended to have

a smaller ID and OD than the ZDY-4 tubes.

Slag compositions ranging from 0-4 wt%FeOx in CaO-A120 3-SiO 2-FeOx

containing slags were examined for two different CaO/SiO2 ratios denoted H and L for

high and low viscosity. Specific concentrations for the two types of slags are described

in equations 5.1 and 5.2.

H slags:

(0.39CaO - 0.48Si0 2 - 0.13A12 0 3 )100-z [Fe203 z = {0,0.5,1,2,4} (5.1)

L slags:

(0.48CaO - 0.39Si0 2 -0.13A1 20 3)100-zoo[Fe 203 z = {0,1,2,4} (5.2)

The preparation techniques and theoretical properties for each of the compositions was

previously described in the slag characterization section. A proper amount of slag sinter

was charged into the sensor at room temperature such that the slag height would be

approximately 1.5cm from the tube bottom when molten at operating temperature

(14700C). This generally varied between 1.1g and 1.6g depending upon the ID of the

zirconia tube.

Table 5.1 completely describes the experimental cell parameters used in each of

the low FeOx experiments described above.



5.1.2 Equipment

Figure 5.2 describes the general experimental setup surrounding the

electrochemical cell. A MoSi 2 resistance furnace was utilized to heat the cell assembly.

In order to prevent thermal shock to the zirconia tube the cell was heated at a rate of

40/min to the operating temperature. All experiments were conducted at temperatures

near 14700C and the electrode cell was positioned in the same location in the furnace for

each experiment in order to ensure that any temperature gradients were identical for all

cases. Grade V Argon gas was flowed through the system using an Aalborg gas

flowmeter in order to maintain a constant flow rate of 15 ml/min which provided a gas

shield for the slag phase. The exit gas from the system was measured using a zirconia-

based oxygen sensor constructed in our lab and described in Appendix G.

Electrochemical measurements were taken using a Solartron 1287 potentiostat and either

a Solartron 1260 (mostly H slags) or Solartron 1250 (mostly L slags) impedance

analyzer. The electrochemical equipment was controlled and the data collected using a

GPIB connection to a 486 computer running Corrware, Z60, and/or Zplot2 software

developed by Scribner Associates. Measurements were analyzed using a Tektronix

digital oscilloscope in order to ensure that proper waveforms were applied to the system.

The oscilloscope was also used to determine when slag/metal contact occurred during

lowering of the WE into the slag. A Hydra data acquisition system was utilized to

constantly measure various cell potentials throughout the system at one second intervals

in order to provide a "histogram" of the entire experiment including the oxygen sensor

and thermocouples.



5.1.3 Measurement Procedure

The following steps describe the procedure followed for a typical experimental

measurement on a given low FeOx slag.

1. At room temperature the cell is fabricated as shown in figure 5. la-c and the slag

sinter is charged into the sensor. The WE tip is positioned 5.5cm above the slag

surface and argon is flowed through the system at 15 ml/min. The furnace is then

programmed to heat to 14700C at a rate of 40/min. The hydra data acquisition

system is turned on and begins recording data.

2. When the furnace reaches a temperature of 14700C the system is allowed to

equilibrate for at least 15 minutes. The WE is lowered slowly until contact with

the slag is established. The oscilloscope is used to determine when contact with

the slag has been achieved. After immersion into the slag, a high frequency (HF)

impedance sweep measurement from 100kHz to 10kHz is performed on the

system. HF impedance sweep measurements are performed at 0.1cm increments

during lowering of the electrode in the slag until the electrode depth is 0.55cm.

The HF impedance sweeps during lowering of the electrode are used to assist

calibration of surface area and conductivity measurements as will be described in

the results section.

3. At a depth of 0.55cm (14700 C) a complete impedance sweep from 100kHz to

10Hz is run. After the impedance measurement the OCV is measured for

approximately five minutes or until the system appears relatively stable. This

OCV measurement is used to approximate the signal obtained using a

conventional OCV measurement device.



4. Amperometric measurements are then conducted in the following manner. An

applied potential step of -0.2V (RE2 vs RE1) is applied for 120 seconds using the

potentiostat. After 120 seconds an impedance frequency sweep from 100kHz to

10Hz is run on top of the DC potential step. An OCV recovery is then measured

for 5 minutes in order to allow the cell to recover.

5. Step 4 is then repeated for several different DC potential steps (-0.4V, -0.6V, -

0.8V, -IV, -1.1V, -1.2V etc.) This data provides the basis of the amperometric

measurements reported in this thesis.

6. After all amperometric measurements are completed the furnace is turned off and

the cell is quenched to room temperature.

The quenched cell is sectioned and examined using visual inspection, SEM, and/or

chemical techniques.



Table 5.1 Cell parameters for low FeOx containing slags.

'oFeOx g slag
s noted charged
1 1.613
2 1.611
4 1.63
4
I1

1 wt%CuOx
2
0
2
4

0.5

1.5
1.38
1.27

1.315
1.5
1.61
1.21
1.1

System
Temp C

1460
1465
1463
1466
1467
1470
1465
1465
1468
1465
1467

Setup

Type
A
A
A
A
A
A
B
B
C
B
C

Zirconia
Type

ZDY-4
ZDY-4
ZDY-4
ZDY-4
ZDY-4
ZDY-4
ZDY-4
ZDY-4
ZDY-4
ZDY-9
ZDY-9

Zr02 Zr02
ID (cm)

0.72
0.72
0.72
0.69

0.675
0.64

0.645
0.685
0.715

0.6
0.595

OD (cm)
1

0.99
1.01

0.975
1

1.01
0.965
1.015
0.99
0.93
0.87

wtO
unles

Experiment
Name
pap2
pap5
pap6
pap7
pap8
pap9

papl0
pap12
pap l3
pap 14
pap15

Low/High
Viscosity

Low
Low
Low
Low
High
Low
High
High
High
High
High



Figure 5.1a Type A experimental cell design. (two WE, separate REI)
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Figure 5.1b Type B experimental cell design. (two WE, single REI)
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Figure 5.1 c Type C experimental cell design. (single WE, single CE/RE 1)
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Figure 5.2 General experimental setup.
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5.2 Experimental Theory

The Experimental Theory section describes the theory behind the three types of

measurements investigated in this thesis. First, the reversible cell potential is established

and the relationship between the open circuit potential and redox equilibrium is

discussed. Next, the three major time regimes of the current response to an applied DC

potential step are evaluated. Finally, the fundamentals of impedance are developed and

applied to the analysis of an appropriate equivalent circuit describing the electrochemical

cell. The theory and equations derived within this section will be of invaluable use to the

analysis of the experimental results in the Results and Discussion section.

5.2.1 Reversible Cell Potential

5.2.1.1 Electrochemical Reactions

The electrochemical cell primarily investigated in this thesis consisted of oxidized

slags containing small quantities of FeOx (figure 5.3) and can be described by equation

5.3.

Pt,,, i Fe3÷,Fe2+,0 2- 0 2- 1 02, Pt(s) (5.3)
WE slag ZrO2 air CE,RE

Equations 5.4 to 5.6 describe the reactions which occur at each cell interface during the

application of current for low FeOx containing slags. At the platinum WE, ferric cations

are reduced to ferrous cations as described by equation 5.4.

Fe WE +e ,W -'+ Felg, (5.4)



At the slag-electrolyte junction oxygen anions are stripped from the slag to provide a

mechanism for conduction within the zirconia electrolyte.

SOslagZ >'2OZr (5.5)

This will give rise to a Donnan or membrane potential at this interface because of the

difference in the oxygen activity between the two phases. Although written as free

oxygen anions in the slag phase, equation 5.5 should be interpreted more generically and

may represent the removal of oxygen species from more complex anionic species. At the

CE and RE the following anodic reaction occurs resulting in oxygen evolution:

S0 2  ~ - i + e,, (5.6)

The overall transformation during small applied potentials can be described by the cell

reaction equation 5.7.

(5.7)Fe3+ 2- arFe 2+
slag/WE + O/2slag ,ZrO2, 4 " slag+/WE

The free energy for equation 5.7 is described by equation 5.8.

AG = AGO + RTln Fet~s ag/E
a F3+ aoZ ,oslag / ZrO2

5.2.1.2 Developing the reversible cell potential

For the limiting case when the applied current approaches zero, equation 5.9 becomes

valid.

AG = -nFErev

(5.8)

(5.9)



Therefore, for open circuit potential (OCV) measurements, the Nernst equation for the

cell (equation 5.10) describes the relationship between the measured potential and the

relative activities of each of the redox couple species as well as the slag basicity.

Eoct, = Eo Fl aRT I a 2  (5.10)
F a 3+ ao_

F' e slag /H •E Os.0 2

Eo is defined as the measured potential when all of the activities are at their standard state

(a=l).

If the slag is relatively homogenous, the oxygen activity at the slag-zirconia

interface would be identical to the oxygen activity at the slag-WE interface.

slag / Zr2 slagWE (5.11)

This allows us to relate equation 5.10 with the thermodynamic data as discussed in the

Slag Characterization section as follows.

RT a 2I.E Po , RT aFeo 0 RT
Eoc = E o -- In = -- n E = E +- In(K) (5.12)

0F a3+ ao2 F F
teagIE 

0 'Ioga/'E)' F

Since the reference electrode is in equilibrium with air and not pure oxygen

equation 5.10 should be rewritten for the specific cell conditions.

Ec = EO,+ + In e(5.13)
F (aFe•o

EO = E - RT ln(P1a,.) = Eo +3.37x10-5 T (5.14)F 2

Use of the sensor in different environments might require the use of a different reference

phase. Appendix H discusses the different possible gases and materials that could

provide a suitable reference state and their deviation from the air reference. Appendix H



will be useful to the reader by providing a quick method for relating the potentials

described within this thesis to other measurements available in the literature.

Equation 5.13 can be rewritten in order to relate the measured potential to the

relative concentrations of each redox species.

RT ( 15RXWET
aC ,, + -lin - =E), + ln(Xra,) (5.15)F XWE F

E,' is defined as the formal cell potential (equation 5.16).

Eo, = Eo,,R + In-- E = Eo + lIn(y ) (5.16)F FeO F ,

The formal cell potential will vary for different slag structures because yra, is heavily

dependent on the underlying slag structure and electrolyte composition. If the y'a, value

for a given slag is known or can be estimated, equation 5.15 becomes a very powerful

tool because the measured cell potential can then be directly related to the ratio of redox

species within the slag.

Slags containing redox species other than FeOx would demonstrate the following

generic reduction at the WE:

Mx+ + ne- = M(x-n)*  (5.17)

Equations 5.18 and 5.19 describe the relationship between the measured cell potential and

concentration ratio for slags containing a generic oxide species.

Eocv = E,'r + TI-n (5.18)F Xw
· MO(~e()1(.8
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E',r is defined as the formal cell potential and is dependent upon the number of electrons,

transferred (n) in equation 5.17.

RT 0..o(2) RT o- ()
Fair ar F2 F -2(5.19)

Yra, values must be independently determined for each dissolved oxide species and is an

empirically derived constant sensitive to the overall slag structure and basicity.

Under strongly reducing conditions metal oxide species such as Fe2
+ or Si4" may

be reduced to their respective metallic form at the WE.

M "+ + ne- = Mo (5.20)

Equations 5.21 and 5.22 describe the appropriate relationship between the measured cell

potential and metal oxide activity when the deposited metal demonstrates unit activity.

E EO 1.RT IX(WE
EOCf Efair F+" n X (5.21)

Under this condition, E' is defined as the formal cell potential and is dependent upon

the number of electrons transferred in equation 5.21 (n):

EO,. = E0,, + ( r n y = Eo +3.57x10-' nT +F In y (5.22)

Note that under conditions where a pure metallic species is deposited at the working

electrode there is a direct correlation between the measured cell potential and the activity

of the oxide species in the slag (as opposed to a ratio of oxide species as in equation

5.18). As described in the Thesis Motivation section, this aspect has been utilized by the

Quik-Slag sensor in order to develop an OCV technique for the detection of FeOx

concentration under steelmaking conditions.



Figure 5.3 Electrochemical cell: Blow up of the WE region.
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5.2.2 Applied DC Potential Step

This section describes the experimental theory behind the use of applied potential

step techniques. The application of a potential step to an electrochemical cell can yield a

wide variety of information on different cell properties depending upon the time scale

under examination. Figure 5.4 demonstrates a generalized current response to an applied

potential step as a function of time. Notice that the shape of the response differs over

several different time regimes. At very small times (ptsec), after the potential step is

applied, the current is limited by capacitive charging of the double-layer at the slag/WE

interface. At somewhat larger times (msec) the current will be predominantly limited by

sluggish (irreversible) reaction kinetics. Finally, at long times (sec) the current will be

limited by the transport of electro-active species to the interface by diffusional processes

(reversible). Every electrochemical cell will demonstrate these three regimes. However,

the appropriate time scales and degree of overlap between regimes will differ for each

system. Each of the three regimes will be described in the following sections but greater

focus should be given to the diffusional regime. Many textbooks have been written on

this subject and can be referred to for a supplemental description [112 ,1 13 ]

5.2.2.1 Non-Faradaic: Double-Layer Capacitance

At very short times, the current response of an applied potential step is limited by

the capacitive charging of the double-layer at the slag/WE interface. This regime can be

described by equation 5.23.



E app o- exp - (5.23)
Rso tdI

E,pp = Applied potential (V), E,, = initial cell potential, t = time after applied potential

(sec), R,•, = solution resistance of the cell (0), idl = double-layer charging current (A), and

rdl = time constant for double-layer charging (sec).

rdl = RsoiCdl (5.24)

Cdi = double layer capacitance (F/cm2)

Using equation 5.23 at small time scales, investigators [114 ] have found that the Cd

for slag systems is often significantly greater than the 10-40F/cm 2 found in aqueous

chemistry. Double-layer capacities greater than 100ýF/cm 2 have been reported" 51 in

many slag systems and CaO-SiO2 based systems' 1 6 1 have been found to range from 150-

300uF/cm 2 over the intermediate redox potential range of oxidation states (-0.8V to 0.2V

relative to air). Even larger capacitances have been observed during the reduction of Si

and the oxidation of 02 gas ['16]

After approximately 2 to 4 double-layer time constants (Tdl) the charging current

most likely becomes negligible compared with the current limited by charge-transfer

kinetics which are described in the following section. The time constant (Tdl) expected for

the investigated cell is approximately 80 microseconds assuming R,,o of 5 2, Cdl of 200

uF/cm 2, and a surface area of 0.08 cm2 . Therefore, the time scale relevant for double-

layer charging is expected to be considerably smaller than the 1-120 seconds examined in

this thesis and can therefore be ignored for the DC applied potential experiments.
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5.2.2.2 Faradaic Limitations

Charge transfer and diffusional limitations both rely on faradaic processes and are

linked by an overall equation describing the influence of both factors as a function of the

cell overpotential (rj).

i= io exp(-anf)-c exp((1-a)nf) (5.25a)

F
f = F(5.25b)

RT

for the cell reaction:

O + ne- <, R (5.25c)

Where: io = exchange current density (A/cm2 ), Ox = transfer coefficient, n = electrons in

reaction, rl = overpotential, CR = concentration of reductant at the surface and bulk

(moles/cm3), Co = concentration of oxidant at the surface and bulk.

The exchange current density (i0) and the exponential terms describe the rate

kinetics whereas the interfacial concentration terms describe the influence of diffusion on

the faradaic current. Equation 5.25 is often split into three regimes for simplicity; charge

transfer limited, mixed limitation, and diffusion limited. These three regimes are now

discussed.

5.2.2.2.1 Charge Transfer Limitation

For very short time regimes the rate kinetics associated with the interfacial

reaction will be significantly less than processes associated with transport of the species
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to the interface. Under such conditions the measured current can be described by the

Butler-Volmer equation:

i = i0 [exp(- anj;)- exp((1 - a)nfir)] (5.26)

Equation 5.26 accurately describes the system until the current is approximately 10% of

the diffusion-limited current l1 7] . The exchange current density (i0) can be related to the

reaction rate coefficient k by equation 5.27.

io = nFkRCo-a)Ca (5.27)

Typically, a value for the exchange current density (i0) can be determined by sampling

the measured current for several different overpotentials and then extrapolating the

results on a Tafel plot"3.

