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CHAPTER I

INTRODUCTION, PRINCIPLE OF EXPERIMENTS, AND
PRELIMINARY EXPERIMENTS

Introduction
Metals are commonly associated with oxygen in ores. Although

the naturally occurring minerals are often very complex, the chemistry
of metallic oxides is of great importance in the study of process
metallurgy. Throughout most metallurgical processes the reduction of
metallic oxides and the control of oxygen partial pressure are of
paramount consideration. When complex oxides systems are subjected to a
low oxygen partial pressure at elevated temperature, two immiscible
liquid phases generally are formed. One phase, often designated as the
slag, consists of a sblution of highly stable metal oxides, while the
other is a metallic solution formed from the metals with less stable
oxides. From this simple description of a broad class of metallurgical
processes, it is clear that a thorough knowledge of the chemical
stabilities of metallic oxldes and the chemical potentials of components
within metallic solutions 1s essential to metallurgists. This is
especially clear when one recognizes that the metallurgist must selec-
tively extract one or more metals from the complex starting system.
Although there are many other variables and design factors, temperature,
oxygen partial pressure, and chemical potentials of metallic components

are major control factors.



Therefore, a rmumber of investligations have been devoted to the
study of the thermodynamics and kinetics of oxidation-reduction reactions
of metal-oxygen systems. The standard free energies of formation of
many metal oxides have been determined by numerous investigators. The
standard free energy indicates the relative stability of the oxides
under certain restraints.

Recently, Elliott and Gleiserl have published an excellent com-
pilation of thermodynamic data which includes the properties of many
metal oxides. The chemical potentials of components in metallic solu-
tions have been studied extensively also and the reader is directed
toward the compilation of Kubaschewsk12 for a thorough treatment.

The intention of this dissertation is to present an experimental
approach which is of considerable value in studying metal-oxygen
systems. In particular, it is shown that electromotive force measure-
ments on sultably constructed oxygen concentration cells can be used to
determine (1) the standard free energy of formation of metal oxides;
(2) the chemical potentials of components within liquid metallic solu-
tions; and (3) the oxygen partial pressure in complex gas mixtures
including €0, CO,, H,, and H,0. Other authors>*®'7 have demonstrated
the suitability of this technique in other systems and situations. 1In
particular, the present work will present data obtained for several
metal oxides, for the activity of tin in liquid tin-lead alloys, and for

an original oxygen gauge design.



Experimental Principle

An oxygen concentration cell consists of two electrodes separated
by an electrolyte through which the transference of electrical charge is
accomplished predominantly by the migration of oxygen ions.

Schematically, the cell can be shown as follows:

|
- 1 1 External electron
e conductor
{ Electrolyte
-
O=

The electron flowing through the circuit is matched by 0 migration.

5,6,7,20,21

It has been known that the Zr0, - Ca0 solid electro-

2
lyte provides pure oxygen anion conduction due to oxygen vacancies at
high temperatures. Thus, the study of the oxygen concentration cell
with this electrolyte may have great significance in metéllurgical
research at high temperature (above 600°¢).

As examples of the application of this anion conductor to the
research, the following several types of measurement are conceivable.

l. Measurement of the standard free energy of formation of
various metal oxides at elevated temperature from the standard free
energy of the reaction between the metal and the oxide of a different

metal. This method was used by Kiukkola and Wagneré using the following
type of the cell.

Electrode I Electrode II
Metal . Its | 2r0, - Ca0 Metal Tts
— A * oxide | EleBtrolyte Bt Oxige —

EMF




In the case that all substances are in solid state and the
chemical equilibrium is attained at both electrodes, the EMF is simply
determined by the equation

| aF° = -NEF (1)
where AF® is the difference between the standard free energy of

formation of both the metal oxides.

- o
At Electrode I M, + 0= M0 AF, (2)
_ o
At Electrode II MB + 0= MBO szB (3)
MA + M.BO = MB + MAO AF ()

In the present work, these standard free energies were measured

in the temperature range of 700o to 1200°C for the reactions

Cu,0 + Ni = 20u + NiO (5)
NiO + Fe = FeO + Ni (6)
PbO + 1/2 Sn = Po + 1/25n0, (7)

From 4 Fo, A‘FK can be obtained, if Ang is known and visa versa, with
more accuracy than with some of the conventional methods.

2. Activity measurement of alloy or slag systems at solid or
liquid state.

To measure the activity of a metal in solid or liquid alloy

system, the following Galvanic cell is conceivable.

MA = Mﬁ Alloy ZrO2 - Ca0 Mh + MAO
+ MAQ
Electrocde I - - Electrolyte Electrode II
EMF—
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An expression for the EMF can be obtained from the consideration of the

equilibrium existing within each electrode.

MA + 0= MAQ : (8)
T a
K= (9
MA®O

The activity of oxygen on the right side of the cell equals

a im0 _ L
oright KaMA K (10)
if MA and MAO exist in pure state with unit activity.
Furthermore,
aM, 0
A 1
a = = (11)
O10rt KaMA (alloy) KaMA (alloy)

The actual cell reaction may be expressed as an oxygen concentration

cell.
0 est (in alloy + MAQ) —e oright (in M, + MAO) (12)
2o(right)
aF = NE;F - NEF =RT ln~ (13)
0(left)
E=—=RB 1na. (alloy) (1)
NF M, alioy

The same discussion is valid in meésufing the activity of the slag
system. In the present work, the molten lead-tin system has been studied.
3. Direct measurement of actual oxygen potential in high
temperature atmosphere.
Since the method used in the present work is the oxygen concen-

tration cell and EMF is very sensitive to the expérimental atmosphere,
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it may be possible to measure the oxygen potential in a high temperature
gas with the appropriate technique.

