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INTRODUCTION

During the first six months of this project, most of the specific
research topics which were outlined in the original proposal have been
initiated. The proposed research concerning a sulfur probe will begin
soon. The initiation of research involving the coulametric kinetic
apparatus will await some further testing and optimization of the coulo-
metric oxygen control device.

As expected, the initial contract period was partly used to
familiarize the graduate students with the literature, principles,
relationships, calculations, apparatus, etc. pertinent to high tempera-
ture solid electrolyte research. However, as will be dercribed in same
detail, progress in the theoretical description of several of the systems,
as well as the design and construction of devices and experimental
arrangements, has already been made. The experimental apparatus for
the several research topics is in various degrees of completion; ob-
viously, the research with flowing liquid metals will involve more com-
plex experimental problems than those for the control of oxygen in gas
mixtures.

On March 30 and 31, our chemical metallurgy research group was
visited by Irofessor Sven Eketorp and seven advanced graduate students
from the Ferrous Metallurgy Division of the Royal Institute of Technol-
ogy, Stockholm, Sweden. After a series of presentations describing the
research activities of each group, individual discussions with inspec-
tion of apparatus and facilities brought about a mutual exchange ol
ideas and information which may lead to further interaction and coopera-
tion between the research groups.

In the following pages, specific reference is made to the nature
and the progress on the individual research topics. Associated with
the title of each topic is the name of the graduate student who is
active with that particular aspect of the research. Periodic "project
meetings" involving the principal investigators and the graduate stud-
ents have been used to accomplish an understanding of the total research
area by those engaged in the research. The following research topics
will be discussed:

1. A Device for the Control of Oxygen Activities in Gases

i
2. A Stuly of Characteristics of Coulametric Pumping and the |
Control of its Rate into High Temperature Gases )

3. The Coulometric Control of Oxygen in Liquid Metals N
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. Kinetic Study of Oxygen Absorption by Molten Iron and
Iron Alloys

5. The Design and Testing of an Electrocatalytic Afterburner
for Automobile Exhaust Emissions

1. A Device for the Contr 1 of Oxygen Activities
in Gases (Y. Agrawal)

As discussed in the contract proposal, a feed-back control circuit
(potentiostat) is being designed to accamplish the electrochemical con-
trol of the oxygen activity in gas mixtures.* The current status of
this device is illustrated schematically in Fig. 1. A few important
design improvements have been made. Firstly, contrary to the oxygen
pumping cell of Yuan and Kroger, it seems necessary to s2parate the
inner "reading" electrode from the inner "pumping" electrode in the
cell arrangement as shown in Fig. 1. The rationalization for this re-
guirement follows.

The outer reference electrodes (Pt; and Pt, in Fig. 1) for the
pumping and reading cell, respectively, should both equilibrate readily
with the surrounding air at Py, = 0.21 atm. If a voltage, E, were im-

pressed across the pumping cell, with only a small flow of current,
then for the pumping cell,

E~Rop 2
LF P(')a( gas)

Poa(ref. )

where PU (ref.) = 0.21, and P0 is the oxygen activity which is desired

for the gas phase flowing past the inner pumping electrode. Depending
upon the ionic resistance of the pumping cell, the amount of change in
required to reach PO , the rate of adsorption, desorption, or re-
ac%ion on the pumping electrode, and the degree of mixing in the flow-
ing gas, the desired PO2 may or may not be accomplished by the coulo-
metric pumping. In all cases, the system will be used with Po < 0.21.
The downstream reading cell with electrodes Pt, and Pt'.2 is inténded to
measure the average P;_ in the gas phase for ccmparison with the de-

sired P(')a. However, i? the inner electrodes of the pumping and reading

cells are made common (as was done by Yuan and Kroger!), then they are
necessarily at the same potential. Because the two outer reference
electrodes are necessarily equilibrated with air and, therefore, at the
same oxygen activity, it seems that the voltage of the reading cell

