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ABSTRACT

The rate of the reduction reaction

(Mn0) +C _ . = Mn + CO (g) | ()

° L

was studied to determine the rate-controlling méchanism. The experiments
were conducted in a graphite crucible heated in a vertical induction tube
furnace under a carbon monoxide atmosphere. Matheﬁaticalxanalysis of the
time-concentration data showed that the reaction occurs in two stages. In
the first stage the reaction fatgfis_limited by the transport of.oxygen in
the metal phase. In the second éééggfthe reaction is chemically controlled
and first order reversible. The effect of temperature on the rate of reaction
in stage one vs. stage two completely supports the results obtained from the
mathematical analysis. An increase in temperature increased the rate of
reaction in the chemically controlled second stage. In contrast, in stage
one (diffusion controlled) an increase in temperature had no effect on the
rate of reaction. An increase in CO bubbling rate increased the rate of
reaction in both stages. éubbling'was found to have a greater affect on

the reaction rate in stage two. This inconsistency with respect to the
mathematical analysis experienced in reaction rate behavior at different

CO bubbling rates is qualitatively explained by observations made on a

water model of the system.

S VU R - - osnil]




" INTRODUCTION -

'Pyrometallurgicél processes through chemical reaction convert
'Arawmaterials into products useful td mankind, In today's age of technology
it is impossible to name a single commbdity whose existence does. not in some
manner depend upon a product produced by‘such a process. The reaction vessel
design and operating practice necessary to ;chigve maximum efficiehcy and
x @rdﬁuctiou for a given process is dictated by the thermodynamics and kinetics
of the systém. Thermodynamics detefmine whethef the desired conversion is
pOssible and, if so, the minimum temperature and heat hecessary to carry out -
~ the conversion. The kinétics of the proéess defines the rate at which the
desired produé; can be obtained. |

The thermodynamics of most reactions encountered in pyrometallurgical
piocesses have been studied and documented to a useful degree. 1In contrast,
relatively little is known about the mechanisms that control the rate of
these processes. The purpose of this investigatiop is to study the rate of
manganese oxide reduction from CaO-—A1203-8102 slag by carbon-saturated iron and
to determine the rate limiting mechanism for the reaction. Once the rate-
limiting mechanism has been identified,ﬁgmmercial processes in which the

reaction studied has a role could be optimized to achieve maximum MnO reduction

rates. Furthermore, it is hoped that the results of this study will contribute

to the basic understanding of the kinetics of heterogeneous reactions,
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. - REVIEW OF LITERATURE

The thermodynamics of most hetérogeneous’féactidns encoﬁntered
in iron and gteelmaking processes have been extensi;ely‘investigated.v In
contrast, relatively littlé work has been done on the kinetics of these
reaétions. Two reasons for this are the complexities of the systems,

wvhich in many cases have not been completely defined, and the materials

~ problem encountered in trying to hold molten metal and an oxide slag in a

laboratory crucible (other than graphite) at steelmaking temperatures long

“ ‘enough to study the reaction rate. Because of the aforementioned difficulties,

to date, kinetic studies have been essentially limited to the investigation
of reactions in which one of the phases.is carbon-saturated iron (i.e., iron
held in a graphite crucible).

The majority of kinetic studies reported in the literature deal
with the rate and mechanism of sulfur transfer between iron and slag. One
of the earliest investigations of this system by Chang and Goldmanl.showed
that the rate of desulfurization is increased by increasing the basicity

23,4 studied the effect of alloying elements

of the slag. Other investigators
on the rate of desulfurization. Results from these latter studies showed
that those elements (e.g., silicon and manganese) which normally enhance

desulfurization, actually hindered the reaction when their concentrations

in the slag phase were excessive. These observations led to the hypothesis

that the rate is controlled by two opposing first-order chemical reactionms.




fhe‘resuité of an investigation by_Schule.SUpported this fheory.‘ with-the
aid of siiicon equilibrium.data,Ramachandran, King, and Grant6’7 have measured
the rate-of sulfur transfer and the quantity of carbon monoxidé evolved under
conditions of minimum interference ffom side reactions. These authors con-
cluded that the reaction is electrochemicél in natﬁre. Chipman and'Fulton8
found that when equilibrium is maintained between silicon in the metal and
silica in the slag, deéulfurization is diffusion controlled. Omission of
silicon from the charge caused a drastic slowing of the reaction, indicating
 the overriding importance'of chemical factors in determining the rate of
transfer.

A second fundamental reaction which has received some attention
has been the reduction of oxides from liquid slags by carbon-saturated iron.
Dancy9 1nvestigéted the reduction of pure liquid FeO and pure liquid Fe304
by carbon~saturated’iron. The results indicated that Fe0 reduction was a
first order reaction up to 80 percent reductidh. Over the initial 30 per-
cent reduction, whicH occurred in about 1 to 2 seconds, the magnetite reaction
was also interpreted as a first order reaction. Philbrook and Kirkbridelo
studied the reduction of FeO from a lime-alumina slag by carbon-saturated
iron and solid graphite. Using the differential method of data analysis,
they found the reaction rate for both reactions was second o¥der, The
difference between the observed second order relation and the molecularity

of the reactions suggests the rate determining step for these reactions may

be diffusion controlled. Tarby and Philbrookll in studying the rate of FeO
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andRMnO reduction fromesilicete end aluminate slags conelude‘thet in both
cases reduction takes place in two stages. In the first stage the_stirrihg
caused by CO evolution results in forced eonvectionfconditions in the slag;
The second stage is defined by natuial convection conditions in the slag
which resulted from the reduction in CO evolution as the rate of reaction
subsides. For both reactions, the rate-controlling step was interpreted to:
be the mass transfer of neptral oxides from the slag to the slag-metal

interface.