The exchange currents for metal-slag reactions at elevated temperatures have been

found to be very rapid. Values range from 30-130 mA/cm 2 for CaO-SiO2 slags at 1500-

16000C[Il 6] to 140-650 mA/cm 2 for CaO-SiO 2-A120 3 slags at 1350-1550oC"ll' for the

oxygen reaction shown in equation 5.28.

202- = O - + 2e (5.28)

Values ranged from 2-10A/cm 2 for low FeOx containing slagsl •19] in a CaF2 melt at

14500C for the iron reduction shown in equation 5.29.

Fe2+ + 2e- = Fe (5.29)

The reaction of the redox couple Fe3÷/Fe2
+ is also expected to be quite rapid because of

the high temperatures (14700C) utilized in this thesis. Because of the rapidity of the

charge transfer limitation, previous rcsearchers found difficulty resolving exchange

current data from both double-layer and diffusional responses[116,120]
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5.2.2.2.2 Mixed Limitation

When both charge transfer and diffusion limitations must both be considered,

equation 5.25 becomes quite complex but has been solved in Vetter [1 2 1] for an applied

potential step to an electrode with planar geometry as follows:

i= i(0)exp[t24rf4ck17j (5.30)

C ikDR p ozF j) + exC - (1 - a)zF 7) (5.32)i(0)= i exp -- +exp RI (5.32)\iOtk k RT RT

where:

O+ ne- = R (5.32a)

Emi et al. 1J 61 found that the measured current was primarily diffusion limited as early as

100ms. Similar time scales are expected for the current investigation and therefore

further discussion of the utilization of equations 5.30-5.32 for extracting relevant data is

not pursued in this thesis.

5.2.2.2.3 Diffusion Limitation

At significantly long times, i0 is significantly larger than the total current and

equation 5.25 can be rewritten as equation 5.33.

RT ap C
E = Eo' + RTnF ) (5.33)

nF C"

The electrode potential and the surface concentrations of O and R are then linked by an

equation of Nernst form. The current flowing under this condition is no longer
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determined directly from equation 5.25 (or 5.33) but is determined by the diffusive

motion of faradaic species from the bulk to the surface. Equation 5.34 describes the

diffusional response to an applied potential step of a system consisting of a generic redox

reaction. The derivation of equation 5.34 may be found in Appendix I.

(no -n R )FA C••Culk -O bulk) Do
i(t)= = (5.34a)

(1 + 0) t7r

0= C pp expnF (Eapp,, - E  (5.34b)

Do (5.34c)
RDL

Note that both the diffusion of oxidant towards the electrode and diffusion of reductant

away from the electrode may act to limit the measured cell current. The measured

current magnitude will be a function of the diffusion coefficients, the type of oxide

present, the initial oxidation state, and the applied potential.
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Figure 5.4 Generalized current response to an applied DC potential Step.
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5.2.3 Impedance

Experimental techniques involving impedance provide a useful means for

determining many important properties of an electrochemical cell. Impedance

measurements rely upon the development of a stable steady state condition as opposed to

the violent transient established during an applied potential step measurement. This

allows the investigator more precise control over the operating environment. For

example, by superimposing an AC waveform on top of a stable DC applied potential

(controlled by a potentiostat) the concentration ratio of redox species can be established

at the WE/slag interface as described by equation 5.33 (shown in 5.35).

, RT CoPPE= E0 + RT 1  (5.35)
nF CPP

In this manner several different slag conditions can be examined without running

additional experiments. Impedance measurements are often characterized by the use of

an equivalent circuit which attempts to describe the underlying reactions occurring within

the electrochemical cell as linear (albeit sometimes frequency dependent) elements.

Quantification of these elements is then obtained by applying complex non-linear least

squared fitting analysis (CNLS) of the raw data to the proposed equivalent circuit.

The following sections will describe the fundamentals behind the use of

impedance, develop an appropriate equivalent circuit for the electrochemical cell used in

the thesis, and describe the expected frequency regimes which may be encountered

during application.
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5.2.3.1 Fundamentals of Impedance

Impedance techniques rely upon the relationship between the application

(equation 5.36) and steady-state response (equation 5.38) of an alternating signal applied

to the electrochemical cell.

v(t) = Vm sin(owt) (5.36)

f •= (5.37)

f = frequency (Hz), o = angular frequency (rad-Hz), Vm = AC peak voltage (V), and v(t)

= AC signal (V).

i(t)= I, sin(cot -8) (5.38)

0 = phase angle of offset (radians), Im = AC peak current (A), i(t) = AC signal (A).

Under steady state conditions equations 5.36 and 5.38 are related by the

impedance (Z), a frequency dependent parameter.

( (t) (5.39)
i(t)

In order to ensure linearity and the viability of equation 5.39, Macdonald 1122J has shown

that the amplitude of the AC potential waveform must be less than the thermal voltage of

the cell.

RT
V,, < -- (5.40)

F

The Vm value of 10mV used in this thesis is well below the threshold established in

equation 5.40 and therefore linearity is realized in the cell. After steady state is achieved,

the frequency (co) of the current and voltage portions of the impedance will be identical.



The impedance can then be rewritten as a simple

coordinates.

Z = Z' + jZ "

Z' =IZlcos(9)

Z" = IZjsin(9)

Iz = ((Z)2 + (Z#/)2

0= tan'I()

Z/ = Real impedance (2), Z// = Complex impedance

impedance (Q), and 0 = phase angle (radians).

complex vector in rectangular

(5.41)

(5.42)

(5.43)

(5.44)

(5.45)

(Q), IZI = Magnitude of the

This can be translated into polar coordinate notation (equation 5.46) by using the

Euler relation (equation 5.47).

Using equations 5.46 and 5.47,

Z(co)= jZl exp(jO)

exp(j ) = cos(9)+ jsin(9)

equation 5.38 can be rewritten as equation 5.48.

i(t)= Vm sin(cot - 9)
IZI

(5.48)

By examining how the impedance magnitude and phase angle of the resulting current

vary with applied frequency for various cell conditions, a large quantity of information

concerning different properties of the cell can be obtained by comparison with an

appropriate equivalent circuit. The next section will develop such a circuit and describe

the different frequency regimes that might be expected.
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5.2.3.2 Equivalent Circuit

Figure 5.5 represents the proposed equivalent circuit for the complete

electrochemical cell. The impedance associated with many of the circuit components in

figure 5.5 is expected to be quite small because of surface area considerations, therefore

figure 5.6 represents a simplified equivalent circuit focused on the WE/slag interface

where the majority of the impedance is expected to occur. Rsol represents the bulk

resistance of the slag electrolyte, Cdl represents the double-layer capacitance at the

working electrode, REt represents the charge transfer resistance of the reaction, and Rw

and Cw represent the influence of diffusion limitation to the working electrode and are

frequency dependent elements. The overall impedance of the circuit found in figure 5.6

can be described by equation 5.49.

Z(s) = Rso R+ + C;S) CDL (5.49)
/DLS +RCT+ RW + (4 S

The Warburg [1231 impedance elements Rw and Cw are frequency dependent elements and

are associated with the semi-infinite steady-state diffusional flow of redox species at the

WE surface under oscillating conditions. This Warburg impedance can be described by

the following constant phase element equation:

Z, = o (1- j)o = R, J (5.50)
(Cw

a = + D CE 1 (5.51)
n2F 2Aj -2  e D YC .'DC

O + ne- = R (5.52)
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A complete derivation of the Warburg impedance equation can be found in Bard and

Faulkner [124 ].

Rw and Cw defined in equations 5.53 and 5.54.

R,= (5.53)

1
CW = (5.54)

Manipulating equations 5.49, 5.53, and 5.54 the real and imaginary parts of the overall

impedance are defined in equations 5.55 and 5.56.

Rc + cro
Z' = RS I + (5.55)( 1 + C DL02 DL R + V

S CLRcr +oX +O (RCT +CDL 'X

Z// +CDLo(R c + +2C L+RcO + C2(oI)C (5.56)

At high frequencies the real portion of the impedance associated with the WE

structure will approach zero as the double-layer acts as a short circuit. Equation 5.55 can

then be simplified to equation 5.57.

ZIF = Rso, (5.57)

A Nyquist impedance plot demonstrating the behavior of equation 5.57 is shown in figure

5.7 and consists only of a point on the real axis representing Rsol. High frequency (HF)

measurements can be used to determine the resistance of the electrolyte between the RE

and WE. If the current path within the system is known then the conductivity of the slag

electrolyte phase can be calculated. This approach will be utilized in order to estimate

the conductivity of the slag phase and compare it with literature data. The methods for

doing this are discussed in greater detail in Appendix F.

114



For very low frequencies the real and imaginary portions of the impedance will be

dominated by the Warburg diffusional processes occurring at the WE/slag interface as

shown by equations 5.58 and 5.59.

ZI, = R, + Rcr + o' (5.58)

Z"F = 2cr2C, + ofX (5.59)

Therefore, aw can be quickly estimated by plotting the slope of Z/ or Z// against o01/ 2 as

shown in equation 5.60.

dZ, dZFLF LF O= (5.60)
do)-Y d o -T

A Warburg diffusional response would generate a constant phase element (CPE) with

unit slope in a Nyquist plot as shown in figure 5.8.

At intermediate frequencies the real and imaginary portions of the impedance may

be dominated completely or partially by the charge transfer reaction as shown in

equations 5.61 and 5.62.

R = Ro(5.61)
C/ TRSol + [+w 2 C( R2 1

Zc'- = C RT (5.62)CZT +2D2 DLR 2

This response would generate a semi-circle in a Nyquist plot (figure 5.9) which can be

used to define both Rt and Cdl values.

By sweeping the frequency and measuring the resulting changes in the magnitude

and phase of the current, important information concerning different properties of the

slag phase can be obtained from the different frequency regimes as described above.

Furthermore, by superimposing a DC applied potential on top of the AC signal the
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relative concentrations of redox species can be altered thereby influencing the magnitude

of the Warburg impedance (equation 5.51). Although a rough approximation of each of

the cell parameters can be computed as described above, more exact data can be

recovered by utilizing complex non-linear least squared (CNLS) fitting techniques.

Further discussion of the CNLS fitting technique and the methods employed in this thesis

is described in more detail in Appendix J.

The reader should note that the different frequency regimes occurring for the

impedance measurement correspond closely with the different time regimes described in

the DC applied potential step technique. This is quite convenient from an experimental

viewpoint because the two techniques complement each other very well. Impedance

techniques require the achievement of steady-state conditions for a proper measurement

following the approach described above. Measurements conducted at long times in the

purely diffusional regime during a potential step measurement would be very difficult to

achieve a proper steady-state-impedance measurement due to the low frequencies

required. Conversely, DC techniques rely on real-time measurements which increase the

difficulty of taking measurements on a short time scale. For this reason, impedance

methods were utilized to characterize the response for short times (<lsec) whereas the

DC methods were used to characterize the phenomena at long times (>lsec).
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Figure 5.5 Proposed equivalent circuit describing the entire electrochemical cell.
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Figure 5.6 Proposed equivalent circuit describing the relevant elements of the
electrochemical cell.
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Figure 5.7 Nyquist Plot - Rsol (HF).
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Figure 5.9 Nyquist Plot - Rt, Cdi (intermediate).
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5.3 Results and Discussion

The following results and discussion section describes the results obtained using

the experimental setup (figure 5.1) for low FeOx containing slags. The data analysis flow

chart (figure 5.10) describes an outline for the analysis and utilization of data measured in

this thesis. The same flow chart can be used by investigators interested in utilizing

similar devices for measuring data in industrial or academic settings. For a known slag

composition and temperature, raw data was obtained from the sensor in the following

forms: open circuit potential (OCV), DC potential step, and impedance frequency sweep

E with applied DC potential.

Thermodynamic modeling of OCV measurements was used to obtain the oxygen

activity of the slag. This measurement was used to simulate data which might be

recorded using a conventional oxygen sensor or other open circuit measurement device.

Thermodynamic and kinetic modeling of the current time response for a DC

potential step was used to obtain information sensitive to the concentration and transport

properties of dissociable solute oxides within the slag.

Equivalent circuit modeling of impedance frequency sweep data was used to yield

meaningful electrochemical cell parameters such as the cell resistance, double layer

capacitance, charge-transfer resistance, and diffusional impedance. Appropriate

modeling was then utilized to link these parameters to information concerning the

concentration and transport properties of dissociable solute oxides within the slag.

The purpose of this thesis was to demonstrate the benefits which might be

obtained by utilizing amperometric methods. Therefore, the following subsections

examine various parameters of the slag such as solute oxide concentration, solute oxide
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type, solvent viscosity, and transport estimation and then discuss how additional

information was gained by using amperometric techniques.

5.3.1 Concentration Influence

5.3.1.1 Introduction

The ability to measure a parameter which is directly sensitive to the concentration

of solute oxide is one of the main goals of this thesis. OCV measurements do not provide

a direct method for measuring concentration because they are only sensitive to the

oxygen activity. The following subsections examine how amperometric methods such as

potential step and impedance provide parameters which are sensitive to FeOx

concentration under conditions which the OCV technique may be inadequate.

5.3.1.2 Open Circuit Potential (OCV)

Figure 5.11 demonstrates the influence of concentration on the initial OCV for the

high viscosity slags ranging from 0 to 4 wt%FeOx. Notice that the OCV appears to be

relatively independent of the total FeOx concentration. The OCV measurement simulates

the results which might be obtained by using a conventional oxygen sensor. The

measurement is purely thermodynamic in nature and only provides information

concerning the oxygen activity of the slag phase as described by the Nernst equation:

-RT o1
-RT In (5.63)

SF o
20 'a



Equation 5.63 can be rewritten as described in the experimental theory section as follows:

E RTJXW RT ( E+RT RT
Eoc = E' F e - In /-• In--F = EE,,, + lI(Xraj+ In(aj,) (5.64)

Notice that the open circuit potential is sensitive to the relative concentrations of each

half of the redox couple but NOT directly sensitive to the total concentration of FeOx

within the slag. This explains the apparent independence of OCV and total FeOx

concentration in figure 5.11. In theory, the slag structure could be influenced by FeOx

concentration which would alter the Yrat value in equation 5.64. However, this influence

is NOT expected to be significant in this investigation because FeOx is a relatively minor

constituent of the overall slag structure [12 5]

The slags examined in this thesis were intentionally prepared in an identical

manner as described in the slag characterization section in order that they display similar

oxygen activities. Unfortunately, the OCV measurements for the lower FeOx containing

slags (0 and 0.5 wt%FeOx) demonstrated slightly lower OCV values. This is likely due

to degassing of oxygen from the slag to the Argon gas phase. Slags containing lower

concentrations of FeOx would display a lower buffering capacity to a given oxidation

state and hence be more sensitive to degassing of oxygen.

The slags investigated in this thesis intentionally contained similar oxygen

activities in order to demonstrate the inherent deficiency associated with a conventional

oxygen sensor. Because the conventional oxygen sensor yields results which are only

thermodynamic in nature it does not yield information concerning the concentration of

various oxide species or the buffering capacity of the slag to a given oxidation state. In

future sections, use of amperometric techniques such as applied DC potential and
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impedance frequency sweeps will demonstrate sensitivity of these techniques to the

concentration of FeOx in addition to the oxygen activity thereby providing more

information concerning the slag phase.

5.3.1.3 DC Potential Step

5.3.1.3.1 Raw data

Figure 5.12 demonstrates the current-time response behavior of applied potential

steps for 2 wt%FeOx containing slag. Similar responses were obtained for other

wt%FeOx concentrations for the high viscosity slag compositions. The data demonstrate

a linear relationship to t"/2 which is indicative of a diffusion limited response as discussed

in the experimental theory section. The current-time response at any given applied

potential can be completely characterized by equation 5.65:

ito, = b 0 +b (5.65)

bo = steady state current (long times)

b, = diffusional current (ficks' second law)

Table 5.2 records the calculated b0 and b, values for each of the DC potential step

experiments for high viscosity slags in this thesis. These two parameters completely

describe the results obtained during such measurements.