In the present work, the following oxygen concentration cells
have been constructed to measure the oxygen pressure in high temperature
gases, and calibration curves of EMF against gas composition have been

obtained with good reproducibility.

Fe + FeO ‘ P&‘-———

€0:C0, i FeO * Pt ‘ Ca0 « Zr0, !

EMF

C0:CO. | FeO » Pt erOz-CaO l Gu » Cu,0 'Pt '——1

[ EMF

Plt 'ZrOZ-CaO ‘ Ni + NiO IPt\-—-——-
EMF

Air or . | ' |
02+A_P“t er02 Ca0 | Ni - NiO | Pt '—

EMF

Q

o

3
™

csoses

The partial pressure of oxygen in the right-hand side electrodes is
determined by the equilibrium oxygen pressure of the metal oxide and
metal, and the EMF may be directly determined by the oxygen pressure in
the gas on the left-hand side electrode. The details will be shown in

Chapter III.

Preliminary Experiments
The objectives of the preliminary experiment are (1) to determine

the performance of the commercial stabilized zirconia as a pure anion
conductor; (2) to check whether the gas cleaning train works satis-

factorily; and (3) to determine the general characteristics of the



oxygen concentration cell technique. ‘The EMF as a function of temper-

ature has been studied for the following cells.

Pt | Fe » Fe0 | 2r0, - Ca0 | Na - mi0 [Pt |
Pt | Ni » Ni0 | 2r0, - CaO | Cu + Cu,0 | Pt |

Pt | o+ Po0 | 2r0, - Ca0 | sn - sno, | Pt |

Experimental apparatus. The schematic diagram of the experiment
is shown in Figure 1 and Photograph 1. The apparatus consists of (1) gas
cleanihg and controlling trains, (2) Globar furnace, (3) electric power
source, and (4) EMF measuring circuit.

The gas trains have three independent trains, i.e., for carbon
monoxide, carbon dioxide, and argon. For the preliminary experiments,
only the train for argon was used.

Commercial argon was cleaned through (1) iron and titanium chips
held at 700 to 80°C, (2) concentrated H,50,,, and 3) CaCl, and anhydron.
The flow rate was regulated by a capillary flow meter and bubbling
bleeder.

Figures 2 and 3 show the diagram of the furnace, reaction chamber,
and oxygen concentration cells. The reaction chamber is a pure alumina
cylinder with water-cooled brass end caps. The dimensions of the
cylinder are 1.8 inches outside diameter and 36 inches long.

The cell was supported by the lower porcelain tube, and argon gas
was injected by a quartz tube in order téwprevent mixing of the atmos-
phere between the two electrodes.

The complete cleaning of afgon and the method of the argon
injection are very important in obtaining a stable and consistent EMF.
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The temperature was measured by a Pt-Pt 104 Rh therﬁocouple which
was positioned just below the cell, and the temperature of the fufnace
was controlled by an outside thermocouple comnected to an automatic
regulator. The fluctuation of the measured temperature was less than
+ 1°C at 700° to 1200°C. The EMF of the cell was measured by a poten-
tiometer with an external Galvanometer, a standard cell, and a storage
battery. The EMF could be measured to + 0.00001 volt.

The inside pressure of the reaction chamber was always maintained
about 3.0 cm Hg higher than the atmospheric pressure to prevent the back

diffusion of the ocutside air.

Preparation of the cells and experimental procedure. A diagram
of the cells is shown in Figure 3. The ZrO2 - Ca0 electrolyte tablet was

prepared from the stabilized zirconia powder of mimus one hundred mesh.
The composition of the stabilized zirconia is 93.68% + 0.7% Zr0,, 5.00%
+ 0.01% Ca0, Ti0, < 1.0%, and 0.07% ignition loss. All metal powders
and oxide powders'qsgd were chemically pure and of -100 mesh. Discs of
Ni - N1O were prepared by thoroughly mixing 2.000 gm of each and
compacting in a die one inch in diameter. Discs of Cu - Cu20 were
similarly prepared. The discs were then pressed together at a pressure
of 14.000 psi to form the cell NiO « Ni ‘ ZrO2 » Cal | Cu - Cu20 with a
rectangular platimum sheet and lead wire on both ends of the compact.
As a binder, a small amount of water or alcohol was sometimes used.

For the | FeO + Fe | 2r0, - Ca0 | Ni + 10 |cell, the mixture of
Fe and FeQ was stamped into the pure alumina crucible and covered by the
zirconia powder. The mixture of Ni and NiO was stamped into the stabil-
ized zlrconia crucible, the outside diameter of which is smaller than
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Fige l. Schematic Diagram of Experimental Apparatus



Photo. 1.

General View of the Experimental Apparatus.

10



_..- Observation Hole
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0
\
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Fig. 2e

Schematic Diagram of Reaction Chamber



c . .
Direction of Argon Gas Flow 2 Lead Wire Lead Wire
_— sg Pt
\—;’ 3
R Zr Oy Ca0 Crucible o I
Lt . [ .
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: - _ g Insulator & [
M
o Pt Sheet i 13 ] ‘l‘ ]
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Fig. 3. Three Types of Oxygen Concentration Cells.
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the inside diameter of the alumina crucible. The two crucibles were
then assembled as shown in Figure 3. The lead wire was nichrome, covered
with alumina insulators, which is stable in the presence of Ni and Fe
powder.