¥ Prior to the initiation of the contract research, a U. S. patent
application Jerial No. 835,101 describing this control system was
filed on June 20, 1969.
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would necessarily agree with that of the pumping cell (except for a
small IN product in the pumping cell), but would not represent a meas-
urement of P}_, the average oxygen activity in the exit gas. In our
control cell which is presently under evaluation, the inne:r electrodes
have been separated and provided with separate Pt lead wires as shown
in Fig. 1. To generalize the situation, when two gas electrodes of a
glven cell are required to set up a difference in Py, because of the
application of an impressed voltage, the electrode a.% the higher Po2

would be expected to remain reversible, while coulametric pumping would
accanplish the required change in the oxygen activity in the electrode
of lower Pp,. For this reason the outer reference electrodes, Pt, and

Pt3, may be made common (they are both equilibrated with Py, = 0.21
anyway), but the inner electrodes at lower P02 may not be made cammon
if the reading cell is indeed intended to measure the actual P(') of the

flowing gas phase. Experiments to test this hypothesis and thezrevised
cell design will be made soon.

To ensure that the oxygen activity measured by the inner electrode
of the downstream reading cell is indeed the average P02 of the gas

mixture, and not some steady-state Po, resulting fram laminer flow in

the tube and the presence of a stagnant gas film on the wall, a con-
striction has been placed inside the tube between the pumping and the
reading cell. This ceramic constriction is a hollow cylinder approxi-
mately 10 mm long and 3 mm I.D. which fits snugly into the 12-mm I.D.
Cal-stabilized zirconia electrolyte tube and is preitioned between
electrolyte tube and is positioned between electrodes Pt, and Ptl. This
venturi should create sufficient turbulence in the gas stream so that
the reading cell will indicate the average P02 of the gas phase after

pumping. The potentiostatic control circuit can then use the voltage
based on the measured P, for comparison with the desired Pp,, so that
the current to the pump ﬁg cell can be properly provided.

In the potentiostatic control device, a divider circuit has been
introduced so that the ratio (E/T) of Eq. (1) is controlled rather than
E. Control of the ratio (E/T) allows the setting f a desired Pp, in
the exit gas to be independent of small (or even lirge) fluctuations
in the temperature of the reading cell. A computer program relating
combinations of P(')z and various cell temperatures to the values of
(E/T) has been run. However, it is now apparent that a small improve-
ment in this part of the circuit can be made. Initially, the voltage
fram the reading cell thermocouple was used in the divider circuit to
indicate T, and the roam-temperature cold-Jjunction correction, as well
as the 273° required for absolute temperature, were added "manually"
(oy calculation) to convert the thermocouple voltage to °K. We are
presently, however, revising the thermocouple input to the divider
circuit such that the two corrections required to obtain °K are auto-
matically added electrically into the control circuit. After experi-
ments have demonstrated the reliability of the control device, schematic
drawings of the electrical circuitry will be provided in a technical

report.
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The control cell has recently been revised and experiments are
under way to investigate its effectiveness in controlling the oxygen
activity in Ar-O,, CO-CO,, and H,-H,O gas mixtures for various flow
rates and cell temperatures. A demonstrated success for this device
is required before the design and use of the coulometric kinetic appara-
tus can be initiated.

2. A Study of the Characteristics of Coulametric
Pumping and the Control of its Rate into High-
Temperature Gases (A. Mogollon)

To learn more about the interaction between a flowing gas an a
surrounding, cylindrical pumping electrode, we are analyzing the com-
position change of the gas in terms of the three contributing and,
perhaps, limiting factors:

(a) assuming & reversible electrode on the outside of the
electrolyte tube (Pp, = 0.21), the ionic conductivity

of the electrolyte may limit the rate of passage of
oxygen through the tube;

(b) a surface reaction between adsorbed O or O_ and CO or
H,, or desorption of O, at the inner pumping electrode
may limit the rate of oxygen transfer to the gas stream;

(c) mass transport between the flowing gas and the pumping
electrode may limit the rate of reaction (or desorptionm).