McCoy and Philbrooklz"s;udied the reduction of a chromium oxide
by carbon-saturated iron. A rotating crucible, which maintainee the slag
in a whirlpool of iron, and thus prevented reduction by solid graphite,
wvas used. The reaction was found to be cﬁamically controlled and first
order withvrespect to the chromium concentration in the slag.

Chipman and Fulton13 investigated the reduction of silica from
slag by carbon-saturated iron. They found that metal composition and
mechanical stirring had little effect on the reaction rate. Due to the
slow reaction rate and high energy of activation for the system, it was
concluded the reaction is controlled by the breaking of the silicon-oxygen
bond. Rawling and Elliott14 found the rate limiting step for this reaction
is the\transport of oxygen in the metal phase. Turkdogan, Grieveson, and
Beislerls had also concluded diffusion of oxygen in the metal is the rate

limiting step, but only in the absence of carbon monoxide bubbles at the

slag-metal interface. When carbon monoxide bubbles are present at the




,-“f\iﬁtefoCe,ithe.reaction rate is chemically controlléd.dﬂ

2

i
Daines16 studied the reduction of manganese oxide by silicon

'(zirconia crucibles were employed) and the reduction of manganese oxide by
carbon-saturated iron. For reduction by sili;;n, Daines concludes the
reactibn is diffusion controlled because the rate of‘mechanical stirring
.h;d a markédheffect.on the reaction rate, and the effect of femperature
was negligible. The effect of other variables identified diffusion of
manganese in the iron phase as the slow step. Dgineé found the rate of
'reduction of manganese by carbon was quite sensitive to temperature, but

~unaffected by mechanical stirring. He concludes the rate-controlling step

is an interfacial chemical reaction.

. . h ' . ' kl
- A\l
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EXPERIMENTAL PROCEDURE

A. Apparatus

The induction furnace tube assembly used for this kiﬁétic study 13 
shown schematically in Figure 1. Power was supplied by a 10,000 cycle, 30 KVA,
Ajax Magnethermic model MPG-30 motor-generator set. Melt temperatures.wete
measured with a'piatindh/platinum-lO% rhodium thermocouple inserted into.the
reaction crucible as shown in Figure 1. fﬁe thermocouple was calibrated in
a Leeds and Northrup model 9004 thermocouple calibrating furnace at 1450°F
and 18509F; The thermocouple readings which were measured with a Leeds and
Northrup Type K-3 Universal Guarded Potentiometer were 3°F high at the two

temperatures. It was assumed the thermocouple's deviation at higher tempera-

tures was constant and 3°F, Periodic checks of the calibration curve showed

- that an accuracy to-within two degrees fahrenheit was maintained. The furnace

temperature was controlled manually, generally, within +5°C of the desired
temperature.

- A carbon monoxide atmosphere was maintained in the furnace through-

out the run. A diagram of the gas system is shown in Figure 2. ‘CP grade

carbon monoxide (99.5 percent min.) was passed through columns of.Ascarite

\
and Drierite to eliminate traces of CO2 and HZO before the gas entered the

furnace. Gas flow rates to the furnace and the graphite bubbler rod were
controlled. by Fischer Porter flowrators. Flow to the furnace was 2700 cc per
minute; this is approximately equivalent to flushing the volume of the furnace

assembly once per minute.




The-gas‘bubbler_rods wvere high purity‘graphite,.B" long with a

1/2" op and a 1/8" ID. The bubblers were connected to a standard 1/8" pipe
-Vhich.extended up through the brass top plate. Gas discharged into the bath
- via a l78"_horizonfa1 passage located 1/2" above the end of the rod.

N 'Graphite crucibles wére machined from 2-9/16" and 3-5/8" diameter
high purity graphite rods. The internal configurations and dimensions.of the
two types of crucibles employed in this study aré shown schematically'in‘
Figure 35 : | o

B. Materials

High-purity materials were used as components for the slag and
metal phases. The source of these materials and the quoted purity of each
are summarized in Table I, |

The slag components were prefused in a graphite crucible, cast
into a clean ingot mold, crushed in a jaw crusher, commutated to -20 mesh
in an alumina ball mil] (A1203 pickup was negligible), and then magnetically
cleaned. The chemical analysis of the two slags used in this study are also
listed in Table I. Oh trials conducfed with Slag No. 1, Mh02 was blended with
the slag before it was added to the crucible. 1In contrast, in Slag No., 2 the
MnO0 was added to the slag as M’nCO3 during the prefusion process,

C. Iypical Operating Procedure

On a standard run, 190 grams of electrolytic iron and 7 grams of
graphite.(added to minimize dissolution of the crucible) were charged in.
the crucible. The charge was slowly heated to the desired temperature

(1500°C or 1575°C) in the CO atmosphere. About 10 minutes after the desired

\

-8 - o \

Pt s s
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témperature was reached, the CO bubbler was SmeergedAand a mixture containing‘

95 grams of‘prefused slag (Slag No. 1) énd 7/ grams of M’nO2 was added to the .
crucible through the sampling port with a funnel, Immediately the power input
was increased to counteract the chilling effect of the cold addition. Using
this procedure; the temperature was under control by the time the first slag
-sample was taken 5 minutes later.