For the | Po «» 70| 2ro, - ca0 | sn + 500, | cell, a simidar
arrangement was used as in the case of l FeO « Fe l ZrO2 - Ca0 ' Ni -
¥40 | cell. However, the lead and tin were in a gramilated state and
the lead wire was platinum which is stable in the presence of Pb and Sn.
The lead and tin forms a homogeneous melt at the experimental temperature.

The cell was set into the reaction chamber. The electric power
of the furnace was turned on after flushing in the reaction chamber with -
argon gas passed through the cleaning train. The cells were kept at a
given temperature for 1 to 2 hours to attain equilibrium at both
electrodes. When the EMF stabilized, both the temperature and the EMF

were read with the potentiometers several times,

Results of the Experiments

The results of the EMF measurements are given in Tables 1, 2, and
3 for the three different types of oxygen concentration cells. The
measured EMF is the difference of the standard free energy of formation
of the oxides at both elecfrodes. Therefore, the EMF gives this
difference by the equation

2F° = -nEZ (15)

The a F°'s are shown in Figures 4, 5, and 6. In the figures, aF°, the

standard free energy calculated from Elliot and Gleiser's datal of the
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standard free energy of formation of metal oxides, is shown for
comparison. The present results agreed with them within 0.5 K cal.

From these figures, the following aF° values are obtained:

N1O + 20 = Cu,0 + Ni (16)
aF° = 15,400 - 2.870 T (°K) (700° - 1050°C) (17)
FeO + Ni = NiO + Fe (18)
afF° = 5,280 + 5.88 T (°K) (700° - 1200°C) (19)
#5n0, + Pb = P00 + 45n (20)
sF° = 15,550 - 0.150 T (°Kk) (600° - 850°C) (21)

The standard free energies of formation of the oxides may not be
presented here with the limited mumber of experiments. The free energies

of the above reactions agree with the calculated values,1 if the

accuracies of the standard free energies of formatioul of FeD, NiO, CuZOL

SnO2

cal, 89,150 cal and 28,750 cél, respectively, at 1000°K.

, and PoO are considered which are 47,550 cal, 35,910 cal, 23,300

The free energy of the formation of wustite is based upon the

investigations by Humphrey, King, and Kiellog.8 Darken and Gurry,9

10 11

Dingmann, Kirscht, and Wesselkack,™ Gokcen, ™ and by Coughlin, King,

and Bonnickson12 and the accuracy is very good. However, the standard

free energy of formation of Cu, O based upon Kiukkola and W’agner6 data

2
differed by about 500 cal from the results obtained by the gas

1,15,16

equilibrium measurements which had a scatter of about 1000 cal.

The free energies of formation of PbO and SnO2 are based on the
tables by Coughlin3 which may have much more inaccuracy than the above
cases. Therefore, the deviation of less than 500 cal in the present

results may noi be considered to be significant.
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Using the same method, Fosteru measured the standard free energy
of formation of tantalum oxides which also has some deviation from the
calculated values. Therefore, there may be some type of polarization or
some degree of electron conduction in these cells. Nevertheless, this
fact is not significant for the present study in which absolute values
of EMF are less important.

At the conclusion of the preliminary experiment, it was determined
that the coﬁmercial stabilized zirconia works satisfactorily as an anion

conductor.



TABIE 1. EMF MEASUREMENTS ON
Ni + Ni0|Zr0, - Ca0 | Cu,0 + cu | cELL

]

Temperature EMF AFO
773°%C 269.8 mv 12,440 cal
763 270.7 12,480 cal
761 270.3 12,470 cal
264 269.9 12,450 cal
768 269.6 12,430 cal
835 263.7 12,160 cal
835 263.7 12,160 cal
835 263.8 12,160 cal
835 263.8 12,160 cal
835 263.8 12,170 cal
935 258,0 11,900 cal
940 2577 11,880 cal
940 25749 11,890 cal
940 25749 11,890 cal
940 257.9 11,890 cal
1037 251.9 11,620 cal
1038 251.8 11,610 cal
1038 251.9 11,610 ecal
1037 251.9 11,620 cal
1037 252.0 11,620 cal
1037 252,0 11,620 cal
1170 250.7 11,560 cal
1167 250.8 11,570 cal
1167 250.9 11,570 cal
251.0 11,580 cal

1163




TABLE 2. EMF MEASUREMENIS ON

Fe » FeO | 2r0, - Ca0 | v+ + nio | cELL

17

1}

(o]

Temperature EMF AF
200%¢ 235.4 mV 10,860 cal
200 235,9 10, 880
700 236.0 10, 880
700 236,0 10, 880
803 255,5 11,780
800 255,3 11,770
800 255,k 11, 780
800 255,3 11,770
800 255,7 11,780
894 268.2 12,370
896 268,2 12,370
897 268.6 12,390
898 268.7 12,390
897 268,7 12,390
897 268.6 12,380
987 271.7 12, 530
987 2726 12, 570
987 27147 12,530

1094 286.3 13,200
1094 286.5 13,220
1095 286,8 13,230
1095 286.9 13,230
1095 287.0 13,230
1194 301.2 13,890
1195 301.2 13, 890
1195 301.2 13,890
1194 301.0 13, 880