We are beginning to analyze by calculation the rate of oxygen
transfer under the assumption that only one of these steps is rate
controlling while negligible gradients exist at the other two. Thus,
three different calculations are foreseen. Each calculation should
predict a certain dependence for the current density, J, as a function
of x (distance along the electrode), and, therefore, a certain total
camposition change (Iyoga)) fOr a given applied E.

It is important to realize that the intended calculations and
experiments do not involve the use of a potentiostatic control circuit,
as wvas described in the preceding section. However, a cylindrical
80lid ¢lectrolyte tube with a pumping and a reading cell as illustrated
in Pig. 1 is the pertinent experimental arrangement. The calculections
assume that a given constant voltsge is applied to the pumping cell.
With the passage of a given total current (Iyoeqe)) through the pumping
cell, a change in the average oxygen activity of the gas phase will be
accomplished. The resulting average Poz will be indicated by the
measuring cell anl compared with the Py, calculated fram Eq. (1) to
establish the efficie=cy of the pumping process in achieving a desired

Py,
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To analyze the pumping characteristics under rate control by step
(a), i.e., that oxygen transfer through the tube is limited by the
lonic conductivity of the tube, let us assume:

(1) the electrode reactions are very fast and are, therefore,
in local equilibrium,

(11) perfect mixiﬁg occurs in the gas stream so that no radial
composition gradients exist in the gas as it flows through
the pumping cell, and

(1ii) diffusion within the flowing gas phase in the longitud-
inal direction is negligible.

At steady-state, let an inert gas with oxygen partial pressure
02(%=0) enter a pumping cell with internal redius, ry, and external
raﬁius, ro. For each stationary volume element within the pumping
cell, the ra.te that oxygen leaves the element (moles/sec) equals the
rate at which oxygen flows into the element (moles/ sec) plus the rate
at which oxygen is pumped into the element ((dnoz/dt)I in moles/sec),
or

dno,, dno, dn02
+ afl — (2)
dt X dt I dt X+AX

From Faraday's law

dno, J(x) 2nriox (3)
at /1 LF

where j(x) is the local current density at the inner pumping electrode.

Fram the ideal gas law

d P, P
", .<°2)x(ﬂ) (er), . "
at J,  RT \dt RT

where (dV/at )x = G, 1s the total volumetric flow rate (cm®/sec) through
the tube at distance x. Then

dng (Po )
— o\ Zxe Gy px (5)
v 2+0x =
6

—— N )

§
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For the addition of only a relatively small amount of oxygen, only
a negligible change in flow rate occurs, so that,

(6), = (6)y,ny = (6)

With the substitution of Egqs. (3) to (6) into Eq. (2),

G P nry
o [(Roz)um - (Roz)y )= 22 300 i
Division of Eq. (7) by Ax and taking the limit as Ax-+0:
4ap,
3x) = 28 (—°—) (8)
RTnry \ dx

The local driving force for the pessage of oxygen ions through the
electrolyte is E, ¢, the difference between the applied voltage, Eappl.s

and the local chemical voltage, E.peq,(X), of “*he pumping cell, where

£
= BT, fga(il = BT [[m Poa(ref)- on Poz(x)] (9)

Benen, (¥) = 35 Py (x)  LF

with

Enet = |Ea.ppl.| - |Echem. | (10)

Over the incremental electrode length Ax,

Epet = j(x)QuriAxn (11)

where the ionic resistance 0 through the wall of the hollow, cylindri-
cal elec rolyte tube is given by

1 To
= e—— ) —— 12
21tcrionAx ri ( )
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Substitution of Er. (12) into Eq. (11) gives

B(x) =220, To (13)
-y Oion :

Substitution of Eqs. (8), (9) and (13) into Eq. (10) gives

RT 2FG o |(%¥02\ . rT
F - 22 fn Py (ref) | —="_ g 22 ( + =0 P
(1k)
Equation (14) is of the form
dFy
Rewriting Eq. (15), with further substitution of variables
C
dp, -
C
2 = nB = STy, = nB B, B (15)

Integration of Eq. (16) gives

/ oo % dFy |
X = 2_ (17)
Py, (x<0) B Fo, Cc/B

o (F] “= 5

' RTnxr
B = exp [(%) (Im %) (Eappl. - % on Poa(ref) >] (19)

Evaluation of Eq. (17) by numerical methods with the use of the
computer will be accomplished to yield the function Poa(x) so that

j(x) from Eq. (8) and the integrated Itota1 OVer the entire pumping
electrode can be calculated.