5.3.1.3.2 Significance of bO



The parameter bo is related to the steady-state current at long times and can be

described by equation 5.66:

bo = bcy + b, + bb, (5.66)

bcyl = apparent steady-state current due to cylindrical coordinate geometry

br= steady-state current due to a constant reaction at the electrode surface

bbl = steady-state current due to diffusion across a boundary layer

These three topics (bbl, bcyl, brn) are considered in more detail in Appendix L. However,

because b0 is sensitive to parameters which involve cell geometry, gas composition, and

boundary layer thickness, b0 is not reliable for use as a general sensing parameter for

FeOx concentration and is therefore not discussed further in this thesis.

5.3.1.3.3 Significance ofbl

As described in the experimental theory section, b, is directly sensitive to the

diffusive parameters of the cell:

i(ty-b, FA(C. -OappCC 2+ )DF+ (5.67a)

() app ot

where:

C surfacepp Fe+ exp nF Eapp -E = X (5.67b)
C surface RT app raapp
.Fe2+

= D(5.67c)

Equation 5.67a can be rewritten as follows:Fe2+

Equation 5.67a can be rewritten as follows:
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(t) FA(Oo - app )Ce,o, DF,(3.
it (E) F(5.68a)

oc - "re exp nFE - E = Xaov (5.68b)OC chulk (RT o rat,ocv

Equation 5.68a demonstrates that bi will be sensitive to a wide number of different

parameters including the diffusion coefficient of each redox species (DFC3+, DFe2+), the

initial and final redox concentration ratio (Oov, ,,,pp), and the total concentration of FeOx

in the slag (Ce,,,,). The concentration influence section investigates the ability of b, to act

as a sensing parameter for the total concentration of FeOx in the slag. In order to

demonstrate this sensitivity, the other parameters of equation 5.67a were intentionally

held constant. The DFC3+ and DF, 2+ values remained unchanged with variation in FeOx

content because the slag structure was not significantly altered by minute changes in

FeOx concentration[1 2 51. The final redox concentration ratio, X,,,,pp, is defined by the

applied DC potential which was held constant for each of the slag compositions (-0.2V, -

0.4V, -0.6V, -0.8V). The initial concentration ratio, Xr,av, is defined by the initial OCV

which was approximately the same value (prior to any given applied potential) for each

slag composition.

Figures 5.13a-d demonstrate the experimentally determined linearity between the

area standardized b, values and the total FeOx concentration in the slag. Whereas a

conventional oxygen sensor was incapable of determining any difference between the

five different slag compositions because of their identical oxygen activity, use of a DC

potential step clearly identified differences in the FeOx composition. The difference in

slope between figures 5.13a-d was caused by differences in the initial OCV and the

applied DC potential. As described above, these values control the initial and final
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surface concentration ratios of Fe"/Fe 2
+, Xr,, in equation 5.68a. If the slag concentration

and thermodynamics is well known, the transport properties of Fe 3" and Fe2" in the slag

structure can be estimated. This will be described in further detail in the determination of

transport properties section of the thesis.

5.3.1.4 Impedance

5.3.1.4.1 Raw data

Figure 5.14 demonstrates a Nyquist plot of a typical impedance frequency sweep

at an applied DC potential for a high viscosity low FeOx containing slag. Using CNLS

fitting techniques described in Appendix J, values for R0.1 , Cdl, Rt, and aw were

determined for each impedance frequency sweep and can be found in Table 5.3. Each of

the four parameters are sensitive to the concentration of FeOx and will be evaluated

independently in the following sections for use as possible sensing parameter.

5.3.1.4.2 Solution Resistance

As described in the experimental theory section, at high frequencies the real part

of the impedance would be expected to approach the solution resistance of the cell:

Z' = Rsol (5.69)

Equation 5.70 was derived in Appendix F for the cell geometry used in this thesis and

relates Ro,. to the slag conductivity:

soIn In f
Rsol = Rz o + gRsag =  wre ln()+ D(5.70)

2rhwire tslag zro2)
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Where: rwire is the WE Pt wire radius (cm), rID is the ID of the ZrO2 tube (see table 5.1)

(cm), rOD is the OD of the ZrO 2 tube (see table 5.1) (cm), aslag is the slag conductivity (Ci

'-cm '), GZrO2 is the Zirconia conductivity (&'1-cm-'), hwire is the immersion depth of the

wire (cm), Xwire is a coefficient related to the number of wires immersed into the slag,

Rsol is the solution resistance (Q), Rzro2 is the resistance due ZrO2 (Q), and Rslag is the

resistance due slag phase (Q).

As was described in the slag characterization section, slag conductivity should be

sensitive to the FeOx concentration because iron cations act as mobile charge carriers in

an ionic melt:

to, = a, (5.71a)

C'Fe = 2 FUF,2.CF,2+ + 3FUFe CF,3+. (5.71b)

In general, increases in the FeOx concentration should lead to increases in slag

conductivity.

Figure 5.15 compares the measured slag conductivities calculated using equation

5.70 with predicted values from the literature as described in the slag characterization

section [126 ,12 71. The measured values were consistently larger than the predicted values

which can be attributed to imperfect centering of the WE and end-effects at the WE tip.

These errors are described in more detail in Appendix F and might be expected because

the sensor was not designed specifically for conductivity measurements. A slight

increase in slag conductivity was measured with increasing FeOx concentration.

However, the relative sensitivity of slag conductivity to the concentration of FeOx is

minor over the concentration range investigated as shown in equation 5.72.
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(u) 0.006153Sensitivity - =0 = 0.0484 (5.72)
Cr(2wt%) 0.12709

Where: Sensitivity is in units of 1/wt%, a is the conductivity at 2wt% (regression line),

and do/dwt% is the change in conductivity with wt%.

The low sensitivity of the conduction parameter to the FeOx concentration in this

concentration range causes difficulty in resolving concentration effects from geometry

induced error effects present in the cell design. For example, the standard deviation of

the data from the regression line was calculated to be 0.00579, which is of the same

magnitude as the (.) term.

Although slag conductivity was shown to be sensitive to the FeOx concentration,

the sensitivity of this parameter to FeOx concentration is relatively small. Therefore,

errors associated with cell geometry uncertainties will likely overwhelm this relationship.

This would be especially problematic under industrial settings. For this reason slag

conductivity is not considered a realistic sensing parameter for changes in low FeOx

concentrations for oxide melts. A more detailed description of the sensitivity of

concentration to different parameters can be found in Appendix K.

5.3.1.4.3 Double-Layer Capacitance

Values of double-layer capacitance in slag systems have been found to be

relatively large as compared with those found in aqueous chemistry. Previous

investigators have found that the double-layer capacitance increases with increasing

FeOx concentration b-ecause iron cations adsorb on the slag side of the double-

layer [ 128'12 9] decreasing the multilayer thickness [130 ]. Takahashi et al. [1311 showed that the



Cdl at platinum-slag interfaces is considerably larger than the Cdl found at an iron

electrode. The literature has demonstrated that significant variation of Cd can occur with

concentration, slag structure, oxygen potential, and electrode material.

Analysis of the data recovered in this thesis did not show any conclusive

relationship between Cdl and FeOx concentration. This may be due to geometrical

variations between each of the experiments and emphasizes the difficulty in using Cdl as a

sensing parameter.

5.3.1.4.4 Charge-Transfer Resistance

The charge transfer resistance would be expected to be a function of the

concentration of the species undergoing the electrochemical reaction as shown by the

equation 5.73:

i = nFk ,C()Ca (5.73)0 - r r .,,Fe
3 - Fe

2
+

However, at the high temperatures investigated in this thesis the charge transfer

resistance was found to be relatively minor in comparison with polarization due to the

diffusional impedance (table 5.2). The small values measured for R,, and the overlap of

PR, with Cdl and Ow data at high frequencies made accurate resolution rather difficult.

Other researchers have had similar problems obtaining accurate results for this parameter

because of the low values of R4, under similar conditions [1301. In this thesis, the charge

transfer resistance was found to be approximately 0.5 ohms and not very sensitive to

FeOx concentration or applied potential. The error associated with determining R, using

CNLS fitting was rather large emphasizing the difficulty in determining this parameter.
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5.3.1.4.5 Diffusional Impedance

As described in the experimental theory section, ow describes the diffusional

impedance of the cell assuming a Warburg impedance element of the form:

ZW = ow(1- j)co-  (5.74)

RT ( 1 1 !ncr I +F2AJ{ DY + 1 CWE (5.75)wE -/ "-eFe

As can be seen from equation 5.74 the Warburg impedance would be expected to

dominate at low frequencies. However, because of the low value of R,,, aw dominates

even at relatively large frequencies.

Figure 5.16 demonstrates the relationship between aw and the applied potential

(E,,,) for a given FeOx concentration. For all slags containing FeOx a U shaped graph

was obtained. The applied DC potential determines the FeOx redox equilibrium at the

WE interface is described by equation 5.76:

RT XHEo

FeO1 5E = E~ I no (5.76)

Low applied potentials result in a low concentration of Fe2
+ which yields a large ow value

as predicted by equation 5.75. Similarly, large applied potentials result in a low

concentration of Fe" which again yields a large aw value. A cw minima will be located

at intermediate potentials. The modeled curve in figure 5.16 was constructed in the

Estimating Transport Properties section by assigning appropriate values to the diffusion

coefficients and combining equations 5.75 and 5.76. The value for ow deviates from the

model at very large applied potentials (>-0.8V) because the equivalent circuit proposed in

the experimental theory section (figure 5.6) is no longer appropriate. At large potentials,
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other competing reactions involving the reduction of Fe2" and Si4" compete with the redox

reaction of FeOx. Further discussion of this phenomena can be found in the Solvent

influence section.

Equation 5.77 predicts that Ow will be inversely proportional to the total

concentration of FeOx if the slag structure and transport properties are held constant.

RT 1
cw RT 2 + - + 9) (5.77a)

n 2F 2AV2DF,3. CFO,.ox(

9= CFe3+ exp nF (E - E (5.77b)
CFe 2+ RT

D Fe(5.77c)

Figures 5.17a-d demonstrate the experimentally determined linearity between the area

standardized aw values and the inverse of the total FeOx concentration at several

different applied potentials. Therefore, ow can be used as a sensing parameter for FeOx

concentration if the slag structure and transport properties are well known.

5.3.1.5 Summary

Figures 5.11, 5.13b, 5.15, and 5.17c summarize the results obtained in the

concentration influence section. Figure 5.11 demonstrates the inability of conventional

OCV technique to determine the difference between the five different FeOx containing

slags. This is because the slags had very similar oxygen activities. Figure 5.15

demonstrates that conductivity measurements using high frequency impedance are

slightly better than OCV measurements for detecting FeOx concentration differences.



However, the sensitivity of conductivity to low FeOx concentrations is relatively small

and can be easily be overshadowed by geometrical uncertainties. Figures 5.13b and

5.17c demonstrate the strong correlation between the bh and aw parameters using

potential step and impedance techniques and the total concentration of FeOx with the

slag. The above results conclusively show that amperometric methods can yield

improvements over information obtained using the OCV technique alone. Further

discussion of the implementation of such techniques for industrial settings can be found

in the future work and applications section.
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Table 5.2 Results of DC applied potential step.

Name Hi/Low
viscosity

papl5 H

OCV

papl4

pap! 3

papl2

pap10

pap8

pap7

pap6

pap5

pap2

133

wt%FeOx Area DC applied
potential

0.5 0.087776 -0.2
-0.4
-0.6
-0.8

4 0.175552 -0.2
-0.4
-0.6
-0.8
-1

2 0.087776 -0.2
-0.4
-0.6
-0.8
-1

0 0.175552 -0.2
-0.4
-0.6
-0.8
-1

2 0.175552 -0.2
-0.4
-0.6
-0.8
-1

1 0.143634 -0.2
-0.4
-0.6
-0.8
-1

4 0.175552 -0.8
-1

4 0.143634 -0.2
-0.4
-0.6
-0.8
-1

2 0.175552 -0.2
-0.4
-0.6
-0.8
-1

1 0.175552 -0.2
-0.4
-0.6
-0.8
-1

-0.0899 -2.49E-05 -3.21E-04
-0.114 -9.23E-05 -1.28E-03

-0.2019 -2.00E-04 -1.83E-03
-0.2374 -3.43E-04 -2.64E-03
-0.0514 -3.00E-04 -6.44E-03
-0.096 -7.77E-04 -0.01652
-0.154 -1.41E-03 -0.0282

-0.2572 -2.78E-03 -0.03685
-0.3447 -4.96E-03 -0.039575
-0.027 -7.72E-05 -1.77E-03

-0.0768 -2.14E-04 -4.86E-03
-0.19 -4.42E-04 -7.18E-03

-0.2965 -7.05E-04 -8.15E-03
-0.3654 -2.03E-03 -9.72E-03
-0.1561 -1.28E-05 -5.25E-05
-0.1591 -6.68E-05 -3.86E-04
-0.18 -1.39E-04 -7.57E-04

-0.2169 -3.03E-04 -1.34E-03
-0.2955 -7.42E-03 -4.48E-03
-0.0444 -1.46E-04 -2.81E-03
-0.0934 -3.82E-04 -8.21E-03
-0.1894 -8.12E-04 -0.0136
-0.2963 -1.40E-03 -0.0166
-0.3783 -2.64E-03 -0.0212
-0.091 -6.11E-05 -0.000958

-0.0865 -2.12E-04 -0.004232
-0.1921 -4.35E-04 -0.006553
-0.2846 -7.42E-04 -0.007729
-0.3836 -4.64E-03 -0.0355
-0.0918 -3.46E-03 -0.04876
-0.3049 -5.07E-03 -0.0544
-0.0988 -2.32E-04 -0.003945
-0.1289 -9.67E-04 -0.01314
-0.1801 -1.76E-03 -0.0223
-0.2435 -2.88E-03 -0.0299
-0.3087 -4.20E-03 -0.0373
-0.0919 -9.14E-05 -0.002056
-0.1178 -0.000486 -0.00751
-0.1613 -0.0011 -0.0125

-2.10E-01 -0.001599 -0.0168
-2.66E-01 -0.00222 -0.02365
-0.1025 -0.000088 -0.001
-0.1197 -0.00039 -0.0044
-0.1841 -0.00086 -0.0078
-0.3321 -0.0017 -0.01
-0.3813 -0.002 -0.014



Table 5.3 Results of CNLS fitting procedure for impedance frequency sweeps.

Name Hi/Low wt%FeOx Area DC applied Rso, Rct Cdl 0W
viscosity potential

papl5 H 0.5 0.087776 -0.0876 6.452 0.401 32.75 150.77
-0.2 6.511 0.436 41.71 97.73
-0.4 6.604 0.49 54.56 61.49
-0.6 6.639 1.783 37.77 187.56
-0.8 6.56 0.498 86.2 83.58
-1 6.401 0.1509 450 1.77

papl4 H 4 0.175552 -0.0518 3.92 0.55 54 11.86
-0.2 3.905 0.546 65.7 9.18
-0.4 3.873 0.599 64.52 7.07
-0.6 3.832 0.633 64.64 6.81
-0.8 3.748 0.725 55.5 10.49
-1 3.65 0.597 46 16.84

papl3 H 2 0.087776 -0.0306 5.839 0.6995 79.7 48.77
-0.2 5.859 0.627 116 30.09
-0.4 5.863 0.5819 158 20.20
-0.6 5.906 0.728 108 33.35
-0.8 5.917 1.763 98.98 87.62
-1 5.83 0.358 292 6.55

papl2 H 0 0.175552 -0.1561 5.023 0 3.70E-05 312.00
-0.2 5.023 0
-0.4 5.061 0.998
-0.6 5.075 0
-0.8 5.032 0.587

pap10 H 2 0.175552 -0.0386 4.169 0.56
-0.2 4.166 0.516
-0.4 4.149 0.469
-0.6 4.101 0.4975
-0.8 4.11 0.6193
-1 4.069 0.4194

pap8 H 1 0.143634 -0.088 5.022 0.436
-0.2 5.044 0.377
-0.4 5.079 0.248
-0.6 5.088 0.4274
-0.8 5.07 0.5038
-1 4.971 0.09

pap7 L 4 0.175552 -0.0788 2.098 0.139
-0.814 2.194 0.145
-1.02 2.288 0.1427

pap6 L 4 0.143634 -0.0873 3.237 0.296
-0.2 3.36 0.262
-0.4 3.564 0.256
-0.6 3.812 0.279
-0.8 4.06 0.359

pap5 L 2 0.175552 -0.0875 3.445 0.2813
-0.2 3.581 0.2321
-0.4 3.734 0.2165
-0.6 3.993 0.32578
-0.8 4.336 1
-1 4.535 0.409

1 0.175552 -0.0963 3.069 0.33677

-0.4 3.439 0.2683
-0.6 3.593 0.4215
-0.8 3.91 1.192
-1 4.207 0.4275

3.20E-05 272.00
2.97E-05 172.00
2.88E-05 278.00
1.03E-04 44.20

92 28.86
108 22.29
132 15.13
110 18.16

97.17 39.08
204 8.94

94.55 50.87
115 38.43
167 21.08
105 37.22
127 67.34
766 1.34
537 9.94
456 9.25
372 18.07
189 13.22
237 9.65
291 7.82
298 7.96
240 10.98
109 26.72
133 17.68
174 11.73
159 15.41
110 37.41
191 21.79
95 3.07
177 3.44
141 3.59
102 3.91
250 4.21

pap2



Figure 5.10 Data analysis flow chart. Slags with different compositions are examined
using three different measurement techniques, OCV, DC applied potential step, and

impedance frequency sweep at an applied DC potential. The raw data obtained using the
three techniques are modeled using appropriate thermodynamic and kinetic models in
order to gain information on the oxygen activity, MOx concentration, MOx type, and

transport property information.