TABLE 3. EMF MEASUREMENTS ON

| sn sno,, | zro

- Ca0| Po * Poo | CELL

18

2
Temperature EMF af°
778%¢ 3.6 mV 15,430 eal
778 334,8 15,440
778 334.7 15,440
778 334.9 15,440
778 335.0 15,450
721 335.0 15,450
721 335,0 15,450
721 335.1 15,450
721 334.9 15,440
670 333.3 15,370
670 333.1 15,360
670 333.1 15,360
670 332.9 15,350
620 331.8 15,300
622 331.9 15,310
622 331.9 15,310
622 331,8 15,300
8u42 332.1 15,310
842 332.1 15,360
8u2 332.2 15,320
842 331.8 15,300
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CHAPTER II

ACTIVITY MEASUREMENTS OF LIQUID IEAD-TIN ALLOYS

Synopsis
The activity of tin has been measured at 700°¢c, 800°C, and 900°C

by the oxygen concentration cell technique. The activity of tin deviates
in a positive direction from ideality, with the deviation increasing
with decreasing temperature. The activity of lead WaS'obtéined by the
Gibbs-Duhem equation and also shows a positive deviation from ideality.
The free energy of solution of the lead-tin system as well as the excess
free energy of solution was calculated. Also, the partial molal free

‘energies of lead and tin were calculated.

Experimental Apparatus

The details of the experimental apparatus have already been shown
in the previous chapter. However, a quartz tube was used to inject the
oxygen-free argon gas onto the crucible combination to prevent mixing
with the electrode atmosphere.

Figure 3(c) shows the cell assembly, in which pure tin metal and

tin-lead alloy are separated by the zirconia crucible.

Preparation of Cells and Experimental Procedure
For the activity measurement of tin in molten lead-tin alloys,

20,000 gm of lead and tin mixture were pressed into a tablet 1.0 inch in
diameter and then set into the alumina crucible. The cell was
22
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Pb - Sn alloy . SnO 2r0, - Cal l Sn « Sn0O The pressing of the

2 2 2 °
lead-tin mixture into.a tablet was necessary to obtain a homogeneous
melt at the experimental temperature.

The cell was set into the reaction chamber. The electric power
was turned on to heat the ;éll after flushing out the air in the chamber
with oxygen-free argon gas. When both the temperature and EMF were
stabilized, they were measured several times by the potentiometers.

After cooling, the lead-tin alloys Wwere chemically analyzed by
the standard method of ASTM, E46-56 (tin analysis by the iodimetric
titration method). Accuracy of the tin aﬁalyses was +0.3%.

Some of the expefimental runs were carried out in a crucible
made by the‘author from zirconyl nitrate to compare the performances of
the commercial crucibles with the home-made pure zirconia-lime crucibles.

The procedure for preparing the pure Zr0O, - Ca0 crucible was as follows:

2
1. Mixing of ZrO(N03)2 solution (20%) and dilute nitric acid
solution of CaCOB.

2. Drying in a water bath and heating at 120°C for two nights

to decompose the ZrO(NOB)2 and volatilize NO, gas.

3. Sintering at 1350° to 1400°C for two days.

4. Pressing the sintered powder to a 1.0 inch diameter block
under 15,000 psi.

5. Boring the block with a drill to form the cavity and finish-
ing into a crucible shape.

6. Sintering the crucible at 1500° to 1700° C in a high frequency
induction furnace under a reducing atmosphere for 3 hours.

7. Sintering the crucible at 800° to 900°C for 1 to 2 hours in

an oxidizing atmosphere to oxlidize the adsorbed carbon.
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Results of the Experiment

The results of the activity measurement are shown in Figures 7,
8, and 9 at 700°C, 800°C, and 900°C, respectively, and also in Tables &,
5, and 6.

Figures 10 and 11, respectively, show the free energy of mixing
and the excess free energy of mixing of lead and tin. Figures 12 and 13
show the molal free energy of lead and tin and the molal excess free
energy of lead and tin. The activity of both the lead and tin deviate
in a positive direction from ideality and the degree of the deviation
increased with decreasing temperature. The free energy of solution of

the Pb - Sn system was calculated by the equation:
ix _
a P < RT(Np lnap, + Ng lnag ) (22)

The excess free energy of the solution was calculated by

excess _
AF = RT(NPblnIbe + Ng 1n XSn) (23)

Discussion of the Results
As shown in Figure 14, the so~-called X plot in the Gibbs-Duhem

integration was scattering very much because the activity coefficient of
tin is very close to unity in the present results. This means that any

small fluctuation of the N'Sn (activity coefficient) value results in a

very large deviation in the O plot as shown below.

1n xSn — st -1

0(Sn = N2 NZ

P Po

because ln(l +€) = &

if ¢ << 1, (24)



TABLE 4. ACTIVITY
SYSTEM

MEASUREMENTS OF Pb -~ Sn
AT 700°C
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12
13
16
17
21
24
30%
31+
32%
33%*
35%
L0
1

L2

0.7347
0.5877
0.2953
0.1429
0.7236
. 0.07108
0.1622
0.1627
0.3059
0.4232
0.5905
0.1615
0.6349
0.7183
0.8035

8.89 0.795
14.9 0.701
.1 0,443
49.1 0,310
10.3 0.783
7242 0.179
48.9 0.310
49,0 0.309
34,2 O.l441
24,1 0.562
13.9 0.718
43,3 0.355
11.9 0.752

9.0 0.806

747 0,832

1.082
1.193
1.501
2,167
1.082
24517
1.913
1.900
1.441
1.329
1.215
24195
1.184
1.123
1.036

*®
For these runs, the pure Zr0

made by the author, were used.

b = Ca0 cerucibles, which have been



TABLE 5.