TR
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In experiments involving various values of applied E (ot using
the potentiostatic control circuit), we shall attempt to measure j(x)
(by using various lengths of pumping electrodes). We shall further
measure Iy o7 VS. Ea,ppl. to compare calculation and experiment. Of

course, the theoretical analysis of the two other possible limiting
steps must yet be accomplished. Ultimately, flowing Ar + O, CO + CO5,
and Hy + H>0 will be investigated at a couple of temperatures for a
couple of electrodes (say Pt and Ag). The construction of the experi-
mental apparatus 1s progressing.

3. The Coulometric Control of Oxygen in
Liquid Metels (L. Friedman)

Oxygen is the principal refining agent used in modern metallurgi-
cal practice. Refining of the molten metal is accomplished by the for-
mation of insoluble oxides through reaction of dissolved oxygen with
impurity elements. The final composition and, therefore, to a great
extent, the final properties of the metal are determined by the oxygen
content of the bath, both during the refining period and when the refined
metal is poured. The presence of nonmetallic oxide inclusions or poros-
ity created by the evolution of gaseous oxide compounds during solidifi-
cation can be extremely deleterious. This phase of the project deals
with the application of high temperature, solid electrolyte electro-
chemical cells to control the oxygen content of liquid metals during
their various stages of processing.

A. PFeasibility Studies on the Use of Electrochemical
Cells for the Continuous Coulometric Deoxidation
of Flowing Liqulid Metals

It has been proposed to remove oxygen frum liquid metals by flow-
ing them through or around cylindrical electrolyte tubes while inducing
(through application of an external voltage) the traasport of oxygen
across the electrolyte, from the metal on one side to an oxygen sink
(e.g., the atmosphere) on the other.

Analysis of the results of subsequent laboratory experimentation
depends upon the development of theoretical models which treat the pos-
sible rate-limiting kinetic mechanism involved in transporting oxygen
from the following bulk liquid across the electrolyte to a reference

gas (sink).
a) Rate Limited by Transport of Oxygen Ions
through Electrolyte

For a process limited by the rate of transport of oxygen
through the solid electrolyte by ionic conduction, the thecretical rate
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of oxygen removal from a liquid by coulometric titration can be computed
from relationships analogous to those derived and presented in the pre-
ceding section for oxygen removal from well-mixed flowing gases.

b) Rate Limited by Diffusion of Oxygen from

the Bulk Liquid to the Metal/Electrolyte
Interface

It is conceivable that in the absence of any appreciable tur-
bulence within the flowing metal stream the rate of oxygen removal
could be limited by atomic diffusion of dissolved oxygen in the liquid

to the electrolyte interface. This situation has been treated mathe-
matically. The analysis is outlined below.

Oxygen Flux to and from a Stationary Volume Element
Within the Electrolyte Tube
Conditions Imposed:
(1) Cylindrical geometry
(11) Electrolyte tube completely filled with metal
(111) Steady-state conditions
(iv) Laminar flow of metal stream

(v) Oxygen diffusion coefficien® independent of concen-
tration

-

---q"-_—
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To obtain the concertration distribution of axyges, eolr, ),
vithin the flouing metal stream, an oxyJen flux balance mist be made
over a ringe-shaped clement of space inside the electrolyte tude as
shovn, This type of amalysis is chosen becsuse ¢y is s fumetion of r,

the tube radiug, and ¢, the longitudimal digtance from the cell emirunce,
but not a function of time. Oxygen emters and leaves Whis ring because
of diffusion in the liquid in both the r and 7 directions. 12 sddition,