Slag samples weré taken at five minute intervals for one hour by‘
freezing a slag button on a 5/16" diameter copper rod. The sampling port when
not in use was sealed by an O-ring plug.

At the end of the run the metal was poured into a mold. The resultant
casting was analyzed for silicon and manganese.

D. Chemical Analysis of Samples

The samples were analyzed by the Analytical Section of the Homer
Research Laboratories, Bethlehem Steel Cérporation, Bethlehem, Pennsylyania.

Silicon was analyzed by the perchloric dehydration gravimetric
method. Manganese éoncentrations were determined by persulfate arsenite
titration. Complete slag analysis was obtained spectrographically,

In preparation for chemical analysis; the slag samples were crughed
to -No. 100 sieve (-149 microns) and metal samples to -No, 80 sieve (-177
microns) with an iron mortar and pestle. The slag samples.wgre magnetically
vcleaned after crushing. |

A statistical analysis to determine the standard deviation on the

manganese determinations could not be made because of insufficient data,
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 Hdwever; based on prior statistical studies conducted at Homer Research
| - llLaboratories, it is estimated that at a 95 percent confidence level the
determinations are correct to 10.02 percent at the 0.20% Mn level and

correct to +0.05 percent at the 4.00% Mn level.

- 10 _ . o




 MATHEMATICAL ANALYSIS

a. -

T _

The kinetics of hetérogenebus reactioﬁs necesSarily invblves
the following principal steps:
1. 'TranSport of the reactants from the bulk phases to the
interface. |
2., Chemical reaction at the interface, which may involve
several steps,
3. Transportbof’the products from the interface into the
bulk phase.
If chemical equilibrium is established at the slag-metal inter-
'.face, the rate of reaction is limited by the rate of diffusion of one or
more of the species to or from the interface. Conversely, if differences
between concentrations at the interface and bulk concentrations are insig-
nificant, the rate of reabtion 1s determined by the rate of the phase-boundary
reaction,
In order to identify the rate-limiting step for manganese oxide
reduction from a basic slag by carbon—satbrated iron, the reaction was
studied at two temperatures and.varipus stirring rates (bubbled CO gas)
were used. . .
In this section, using an approach similar tp that employed by

Daines™", theoretical models are derived for four possible diffusion con-

trolling mechanisms. In addition, a rate equation for chemical control

- 11 _
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is developed. The mathematical terms used are defined in the nomenclature
at the beginning of the thesis.  For convenience in data analysis,’all the

“diffusion models are derived in terms of changing manganese concentration

in the metal. Then the method employed in making the mathematical coﬁxputations

is discussed in detail.

A, Thegretical Models

l. Diffusion Control

When the rate of a process is controlled by a slow diffusion

step, the rate can be defined mathematically by applying Fick's Law, which
‘states that the flux of component i is proportional to the concentration

gradient of component i in the direction of diffusion. Stated mathematically

dC .
J i

- Under most conditions, significant concentration differences
are found only in the vicinity of the interface, Therefore, according to
Wagner”, consideration"’?may be confined to the concentration distribution

in the boundary layer, and concentration differences in the bulk liquid

may be disregarded.

Describing the driving forces in terms of weight percent concen-

\

tration and the flux in terms of weight percent and interfacial area, Wagner

rewrites Equation (2) as:

dC D A

\ "" . i. v '[Ci (interface) - Ci (lbulk)] - 3)

L 6Vt_n or.s

- 1.2 -
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‘where the concentration of component i at the interface is that concentation

| ” ,  which is in equilibrium with the other components at thgir instantaneous com-

positions in the bulk phase,

Wagner's film model, describedjnithematically by Equation (3), -

implies the existence of a rigid boundary layer of finite thickness,'éi.

For slag-metal reactions in which turbulent flow conditions exist in the bulk

| phases, because of carbon monoxide evolution and inductive stirring, the pen-

etration model cited by Tarby‘and Philbrook11 seems more appropriate than .

Wagner's film model. The penetration theory assumes that, for minute elements
adjacent to the interface, rigid booy motion is maintained for a brief period

during which time material is transférred across the interface by unsteady-state
diffusion. The thickness of the layer undergoing this flow needs to be sufficiently
large, or the contact time snfficiently short, so that diffusion does not penetrac;
completely through this layer. Thus, the reactants or products are supplied or

removed by minute 701ume elements which ane then mixed with the bulk phases and

replaced at the interface by new ones, This model requires only that laminar

flow conditions exist at the interface, though turbulent flow prevails in the

bulk phases.