Modeling:

Results:

135

· ·---.. ,,,,,r.measurement: InTIviluaQUIV' ~v·lL--- I r I



Figure 5.11 OCV vs wt%FeOx. H slags at 14700C. No correlation was obtained
between the measured OCV and the wt%FeOx.
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Figure 5.12 i-V response for DC applied potential steps for 2wt% FeOx H type slag.
The response demonstrated decreasing currents with time and appeared diffusional in

nature.
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Figure 5.13a -0.2V DC potential step bl/A vs wt%FeOx H type slags. The parameter
bl/A demonstrated sensitivity to the wt%FeOx in H type slags.
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Figure 5.13b -0.4V DC potential step bl/A vs wt%FeOx H type slags. The parameter
bl/A demonstrated sensitivity to the wt%FeOx in H type slags.
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Figure 5.13c -O.6V potential step bl/A vs wt%FeOx for H type slags. The parameter
b1/A demonstrated sensitivity to the wt%FeOx in H type slags.
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Figure 5.13d -0.8V DC potential step b1/A vs wt%FeOx H type slags. The parameter
bl/A demonstrated sensitivity to the wt%FeOx in H type slags.
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Figure 5.14 Impedance Frequency Sweep (Nyquist Plot), 2wt%FeOx H type slag.
Using CNLS fitting routines and the equivalent circuit found in figure 5.6 the raw data

was converted to useful cell parameters such as Rso1, Cdl, Rct, and aw.

T=1470 0C, A=0.0878 cm2, 2wt%FeOx, EDC=-0.0 2 7 V

CNLS Fitting Results:
Rso=5.839 0
CDL= 79 .7 uF

RCT=0. 7 92

a,=48 .76 O-sec/2

0
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5 sol6
Rsol

10Hz 3? .
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Z/

Figure 5.15 Slag conductivity vs wt%FeOx H type slags. Slag conductivity
demonstrated only slight sensitivity to the wt%FeOx in the slag. The conductivity

measurements for the slags in this thesis compared well with estimated data from the
literature[ 1 26,127]
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Figure 5.16 ow vs Eapp for 2wt% FeOx H type slag. The aw data demonstrated a U-
shaped behavior with applied DC potential. This corresponded well with the model

generated in transport properties determination section.
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Figure 5.17b awA vs FeOx at -0.2V for H type slags. The parameter awA demonstrated
sensitivity to the wt%FeOx in H type slags.
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Figure 5.17c awA vs FeOx at -0.4V for H type slags. The parameter owA demonstrated
sensitivity to the wt%FeOx in H type slags.
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Figure 5.17d awA vs FeOx at -0.6V for H type slags. The parameter awA demonstrated
sensitivity to the wt%FeOx in H type slags.
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5.3.2 Viscosity Influence

5.3.2.1 Introduction

Two different solvent slag compositions were examined in order to investigate the

ability of amperometric measurements to resolve variations in slag structure. The

compositions investigated were chosen such that the viscosities would differ by a factor

of 2 at 15000C (figure 3.17a)[132]. There is a strong link between slag viscosity and

cationic diffusion coefficients as given by the Stokes-Einstein relationship.

D, = U ( ) ;U(5.78)
D- 6nr,7 ln c, 6nr,7

Since amperometric measurements are sensitive to the transport properties of the oxide

species, slag structure differences are detectable using DC potential step and impedance

techniques. This is in contrast to a simple OCV measurement which can only detect

differences in the oxidation state.

5.3.2.2 Area Standardization

Amperometric measurements rely strongly on accurate knowledge of the surface

area of the working electrode. In general, the WE is lowered a known distance into the

slag thereby fixing the WE surface area. HF impedance measurements were previously

utilized to estimate the slag conductivity as described in the slag characterization section

and Appendix F. Examination of Rsol values determined from HF impedance

measurements can also be used to describe the stability of the system as a function of

time. Figure 5.18 demonstrates the change in Rsol for a typical high and low viscosity
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slag as measured during the duration of a complete experiment at temperature. Note that

the Rso,, value remains essentially constant for the high viscosity slag but steadily

increases with time for the low viscosity slag. This is due to an interaction of the slag

with the zirconia resulting in a slag level drop with time thereby reducing the effective

WE surface area for low viscosity slags. This was confirmed by post-experimental

analysis of the electrochemical cell where the ZrO2 tube for low viscosity slags appears

swollen whereas the ZrO2 tube for high viscosity slags appears unchanged. Increased

corrosion of ZrO 2 by the low viscosity slag was likely induced by its more rapid

transport properties and higher basicity.

In order to compare the two different slag structures a method for estimating the

WE surface area as a function of Rsol,, for low viscosity slags was developed in Appendix

F. Values of Rso1 were obtained at several immersion depths and then used to calibrate

the Rsol value with the WE surface area. The surface area values for the low viscosity

slags in the potential step and impedance sections are standardized values calculated

using the technique in Appendix F.

The difficulties experienced in controlling the WE surface area of the low

viscosity slags exemplify the experimental challenges associated with conducting high

temperature measurements over long periods of time on systems containing reactive

phases. All of slags investigated in this thesis intentionally focused on structures

demonstrating relatively high viscosity (4-15 poise) in order to ensure that the system

would remain relatively stable over a time frame of hours as opposed to minutes. Under

industrial conditions the viscosity is expected to be considerably lower (<1 poise) as the

basicity of metallurgical melts is generally quite high. While such conditions will
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inevitably lower the useful "lifetime" of the sensor, information can still be obtained on

the order of minutes as will be described in the Industrial Application section.

5.3.2.3 OCV Measurement

Figure 5.19 compares the initial OCV of the two different slag structures. The

low viscosity slags appear to be slightly lower than the high viscosity slags on average.

As described previously, the OCV measurement is mainly an indication of the oxygen

activity as shown in equation 5.79.

Eocv = In 2(5.79)

Therefore we would not have expected any influence of slag structure on the OCV

because the slags were created under identical oxygen atmospheres. Equation 5.80 shows

that slag structure yrat would have an effect on the OCV value if Xrat remains constant.

E =E +RT ln(Xr )+ RT In(yra ) (5.80)
F F

However, slag processing would not have ensured that Xrat remains constant and the

difference of Yrat term between the two slags investigated was estimated to be no larger

than -0.06V (Yrat of 1.2 vs 1.8) as described in the slag characterization section. Equation

5.78 demonstrated that more rapid transport properties are associated with lower viscosity

slags. Faster transport properties for the lower viscosity slag may have resulted in more

rapid degassing of oxygen and a faster equilibration with the Argon phase. Therefore, the

results found in figure 5.19 are most easily attributed to a secondary effect related to the
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equilibration of the slag with the Argon than with the ability of OCV measurements to

detect slag structure.

It should be noted that if the Xrat of a particular slag was known with certainty, an

OCV measurement would become useful as a measure for slag structure. However, this

would generally require an auxiliary measurement or sampling technique and would

therefore be most typically known with less certainty than the slag structure. Further

discussion on sampling implementation for industrial settings can be found in the future

work and applications section.

5.3.2.4 DC Potential Step

Figure 5.20 compares the area standardized bi values for the low and high

viscosity slags. Equation 5.78 demonstrates that lower diffusion coefficients would be

expected for higher viscosity slags. Equation 5.68a indicates that bl/A is expected to

demonstrate the following proportionality with diffusivity and viscosity as shown in

equation 5.81.

( cXcDFe3 (5.81)

Since the high viscosity slag is approximately twice as viscous as the low viscosity slag

we would expect equation 5.82 to hold:

( w CA A (5.82)

The L type slag is modeled by the dotted line in figure 5.20 which was developed from

the H type slag data assuming the validity of equation 5.81. The model appears to
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correspond fairly well with the measured values of bl/A for the L type slag. The

relationship in equation 5.82 assumes that the OCV values prior to the application of

poiential step are identical. Part of the error between the low viscosity data and the

modeled line exist because the OCV values are not identical. Table 5.4 describes the

OCV values prior to applied potential step for each of the data points in figure 5.20. At

low applied potentials the OCV values are more negative for the low viscosity curve

while prior to large applied potentials the OCV values are less negative. If this effect

were included in the model, the measured data would demonstrate even closer agreement

to the modeled line as the line would move upwards at high applied potentials and

downward at low applied potentials.

5.3.2.5 Impedance

Figure 5.21 compares the area standardized aw values for the low and high

viscosity slags. Equation 5.77a indicates that awA is expected to demonstrate the

following proportionality with diffusivity and viscosity as shown in equation 5.83.

c,1A ac 1 o (5.83)
DFe

Since the high viscosity slag is approximately twice as viscous as the low viscosity slag

we would expect equation 5.84 to hold.

(oA) A)high(5.84)

The L type slag is modeled by the dotted line in figure 5.21 which was developed from

the H type slag data assuming the validity of equation 5.83. The model appears to

147



correspond fairly well with the measured values of awA for the L type slag. Figure 5.21

more clearly demonstrates the difference between the two compositions because owA is

independent of the initial OCV. Misfit between the modeled line and the low viscosity

data points is partially accounted for by errors in the area standardization but is also

partially caused by differences in slag structure between the two slags. Equation 5.85

describes the relationship between the location of the U shaped curve and the slag

structure (Yrat).

/2 = Er +R·[ln(Xra,)+lnl +1n(7,a,) (5.85)

As described in the slag characterization section Yrat is expected to change from 1.8 to 1.2

for the high versus low viscosity slag. This would effectively shift the modeled line by -

0.06V which would provide a better fit with the measured data.

5.3.2.6 High Frequency Impedance

As described in the Concentration Influence section, the Rsol value determined

from the HF impedance measurement can be used to estimate a value of the slag

conductivity using Appendix F. The FeOx concentration was found to only slightly

influence the total conductivity over the concentration range of 0-4 wt%FeOx. Figure

5.22 demonstrates the influence of slag structure on the slag conductivity. Note that slag

conductivity is an excellent indicator for changes in slag structure when the FeOx

concentration is small. This is because slag conductivity for CaO-AI 20 3-SiO 2-FeOx is

given by equation 5.86.
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(5.86)tao = I = Fe,, + 2FIpCa2l .Cca 2

For low FeOx containing slags there is a direct relationship between atot and the

concentration and mobility of Ca2+ because rFe is negligible. Under such conditions slag

conductivity is more sensitive to slag structure than either bl/A or owA. However, it

should be realized that conductivity measurements for higher contents of FeOx would

begin to lose sensitivity to slag structure. This is because the aFe term could no longer be

considered negligible and would begin to dominate the overall conductivity.

5.3.2.7 Summary

The viscosity influence section demonstrated the ability of b1/A and awA to

distinguish between slags of different structures - an improvement over an OCV

measurement which simply yields oxygen activity information. However, slag

conductivity using HF impedance provided the greatest sensitivity to slag structure

changes. This was attributed to the partial conductivity of iron cations as compared with

calcia cations for low FeOx containing slags.
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Table 5.4 Electrode surface area and OCV prior to applied DC potential step.
L and H 2wt% FeOx containing slags (pap5 and papl0 respectively).

Applied pap5 - L pap1O-H pap5-L papl1-H
Pot Step OCV OCV Area Area

-0.2 -0.0919 -0.0444 0.4812 0.55
-0.4 -0.1178 -0.0934 0.434 0.55
-0.6 -0.1613 -0.1894 0.379 0.55
-0.8 -0.21 -0.2963 0.325 0.55
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Figure 3.17a Viscosity diagram for CaO-A120 3-SiO 2 slag at 15000C[ 82 ].
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Figure 5.18 HF impedance as function of experiment time. HF impedance can detect
slag level drop associated with ZrO2 corrosion during L type slag measurements.
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Figure 5.19 OCV vs slag structure and wt%FeOx. Neither H or L type slag
demonstrates influence of wt%FeOx on OCV measurement.
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Figure 5.21 awA for low vs High viscosity slags (2wt%FeOx). Model generated from H
type slag data assuming that L type slag behaves as would be predicted from viscosity

differences (equation 5.78, figure 3.17a).
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5.3.3 Solute Oxide Influence

5.3.3.1 Introduction

As well as yielding information on the concentration of dissociable oxides within

a slag, amperometric techniques can also be used to indicate the type of oxide species

present. This thesis is focused mainly on the properties of FeOx within the slag but one

experiment utilized CuOx in place of FeOx in order to demonstrate the capability of

amperometric measurements to resolve different dissociable oxide species in a high

temperature CaO-A• 20 3-SiO2-MOx system.

As described in the experimental theory section, the thermodynamics concerning

the dissociable oxide species is important in determining the relative redox ratio and

buffering capacity of the slag at a given oxygen activity (equation 5.87).

RT RT
Ec= E +- ln(Xa, )+ ln(yra,) (5.87)

CV r F F

Figure 5.23 demonstrates the difference in redox ratio for CuOx as compared with FeOx

assuming that y,.a is 1.2 for the low viscosity slag as described in the slag characterization

section. Notice that the CuOx curve is displaced to the right of the FeOx curve - this is

because CuO is less stable under reducing conditions than Fe20 3. The amperometric

methods will utilize this displacement in order to act as an indicator for the type of oxide

present within the slag.
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5.3.3.2 OCV

The OCV value for the CuOx slag was -0.0277V as compared with -0. 1025V for

the FeOx slag. As described in the viscosity section, the OCV measurement only yields

information on the oxygen activity and therefore any difference recorded between these

two slags must be due to secondary effects. The CuOx containing slag demonstrated a

slightly more oxidizing initial OCV, which might be attributed a number of different

factors. The buffering capacity as measured by equation 5.88 would be larger for CuOx

slags than FeOx slags at oxidizing potentials.

( od, nFC , X,
BC(E) = nCMT T tat 1• (5.88)

The buffering capacity measures the resistance of the slag to changes in oxidation state.

A larger buffering capacity would indicate that more oxygen would have to be removed

from the slag to the argon phase in order to achieve the same oxidation state. Another

factor that may have influenced the OCV measurement may have been the ability of the

FeOx containing slag to transport oxygen more rapidly than a CuOx containing slag.

5.3.3.3 DC Applied Potential Steps

Figure 5.24 demonstrates the difference between the b,/A values for the CuOx

and FeOx containing slags. Direct comparison between the two curves are difficult

because the initial OCVs were not identical between the two measurements.
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5.3.3.4 Impedance

Figure 5.25 demonstrates the difference between the CuOx and FeOx containing

slags. Both CuOx and FeOx demonstrate U-shaped Warburg responses. The minima of

the U-shaped curve should be located at E,,2 as described by equation 5.89.