B, @

E

o the difTuwioe coelficient of igen L2 Yhe Jiguid
is e lines, wveloelly of the Jigeld antal stremmiine ot
fron e centler of 1he tube,
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&.v,.r-w%(%!)-u,%(r%) (21)

which 18 & speeific seocul-order purtial 410Terent lal epmiion vhuse
solution reiates ¢, % ¢ and | wmder The sremed conditions of enee
tramsport comteol emd Flalid Mlow belusior,

Por lamissr Tlow e rmdisl wleaity distrintion vithis e
Ligeid seftal strean can be glven s

Ty + Voms (i -S) (727
vhare § s the lxmer reding of e slectrolyte tibe (L.0., e outer
redine of the setal strewn) and v s he maeimm Lisear veloeity of
& strennlise ot Yhe cemter of Tlow, ‘nder thess condiiions ie
sgnl W twiee e Lisear veloeity, ¥, vhieh 1o o
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The separstion of variables technique can be employed if it
is ssmed hat

#r,8) » L(2) * P(r) (25)
Phetiteting this into By. (24) and separating variables,

d“’ lg:

0&? 1

(26)

Sinse e right-band side of Bq. (26) §s a function of r alone and the
jeft-bhant eide & fumction of ! alone, the value of the quantity to which
osh eside 1s egial is depentdent on neither f ror r; that is, it {5 a
constast. If both sides ave arvitrarily set equal to -1/A?, then

&. --g% (1
ant
G185 5]
T™e tategnl of 84, (27) 1s
Loty NSTN (29)

vhere t.‘ ts U cosslest of istegretioan.

Sstitting r/d o u ant B/ + 8 into By. (28), one can shov that
o paritedlar integral of this egaation is

ﬂe)oga,.v"u‘,uw"-lw-mﬁ-m (30)

e b e ] st A



where
Bo = 1
1
Bg=-§5
1 1
Bon = 22 ["; Bon-4n- Ban-é]
so that

Be=X [o L . 1 1] _._ 1 1 1. ..
1hlg2 57682 2304

then,

p(U) =1 - Y2, Ut Ut _ 1P U ...

+ —- - - +

L 16g2 64 1442 57682 2304

This series is convergent for any value of U where 8 > 1. For r = R,
by definition U = g and 9 = 0. Therefore, according to Eqs. (25) and
(29), P = 0. In other words, the constants B are the roots of the
equation

P(g) = 0 (31)
The n'M root may be denoted by Bae

The general solution to the differential equation becomes

9=I§L"e-[?.ﬁ]21’<£) (32)

MR

vhere the substitution b = R/B has been made.
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Nusselt® was able to calculate the n = O, n=1, and n = 2 values
of B. These are:

Bo = 2.705
B]_ = 6.66
B = 10.3

He also determined values of P, as a function of r/R noting that B,(r/R)
must satisfy Eq. (28). The values of Po, P,, and P, are given in the
following table.

r/R Po P, P>

0 1 1 1

0.1 0.9818 0.8923 0.753
0.2 0.9290 0.6067 0.206
0.3 0.8456 0.2367 =0.290
0.4 0.7382 -0.1062 -0.4O7
0.5 0.6147 =0.3399 -0.20L
0.6 0.4833 -0.4317 0.10L
0.7 0.3506 =-0.3985 0.278
0.8 0.2244 -0,3051 0.278
0.9 0.1069 =0.1637  0.1luk
1.0 0 0 0

Introducing the boundary condition 9 = 6, at ¢ = O, so that
N=o

0 = Y. InBn (33)

n=0
i
according to Eq. (32), where 0 = € - c‘;, and proving mathematically
that
26,
" 5 OP
n\% n,r/R=1

Graetz® was able to calculate values of N,/6,. He found for the first
three terms (n = 0, 1, and 2) that

(34)

15
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L . 0.810
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Substituting the values of B, and L,/6, in Eq. (32) we get

_[3.65800] _[2_2_1'&9]

= t = f 4
ei. = 1.477e vR® Po(r/R) - 0.810e e P, (r/R)
(o]

[23e] .
+0.385¢ L VR Po(r/R) = *o°

It can be seen that the concentration profile

v
0 Co=Co
° ¢

depends only on the ratio r/R (i.e., P(r/R)) and the dimensionless
BaDo
2vR2

group L.