Describing mass transfer in terms of penetration model, Equation (3)

becomes

dci hi A"pm or s

- = + [C, (interface) - C, (bulk)] (4)

dt W i ™ i

m or s
where V ' m Oor s
mors = —

Pmn or s




Based on Fick's First Law and the penetration'model four possible

diffusion models are derived below.h

a. Diffusion of Manganese in the Metal

,oo-

If the diffusion of manganese in the metal is the rateélimiting o

step, the basic rate equation is

t n 2 P .(%Mn'-zMx{

& T T oW fn, - 4 Moy )
m
At equilibrium, for Equation (1)
| P
PMn “co (6a)

- 2 Mno) 3¢
The preésure of the carbon monoxide at the interface remained
constant at one atmosphere during the experiment. The liquid iron is main-
tained at carbon saturation in a graphite crucible; hence, the actiwvity of
carbon is unity. The experimental data of-Schean and Neumann26’27 have
shown tﬁat the activity coefficient of manganese in carbon-saturafed iron
is best représented by a constant whose value is primarily determined by the
carbon content at saturation. Davies, et a128 have shown the acéivity coefficient

of manganese oxide in the CaO-A1203 SiO2 system is essentially constant for

MnO concentrations up to 8 weight percent. Based on these two studies, it

- can be assumed that the activity coefficients for manganese and manganese

- oxide remain constant over the small composition changes experienced during

¢ o : .
& :
] - . [P .
- o ’ ' i oo L
v ' ! - . . .
) “ . s
‘

A\




4 run,

Theréfore, a new equilibrium constant can be& defined as
| % Mn .
K | i , '
T Twmo -

Equation (6b) can be rewritten

N

I, = K Gmo) (6¢)

. Substituting this in Equation (5), sepa‘tatin‘g variables, and integrating,

one obtains

ZMnl
f d 7 Mn =h” ApI!l (e -t ) -
- K, (% Mn0) = % Mn W 1 (o) |
%Mno 1 | m

At any time during the run, the concentration of manganese oxide

in the slag can be related to that of manganese in the metal by the relation-

ship

(% ¥00) = (% Mn0®) - Q (% Mn - % Mn°) (8)

When Equation (8) is combined with Equation (7), the only variable under

the integral sign is the concentration of manganese in the metal.

Integration
of the combined expression yields the following rate equation:
o o 2O 1
-1 K1 %z Mn0~ + KlQ s Mn~ - (KlQ + 1) 7% Mn"
KQ+1' In = K, % Mn0® - % Mn® _' )
, Ap | | |
| hyn"w mo, (e . t,) | (9

=15




£5
 era e * oy il SR AR R T
T T et kel e . $rmcrs vl W

b. Diffusion of Manganese in the Slag

—-—-—""—_\.‘

If the diffusion of manganese in the slag is the<rate-limiting

step, the basic rate equation is

d (% Mn0) _ DPypo A e,
dt T W

- [(Z MnO, ) - (% MnO, )] (10)

P
--K1Q K1 % MnOo + KIQ % Mn° - (KIQ + 1) % Mnl
KQ+1 ~ I = K, % Mn0° - 7 Mn0 =
Byng A P
0 s ., _ ,

¢. Diffusion of Oxygen in the Metal

If the diffusion of oXygen in the metal phase is the rate-

limiting
step, the basic rate equation is
d (%2 0) hy A o |
= -2 o 20O - 9
at W #04-%0p | (12)

From the known thermodynamic data for the system under consideration, it

is estimated that the OXygen concentration at the interface is one or two

orders of magnitude larger than the OXygen concentration in the metal,

::::::




Theréfbre, 4 _(_)_b is omitted ftdm Equati‘ox‘l (12).

The concentration of oxygen at the interface can be calculated from
the standard free energy of reaction for the reaction

(MnO) = Mn + O | » (13a)
o |

For this reaction, at equilibrium, the equilibrium constant is

“im %o

MnO

A review of interaction coefficients found in the Appehdix shows that the
activity coelfficient of oxygen is mainiy determined by the carbon content
of the metal phase. Relative to the effect\ of carbon on the activity
coefficient of oxygén, the effects of Mn and O are shown to be somewhat
inconsequential., Therefore, using the same arguments previously cited, the
equilibrium constant can be defined in terms of percent compocsition at

equilibrium as follows:

AMn 70
Equation (13c) can be rewritten
¥ =k, EMIO) (13d)

Combining Equations (12) and (13d), expressing weight percent oxygen in

~ terms of w_e.ight' pefcent manganese, separating the variables, and integrating,

=17 -




on'é obtains the following final rate equation for oxygen diffusion in the ‘metali

o 1 o (O o 1
- 0 — Q (z Mnl -9 Mno) + (z MnOo + Q A MnO) . 1n % MnQ~ + ng Mno - £ Mn )__
MW, K.Q% | % MnO
Mn 2 | ' » “
_ h9.A.pm
- . (t:1 ~ to) (14)
m

d. Divf'fq_sio_n of Carbon in the Metal
If diffusion of carbon in the metal phase is the rate-limiting step,

the basic rate equation is

d (ZC) th P . |
A + (ZLy -2C) | (15)

The concentration of carbon at the interface can be calculated from
the standard free energy of the reactjon shown as Equation (1). The inter-
action coefficients found in the Appendix show that the activity coefficient
of carbon is mainly determined by the carbon content of the metal phase. With
the use of the saﬁle arguments used in defining Kl,an equilibrium constant can
be defined in terms of percent concentration at equilibrium as'follows:

% ¥n
*3° @mm0) Z 0

(16a)
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vG-Equation (16a) can be rewritten

ro - 2 | - (16b)
=1 Ky (2 Mn0) |

The integration of the expfession which results from a combination of Equations

- (15) and (16b) yields the following rate equation for carbon diffusion in the

metal:

(MW /Mme)I(3 Jo el - 1% - % Mn0® 7 ° - an
KQag+1 Q X

K3Z§_(Z\MnO°+Q‘ZMn°)-(K3Q%§_+1)%Mn1 h, A ey

Ky %2 C Mo0® - % Mn® | B w0 (g - t)

In

2. Chemjical Reaction Qpntrol

For a chemically-controlled reaction, the law of mass actiop states

that the rate at which the reaction proceeds is proportional to the activities
|

of theﬁskactants with each activity raised to a power equal to the number of

®
,,/

molecules of each species participating in the reaction. For the reaction

under investigation

(Mn0) + C = Mn + co(g) (1)

the rate of the reaction in the forward direction is

dn
_ —(m0) _ \ - |
it "1 %m0y % (1)
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T _(mo) _

— St %2 A Peo (19)
- At any time during the reaction, the net rate of eaction is the sum of
Equations (18) and (19)
dn . : - ' I v
- —(Mm0) _ -
n kg 3 (wn0) % k, n Peo - (20)

- The pressure of carbon monoxide in thevsystem is one atmosphere.
Since the experiments were conducted in a graphif:e crucible the activity of
carbon is unity. Therefore, these terms can be eliminated from Equation (20).
Over the range of composition change experienced du'ring a run, it can be
assumed that th‘e activity coeffiéients of manganese and manganese oxide

remain constant. Therefore, Equation (20) can be expressed in terms of con-

centrations as follows

- d (Z MnO .
- at = kl (% Mn0O) - k2 % Mn (21)
At equilibrium d itMnO = 0. Hence K _ (2 ¥no _ E.?.
eq % Mn k,

Thus, Equation (21) is rewritten as

_d (M0 _ o
- S5 k) [(2100) - K, % ¥} (22)




- Separating the variables and integrating the chemical controlhrate eqﬁation

- for Equation (1) is

(Z MnO) - K, %M
" Wm0y -k Zwge - K (t -t) (23)
| eq n — , |
@Q + K )
-k, — e
where k kl Q

B, 'T;eatment of Data
Manganese oxide concentration-time data Obtained on the eleven runs
made in this study are listed in Table II. The manganese and silicon con-

centrations in the metal phase at the end of each run are listed in Table III

~along with operating variables.

The reaction rate equatioﬁs developed for the reaction under study
were derived in terms of manganese concentrations in the metal. Therefore,
manganese concentrations in the metal as a function of time were calculated,
The célculationS'were based on the slag manganese ~oxide éoncentrations which
had been determined by chemical analysis, A material balance made on the
slag-metal system took into account the reduction in slag weight caused by
sampling. The slag samples were weighed on all runs except numbers 13 and 15;

on these two runs the samples were assumed to weigh 2.0 grams which was the

average sample weight obtained on the other heats. Final manganese concentra-

- tion in the metal phase was used as the starting point for the balance.

/
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Further computations were made on an IBM 360 Model 30 computer

-using programs written in FORTRAN IV for each of the rate equations. For

the four diffusion models the computer was programmed to determine the values
for the massétransfer coefficients (hi)° These values were obtained by
integrating from point to point because it was.felt the percentage change in
slag-volume betwegn'sampling‘intervals was significant, Fof the chemical con-
trol rate equation, the computer made a least-squares fit of the data to
Equation (23). The slope of this line was equal to the reaction rate conétant
(k).

The values used for all consfants appearing in the four diffusion
control rate equations are summarized aloﬁg with their sources in Table IV,

"Calculated'" values and the assumptions made in obtaining these values are

detailed in the Appendix.
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& © EXPERIMENTAL RESULTS

'The thermodynamics and mbleculerity of the MnO reduction reaction

being investigated suggest that the reaction rate, if it is chemically con-

trolled, should be first order reversible (Equation 23). Figure 4 is a plot
of Equation 23 using the timeeconcentration data obtained from Run 24. If the
feaction was first order reversible all the data points should fall on a
straight line which intersects the origin. From Figure 4, it is obvious the
reaction is not a simple first order reversible chemically-controlled reaction,
By disregerdéng the initial deta point (the origin) in Figure 4, the data are
shown to fall oe two distinct straight-lines. Subsequent argumenﬁs will show
that the reaction occurs in two stages and that the point at which the two
"lines" intefsect is the division betweenp the two stages,

Figure 4 is typical of the plots obtained from the concentration-
time data on all runs except Run 21. The plots differed only in the time at
which the intersection occurred and the magnitude of the difference in SlOpe
of the two "straight-lines". On all eleven plots the data points in '"stage

one" were best fit by a curve; hewever, to facilitate finding the intersection

point as previously discussed the initial data points were discarded.

Table V lists the mass-transfer coefficients calculated frem

Equations (9), (11), (14), and (17) The division between the first and second

|  stage, as determined from the aforementioned plots 1s shown by underlining the

last value calculated from data falling in stage one. If the reaction were con-

trolled by one»of.the four proposed diffusion mechanisms, the mass-transfer

- 23 -
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coefficients shown in Table V for that model should'be of constant value,

Clearly, the only reasonable consistency found in Table V 1s in the values
for ho during the first stage. All the other h values tend to drift with time.