E =Eo+RTIn 1 (5.89)1/2 air F ln

Assuming D,,=1 and yl,=1.2 the E.12 for FeOx and CuOx should be located at -0.324V

and 0.245V respectively. The minima for the FeOx data appears to be approximately

-0.4V, which is relatively close to the predicted value of -0.324V. As would be

expected, the CuOx curve in figure 5.25 is displaced to the right of the FeOx containing

slag. However, the minima for CuOx in figure 5.25 appears to be closer to OV than the

0.245V predicted from figure 5.23. In calculating figure 5.23 the y,,, value for CuOx was

estimated to be identical to the known value of 1.2 for FeOx because data concerning

CuOx in similar slag structures was unavailable. Recalculation of Yr,, from the data

obtained in figure 5.25 reveal that y,, for CuOx in the low viscosity slag used in this

thesis is closer to a value of 0.3. This emphasizes the importance of determining Yrat

values independently for solute oxide species in a given slag. The value of 0.3 can be

confirmed by measuring the equilibrium redox ratios for CuOx under atmospheres

containing different oxygen activities. Such techniques are described in the future work

section and are beyond the scope of this thesis.
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5.3.3.5 Summary

The solute oxide influence section demonstrated the ability of impedance

measurements to distinguish the type of solute oxide present in a high temperature slag

solvent. Potential step measurements could not clearly distinguish the oxide type because

of the sensitivity of the measurement to the initial OCV value which fluctuated during the

experiment.
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Figure 5.23 Redox ratio of CuOx as compared with FeOx. Note that the redox curve for
CuOx is located far to the right of the FeOx redox curve. This is because CuO is less

stable at reducing atmospheres than Fe2 0 3.
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Figure 5.25 awA for CuOx vs FeOx. FeOx and CuOx can be differentiated by the
location of the minima in the owA plot.
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5.3.4 Estimation of Transport Properties

5.3.4.1 Introduction

The use of amperometric measurements allow for the estimation of cationic

transport properties concerning the species reacting at the WE/slag interface. In order to

estimate the proper diffusion coefficients accurate knowledge of the concentration, slag

structure, and WE reaction must be known. Estimates for DFe2+ and DFe 3+ were made for

the high viscosity slags using both AC and DC methods as will be described in the

following subsections.

The relative concentration of Fe 3"/Fe 2
+ at a given potential was calculated using a

yt of 1.8 obtained from literature data[ 13 5] concerning similar slag structures as was

described in the slag characterization section. Changes in the total FeOx concentration

were assumed to negligibly influence the slag structure; measurements in the

literature [136] confirm this assumption for the Henrian range for slags containing FeOx.

Therefore DFe3+ and DFe2+ are not expected to differ significantly with FeOx concentration

over the range 0.5-4 wt%FeOx. In order to ensure that the reaction at the WE/slag

interface was predominantly due to the FeOx redox reaction only potentials with

magnitudes less than or equal to -0.6V were examined in the calculations below. This

was because magnitudes greater than -0.6V may have contained additional reactions

involving the reduction of either Fe2
+ or Si4+ species at the WE which would have led to

improper transport calculations as shown in Solvent section.
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5.3.4.2 DC Method

Equation 5.90 was used previously to demonstrate the relationship between the

measured current and the concentration for an applied DC potential step.

b FA(OOcv - 9 app )CFet,0  DFe3+
i(t) = = - 1=ppl+ o) (5.90)

Using a best-fit least squared error analysis of the DC potential step data for 0.5-4

wt%FeOx over the potential range of -0.2V to -0.6V, values of DEc3+ and D,,, were found

to be 2.85x10-' cm 2/sec and 9.52 respectively for Ya, of 1.8. Figure 5.26 demonstrates the

results of the model compared with the experimental data.

5.3.4.3 AC Method

Equation 5.91 has been used previously to demonstrate the relationship between

total FeOx concentration and aw.

(RT 1
SnF 2 A R2 T 2--1+ 9 (5.91)

n2FA DFe3+ CFeOo ( 0

Using a best-fit least squared error analysis of the owA impedance data for 0.5-4

wt%FeOx over the DC applied potential range of OCV to -0.8V, values of DFe3+ and D,,,

were found to be 1.72x10- cm2/sec and 6.01 respectively for yra, of 1.8. Figure 5.27

demonstrates the results of the model compared with the experimental data.



5.3.4.4 AC and DC Comparison

The models for both the DC potential step and impedance methods demonstrate

excellent correlation between each of the FeOx concentrations examined in the low

applied potential region. Deviation begins to occur at -0.8V because of additional

WE/slag reactions involving Fe2+ and Si4+. This results in lower owA and higher b,/A

values than would be predicted in this region as demonstrated in figures 5.26 and 5.27.

Values for DFe,, and Da, for the DC method were found to be slightly higher than

those found for the AC method. The DC method relied upon the knowledge and stability

of the OCV which may have not been fully at equilibrium thereby resulting in slightly

higher b,/A values than predicted. Another possibility for this difference is that the Yrat of

1.8 is not a good description of the oxobasicity of the slag structure. As described in the

slag characterization section ra,, was estimated from reliable sources for similar slag

structures to be approximately 1.8. However, data concerning yr•, tend to vary by large

amounts in the literature because of measurement difficulties related to changing

oxidation states during quenching, inappropriate equilibration, slag structure differences,

and required accuracy in measurement techniques. Comparing the DC and AC methods a

best fit can be obtained for both techniques when yT, is 0.9. When y~., is 0.9 the modeled

value for Dr,, becomes 1.76 and 1.5 for the DC and AC methods respectively and the

modeled value for De,,, becomes 1.72x10'5 cm2/sec for both cases.

As was discussed in the slag characterization section, diffusion coefficients on the

order of lx10-5 cm2/sec are in excellent agreement with values commonly found in the

literature for Fex+ cations in acidic slags[ '37, 13 8, 13 9"140 ].  Unfortunately very little

information exists on the relative diffusion coefficients of Fe3+ and Fe2+ species in slags



(Drat). However, Yokokawa[l41] also found Drat values which ranged from 1-2 for FeOx

in Na2O glass compositions.

5.3.4.5 Summary

The transport properties section demonstrated that the diffusion coefficients for

the cationic species reacting at the WE/slag interface can be estimated by using

amperometric measurements on a known slag structure and composition. However,

knowledge of the slag structure must be known very accurately because diffusion data is

very sensitive to the yrat value. Values were determined for the high viscosity slags and

demonstrated diffusion properties on the same order as those reported in the literature.

This is beyond the capabilities of a conventional oxygen sensor.
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Figure 5.26 Model of transport properties using bl/A.
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5.3.5 Solvent Influence

5.3.5.1 Introduction

Previous sections have demonstrated the influence of parameters such as solute

concentration and solute type on the response of different amperometric techniques. The

influence of the solvent slag on the thermodynamic and transport properties was

considered during the analysis. However, the solvent was been assumed to be an inert

phase during application of applied potentials. This section will examine this assumption

and determine the extent of influence of the solvent at different applied potentials.

5.3.5.2 Low Applied Potentials

CNLS fitting of the 0 wt%FeOx solvent slag demonstrated that impedance

frequency sweep methods at low applied potentials were primarily dominated by

Warburg diffusion control as shown in table 5.3. Charge transfer resistance within the

cell was found to be minimal. The main reaction occurring in the solvent slag is most

likely the reduction of oxygen species which leads to an increase in the basicity of the

surrounding melt as described by Emi et al. 1142 ] and given by equations 5.92 and 5.93.

02 +e- = 0 2  (5.92)

02- + 2e- = 202-  (5.93)

Sasabe [143 ] demonstrated that the permeability of oxygen in slags is quite low without the

presence of FeOx and therefore the impedance associated with these reactions is also
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likely to be quite large. Another possible reaction would be the reduction of oxygen gas

at the slag/metal/gas three-phase interface as described by equation 5.94.

202 + 2e- = 02-  (5.94)

Miyakil ' 44] theorized that the above reaction may be important for Na20 based melts

under an air atmosphere but was unable to detect its influence. In the current

investigation the impedance associated with equation 5.94 should also be quite large

because the three-phase surface area for reaction is relatively small and Argon was used

as a protective gas. Another source of faradaic current would be the reduction of any

easily dissociable impurity ions located in the solvent by the redox reaction in equation

5.95.

M(m+n) + ne- = M" '  (5.95)

Impurity ions would consist of Fe, Mn, Cu, Mo, or others, which may have been present

in the initial slag-making components or introduced inadvertently during slag processing.

The main impurity present in the initial slag components would be iron. The total iron

present in the solvent slag was estimated to be approximately 0.077wt%.

Figure 5.28a demonstrates an equivalent circuit describing the three possible

reaction paths for the solvent slag. For simplicity the three reactions can be combined

into a single "Zsolvent" impedance term as shown in figure 5.28b. Addition of an easily

dissociable solute oxide such as FeOx would add another competing parallel reaction

path, Zsolute, associated with the reduction of the solute oxide as shown in figure 5.28c.

At low applied potentials, Zsolvent was found to be significantly larger than the impedance

measured for the FeOx containing slags examined in this thesis. Therefore, the Zsolvent

term can be ignored in the previous sections at low applied potentials without distortion

166



of the results. However, it should be noted that Zsolvent does place a limit on the

measurable concentration of easily dissociable oxide within the slag. Extrapolations of

Zsolute from FeOx slags in this thesis indicate that Zsolute for 0.1 wt% FeOx containing slags

will approximately equal Zsolvent. Concentrations lower than 0.1% would be therefore be

difficult to resolve from the background.

5.3.5.3 Large Applied Potentials

Figure 5.29 demonstrates the magnitude of the current response to an applied DC

potential step for a 2 wt%FeOx containing slag. At low applied potentials the steady

state current was relatively small, however at potentials larger than -1V significantly

large currents were measured. These large currents are attributed to both the reduction of

SiO2 and FeO via equations 5.96-5.99. Sotnikov et al. [14 5] proposed that the reduction of

SiO2 on an iron electrode is a two-step process limited by diffusion as given by equations

5.96 and 5.97. Similar reactions are expected to hold for a platinum electrode.

Si4 + + 2e- = Si2+  (5.96)

Si 2+ + 2e- = Sio (5.97)

Slags containing FeOx would be expected to undergo the following reductions at the

platinum electrode.

Fe3÷ + - = Fe2+  (5.98)

Fe2+ + 2e- = Feo (5.99)

Application of large DC potentials for extended periods of time led to the destruction of

the WE. WE destruction occurred because Si and Pt are capable of forming a stable

liquid phase over a wide range of compositions and temperatures as shown in the binary
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phase diagram (figure 5.30)[146]. A Pt-Si molten WE was found to climb out of the slag

in order to minimize the surface energy associated with the WE/slag interface. Figure

5.31 is a cross-section of a solidified WE which had been destroyed in this manner. The

original electrode wires are marked in the diagram and are surrounded by the solidified

molten electrode material described above. The molten material formed a granular

structure during cooling which contained a significant amount of dissolved Si especially

in the low melting point intergranular phase. Table 5.5 explains the composition of

.various phases in the diagram. Serata et al. [14 7] reported similar Pt/Si interactions while

investigating a 63SiO 2-26CaO-11A120 3 mol% slag at 14600C under both Argon and air

atmospheres.

Impedance measurements of the solvent slag demonstrated similar behavior in

figure 5.32. For applied DC potentials larger than -0.8V the cell impedance was found to

drop dramatically, apparently due to the reduction of Si0 2 as described in equations 5.96

and 5.97.

Under conditions where the bulk solvent phase is undergoing reduction,

determination of the FeOx concentration would be nearly impossible. This is because the

current associated with the large concentration of solvent phase is substantially larger

than that associated with the solute oxide. In addition, solvent breakdown is likely to

drastically alter the slag structure near the WE surface. This would alter the viscosity,

basicity, conductivity, and thermodynamic properties of the slag which would cause

difficulty in interpreting the results associated with the solute species.

While useful measurements of the dissociable oxide concentration cannot be

obtained at large applied potentials, valuable information concerning the buffering
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capacity of the slag phase to a given oxidation state can still be determined. For example,

figure 5.29 demonstrates that the oxidation state of the slag can be easily manipulated at

low applied potentials but is very resistant to change at potentials greater than -IV.

Therefore if a steelmaker wanted to achieve an oxidation state equivalent to

approximately -1.2V a significant quantity of deoxidizer would have to be added to the

system. This emphasizes the added information which can be obtained by using

amperometric techniques. With a conventional oxygen sensor, the steelmaker would

know only the oxidation state of the system. An amperometric device helps determine

the buffering capacity which would be required to alter the state of the system. For the

above example, it would be very difficult to obtain -1.2V without reducing significant

quantities of SiO 2 from the slag - perhaps the steelmaker would be better advised to use a

more basic slag containing smaller quantities of SiO2 in order to achieve the desired

oxidation state.

5.3.5.4 Summary

Chemical reactions with the solvent do not significantly effect measurements of

solute oxides within the slag phase at low applied potentials. However, reactions with the

solvent will establish a lower limit on the measurable concentration of easily dissociable

oxides that can be resolved within the slag. Application of large potentials can result in

solvent breakdown as SiO2 is reduced to Si2+ and Si. Dissolution of silicon into the

platinum electrode leads to WE destruction which prevents accurate amperometric

measurements. Therefore useful measurements of dissociable oxide concentration should

be limited to potential regions where the solvent is stable. Using a platinum electrode in
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highly acidic slags, this region appears to be less than -0.8V vs air. While useful

measurements of the dissociable oxide concentration cannot be obtained at large applied

potentials, valuable information concerning the buffering capacity of the slag phase to a

given oxidation state can still be determined.
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Table 5.5 Composition of damaged WE

Si (wt%) Pt (wt%) Rh (wt%) Fe (wt%)
Phasel 1 86 7 7
Phase II 3 91 5 1
Phase Ill 5 77 18 0

Phase I: Intermediate color associated with the
grain structure of molten liquid region.

Phase II: Bright color near the grain boundaries.
Phase II: Dark color at the grain boundaries.



Figure 5.28a Equivalent circuit of the solvent near the WE/slag interface.

Cdl

Figure 5.28b Equivalent circuit of the solvent near the WE/slag interface - simplified.

C dl

Figure 5.28c Equivalent circuit of the solute near the WE/slag interface. Note that the
solvent provides a parallel reaction path in theory.
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Figure 5.29 Steady state current with applied DC potential for the 2 wt%FeOx H type
slag at 14700C. At low applied potentials the predominant reaction in the redox reaction.

At large applied potentials reduction of SiO 2 in the solvent can occur leading to large
measured currents and electrode destruction.
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Figure 5.30 Si-Pt Phase diagram. Pt and Si form a liquid alloy over a wide temperature
range['461

Weight 9 Silicon

1414 C

Pt Atomic % Silicon Si

173



Figure 5.31 Photograph of damaged WE. The two original electrodes are still present
and surrounded by a once liquid Pt-Si-Fe alloy. The intergranular phase is an Si rich

lower melting point alloy.

Figure 5.32 Impedance measurement of solvent slag.
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6 Experimental - High FeOx

This chapter will describe the amperometric measurements applied to slags

containing high quantities of FeOx (>10wt%). The amperometric technique utilized was

coulometric titration. The chapter consists of the following sections: First the

experimental setup will be described. Then the appropriate theory will be introduced for

the coulometric measurement technique. Finally, the results will be reported and

analyzed.

6.1 Experimental Setup

6.1.1 Experimental Cell

Figure 6.1 demonstrates the setup used during the coulometric titration of high

FeOx containing slags. The zirconia solid electrolyte separates the reference gas phase

consisting of air from the slag phase to be measured. An inert Argon gas (BOC gasses -

Grade V) is flowed through the system in order to prevent any slag/gas reactions from

occurring during experimentation. The zirconia tube consisted of ZDY-4 and was

characterized in the zirconia characterization section. The counter electrode (CE)

consisted of a platinum gauze (mesh size, 0.2"ht x ZrO 2 OD) sintered to the zirconia tube

outer diameter (OD) using platinum ink (Engelhard #6926). Two lead wires were

connected to the CE in order to provide an S-type T/C for temperature measurement. An

additional electrode was utilized in the gas phase consisting of another T/C where the Pt



electrode was used as the primary reference electrode. RE1 consisted of a 0.02 inch

diameter wire sintered to the zirconia with Engelhard Pt ink. The working electrode

(WE) consisted of eight 0.02" diameter x 1" long platinum wires welded to the end of a

Pt/Pt-10%Rh T/C. The 10%Rh lead was utilized as the secondary reference (RE2) and

the Pt lead as the WE. At operating temperature, the wires were immersed into the slag

until they touched the bottom of the zirconia tube.