Since the imposed voltage in the intended experiments will drop
the concentration at the wall to essentially zero, the fimal expression
for concentration can be written as

%o« 1.477e "0 Bo(x/R) - 0.620¢ 1P (x/R) « 0.385¢ P Ry (rm) - o0
Co

BaDo

where m = —
2VR?

Althcugh the sum of this series is not always oscillating, the
exponents are rapidly decreasing so that three terms are sufficient for

good accuracy.
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By substitution of these values in Eq. (35), we obtain the
converging series

;.'m = 0.820e™L , 0,0972¢™™ ¢ . 0.0135¢7M2t .- (36)
(o]

3))
vbercagninmn-gi‘&g 5

The metal in the lower reservior would be treated as if it were
in a stirred pot and the average oxygen activity of this reservoir would
be determined periodically by an auxiliary solid electrolyte probe cell.

Experiments on the Removal of Oxygen from Non-flowing Metals

Preliminary to working with flowing metals, coulometric deoxida-
tion of stationmary liquid copper is being investigated not only to
ascertain the effects of variation of electrolyte materials, metal tem-
perature, oxygen concentration, system geometry, degree of agitation,
and applied cell voltage on the rate of oxygen removal for reference
in the later work, dut to gain some degrec of expertise on experimental
technique and procedure as well.

The experimental apparatus wvhich has been set up for this purpose
is depicted schematically in Fig. 3. The molten copper and its con-
taining crucidble, a closed-end cylindrical tube (6" high, 2-1/2" I.D.,
and 3/16" vall), are held in a constant temperature zone of a molybdenum-
vound resistance furnace. The crucible, composed of Zr0,-10 mole % Y504,
serves a Gual role as the so0lid electrolye in the oxygen pumping circuit.
Initially, the molten 2opper has dissolved in it a known amount of
oxygen; a cne=inch deep molten silica glass cover is provided at the
copper surface to prevent leakage of additional oxygen into the metal
from extermal sources. A conventiomal ceramic cover is also used both
to support the thermocouple and the cell electrode lead which protrude
dovn into the melt and to prevent foreign matter from falling into the
bath, Electricel contact is established with the molten copper through
a chromium cermet rod (72% Cr - 264 A1,0,) to alleviate contamination
of the metal by the lead material. Contact on the outside of the
electrolyte crucidble is achieved by platinization of the crucible wall
as previously described. Argon gas of constantly monitored oxygen con-
centration is passed around the cuter walls of the crucible to serve as
a refer nce gas and oxygen sink,
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Fig.3—Schematic Representation of the Reactions
Occurring in Coulometric Deoxidation of
Liquid Metal
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A potential difference, applied across the electrolyte by means of
a potentiostat as shown in Fig. 3 is used to force the oxygen concentra-
tion at the liquid copper/electrolyte interface (inner crucible wall)
to a very low level. This results in the establishment of a radial
oxygen concentration gradient within the copper if oxygen transport in
the metal is the mechanism which governs the rate of oxygen removal
from the bath. The current, I, flowing in the cell circuit is measured
with the aid of a milliammeter and represents the rate at which oxygen
is being removed from the metal.

For the case of a completely quiescent melt, Fick's second law of
diffusion can be employed to obtain an expression for the theoretical
cell current as a function of time. Expressed in cylindrical coordinates
this is written as

3 1 3 d¢co
— = | YDy —— 37
ot r or [ ° or (37)

vhere any axial diffusion of oxygen is assumed to be very small and is
therefore neglacted.

The boundary conditions for this experimental arrangement are

(1) At t = 0, co(r,0) = cé for 0<r<R

Assuming that D, ¥ f(r,c,) and applying the boundary conditions yields
a solution to Eq. (37) of the form*

T N=e “A2Dot
ol T A4 p oo (38)
€ n=1 A, R®

where Eo is the average concentration of oxygen in the melt at time t,
and R is the inner radius of the containing crucible.