ACTIVITY MEASUREMENTS OF Fb - Sn

SYSTEM AT 8000C
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Run No. Nep EMF (mv) Aa YSn
12 0.5347 21.1 0.620 1.160
13 0.2953 42.1 0.402 1.362
15 0.7665 11,7 0,777 1,014
16 041429 68.7 0.227 1.585
17 0.7236 12,5 0.783 1.053
18 0.4282 3242 0.498 1.164
19 0.8401 75 0.849 1.010
20 0.6214 17.4 0.686 1.104
21 0.07108 84,7 0.160 24255
23 0.1625 68.2 0.229 1.407
24 0.1622 68.3 0.228 1.406
32% 0.4232 32.1 0.500 1.181
35% 0,1615 6648 0.236 1.460
40 046349 16.2 0,704 1.108
41 0.7183 12.2 0.768 1,049
42 0.8035 85 0.832 1.035
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TABIE 6. ACTIVITY MEASUREMENISOF Pb - Sn
SYSTEM AT 9000 C

_—

Run No. Ng, EMF (mV) ag, |
36 0.1597 87,0 0.179 1.121
37 0.3006 5343 0.348 1.159
38 0.4205 38.4 0.468 1.112
39 0.5427 27,5 0.580 1.069
40 0.6349 22.1 0.646 1.018
41 0.7183 15.2 0.740 1.030
b2 0.8035 10.3 0.816 1.016

I WL - U Y P (25)
d DkSn - NZ ( - n N3
Pb Sn Pb
dthg, _ ¢ Ysp 2 Wy (26)
Ksn XSn]'n 5 Sn NPb
at g . d %h . dN,
D(Sn KSn( Sn 1) NPb
for g = 1.0 (27)
N
- _ P _
For example, g = 1.05, d ¥ = 0.02 and W = 005
results in
%“’L ‘ = 0.4 + 0.1 = 0.5 (28)
n
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The previous statements result in the inherent inaccuracy of the
calculation of the activity of lead. No activity data are available on
the lead tin system except the calculated value from the Pb-Sn-Cd
ternary data by Elliott and Chipman.’® The calculated activity of lead
and tin by Elliott and Chipman is shown by the broken lines in Figure 7.

In general, the Gibbs-Duhem calculation of a ternary solution is
very inaécurate; therefore, results calculated by Eliott and Chipman may
be incorrect. Nevertheless, their calculated activity seems to agree
with the present data, although the experimental temperature is different
by about 200°C,

In order to determine whether the lead-tin alloy is a regular
solution or not, the following conditions should be considered.

1. Whether X is constant at a given temperature for any

composition of alloy.

2. Whether the following relation is satisfied.

a
T, - 1% =0 (29)

Both of the above conditlons should be satisfied for a regular solution.
The present system seems to satisfy condition (1) but not (2), and it
can be concluded that the lead-tin solution is not a regular solution,
although the free energy of mixing seems almost symmetrical at NPb =
Nsn'= 0.5. The second condition can be derived easily from the defini-
tion of the regulér gsolution where the entropy of mixing is ideal and

heat of mixing is independent of temperature.



37

afiX = gt o pasM (30)
In ¥, = A&, ¥, = AN (31)
AP 2 RN, + N InN + N,1nN) (32)
Hglnzp = ( gFf T )P.N1N2 (33)

= —;—1-7-1-:-{ R(A N;N, + N,1nN, + N,1n Nz)) PN, N, (34)

= RIA N, N, (35)

RN, N, ‘a"fﬁ")PN N, " RTAN,N, = J (36)

The effect of oxygen in lead-tin alloys on the activity of tin
or lead is assumed to be negligible, because the solubility of oxygen in
liquid lead has been determined by Alcock™ to be about 0.13 atomic % at
700°C, using the coulombmetric titrations. Thus, the effect of the
oxygen on the activity of tin is assumed to be negligible.

The vapor pressure of tin is rather large (10'4 atm at 692°C and
lO'3 atm at 809°C), therefore, the final tin content in Pb-Sn alloys was
decreased from the charge composition.

The EMF was very sensitive to the atmosphere over the cell. If
pure CO or CO2 was mixed with the argon atmosphe;e. the EMF spontaneously
decreased or increased; and if pure argon flowed over the cell, the EMF
returned to the original reversible EMF value in a short time.

In addition, four zirconla crucibles of different sizes have been
used and one of them was made by the présent author as described above.
The EMF obtained was constant regardless of the difference in the size

of the crucibles. This implies that the effect of mixing of both
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electrode atmospheres on the EMF is negligible in the present activity
measurement.

From the above considerations, the author believes that the
present results give the accurate activity of tin in liquid lead-tin
alloys. The fluctuation of the EMF was less than,i'mv.

To study the mobility of oxygen through the electrolyte, the
polarization, and the possibility of coulombmetric titration, the

following cell was constructed.

——1 Po |Zr02 - ca0 | Sn « Sno, |——

EMF

After homogenization of the cell, an external potential of 0 to 900 mV
was applied at 628°C. and the current was measured. The results of
these measurements are given in Figure 15.