In viewing the scatter in stage one ho values, it must beé remembered that the
values were calculated using a successive data point technique which is super-
sensitive to any errors in the data; A

‘ The data points in the second stage were fitted by the least-squares
techniqﬁe to the chemical reaction rate equation for a first order reversible
reaction (Equation 23). The fit based bn the correlation coefficients, which

| ranged from 0.9710 to 0.9981, was excellent.

The mass-transfer coefficients, ho’ for the first.stage of MnO

-y

reduction and the reaction rate constants, k, for the second stage of reduction
are grouped by operating parameters in Table VI. Further support fot the two
stage-two mechanism argument is demonstrated by the consistency of the values
within and between the groupings shown in Table VI,

A. Effect of Experimental Parameters on Reaction Rate

A standard technique employed by many investigators to determine
whether a heterogenepus reaction is diffusion controlled or chemically con-
trolled is to study the effect of temperature and.stirring~on the reaction
rate, For a chemically-controlled reaction an increase in operating tempera-
ture should accelerate the rate of reaction,while its effect on a diffusion

cdntrolled reaction should be small. 1In contrast, an increase in stirring

rate should have the opposite effect. The effect of bubbling rate, temperature,’
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and metal phase volume on the rate of Mn0 reduction are graphically illustrated
in Figures 5, 6 and 7. The fact that these variables affected the reaction
rate in the prescribed manner is submitted as final proof that the reaction

occurs in two stages each of which has a distinct rate-limiting mechanism,

1. Effect of CO Bubbling Rate
Figure 5 shows that the rate of MnO reduction is inéreésed in both
stages by increasing the CO bubbling rate. As shown in grouping A of Table VI,
both the mass-transfer cmefficient, ho, and the reaction rate constant, k, in-
crease in value as the bubbling rate is increased. This increase in both values
1s consistent because an increase in bubbling rate not only enhances diffusion

via ihcreased stirring, but also increases the effective interfacial area. 1In

comparing the relative increases in h0 and k, it is noted that k shows a larger

-

percentage increase than ho' Thus, an increase in bubbling rate, was more effective

In the second stage (chemically controlled) than in the first stage (diffusion
controlled). |

Because this observed behavior contradicts the results of the mathem-
atical analysis, it was decided that a qualitative evaluation of the effect of
bubbling on mixing within the bath was in order. This was accomplished}with a
full scale water model of the system. In order to observe the mixing created
by bubbling, paper tracers were added to the water. The results of the model
study Egre as follows:

l. When low air flow rates were used, stirring was confined to that

portion of the bath in the immediate vicinity of the bubble cone.
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2, The eddys created in the bath at low Bubbling rates did not'result
in a continual sweeping of fresh volumes of material to the inter-
face, but rather established a circulation pattern in which the

same material was continually swept to and away from the interface.

3. The violent agitation obtained when high air flow rates were
employed resulted in a random turbulence pattern in which volumes

B  from evety portion of the bath eventually found their way to the

interface.
These qualitative observations are supported by observations made
in the crucible during the'second‘stage of reduction. At the 50 cc/min. CO
bubblf?% rate, the bubbles broke at the surface in the same localized fashion
; | ~ observed on the model. At the higher flow rate, bubbles were observed breaking
over the entire bath surface in a manner similar to that observed on the model
during high gas injection rates. The 500 cc/min. flow rate was established as

‘. the operating maximum because at higher flow rates material was ejected from

the crucible, i.e., the agitation obtained with the 500 cc/min. flow was

extremely violent.

The aforementioned observatiins explain qualitatively the ho and k
values reported in Group A of Table VI. The'modei showed that thg stirring
method employed in this study mainly affected the interfacial area. At the

50 cc/min. flow rate, mixing of the type necessary to enhance material trans-—

s

i S T A S e I TR

port was negligible. As shown in Group A of Table VI, the value of ho'was
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not affected by increasing the bubbling rate from O to 50 cc/min. Because

of the violent agitation experienced at the 500 cc/min flow rate, mixing of

the type mgéessary to enhance diffusion was'experienced; however, the increase

in effective interfacial area was still more pronounced than the improvement

in mixing, Q

&

| - 2, Effect of Temperature

Figure 6 graphically illustrates the effect of temperature onlthe rate

.of Mn0 reduction. In the diffusion-controlled first stage, the time—cbncentration_'
curves for Runs 20 and 22 parallel each other. That is to say, an increase in
temperature had no effect on the reaction rate in this stage. In contrast, in
the chemically-controlled second stage‘an increase in temperature increased the
rate of MnO reduction significantly. The increase in value of the reaction rate
consténts5 k, between groupings B and C of Table VI supports the results shown
in Figure 6, However, in comparing the ho values found in Table VI, the values seem
to contradict the results shown in Figure 6 for the'first stage of reduction.