Three slag compositions were investigated ranging from 20-40wt% in CaO-SiO2-

FeOx containing slags as described in equation 6.1.

(0.37CaO - 0.63Si02 )10oo(Fe2 03 ) z = {20,30,40} (6.1)

The preparation techniques and theoretical properties for each of the compositions was

previously described in the slag characterization section. Approximately 1.5g of slag

sinter was charged into the sensor at room temperature for each investigation.

6.1.2 Equipment

The experimental setup used for the high FeOx containing slags was identical to

the setup described in section 5.1.2 of the low FeOx containing slag experimental setup

section with a few minor exceptions. No impedance analyzer or gas sensor were utilized

during the measurements and all experiments were conducted at temperatures near

15700C.
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6.1.3 Measurement Procedure

The following steps describe the procedure followed for a typical coulometric

titration measurement on a given high FeOx containing slag.

1. At room temperature the cell is fabricated as shown in figure 6.1 and the slag

sinter is charged into the sensor. The WE tip is positioned well above the slag

surface and argon is flowed through the system at 15 ml/min. The furnace is then

programmed to heat to 15700C at a rate of 40/min. The hydra data acquisition

system is turned on and begins recording data.

2. When the furnace reaches a temperature of 15700C the system is allowed to

equilibrate for at least 15 minutes. The WE is lowered slowly until contact of the

WE with the bottom of the zirconia tube is established. An OCV measurement is

taken for 10 minutes.

3. After the OCV measurement, the potential between the RE1 and RE2 electrodes

is ramped from OCV to -0.2V at 3mV/sec and the current is measured with

respect to time.

4. At -0.2V the potential is held until the measured current drops to a small fraction

of the initial current.

5. Steps 3 and 4 are repeated at -0.2V increments until the potential is held at -1V.

6. The furnace is turned off and the cell is quenched to room temperature.

7. The quenched cell is sectioned and examined using visual inspection, SEM,

and/or chemical techniques.
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Figure 6.1 Experimental setup for the coulometric titration of high FeOx containing
slags.
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6.2 Experimental Theory

Impedance and potential step measurements used for investigating the low FeOx

slags examined the reactions occurring at the WE/slag interface in order to determine

information concerning the slag phase. These methods become more difficult to

implement with increasing FeOx concentration because of the large currents which are

generated. The large currents result in large iR,,so potential drops which require strict

electrode positioning in order to ensure that no inhomogeneities occur along the WE/slag

interface and that identical cell operation is established under all conditions. Coulometric

titration techniques examine the bulk changes of an isolated slag volume as opposed to

the surface changes at a WE/slag interface. Many wires are immersed into a known

volume of slag and the oxygen associated with easily dissociable species is pumped out

of the slag until the entire slag volume reaches another desired thermodynamic

equilibrium state. By measuring the charge removed during this process the buffering

capacity and concentration of dissociable oxide species can be estimated.

The following sections will describe the reversible cell potential as it relates to the

thermodynamic equilibrium state of the slag and derive a model for the system response

to a coulometric titration.

6.2.1 Reversible Cell Potential

The reversible cell potential was fully explained in the low FeOx experimental

theory section. Equations 6.2 and 6.3 were previously derived in order to describe the

equilibrium between Fe3+, Fe2+, and Fe at a given potential.
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E E +RT In FeO.I= Eo+ RTIn(Xra) (6.2)
F XwE air F

Eoc = E + RT In(XFo) (6.3)

Therefore, under coulometric titration conditions when the cell current approaches zero,

equations 6.2 and 6.3 approximate the equilibrium state of the entire slag with respect to

the measured potential.

6.2.2 Coulometric Titration

The quantity of charge required to assume a new equilibrium state during

coulometric titration of FeOx-CaO-SiO 2 slag can be described by equation 6.4.

AQ = Qoe - FQ [ = F[3(nO. -n,,P) 2(n.o, -n_,o (6.4)= Fe3+ -Fe3+ Fe2  F ,6Fe2 4

The relative concentrations of Fe3+/Fe2+ in the slag can be determined from the measured

potential with respect to the reference as described by equation 6.2. At large applied

potentials, iron will be in equilibrium with the slag and an additional constraint will be

applied to the system as described by equation 6.3. The terms in equation 6.4 can

therefore be calculated using equations 6.5-6.9 as described below.

ocv t( app
o, o (6.5a) naPP a no(6.5b)1+X ocv Fe2+  + Xapp

I rat / "rat

nov= noc 1+roV (6.6a) nF,, = nOpp 1+ app (6.6b)

(~Eocv - Eo' (Eappr rat

xoev = exp rat (6.7a) XPp = exp - E (6.7b)
rat RT -r RT
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where n is the number of moles of Fe3+ or Fe2+ in the confined slag, Xrat is the ratio of

Fe3+/Fe2+ species in the confined slag, ocv is the initial equilibration state of the system,

app is the final equilibration state of the system, and ntot is the number of iron units

present in the slag phase. If no metallic iron exists at the given slag equilibration state

than ntot will be given by equation 6.8.

=o (wt%FeO1s )go, (6.8a) napP (wt%FeO .5)g,o, (6.8b)n, (6.8a) n = (6.8b)
toFeO1 ~ FeO, 5

If metallic iron exists at the given slag equilibration state than ntot is given by equation

6.9.

X(ocv ons, + ncO

ocv Eocp -Eo E
FeO e.( RT

(6.9a)

(6.10a)

where XFeO is the mole fraction of FeO in the

number of moles of SiO, and CaO in the confined

Equations 6.4-6.10 above will be used to

FeOx coulometric titration experiments in the

however, that equations 6.4-6.10 could also

p X(ns, o + ncn a xFeO CaO
,E a

ap p
a

X ap= exp rat
RFO RT

(6.9b)

(6.10b)

confined slag, nsiO2 and ncao are the

slag respectively.

model the results obtained in the high

results and discussion section. Note

be utilized to estimate the FeOx

concentration in an unknown or partially known slag system. Further discussion and

approaches concerning the use of coulometric techniques to determine more information

on an unknown slag can be found in the future work and applications section.



6.3 Results and Discussion

Figure 6.2a demonstrates the typical

from the initial cell conditions (-0.05V) to

6.2b demonstrates the typical i-t response

approximately 10 minutes the system was

removed was calculated by integration of

responses.

i-V response to the 3mV/sec potential sweep

the applied cell conditions (-0.2V). Figure

to the applied potential step (-0.2V). After

judged to be at equilibrium and the charge

both the potential sweep and potential step

AQ= f i(t)tepdt + Ji(tweepdt (6.11)

The charge obtained by integration of each potential sweep and step can be found in table

6.1 for each of the three slags investigated. Figure 6.3 demonstrates the total coulombs

removed from the slag in order to change the equilibration state of the slag from OCV (-

0.05V) to the given applied potential. The solid lines in figure 6.3 are the coulombs

predicted using the model developed in the theory section. The values utilized in the

model were as follows: Yrat=l, YFeo= 2 . 5, Ytot=1.5g. There is good agreement between the

model and the measured data. The total charge removed at any given potential is

sensitive to the total FeOx concentration in the slag. Slag compositions with larger FeOx

concentrations have a larger buffering capacity to a given oxidation state and therefore

require the removal of more charge in order to achieve a new equilibrium state. The data

demonstrated two regions of reduction. At low potentials the predominant reaction was

the reduction of Fe3+ to Fe2+ whereas at large potentials the predominant reaction was the

reduction of Fe2+ to Fe. The data near the intermediate region (-0.6 to -0.8V) do not

show the same sharp transition as the model would predict. This was likely caused by the
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presence of platinum wires in the system. Platinum and iron form a solid solution at

these temperatures and therefore some of the reduced iron may have formed with an

activity less than one. This would have lowered the potential required for the reduction

of Fe2+ species as demonstrated in equation 6.12.

E = E +TIn(XWE- __Tln(a) (6.12)app air F Fe/FnFe(

Figure 6.4 shows a typical cross-section of the cell after a coulometric titration

experiment. Molten droplets of Fe can be found throughout the slag phase. The FeOx

concentration in the bulk slag has dropped considerably from the initial 20-40wt% to

values near 2-4wt%. The change in bulk slag FeOx concentration is consistent with the

measured coulombs removed during the coulometric titration as calculated in table 6.2

indicating that the cell efficiency is nearly 100%.

The fact that the cell efficiency operates at nearly 100% allows the coulometric

titration technique to be utilized accurately for determining the concentration of species

in an unknown slag system. Current efficiencies of 100% are not commonly found in the

literature concerning the electrolysis of oxide or salt melts containing iron oxide I~ 48,1 49, 150]

using two electrodes immersed within the slag. Typical problems associated with

electrolysis of FeOx containing slags without a zirconia membrane include the following:

1. Formation of an iron dendrite from the cathode which connects to the anode

resulting in a short circuit.

2. Oxidation of the anode during electrolysis.

3. Reoxidation of iron units at the anode instead of the formation of oxygen gas

resulting in no net electrolysis in the system.
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4. Electronic short circuit due to hole conduction mechanism associated with large

FeOx concentrations [~ 5 1' 52]

The use of a zirconia membrane in this investigation prevented the typical problems

mentioned above. This was possible because the zirconia is primarily an oxygen anion

conductor and therefore ensures that charge transfer reactions will occur and oxygen will

be generated at the anode. However, at very reducing or oxidizing potentials the zirconia

may become electronic, as described in the zirconia characterization section, at which

point the cell may become less efficient. The potential at which the electronic and ionic

transport numbers are equal was calculated to be near -1.35V at 15700C for the ZDY-4

zirconia material.

6.4 Summary

This chapter demonstrated that coulometric titration techniques can be used to

determine the concentration of easily dissociable oxide species in molten slags. The

technique clearly differentiated between 20, 30, and 40 wt%FeOx and demonstrated close

agreement with the predicted model. The cell efficiencies, which approached 100%,

were obtained because of the membrane properties of the zirconia.
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Table 6.1 Coulometric titration data for 20-40wt%FeOx.

Potential Sweep Step
(V vs air) (Coulombs) (Coulombs)

20wt%FeOx

30wt%FeOx

40wt%FeOx

-0.05
-0.2
-0.4
-0.6
-0.8
-1

-0.05
-0.2
-0.4
-0.6
-0.8
-1

-0.05
-0.2
-0.4
-0.6
-0.8
-1

0.000
-22.256
-27.817
-29.444
-76.282
-38.132

0.000
-51.438
-85.108
-56.139
-85.108
-97.502

0.000
-101.306
-197.841
-130.253
-186.094
-13 1.434

0.000
-73.725
-83.152
-93.497

-275.631
-152.739

0.000
-92.899
-77.059

-102.399
-338.585
-417.086

0.000
-54.437
-2.384
-65.453

-589.952
-406.753

Table 6.2 Cell Efficiency.

Measured
Charge Removed

(Coulombs)
-872.676

-1403.322
-1865.908

Final
Measured
wt%FeOx

4
3

1.5

Charge Required
Initial to Final wt%

(Coulombs)
-867

-1416
-1967

Efficiency(%)
99.35
100.90
105.42

185

Qocv-Qapp
(Coulombs)

0.000
-95.981

-206.951
-329.892
-681.805
-872.676

0.000
-144.337
-306.505
-465.042
-888.735

-1403.322

0.000
-155.743
-355.968
-551.674

-1327.721
-1865.908

Initial
wt%FeOx

20
30
40
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Figure 6.2a Typical i-V response to potential sweep during coulometric titration.
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Figure 6.2b i-t response to an applied potential step during coulometric titration.
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Figure 6.3 Total coulombs removed from OCV to each given applied potential. The
modeled lines were made using Yrat= l and YFeO= 2 .5.
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Figure 6.4 Cross-section of the cell after the coulometric titration experiment. Slag
FeOx concentration was reduced from 20-40 wt%FeOx to 2-4 wt%FeOx.

187



7 Conclusions

The use of amperometric techniques was shown to yield information which can

supplement conventional open circuit potential (OCV) measurements. An OCV

measurement simply yields the oxygen activity of the slag whereas an amperometric

approach gathers information concerning the buffering capacity of the slag to a given

oxidation state. The slags investigated in this thesis intentionally contained identical

oxygen activities. Therefore, a simple OCV technique was unable to distinguish

differences between the slags. However, amperometric techniques allowed the slags to

be distinguished in terms of dissociable oxide concentration, dissociable oxide type, and

solvent slag viscosity. Two different ranges of FeOx concentration were examined. 0-4

wt% low FeOx containing slags were investigated using DC applied potential steps and

impedance frequency sweeps over a range of applied DC potentials. 20-40 wt% high

FeOx containing slags were investigated using a coulometric titration technique.

Results obtained by applying DC potential steps and impedance frequency sweeps

at applied DC potentials on the low FeOx slags were thoroughly modeled using

appropriate kinetic equations and an equivalent circuit model. The parameters b,/A and

awA, which were derived from the modeling, demonstrated strong proportionality with

concentration. Therefore, b,/A and awA can be used as sensing parameters for

concentration. Using knowledge of appropriate thermodynamics concerning the slag

structure, values for the diffusion coefficients of species reacting at the WE/slag interface

were calculated. The values obtained compared well with values reported in the literature

for similar slag structures. Amperometric measurements are sensitive to the buffering
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capacity of the slag at a given oxidation state. By applying appropriate thermodynamic

modeling to impedance frequency sweeps at different applied DC potentials allowed

determination of the type of oxide species present. The influence of viscosity on

transport properties was also examined. While b,/A and awA parameters were sensitive

to slag structures, high frequency impedance measurements describing overall slag

conductivity provided a much better independent method for estimating slag structure

changes.

Coulometric titration measurements on isolated volumes of high FeOx containing

slags provided information concerning the concentration of FeOx. The membrane

properties of the YSZ allowed oxygen associated with FeOx in the slag to be pumped out

of the slag system. Therefore, the total coulombs removed yielded a quantitative estimate

of the amount of FeOx initially present. During the measurement, slag containing 20-

40wt% FeOx was reduced to slags containing 2-4% FeOx by the formation of liquid iron

droplets. The current efficiency of this process was estimated to be quite large -

approaching 100%. This technique demonstrated many advantages compared to direct

electrolysis of iron using electrodes simply immersed into the electrolyte. Typical

problems such as short circuiting, anode destruction, and reoxidation of iron units were

avoided by using the membrane technique. Further discussion on the use of this

technique for metals production can be found in the future work section.

The advantages of amperometric measurements has been demonstrated in this

thesis. The following section will describe the packaging required to implement the

process under steelmaking conditions. In addition, a theoretical model is included which

describes the predicted benefits which can be obtained.
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8 Future Work and Applications

8.1 Sensors for Steelmaking

This thesis has demonstrated that additional knowledge concerning solute

concentration, oxide type, and buffering capacity can be obtained by using amperometric

measurements. The next logical step would be to develop a prototype which can operate

in a steelmaking furnace. A steelmaking furnace poses additional problems to those

encountered in the laboratory. For example, steelmaking slags are typically far more

basic than the SiO 2 rich slags investigated in the thesis. This would lead to more rapid

corrosion of the ZrO2 membrane than was measured in the laboratory. Therefore, the

sensor is not expected to be a continuous on-line device but rather a single-use device

similar to the conventional oxygen sensor. This will influence the methodology for

obtaining desired information. Because of the short life span of the device, strict

procedures for quickly obtaining the most desired information will have to be

implemented. This is in contrast to the wide range of impedance frequency sweeps and

potential steps which could be measured under lab conditions.