From these measurements, the reversible EMF is determined at zero
current and is reversible with respect to the applied potentials. The
reversible EMF was 238.8 mV by the Galvanometer and 243.7 mV by the
microammeter.

The slope of the current vs. the applied potential curve gives
the mobllity of oxygen through the electrolyte, and the empirical
resistivity’>*?? of the cell, which is about 4.59 x 104 at 628°C. The
cell current at the reversible EMF at 628°C was 5.90 ¢ A and did not go -
to zero due to polarization, showing polarization was not existent at
the reversible EMF.

From these results, it was shown that the EMF is reversible with
respect to the applied potential and there is no polarization at the

reversible EMF.
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Then, an external potential of 2 volts was applied to pump out

the oxygen in liquid lead or pump in oxygen into liquid lead from the
tin electrode side to study the possibility of the coulombmetric titra-
tion at 710?{150. However, the quantitative coulombmetric titration was
not successful because the oxygen pressure over the liquid lead could

not be controlled.
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CHAPTER III

DIRECT MEASUREMENTS OF THE PARTIAL PRESSURE OF OXYGEN

IN HIGH TEMPERATURE GASES

Synopsis

The partial pressure of oxygen in carbon monoxide-carbon dioxide
and argon-oxygen have been measured at temperatures of 800°C. 900°C,
1000°¢, 1100°C and 1200°C by an oxygen concentration cell method. The
cells employed are shown below:

1. CO - CO

, | FeO « Pt | Zr0, - Ca0 | FeO « Fe | pt

| S —

2. €0 - co, | Pt | 2r0, - cao | M1 « wio | Bt

: >
‘ EMF
3. €0+ cO, | FeO « Pt | 2r0,, - Ca0 | cu - 0u,,0 | pt
‘ EMF |
4, Aror tp |20, ~ ca0 | N+ w0 |t

S

EMF \

It was shown that this method is very convenient in analyzing directly
the gas composition of CO and 002, or Ar and O2 at the elevated
temperatures as well as of other gas mixtures. Calibration curves of

EMF against gas composition are presented.

41
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Introduction
In the present chapter, it is shown that the oxygen concentration
cells with the solid electrolyte of ZrO2 - Ca0 and with the reference
electrode of a powdered mixture of a pure metal and its oxide can be
used as a convenient method of analyzing directly the composition of
gases which have a fixed oxygen pressure at the temperature range of
800° to 1200°C. The principle of the present method is given by the

following equation:

Pright
RT 0,
PO2

for the reaction:

o) (in Pt electrode) = O_. (in Fe ¢ FeO reference
left right electrode ) (38)
for
@ treo . pt |zro, « ca0 | Fe - re0 | Pt
Coz' I {
EMF

Therefore, the difference in the partial pressure of oxygen at the
cathode and the anode simply results in an electromotive force accord-
ing to the above equation. 1In addition, the partial pressure of oxygen
in the reference electrode, Fe ¢ FeO is fixed by the equilibrium oxygen
pressure of the following reaction.
Fe + %02 = FeO (39)
4FQ = -RT 1n P% (40)
)
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To obtain the calibration curve of EMF vs. gas composition, the
ratio of the flow rates of carbon monoxide and dioxide, and argon and
oxygen have been changed to control the oxygen pressure in the gas phase.
This method can be applied for any gases ln metallurgical works, which
are inert against platimum and zirconia electrolyte, such as HZ'HZO

mixtures, 302-503 mixtures, top gas of the blast furnace, etc.

Preparation of the Cells and
Experimental Procedure

Three types of oxygen concentration cells with the reference
electrode of Fe « FeO, Ni - NiO, and Cu - CuZO have been constructed.
The schematic diagram of the cell is shown in Figure 16 and Photograph 2.
The commercial stabilized zirconia tubes, which are supposed to be gas

6 mm Hg and up to 1000°C, have been used as the solid

tight up to 10~
electrolyte.
k A mixture of pure iron powder and wiustite powder was stamped into
the bottom of the zirconia tube along with platimum lead wire. The
electrolyte tube was 2 feet long, 3/4 inch outside diameter and 5/8 inch
inside diameter. |

Platimum wire of 0.005 inch diameter was wound on the outside of
the bottom end of the tube and connected to the 0.020 inch platinum
lead wire. Wustite slurry was sometimes put on this platinum winding
as the solvent for oxygen.

In the cell with the Ni - NiO reference electrode, only the
platimum winding was used without the wistite.

After construction of the cell, it was set into the reaction

chamber at room temperature and purified argon gas was injected into the

b
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cell and CO - CO, or Ar - 02 gas into the reaction chamber. After

2
heating to the experimental temperatures and controlling the flow rates
of carbon ﬁonoxide and dioxide or argon and oxygen, the electromotive
forces were measured by a potentiometer with an external galvanometer
several times after stabilization of the EMF, as well as the gas com-
position and the temperature.

The EMF seemed to respond spontaneocusly against a change of gas
composition but it took about 10 to 20 mimites to have a fixed gas
composition by the present gas trains for carbon monoxide and dioxide,
depending upon their flow rates. Therefore, the EMF stabilized after
10 to 20 mimutes when the flow rate was changed. The EMF responded

spontaneously against a temperature change.

Results of Experiments

The results of the electromotive force measurements for the cells

are given below and in Tables 7, 8, 9, 10, and 11, respectively.