This inconsisﬁency in hg,is attributed to the somewhat questionable accuracy

of the thermodynamic coefficients used in calculating K Althoﬁgh the use of

2?
an incorrect K2 value makes it impossible to compare ho values calculated from data

obtained on runs made at different temperatures, it does not destroy the previously

cited argument that the consistency of values in and between the groupings in

Table VI supports the twop stage-twp mechanism theory. By simplifying Equation

14 as follows; | | | . | . B
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it is clear that K2 ohly affects the magnitude of ho; it doesn't influence the

)

relative magnitude of ho values calculated from different pairs of data points

within a given heat,

3. Effect of Metal Phase Volume

The volume of the metal phase should have only a minor, perhaps
negligible, effect on the rate of reaction.<'The difference in ho values
found in Table VI for the 285 gm versus the 200 gm heats actually is a
result of the difference in Futbulence created within the two types of
crucibles (see Figure 3) employed in this study. Runs 13 and 15 were m;de
using the larger diameter érucible which contained a raised bottom designed
to enhance the flow of heat to the thermocouple. In these tuns, thf metal
charge was set at 270'grams of electrolytic iron to insure an adequate batﬁ

,, | | L
depth, Observations made of the bath surface prior to adding the slag to

‘the bath indicated the presence of the raised bottom minimized the inductive

Stirring effect. It is believed this loss of turbulence in the metal phase
explains the low ho values shown in Table VI for Runs 13 and 15. Because of

the bubbler rod design (phe gas discharged through a horizontal orifice located
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1/2 1nch fram’the‘rod end) and the'presence of the raised crucible bottom,~the
turbulence created by the CO bubbler was confined to the slag phase.

In Runs 13 and 15 forcéd stirring of the slag phase and a minim-
ization of stirring in the metal phase resulted in a slower reaction rate in
stage one than that experienced in the other runms. This further supports the
argument that diffusion in the metal phase is the rate~limiting step in the
firét stgge,.

Figure 7 is a plbt of the tiﬁe-concentration curves from Runs 15
and 20, A comparison of the curve slopes shows:

frl; The rate of Mn0 reduction in the first stage is slightly greater
in Run 20 where the bubbler was submerged in.the metal phase.

2. In stage two, the rate of reduction was slightly greater in Run 20,

‘This slight difference is attributed ﬁo the increase.in effective
interfacial area which resulted from the difference in stirring
.technique.
4. Effect of Slag Composition
Table I lists the chemical analysis of the two slags employed in

this inveétigation. On trials conducted with Slag No, 1, MnO, was blended

2
with tﬁe slag before it was added to the crucible. Owing to the instability
of‘MnO2 under the conditions of these experiments, it was felt that the state
of oxidation of manganese was MnO by the time the first slag sample was taken.

" However, to substantiate this assumption, Run 19 was conducted with Slag

No. 2. 1In Slag No. 2 the Mn0 was added to the slag as MnCO, during the

3
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prefusion process. A comparison of the experimental-
: : N

sults summarized in -
Table VI showé that the method of introducing MnO to the slag did not have a
discernible effect on the test results. The observed increase in time tO'the'
'beginning of stage two in Run 19, as compared to the times experienced on the
N other runs made under the same operating conditions, is explained by the

reduction in driving force resulting from the lower initial MnO concentration.

B. Results from Run No. 21

As previously mentioned, thé time-concentration data from Run 21

did not fall on two distinct "straight-lines" when a plot of Equation 23 was
made. In addition, the ho values in Table V for Run 21 do not exhibit the
éonsistency found for the other runs. It is thought that the behavior noted
in Run 2] is best explained by the lack of temperature control experienced
during the run. Normally, bath temperatures were controlled to within +5°C
of the desired Pemperaiure; however, in Run 21 the temperature ranged from
1570°C to 1615°C. The reason for this lack of temperature control cannot be

explained.

C. Miscellaneous Reactions

~Up to this point, it has been assumed that this kinetic study was
made without the interfefence of other miscellaneous side reactions. The
only slag component aside ffom.manganese oxide likely to undergo any app:eciable
reduction by carbon-saturated iron is silica. As shown in Table III, silica
reduction did not occur to any great,exteht on the eleven runs made. Tarby

and_Philbrookll have shown that the extent of MnO reduction from slag by
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téacfion with solid graphite is nil. Therefore, it is concluded that the

assumption of minimal interference from side reactions is sound.
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DISCUSSION

This section is devoted to a comparisoﬁ of the results of %his'
investigation with the findings of Tarbyland Philbrookl1 and Daineslﬁ’for
the same reduction reaction. . |

Tarby and Philbrook's experimental &ata exhibited exactly the same
twb-stage'behavior found in the kinétic daté of this study. ‘Based on the
physical appearance of the slag phase, they conclude that stage one is defined
by forced convection conditions caused by extensive CO evolution, and that
~ the second stage is defined by natural convection conditions resulting from
a subsidence in CO evolution. Using the differential technique of analysis,
Tarby and Philbrook found the first stage had an apparent order of réaction
greater than unity, while the second stage of reduction behaved as a first-
order reaction. Because of the disagreement between the stoichiometry and the
order found in stage one, they concluded that the reaction rate must be con-
trolled by a diffusion mechanism. At this point they indicate that the first-
order behavior of stage two does not preclude the possibility of diffusion
control in that stage; Comparing the magnitude df known diffusion coefficients
for transport in liquid ironvwith diffusion coefficients for transport in slag
which are at least an order of magnitude smaller, Tarby and Philbrook conclude
. that the rate~limiting step in both stages is the diffusion of neutral oxides
from-the bulk slag to the slag-metal interface.