The total amount of oxygen that has been removed from the metal at
time t, expressed as M, and the amount which is diffused out in infinite
time, M_, vhich represents the total amount of oxygen initially dissolved
(a constant), can be found from Eq. (38) as

Mt h -7\':.:001:
b& s 1 ki? exp _—!_‘2 (39)
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vhere ), is the first root of the Beseel Numction of 2eve order (2.000),

Nov the rate at vhich oxyges leaves the melt is glves by the firt
tine derivative of My vhich, ssecording %o B3. (39) s

CUCORNE-

But
" o 4 f 1 e (W)
2r
o
so that
,
T =1 ‘
e (\e)

viere F is the Fareday equivalent and I is the electiric curres? is e
cell circuit. Therefore. cosbining Eqs. (L0) amt (&2), we arrive &2

the relationahip
M m[ — . - (43)

vhich represents the exponentisl deeay of the col) current vith tine op
oxygen is removed from the setal.

The experisental dste for completely stagant nelts vill be amlyred
on the dasis of BEq. (k3). A relationship between cell currest and Liae
has also been derived for a vell sgitated melt on the basis of boundary
layer theory. This relationship, bty neceseily, contains one adjustiable
parameter and consequently is mot an exact expression. The der‘wation
is not presented here., Experimestation is W begin presestily on this
phase of the project.

k., K <43 of A
Mo .

In order to understand more completely the sechaniam of oxygen
solution and resction in liquid iron, phenssemn vhich are of prixe
importance to the refining operation, a siudy has bveen undertaken to
determine the factors wvhich affect the mte at vhich oxygen enters asd
undergoes reactions vith impurity elements in molten ires.
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Then, applying Flick's first law to Eq. (53)

1i
) . . ipupyta (322) (54)
oy ox x=0

Comparing Eq. (54) with Eq. (52) we see that

2912) . RTo® [1 (aacQHQ)_ 1 (acnq)z:l
(31’ x=0 8FeDLA [clla\ 3y (c3ta)? —Q—By (55)

Equation (45) re ates the oxygen gradient in the melt in the x - direction

(down the slab) at the metal/electrolyte interface.

Additional work is being done to solve Eq. (55) to find an analyti-
cal expression for c}iq(x,y,t) which is the quantity desired in order to
evaluate the severity and consequences of a short-circuit path for
oxygen tranegport into the melt. The available mathematical solutions
treating short-circuit grain boundary diffusion into metals are being
examined for assistance in this analysis.

5. The Des and Test of an Electrocatalytic
T A Exhaus ssions
. 9 Je

Consistent with the statement of our contract purpose, to control
oxygen activities in flowing fluids, we are considering an electro-
catalytic "afterburner" for the exhaust of automobiles. In principle,
the afterburner would simply consist of a hot solid electrolyte tube
with a long pmping cell whose inner platinum (for the initial experi-
ments) electrode would be set at some positive potential (higher Poa)

relative to the external air reference electrode. The purpose of the
cell would dbe to oxidize to completion any CO and hydrocarbons in the
exhaust.

In considering this system, many difficulties arise, but then,
exhaust pollution is a major problem. Some new and helpful design con-
siderations are being suggested by the auto manufacturers:

(a) leaded fuels are likely to be discontinued (the Pb fouls
catalysts),

3
i
'4;5:
g



-

OGNy o Py ey g Gy paag  Geay iy ang

s

{

|
3

(b) the maximum horsepower of engines may be reduced
(therefore, only lower exhaust rates need be treated),

(c¢) a "leaner" air-to-fuel mixture will be used (more O,
to fuel will give lower CO/CO, in exhaust and less
unburned hydrocarbons.