Lo Feo-PtIZroz-cao|Fe-Feo|Pt
2 I |
EMF
2. 3823 Iitl ZrOz-CaO‘Fe-Feol Pt
EMF —— l
3. ggzé Feo-P‘t |Zr02-0ao|m-0u20|1>t
EMF
4. 21‘1"+°g§ Pt|2r02-0a0 | - mo | Bt

- I
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TABIE 7. ELECTROMOTIVE FORCE MEASUREMENTS OF 00-002 MIXTURES
AGAINST AN Fe - FeO REFERENCE ELECTRODE

Temperature EMF co 002
Data No. og - Flow Rate 3 % co,
em3 (STP) /min em” (STP) /min ‘

FF=-1 1000 31.85 41.87 27.0 39.20
FF-2 1000 55.95 41.87 42,3 50,26
FF=-3 | 1000 75.54 41.87 61.6 59.53
FF-4 1000 92.48 41.87 82.3 66.52
FF-5 1000 104.86 41.87 108.2 72.10
FF-6 1000 116.65 41.87 127.5 75.28
FF-8 1000 55.25 41.87 445 51.52
FF-9 1100 31.16%* 41.87 22.3 34.75
FF-10 1100 41.75 41.87 27.0 39.20
FF-11 1100 59.05 41.87 37.2 47.05
FF-12 1100 75.32 41.87 48.9 53.87
FF-13 1100 85.82 41.87 58.3 58.20
FF-14 1100 94,03 41.87 67.2 61.61
FF-15 1100 101.75 41.87 76 4 64 .60
FF-17 1100 130.25 41,87 126.1 75.07
FF-19 1200 59.14 41.87 31.3 42.78
FF-20 1200 82,72 41.87 46.7 52.73
FF-21 1200 97 .64 41.87 58.9 58.48
FF=-22 1200 113.53 41.87 75.9 6. 48
FF-23 1200 123.84 41.87 89.9 68.22
FF-24 1200 143.30 41.87 127.5 75.28 -
FF-25 1300 59.74 41.87 24,5 36.91
FF-26 1300 140,87 41.87 108.9 72.23
FFr-27 1300 161.17 41.87 127.5 75.28

*A11 EMF values in Tables 7, 8, 9, 10 and 11 are the average of
the four or five readings.

**This EMF was obtained by keeping the constant temperature and the
gas composition for 1l hours.
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TABLE 8. ELECTROMOTIVE FORCE MEASUREMENT OF CO—COZ MIXTURES -
AGAINST AN Ni - NiO REFERENCE EIECTRODE

Data No  ToWP: Time BN F;.ovczoRate' ; ) % co,
c em’ (STP)/min  cm” (STP)/min
NP-5 1000 30 279.56 41.87 11.3 21.25
NP-6 1000 20  250.83 41.87 25.8 38.15
NP-7 1000 80  227.18 41.87 41.7 49.90
NP-8 1000 20 214.80 41.87 53.7 56.19
NP-9 1000 20  199.43 41.87 72.8 63.49
NP-10 1000 15  188.70 41.87 88.2 67.81
NP-11 1000 15  180.01 41.87 104.2 71.39

NP-12 1000 15 167.02 41.87 131.3 75.82
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TABLE 9. ELECTROMOTIVE FORCE MEASUREMENTS OF CO-CO2 MIXTURES
AGAINST A Cu » Cu20 REFERENCE ELECTRODE

co

Temp.  Time EMF Flow Rate €O, % co,
Data No. - min nv 3 3
c * e’ (STP)/min em” (STP)/min

FC-1 800 15 477.87 41.87 814 66.03
FC-2 800 20 465.65 41.87 105.4 71,57
FC-3 800 10 458 .47 41.87 125.3 74.95
FC-4 800 10 453.49 41.87 140.9 77 .09
FC-5 900 15 438,74 41,87 140.9 77 .09
FC-6 900 110 449,86 41.87 113.7 73.09
FC-7 900 20 460.35 41.87 90.8 68 Ltk
FC-8 900 25 470.59 41,87 7547 614,39
FC-9 900 25 483.69 41.87 58,3 58,20
FC-10 900 20 498,09 41,87 .5 51.52
FC-11 900 28 531.87 41.87 22.2 34,65
FC-12 900 40 56244 41.87 10.2 19.59
FC-13 900 7hrs.45min. 573.53 41,87 10.2 19.59
FC-16 1000 35 497.11 41.87 39.0 48.23
FC-17 1000 20 478,72 41.87 04,2 56 .42
FC-18 1000 20 462,15 . 41.87 7.3 63,96
FC-19 1000 15 451044 41.87 89.6 68.15
FC-20 1000 15 440,28 41,87 110.4 72..50
FC-21 1000 15 427.52 41.87 140.9 77.09
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TABLE 10, ELECTROMOTIVE FORCE MEASUREMENTS OF AIR AND PURE OXYGEN
MIXTURES AGAINST AN Ni . NiO REFERENCE ELECTRODE