Metallurgists have found that conventional oxygen sensors demonstrate more

reproducible results under steelmaking conditions when reference metal / metal oxide

systems such as Cr / Cr 203 are used instead of gaseous phases such as air. Therefore it is

expected that a metal / metal oxide system will also perform better for the amperometric

device. However, caution should be taken to ensure that the counter electrode can

provide a sink for the removal of oxygen species without influencing the stability of the

reference oxide or changing the composition of the measured phase.
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Additional parameters which may influence sensor performance include slag fluid

dynamics and furnace electrical interference. These parameters will differ from furnace

to furnace and will have to be evaluated by running tests in industrial settings.

8.2 Electrolysis for Metals Production

Coulometric titration was examined for use in determining the concentration of

easily dissociable oxide species in an isolated slag volume. The current efficiency

measurement in this thesis approached 100%. Because of the high current efficiency a

similar method could be used for the production of metals via electrolysis in order to

replace conventional steelmaking techniques. The steel industry is one of the worlds

largest producers of greenhouse gasses via the production of CO 2. Electrolysis methods

would alleviate the need for carbon as a reducing agent thereby reducing CO2 emissions.

The use of a zirconia membrane offers advantages over traditional electrolysis

methods by preventing anode oxidation, reoxidation of reduced metallic species,

electronic short circuiting and dendritic short-circuiting. In essence, the zirconia

membrane acts to ensure oxygen removal from the molten oxide. Coulometric titration

was demonstrated to be successful for the formation of Fe from high FeOx containing

slags, however, further research on the economics of production need to be considered.

Future research should be focused on the reactions between the zirconia and the slag as

well as the types of metal which can be produced and the scale of economical production.



A. Appendix. Relationship between activity coefficients of equation 3.45 and 3.46.

Thermodynamic equations describing redox equilibrium between FeOx and

oxygen partial pressure have been written as follows in the literature.

1
FeO+-0 2 = FeO, 5  (A.1)

4

1 1
FeO +-0 2 = Fe2O, (A.2)

4 2

The free energy for both reactions is identical and therefore:

KAI, = F =KA2 Fe2o, (A.3)
a eoXa oA2( FeoP02) , , O02

The following equation describes the relationship between the Fe3+ species.

2nyFe,O3 = nFeO,, (A.4)

Substituting mole fractions and activity coefficients for activities and inserting equation

A.4 into equation A.3 the following general relationship is achieved relating the activity

coefficient ratio derived for equation A.2 with the activity coefficient ratio derived for

equation A.3.

2 (2 + XFo,5,
Y Fe2O3  YFeO1,5  I-XF,

1  (A.5)
YFeO YFeO I XFeOj 5

--X FeOI5

For small quantities of iron oxide in the slag the number of moles will have a negligible

influence on the total number of moles in the slag:

2XFe203 ; XFeO,•  (A.6)

Thereby simplifying equation A.5 as follows:
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YFe,203o 3  Y FeO1, 2 2(A.7)
Y FeO YFeO XFeO

Equations A.5 and A.7 can then be used to compare Yrat values between different reported

literature values.



B. Appendix. Experimental Data concerning FeO 1.5/FeO equilibrium.

Experiments on the CaO-FeOx (figure B.1) 1'53 ] and SiO2-FeOx (figure B.2)

binaries have been summarized by Turkdogan 11 54 ]. The data is reported as a Fe3+/TotFe

mole ratio - this can be converted to Xrat by the following equations:

Xrat -Crag '"" '=Cr(B.1)
fl 3 += C3 +

ne,, 1 + Xrat CFe,

2psa wt%Fe 2 03(B.
CFe,, = CFe2 + CF3+ (B.3)S100MWF,0

These early measurements found that the addition of CaO yields higher

concentrations of Fe3+ whereas the add.Lion of SiO2 yields lower concentrations for a

given temperature and oxygen partial pressure. Timucin and Morris investigated the

CaO-SiO 2-FeOx slag system ['5 5 ] (figure B.3, B.4) and found similar trends as in the

binaries. Quaternary systems have been investigated by Pargamin et al. where they

considered additions of A120 3 to CaO-SiO 2-FeOx containing slags [156 ]. In general Yrat

increases with for increasing slag basicity. Additions of A1203 also appear to effectively

increase Yrat by competing with Fe 3+ ions for octahedral locations within the melt.

In general, changes in the total iron oxide concentration will NOT have a large

effect on Xrat at a given temperature and oxygen partial pressure provided that the overall

slag structure is not dramatically altered in the process. For low total iron concentrations

(Henrian region) small changes in dilute concentrations of iron oxide would not be



expected to effect the overall slag structure and basicity. Ichise et al. demonstrated this

Henrian behavior by investigating the changes in valance state of dilute iron oxide in

CaO-A120 3-FeOx at 1873K['5 71 with small changes in total iron concentration (figure

B.5). They noted that the influence of XFeOx was negligible on Xrat in the Henrian region.

Schreiber et al. [1 58] also reported negligible influence on Xrat with iron cointent for dilute

A120 3-CaO-SiO2-MgO-FeOx melts with 0.2-1.4% FeOx. Strangely, Jahanshahi and

Wright [1591 reported somewhat conflicting results for an A1203 saturated CaO-A1203-

SiO 2-FeOx slag in which the ratio of Fe3+/Fe 2+ became much greater with lower total iron

content (figure B.6). This was most likely caused errors associated with either the

Mossbauer or wet chemical analysis as discussed within the paper (p2 0 0 ) but it may have

been due to near A12 03 saturation in the system. Thus, for the Henrian region the

influence of iron concentration can be neglected and Yrat will be determined by a

description of the overall slag structure by some measure of basicity or by comparison

with similar slag structures existing in the literature. Bowker et al. have suggested that

Yrat decreases slightly for acidic slags when increasing concentrations of FeOx (up to

35%) are added to CaO-SiO 2-FeOx containing slags [ 160 ] (figure B.7). This is because of

the influence of FeOx on the surrounding slag structure at large concentrations.
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Figure B.1 State of oxidation of iron in CaO-FeO-Fe 2 0 3 melts at 15500CI' 53]
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Figure B.2 State of oxidation of iron in SiO2-FeO-Fe 203 melts at 15500C [' 541.
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Figure B.3 The 30wt% SiO 2 isothermal phase diagram for the CaO-FeO-Fe 20 3-SiO 2
system. L = Liquid oxide, C2S = 2CaOSiO2 [155 .
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Figure B.4 The effect of silica additions on the relative Fe3+ stability of the CaO-FeO-
Fe2 0 3-SiO2 melts containing 20 wt% CaO 5 51s.
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Figure B.5 Relationships between wt%Fe2+/wtFetot and wt%tot for fluxes of
XCao/XA1203 = 61/39E 57].
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Figure B.6 Variation of Fe3"/Fe 2
+ ratio with the total iron contents

of slags at 14000C[1 591

MOIAL IkON C~3; Tf 71 N

Figure B.7 State of oxidation of the iron cations in a series of slags represented by the
formula (0.55CaO-0.45SiO 2),100 y(Fe20 3)y, where y is the wt% of Fe20 311'61. Curve 1 is

from Larson and Chipman[ls'5 and Curve 2 is extrapolated from Phillips and Muan 1611.
Taken from Bowker et al.[16o]
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C. Appendix. Experimental data on concerning the Fe/FeO system.

Turkdogan [1621 demonstrated a correlation between slag basicity and the activity

coefficient of FeOx as shown in figure C. 1. The measure of basicity has been defined in

a variety of different ways in the literature 11631. Turkdogan uses as his measure of basicity

the following relationship using the assumption that A120 3 behaves identically to SiO 2 on

a molar basis [162]:

%CaO
B = (C.1)

%SiO2 + 0.6 * %A1 20 3

The reader should note that this definition of basicity is somewhat misleading for acidic

slags because under such conditions A12 03 is likely to behave in a more basic manner.

Experimental measurements of the aFo in equilibrium with pure Fe as a function

of X'Feo' can be found in the literature for a variety of slag systems[ 162 '164 '165,'66,167,168,169] "

figure C.2[1681 , figure C.31169 ], and figure C. 4[ 164 . Examination of the above figures

reveals that for many systems the use of Raoults law (y=l1) is NOT a terrible

approximation for the activity/concentration relationship between Fe/FeO.

Various solution models exist which attempt to use knowledge of the slag

structure and composition to determine the relationship between concentration and

activity. Different modeling approaches include the regular solution model, ideal mixing

model, and structure related models as described by Turkdogan[ 170 1. A recent article

describing the Ca-Fe-O-Si system using an ionic two-sublattice model can be found in

the literature[ 17 11. Although the fit obtained by comparing modern solution modeling

results with experimental data is improving, significant error is still a factor in such

approaches. For this reason, this thesis does not attempt to use solution modeling in
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order to determine the activity concentration relationship of the redox reaction of iron

oxide with respect to slag structure.
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Figure C.1 The effect of slag basicity is shown on the activity coefficient of iron oxide
in simple and complex slags at temperatures of 15000C to 17000C[ 6 2] .

Figure C.2 Activity,of FeO(l) in CaO-FeO-SiO 2 melts in equilibrium with liquid iron at
15500C[168]
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Figure C.3 Activity of 'FeO' in the system CaO-FeO.-SiO, at 16000C after Oerters.
Taken from slag atlas ['6 91

CaO-FeO-SiO.
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Figure C.4 Iso-activity curves for FeO in the system CaO-SiO 2-FeO at 1673K[' 641.

CS .CaO-SiO 2
C3S2 ,3Co0.2Si02
C2S ,2CaO.SiO 2
C3S ,3CoO.SiO 2

SiO-,

1673K

0.4

Cc

XFeO
0.6 0.8

204

C



D. Appendix. Derivation of Equations 4.7 and 4.8 to estimate the potential drop

along various electrode surfaces.

Thin Film Electrodes:

For a thin film electrode geometry, assume that the current density (i/A) is

uniform over the entire electrode surface (no potential drop along the surface). All

current must exit out of the top of the film (RE2 contact with WE at this point). The

current as a function of the distance x from the top of the film is described by equation 1.

i(x) = - y(L - x) (1)A

where i(x) is the current in the film at a distance x from the top (A), i/A is the current

density (A/cm 2 ), y is the length of the film (cm), and L is the total height of the film (cm).

The resistance of any increment (dx) in the film is given by equation 2.

R = (2)
ty a

where R is the resistance of increment (dx) in the film (0), t is the film thickness (cm), a

the film conductivity, and y the length of the film (cm). The voltage drop across the total

height of the film can then be estimated from equations 3 and 4.

V(x)= Vo - f-y(L- x) Idx (3)

For x=L:

L 2 i

V(L)= Vo  L (4)
2tr A

205



In order to ensure that less than 1% voltage drop occurs across the electrode film the

current density must not exceed the following value obtained from equation 5.

i 0.02o-tVo (5)
A L2

Cylindrical wire electrodes

For a cylindrical wire geometry, assume that the current density (i/A) is uniform

over the entire electrode surface (no potential drop along the surface). All current must

exit out of the top of the electrode (RE2 contact with WE at this point). The current as a

function of the distance x from the top of the wire is described by equation 6.

i(x) = 2r(L- x) (6)
A

where i(x) is the current in the wire at a distance x from the top (A), i/A is the current

density (A/cm 2), r is the radius of the wire (cm), and L is the total height of the film (cm).

The resistance of any increment (dx) in the wire is given by equation 7.

R = (7)

where R is the resistance of increment (dx) in the film (Q), r is the wire radius (cm), and

a the film conductivity (1/2-cm). The voltage drop across the total height of the film can

then be estimated from equations 8 and 9.

V(x)= V- -27r(L - x)- dx (8)

For x=L:
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V(L)= VO L2 (9)
ra A

In order to ensure that less than 1% voltage drop occurs across the electrode film the

current density must not exceed the value obtained from equation 10.

i 0.01orV0-- < (10)
A L2

Conductivity values for various electrodes:

Pt wire electrode:

Metals become more resistive with increasing temperature because of the

influence of atomic vibrations on the drift velocity of electrons. At 15000C the

conductivity of Pt is approximately 18050 (1/•-cm). For a radius of 0.01 inches, an

applied potential of 0.2V and an immersion depth of 0.5cm the maximum current density

to prevent a 1% voltage drop across the electrode would be approximately 3.66 A/cm2

using equation 10. This is significantly larger than the currents measured in the diffusion

limited regime. For example Fontana et. al. [t 721 reported charge transfer limiting current

densities of approximately 10-30 A/cm2 for Manganese oxidation at 15000C in 40wt%

SiO2 (10-60wt%MnO) 0-50wt%CaO using chronopotentiometric techniques.

LaSrCrO 3 electrode:

The conductivity of LaSrCrO 3 and TiO 2 doped ZrO2 are approximately 5 (1/0-

cm) at 15000C. For a film thickness of 300 microns, an applied potential of 0.2V and a

height of 0.5cm the maximum current density to prevent a 1% voltage drop across the
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electrode would be approximately 2.4x10-5 A/cm2 using equation 5. This is significantly

lower than current densities measured during experiments within this thesis. Unless the

film thickness is dramatically increased beyond that normally realized during slurry

deposition, the potential drops within the electrode will add a significant source of error.
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E. Appendix. Investigated cermet compositions and preparation techniques.

Composition Firing Firing Firing Notes and Adherence
Temp Time Atmosphere

15gMo 1360C -12hrs H2/H20 then Adherence pretty good
4.2g ZrO 2  H2  some flaking - some good
PVA unknown 1200C+ -12hrs H2/H20 then About the same adherence
Viscous 1100C -7hrs H2  some flaking - some good

Infiltrated
6,13,25,33 1500C 17hrs H2/H20 then All about the same adherence.
wt% ZrO 2  H2  Can easily be flaked off but
Balance MO will stay on ZrO2
40 wt% PVA
25 wt% ZrO 2  1500C 17hrs H2/H 20 Samples did not adhere well
33 wt% PVA and appeared oxidized. Some
75 wt% Mo Mo metal remained on ZrO 2

surface and was VERY
adherent

50 wt% ZrO 2  1500C 17hrs H2/H20 then Samples had bad dispersion
PVA unknown H2  but was pretty adherent.
Mortar and Cracking and cermet removal
Pestle 50 wt% but firmly attached Cermet
Mo was non-conductive
TiO 2 doped 1500C 17hrs H2/H20 then Sample was VERY adherent.
ZrO 2 from H2
Worrell
100 wt% ZrO2  1500C 17hrs AIR Sample very cracked, sort of
40 % PVA adherent - need to scrape off.
100 wt% ZrO 2  1500C 17hrs AIR Sample had bad dispersion but
unknown PVA was pretty adherent. More
ZrO2 Milled for adherent than for unmilled
one week ZrO 2. Difficult to scrape off.
100 wt% ZrO2  1500C 17hrs H2/H20 then Samples were same as 100%
40 % PVA H2 above.
or 20% H2 0
Mixture of 1500C 17hrs H2/H20 then Samples had better adherence
ZrO 2 and Pt ink H2  than 100% ZrO2 but poor

dispersion and uniformity
ZrO2 on Pt ink 1500C 17hrs H2/H20 then Pt adhered OK ZrO2 did not
pre and post H2  adhere well on top of Pt
sintered
TiO2 doped 1500C 17hrs H2/H20 then Very adherent (fully dense)
ZrO2 H2
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F. Appendix. Conductivity Approximations.

The conductivity of the slag can be estimated using HF impedance measurements

because at high frequencies the Z/ term of the impedance approaches Rsol. Assuming that

a single WE wire is centered in the tube as shown in figure 5.1 c the conductivity of the

slag can be estimated as follows:

Adr
RSo = dr (F.1)

A o'slag

A = 2nrrh (F.2)

where R,,so is the overall solution resistance (0), r is the radius of interest (cm), A is the

surface area (cm2 ), h is the height of the WE (cm), and aslag is the slag conductivity (2 n -

cm-').

cslag can be solved for using equation F.3 which describes Rso, over both the slag

and zirconia phases.

1 (In(r ) In( a )rO

RS1, = Rzr Slag + "n()1 (F.3)
2;rhwireU slag (Zr02

where h is the height of the wire, cslag is the conductivity of the slag, cZrO2 is the

conductivity of the zirconia, rID, roD, and rwire are the respective radii.