Some obvious problems involved with using an electrolytic "after-
burner" of a ZrO,-base electrolyte are:

(a) possible fracture of the electrolyte tube resulting
from thermal fluctuations and mechanical vibrations,

(b) limited coulometric pumping capacity of the solid
electrolyte because of limited ionic conductivity,

(c) necessity to heat the tube much hotter than the
exhaust gases to provide a reasonable ionic conductivity,

(d) fouling of the pumping electrode because of deleterious
residuals in exhaust,

(e) possible unavailability of sufficiently cheap, reliable,
and durable (no evaporation) electrodes.

Consider for the moment, a simple catalytic automobile afterburner.
Oxygen from air of half an atmosphere pressure is mixed with the
exhaust and passed over a hot catalyst. The maximum possible oxygen
activity of the catalyst is 0.5 atm. The rate of reaction would probably
be reaction controlled, and for fast exhaust rates, it seems unlikely
that highly efficient burning of CO, H,, and hydrocarbons would be
achieved.

Now, in & gimple electrolytic ZrO,-tube afterburner with an air
(Po2 = 0.21 atm) external reference electrode and the application of
only a few hundred millivolts, an oxygen activity of 10°, 10* or 10S
atm at the immer electrode is conceiveble. The rate of oxidation at
an electrode temperature of, 1000°C, might otherwise be quite rapid,
except that, even for a slow rate, the ionic transport in the electro-
lyte tube would become rate controlling. In other words, while the
electrolytic afterburner can potentially provide a fantastically high
oxygen activity, it cannot provide the necessary flux.

Consider, now, a combination of the two processes, i.e., an
electrolytic afterburner for which excess air is also injected upstream.
Conceivably, a cell voltage could maintain at the inner electrode
P, = 102 to 105 atm but most of the oxygen used for reaction would be
prévided from the O, injected into the exhaust. This latter system,
call it an "electrocatalytic" afterburner, could not be inferior in
reaction rate to either of the simple types, although it would be some-
what more costly, complex, etc. If the "electrocatalytic" afterburner

27
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is going to provide a significant incresse in oxidation rate compared
to the two simple parents, then the folloving requirements seem essestial.

(a) The rate of oxidation must depend critically wpom the
activity of oxygen in the pumping electrode. This
condition would be met if the rate comtrolling step
vere a reaction step between adsorved oxypes atoms
and CO, or M, or Cyly. FPeactant atsorption or product
desorption control would not be satisfactory. MNowever,
at sufficiently high temperctures, perhaps reaction cone
trol would be achieved.)

(b) (Partially, a restatement of (a)). The comcestration of
adsorbed oxyren must depend eritically upon the sctivity
of oxygen, c¢ven at extremely high oxypen s=2ivities,
(According to the langmutir Adsorp®lor Issthemm, the
electrode sl 14 not be close to saturation. Agais, high
t-pmgunc thould favor the “elec:rocatalytic” after-
burner.

() The oxyge aisorbed on the electrode at the very high
activity ruc. r1eact vith the combtuetion gaases, and mot
simply desurb.

The equilibriu excharge rates for the *wo pissidle rvents, surface
reaction and desorption, will detemine which evert pucoecds

competition for oxyren. In turn, the two exchange mtes are lLikely %
differ greatly in both absolute and relative magnitudes

5
f

is an excellent substrate for the oxidation of hydrocartons (very
favorable). £ilver, on the other hand, is mot very reversidle

oxygen gas (vhich mas be favoradble), does mot catalyze vell the oxid .-
tion of hydrocartons (unfavorable), and may have too high & Vapor prusc
sure at the temperatures of interest (unfavorsble). Oxide elsetrodes
would als> be worthy of considemstion.

Research into the design and combustion charascteristios of suto-
mobile engines has been in progress for masny years .n the Departsest of
Mechanical Engineering at The Ohio ftate University. Opematioml
engine test cells are, therefore, immediately avallable for use. Also
availadble is quantitative analysis equipment to sample exhaust gases
for CO, 00,, N0y, and unburned hydrocartons. Within a couple moothe
wve expect to have set up a stabilized-zimconia-tube-afterburner vith
platinum electrodes so that we may test vhether the applioation of »
voltage to the cell will influence the rate of oxidation resciions on
the electrode-catalyst.
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