Direction of

Data No. e Temperature el Approaching
* c Equilibrium
PN-1 15 800 688.39 dowrmard
PN-2 5 900 639.25 dowrnward
PN-3 3 1200 506.03 downward
P-4 5 1300 L6k, 04 downward
PN-5 2 1300 L6k .0l upward
PN-6 2 1200 506.07 upward
PN-7 2 1100 547.16 ’ upward
PN-8 2 1000 590,84 upward
PN-9 2 900 636.27 upward
PN-10 2 800 687.35 upward
PN-11 2 700 729 .45 upWward
PN-12 2 700 - 731.56 upward
PN-13 1 800 668.84 downward
Against 0, (Pure)
PN-28 10 900 683.02 -
PN-29 13 hrs. 40 min. 900 682.55 -
PN-14 1 1000 636.81 dowrsiard
PN-15 3 1100 595.40 dowrward
PN-16 1l 1200 55233 dowrsard
PN-20 5 1300 513.31 downward
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TABLE 11. ELECTROMOTIVE FORCE MEASUREMENTS OF Ar-0, MIXTURES
AGAINST AN Ni « NiO REFERENCE ELECTRODE

soa—— e—————
—— S ——evwt o ——————

waw eIt Tepudi g o
PN-28 119.7 0 100.00 683.02
PN-29 119.7 0 100.00 682.55
PN-30 119.7 33.7 78.03 676.78
PN-31 80.0 33.7 70.36 67419
PN-32 63.9 33.7 65.47 672.12
PN-33 49.3 33.7 59.40 669.05
PN-34 32.7 33.7 149.25 66334
PN-35 120.6 3347 37.94 658. 56

PN-36 12.3 33.7 26.74 645.10
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The calibration curves of the EMF against gas composition are
given in Figures 17, 18, 19, 20, and 21. Some points in Figure 18 were
obtained by keeping a constant temperature and gas composition for one
night as shown in Table 7; thereby showing that the EMF was very stable
for a long time. The calculated values in the figures are given by a
chain line based upon the standard free energyl of the formation of

the oxides.

Discussion of the Results

Comparing the present results with the calculated values of EMF,
also shown as in Figures 22 and 23, there are a few percentage differ-
ences between them, possibly due to the electronic conduction. However,
this difference is not significant so long as reproducible and self-
consistent calibration curves are obtained. 7

Lifetime of the cells was so good that the EMF was constant for
several days at a constant gas composition and temperature. However,
wustite had a tendency to diffuse rather rapidly through and on the
electrolyte, so that the lifetime of the cells with wustite was shorter.

The purpose of the wustite on the platimm winding was to
dissolve the oxygen according to the oxygen pressure as a solvent for
oxygen and possibly as a catalyst. However, the response time of EMF
agalnst gas composition was immeasurably short, so that this use of
wustite is not necessary. As to industrial application, there might be
many applications of this oxygen gauge in metallurgical furnaces.
However, the following advantages and disadvantages can be expected.

1, As far as the construction of the cells is concerned, it is

rather easy to obtain the necessary materials written above.
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2. The calibration should be done by some gases, the oxygen
pressure of which has been well established, such as CO-CO2
mixture or HZ-H20 mixture.
3. The lifetime of the cell may be long but the first cell used
above could serve for about 60 hours. However, the lifetime of
the cell with Ni-NiO without wiistite on platimum winding may be
mich longer due t0 no contamination of the electrolyte (several
days). |
4,. Temperature of the measurement should be above 800° to insure
a rapid response and a high transference numbe: for oxygen.
5. The oxygen diffuses through the electrolyte, although it is
apparently very slow. Thus, either the metal or the metal oxide
in the reference electrode may disappear eventually due to
oxidation or reduction.
6. If the output EMF is connected to the automatic récorder, the

contimious measurement of the gas composition may be possible.
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CHAPTER 1V
CONCIUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

Conclusions

By the application of the oxygen concentration cell technique
with a solid electrolyte, three kinds of research work have been carried
out, The first work was to study the performance of commercial

stabilized zirconia as an anion conductor. The standard free energies

for the following reactions were obtained.

NiO + 2Cu = Cu,0 + Ni : (16)
aF° = 1,570 - 2.87T (700° to 1050°C) (17)
FeO + Ni = NiO + Fe (18)
aF° = 5,280 + 5.88T (700° to 1200°C) (19)
3Sn0, + Pb = Pb0 + 3Sn (20)
aF° = 15,550 - 0.150T (600° to 850°¢C) (21)

In the second work, the activity of tin in molten lead-tin alloys
was determined at 700°, 800°, and 900°C. The activities of tin and lead
exhibited positive deviation from ideality and the degree of deviation
is smaller at the higher temperature. The free energy of the solution
as well as the excess free energy of solution was calculated from
activity data. Also the molal quantities of lead and tin in solution
were calculated.

In the third experiment, the oxygen gauge was developed and the
characteristics of the oxygen gauge as well as callibration data were
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obtained. The self-consistent and reproducible EMF against oxygen
pressure were successfully obtained by several reference electrodes for

1461020 atm. Also, the lifetime

oxygen pressure in the range of 10~
of the oxygen gauge was determined and proved to be long enough for

industrial purposes.

Recommendations for Future Research
In the present study, it was demonstrated that the stabilized

zirconia could be used as a solid electrolyte with pure anion conduction
at high temperature. Thus, this téchnique can be used to determine the
standard free energies of formation of many metallic oxides, which were
not yet measured accurately.

Also, the oxygen concentration cell method can be applied to the

activity measurement of many metal systems. More improvement on the
construction of the cell assembly is also desirable. Finally, the oxygen
gauge developed here is desifed to be used in industrial furnaces and

its performances will be studlied in many industrial furnaces. |
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