Equation F.3 assumes the "ideal" case where the end effects are negligible, the

WE is perfectly centered within the slag phase, and only one WE is utilized. End effects

would tend to yield higher cyslag values than are actually present because equation F.3

does not describe all of the current paths available to the system. As the electrode is

lowered into the slag HF impedance measurements were taken at different immersion

depths. Assuming that the final depth demonstrates negligible immersion, Rsol "ideal" is
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plotted on the graph along with the measured data for the H2 case (1 wire). Rsol "ideal"

can be calculated as follows.

Rso, =R hfn, (F.4)

As expected the predicted resistance from equation F.3 is always larger than the

measured cell resistance - the effect becoming more pronounced as the end-effects play a

larger roll in the overall cell conductivity. The slag conductivity for the H2 case with one

wire can be estimated by simply using equation F.3 and assuming that at the final depth

the end-effects play only a minor roll.

Most experiments utilized a type A or B setup with two immersed wires rather

than the type C setup as in the above case (see figures 5.1a-c). It is substantially more

difficult to calculate the Rsol equation for the type A and B setups. Instead an empirical

solution was obtained. Both a two wire and a single wire immersion case was conducted

for the H2 slag. The percentage differences between the two cases were measured at

each depth and then compared with the resistance measured at the final depth (0.55cm)

for the single wire, double wire, and ideal cases. The percentage differences were almost

identical for the single and double wire cases indicating that end effects account for the

remaining fraction. An empirical cell correction factor, X, was developed in order to

correspond the Rso. value obtained for two wires into an R,,so value which would have

been obtained with one wire.

Rsol,l = XRsol,2 (F.5)

From the H2 e::periment X was determined to be 1.4. Using the correlation factor X, Rsol

values from the impedance data, and equation 3, conductivity values for each of the slags

used in the low concentration measurements were estimated. Figure 5.22 demonstrates
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the estimated results and the expected conductivity values determined in the slag

characterization section. The values of conductivity determined using the present method

yielded slightly higher conductivities than were reported in the slag characterization

section. This is most likely attributed to the fact that end-effects have not been entirely

eliminated and the WE is not perfectly centered within the tube. Both of these effects

would lead to a slightly higher predicted conductivity than actual. If slag conductivity

was the parameter of importance in the sensor greater care would have been taken to

more closely standardize the cell geometry for conductivity measurements. The above

exercise demonstrates several important things:

1. The transport number of iron remains less than 0.2 even at 4wt% Fe, this

is similar to the value predicted by the Themilis regression data.

2. While the measured current is directly proportional to the iron content, the

conductivity is not directly proportional - i.e. this was not developed to be

a conductivity measuring device.

3. The sensor can ALSO yield useful information concerning the slag

conductivity in the same measurement.

Use of HF measurements to standardize the surface area for L type slag measurements:

The HF impedance measurements were also used to standardize the L type slag

measurements which demonstrated ZrO2 corrosion and a lowering of the slag height with

time. When the electrode was lowered into the slag several HF impedance measurements

were taken as a function of distance in order to determine the cell resistance as a function
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of electrode depth (step 2 of section 5.1.3). The parameter k(h) was found to be universal

for all H type slags.

k(h)- (F.6)
RSo(0.55)

where Rsol(h) is the solution resistance at immersion depth h (Q2) and Rsol(0.55) is the

solution resistance at immersion depth 0.55cm (Q).

The immersion data for 4wt%FeOx L type experiment was best fit to yield the following

equation for k(h)low.

k(h),ow = 2.012 - 3.9h + 0.047+ 3.48h 2  (F.7)
h

Using equations F.6 and F.7, R 0so values taken during the L type slag experiments were

converted into electrode immersion depths corresponding to the surface area of the

electrode in the slag. The first impedance measurement made at a depth of 0.55cm was

used as the Rsol(0.55) value. Subsequent measurements were used to calculate a new h

value for the electrode. The surface areas calculated from the above standardization

procedure are the ones used in the b1/A and awA calculations. H type slags did not

demonstrate any corrosion or Rsol variation during measurement and hence no correction

to the surface area was required.
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G. Appendix. Oxygen sensor used for experiments.

The oxygen sensor used for the experiments in this thesis was constructed in the

laboratory. The sensor, depicted in figure G. 1, consisted of a one end closed ZDY-4

Coors tube (12" x 0.4" OD x 0.3" ID) located in a furnace with air atmosphere at 8750C.

Furnace exit gas was passed into the sensor using a series of swagelocks and an A120 3

double-bored tube. The electrode in contact with the unknown gas consisted of 0.02" Pt

and Pt/Rh wires pressed and attached to the zirconia using platinum ink (Engelhard

#6926). The internal wires also acted as an S-type thermocouple. The electrode in

contact with air consisted of a 0.01" Pt wire attached to the zirconia using platinum ink.

The potential measured between the two electrodes reveals the oxygen partial pressure of

the unknown argon phase using equation G. 1.

E=4FRT o (G.1)
4F P ar
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H. Appendix. Reference gas phase.

Often it is not possible to use an air reference as was used in the current

investigation. In order to compare the results measured in this thesis with other data

present in the literature this appendix will compute the potential difference between an air

reference and several other typically used reference phases. For a reference phase of a

known oxygen activity the difference in potential would be given by equation H. 1.

E= RT n(.21) RT In(P ,) (H.1)

4F 4F 2

For metal / metal oxide references with activity of 1, the difference in potential would be

given by equation H.2.

RT
E = Ef' + RT ln(0.21) (H.2)0 4F

where

- AG "rEo - (H.3)
nF

AGeJI values can be computed from data available in the literature [ '73 ]. The following is

a list of AGo"I values for commonly used reference metal / metal oxides (in J).

AG'rr20"' = -1130900+ 257T (H.4)

AGuou/M2 = -548050 +143T (H.5)

AGoN,/Nuo = -252850 + 95T (H.6)

When the reference gas phase is a mixture of buffer gasses the potential would be given

by equation 7 and 8 for H2/H20 and CO/CO2 respectively.
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E - ,'I z

E = Ecolc 0 20

RT RT PH,
+ -ln(0.21)+ InPH 2

4F 2F PH0

RT
+ ln(0.21)+

4F
RTl
2F

Pco

Pco,

(H.7)

(H.8)

where AGo' for the two buffer gas mixturesl[731:

AG HI/H20 = -252240 + 58.4T (H.9)

AGoCoICO2 = -278865 + 84.5T (H.10)

Using the above equations a relationship between the potentials measured in this thesis

and the potentials measured in the literature can be compared quickly and easily.
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I. AppendiX. Derivation of redox diffusion to WE interface.

In order to solve the problem of diffusion at the WE under an applied potential the

following linear diffusion equations must be solved assuming planar conditions.

dC(x,t) d Co (x,t)
=D

dt O  C 2

dCR(x,t) d2CR, (x,t)
dt R dx 2

(I.1)

(1.2)

The following boundary conditions are present in the system.

Co0 (x,O) = Cglk

CR(x, CO)= Clk

Lim C, (x,t) = CuIk
X-+00oo

(1.3)

(1.4)

(1.5)

(1.6)

Where O is Fe3 + and R is Fe2 + and conservation of mass is employed (sorry Einstein).

dCo (x, t) +DR( dC, (x, t) =0 (I.7)

The above equations are solved with respect to time for the condition where an applied

potential step imposes the following surface conditions on the electrode surface as

described by equation 5.33.

RT (Co (O, t)
E = Eo + -n In

nF CR(O,t)
(I.8)

Solving the above equations using Laplace equations, yields the following current-

potential-time profile relationship:
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tv,- (1++9)

Co (O,t)
Cc, (o,t)

-6~:B)RD0
\1t V

exp(TT (E

DR=

219

where:

(I.9)

(I.10)

(I.11)

. -df I_ (no - nR )FA (C B
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J. Appendix. CNLS fitting techniques.

The acquired impedance frequency sweep data was best fit to a Randles type

equivalent circuit (figure 5.6) using a complex non-linear least squares immittance fitting

program provided with ZView from Solartron Instruments. The error was calculated

using the Calc-Modulus mode which normalizes the magnitude of each data point. The

data were fit over a frequency range of 20kHz to 100Hz and generally demonstrated very

good fit to the finalized parameters ofRso,,, Cdl, Rt, and aw. More information

concerning CNLS fitting can be found in references by J. Ross Macdonald [ 174" 17 5]
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K. Appendix. Sensitivity of different techniques on the total FeOx concentration.

The sensitivity of different parameters for the detection of FeOx concentration

was computed for bl/A, awA, and cell conductivity.

Sensitivity is determined for the -0.4V applied DC potential in equation K.1.

dwD ) --0.02303
SensitivitysP = = = 0.7807 (K.1)

Sernsitivitysp - - 0.0295A (2wt%)

Sensitivity is determined for the -0.4V impedance frequency sweep in equation

K.2.

S y wA(2 w, %) 1.81
Sensitivity = (2w) = 0.757 (K.2)

dcr-A 2.39

Sensitivity is determined for the cell conductivity in equation K.3.

(u ) 0.006153
Sensitivity = - - = 0.0484 (K.3)

%(2wt%) 0.12709

Sensitivity is in units of 1/wt%

Equations K. 1-K.3 reveal that the parameters awA and bI/A are quite sensitive to the

FeOx concentration whereas the cell conductivity is not very sensitive. The low

sensitivity of the conduction parameter to the FeOx concentration in this concentration

range causes difficulty in resolving concentration effects from geometry induced error

effects present in the cell design. For example, the standard deviation of the data from

the regression line was calculated to be 0.00579 which is of the same order as the change

in conductivity with change in wt% in equation K.3.
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L. Appendix. Discussion of bo influences.

As described in equation 5.66, bo may be dependent on several different cell

phenomenon.

bo = bC + b, +bbl (L.1)

After long times a boundary layer may develop at which point the steady-state

current would be given by equation L.2 for bbl.

bbl = nFAD, c(C v - C'PP) (L.2)

bbl would therefore be quite sensitive to the boundary layer thickness developed in the

system and may be difficult to control between setups.

A reaction occurring at the gas/slag/WE three phase interface may yield a

constant current if the rate limitation was in the gas phase. However, br is expected to

be quite small because argon was used as a protective gas and the three-phase interfacial

area is small compared with the electrode surface area.

Since the electrode geometry is actually cylindrical rather than planar if the

response to a cylindrical coordinate frame is plotted vs l/sqrt(t) the response will appear

to have a steady-state value at long times yielding a bcyl value. The response of a single

diffusing species to a cylindrical electrode has been solved explicitly by Hladik"761

[dC(r,t) 4C e-' dx(L.3)
ror 2  x[J2 (rX)+ x)

where Jo and Yo are zero-order bessel functions of the first and second kinds respectively.

The current is then represented by equation L.4.

i [DdC(r t)] (L.4)
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The current approaches zero very slowly and therefore a constant "steady-state" value

may appear when the response is plotted vs 1/sqrt(t).

The program located at the end of this appendix was written in Mathematica in

order to numerically calculate the solution to equation L.3 for the geometry of the setup

used in the thesis. The following information must be input as constants: density, #wires

in slag, depth of immersion in slag. The writematrix command allows for the data to be

saved within a file "caseX" where the four inputs to mymatrix are as follows: electrode

radius, diffusion coefficient, n, and wt% FeOx respectively.

Figure L.1 shows the typical results of the simulation. Depending upon the

parameters chosen, b0 values could be obtained on the same order as the ones measured

in the thesis. This model was developed for the diffusion of only a single species to the

electrode surface whereas the cell conditions had one species diffusing toward and

another away from the electrode surface. A model describing this case is very complex

and is beyond the scope of this thesis. However, this appendix has demonstrated the

possible influence of cylindrical coordinates and the multiple parameters which may

influence b0 values. Therefore, bo was not considered as a useful sensing parameter.
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Figure L.1 Simulation using model written in Mathematica for approximating
cylindrical coordinates.
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Appendix L.nb 225

time = Join[Range[1, 101, 10], Range[201, 1101, 100]]

{l, 11, 21, 31, 41, 51, 61, 71, 81, 91, 101, 201,
301, 401, 501, 601, 701, 801, 901, 1001, 1101}

time = {(1, 2, 5, 10, 20, 50, 100, 200, 500, 1000)

{1, 2, 5,

f = 96320

96320

helper[a_, b_,

{a, b, c}

density = 2.6

2.6

mwfe2o3 = 160

160

10, 20, 50, 100, 200, 500, 1000}

c_] = {a, b, c}

cO [wt_] = (.000456 - .0000884) * wt

0. 0003676 wt

wire = 1

1

area = 2*7r* rO * h

3. 45575 rO

h= .55

0.55

plan[t_] =
wire * n *f * area * Sqrt [d] *cO [wt] / Sqrt [t* r]

69.1517 </d n rO wt
H\-

Printed by Mathematica for Students



226

cyl[t_] = (wire n f area d 4 cO[wt] / (rO*7^2))
NIntegrate[(E ^ (-d* x ^ 2 *t)) /

(x* (BesselJ[0,
{x, 0, 1000)}]

rO*x] ^ 2 +BesselY[0, rO*x] ^2)),

NIntegrate::inum : Integrand

is not numerical at {x} =

NIntegrate::inum : Integrand

is not numerical at {x} =

0.002 <<20>>-<<8>> <<1>> t

<<1>> 2 +<<1>> 2

{500}.

0.002 <<20>>-<<>> <<1>> t

<<1500. 2 + <<1>>
{500}.

49.675 d n wt

NIntegrate[x (BesselJ[0,

{x, 0, 1000}]

45.4318387321504335' dnt

NIntegrate[ x (BesselJ[0,

{x, 0, 1000)]

E-dx 2 t

r0 x] 2 + BesselY[0, rO x] 2 ) '

E-d x2 t

r0x] 2 + BesselY[0, r0x] 2 )

NIntegrate::inum : Integrand
0.002 <<20>>-<<8>> <<1>> t

<<1>> 2 + <<1>>2

is not numerical at {x} = {500}.

45.4318 dnt

E-dx
2 t

NIntegrate[ t
x (BesselJ[0, rO x] 2 +BesselY[0, r0 x] 2)

{x, o, 1000}]

WriteMatrix[filename String,

dataList, separator_String: "\t"] :=
With[{myfile = OpenWrite[filename]},
Scan[(WriteString[myfile, First[#]];

Scan[

WriteString[myfile, separator, #]&, Rest[#]];

WriteString[myfile, "\n"])&, data];

Close[myfile]]

Printed by Mathematica for Students

E-d 

x2 t
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Appendix L.nb

mymatrix[r0 ,
Join [ { {"rO",

d ,

"id",

(( {rO, d, n, wt}},

n_, wt_] =
l"n" "Fwt"} i)

S{{"cyl", "plan", "time"}}, Thread[
helper[Map[cyl, time], Map[plan, time], time]]];

NIntegrate::inum : Integrand

is not numerical at {x} =

NIntegrate::inum : Integrand

is not numerical at {x} =

NIntegrate::inum : Integrand

is not numerical at {x} =

0.002 <<20>>- <<8>> d

<<i>>2 + <<i>>2
{500}.
0.002 <<20>>-<<8>> d

<<>>2 + <<>>2

(500).
0.002 <<20>>-<<8>> d

<<{50 >>0}. + >>
{500o.

General::stop :
Further output of NIntegrate::inum will be

suppressed during this calculation.

WriteMatrix["0913b", mymatrix[.0254,
it III

0913b

WriteMatrix["0703b",

.0000167, 1, 1],

mymatrix[2.54 * .015, .000005, 1, 2],

0703b

WriteMatrix["0703c",

mymatrix[2.54* .02,

0703c

WriteMatrix["0703d",

mymatrix[2.54* .02,

.00001, 1, 2], "

.00002, 1, 2], "

case4

WriteMatrix["0703e",

mymatrix[2.54* .02, .000025, 1, 2], "

case5

Printed by Mathematica for Students
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Appendix L.nb

WriteMatrix["0703f",
mymatrix[2.54 *..02, .00003, 1, 2], "

case6

! ! 0703 f

Printed by Mathematica for Students
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