In comparing Tarby and Philbrook's results with the results of this

investigation, complete agreement is found on reaction rate behavior. However,
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we disagree'én the interpretation of that behavior. To avoid restating the %

argﬁments presented in the section on Experimental Results, I will limit my

discussion to the following items in Tarby and Philbrook's analysis:

- 3
l. The two stages result from a difference in the amount of CO

(/\ﬁ evolved during reaction.

2, Because the diffusion coefficient for MnO transport in slag
is smaller than the diffusion coefficients for manganese or
oxygen transport'in the metal, the raté-limiting step musgt
be diffusion in fhe slag phase.

3. In accord with thé first-order behavior found in the second
stage, diffusion is considered to be the rate-limiting mecha-
nism for both stagés. —

With respect to Item 1, the iﬁjection of 500 cc/min, of CO (a
volume far surpassing that released by the reaction) did not eliminate the
occurrence of two stages. The diffusion ceefficient argument is valid only
1f all the diffusing species have the same driving force (i.e., concentration
gradient). There is no justification for such an assumption. Based on the
contrasting effect of temperature on the rates of reaction in each of the
two stages, Tarby and Philbrook's conclusion (Item 3) is rather questionable.

Daine's analysis is based on reaction rate equations developed
for four possible diffusion-limiting steps and three possible chemical

rate-controlling mechanisms. Because a good data fit was obtained for

all seven models, he attempts to isolate the rate-limiting mechanism by
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- ~§iﬁdying the effects'of temperature, stirring rate, melt geometry, éﬁd'

initial MnO concentrations on the reaction rate, Beéause'stirring had
no visible effect and temperature had a significant effect on the reaction
rate, Daines'coﬁéludes the reaction is chemically controlled. He then tries
to determine which of the three proposed chemical control mechanisms is the
rate-limiting step by studying the effects of the slag—toémetal ratio and
initial MnO concentrations on the kinetics of the reaction. He points out
that neither of these two variables should have any effect on the reaéfion
rate, Finding that this ﬁas true for only one of the models, he concludes
that that model describes the rate;iimiting'mechanism (the chemical reactidn
involving the process of oxygen going frém the slag into the hetal).

As indicated above, Daines found a reaétion rate behavior com-
pletely diS;;;ilar from that reported by Tarby and Philbrodk and this
1n§estigator, ‘Daines' investigation differs from the later two studies

in that he employed resistance heating. It has already been pointed out

in the section on Experimental Results that inductive stirring had a notice-

able effect on the kinetics of the reaction being studied. This raises the
interesting and unresolved question of whether we are studying the kinetics
of a process rather than the kinetiés of a reaction.

Because of the distinct difference in Daines' experimental system

ahd.results, my discussion will necessarily be rather limited. It is the

‘opinion of this author that the mechanical stirring employed by Daines would

not effectively influyence the rate of a reaction known to be controlled by a
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‘diffusion mechanism. The graphite stirring rod employed in his study (a

3/4" diameter graphite rod flattened to 5/8" thickness which was completely |
submerged in the metal bath) simply will not create the type of mixing needed

to continually bring new volumes of material to the reacting interface, In

order to achieve the desired type of mixing it is necessary to create an up-
ward or downward component to the flow (as opposed to simple rotationm). This
could be accomplished by incorporating ribs, spirals, or blades in the stirringr

rod design. Daines isolates the rate-limiting mechanism by studying the effect

of two variables, which he points out should have no effect, on the reaction

rate. The arguments based on this rather negative approach seem rather futile.
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" CONCLUSIONS

The resylts of the ihvestigation are summarized as follows:

1.

The reduction of manganese oxide from CaO-A1203-~SiO2 slag

by carbon-saturated iron occurs in two stages.

The manner-in which MnO is added to the slag does not

affect the reaction kiﬁetics.

With the use of the unsteady-state penetration theory,

the controlling step in the first stage was identified_as
the transport of oxygen in the metal phase,

Reduction in the second stage is described by the rate
equation for a chemically-controlled first-order reversible

reaction.

The contrasting effect of temperature on the rates of reaction

in both stages completely supports the two stage-two mechanism v
analysis détermine& by the mathematical models.

An increase in CO bubbli;g rate increased the rate of reaction
in’both stages. Bubbling was found to have a greater effect on
the-reactign rate in stage two. This inconsistency with respect

to the mathematical analysis experienced in reaction rate behavior
at different CO bubbling rates is qualitatively explained by ob~-

servations made on a water model of the system,
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'TABLE I

A. FXPERIMENTAL MATERTALS

| Quoted
Material ~ Source Grade Z Purity Form, As Received
Fe - Glidden Electrolytic 99.9 | Fragments
Grapgite Unipn Carbide ATJ 94.5 Rods
CaCO3 Fisher Scientific Reagent 99.4 | - Powder
5102 Fisﬁer~8cientific | Reagent -- Powder.- 140 Mesh
'A1203 Fisher Scientific Reagent 99.5 Poﬁder
Mnoz Fisher Scientific Reagent 99.7 Powder
MhCO3 J. T. Baker Chemical Reagent 93.5 Powder
B. SLAG AﬁALstg |
. Slagk ‘ Ca0 $107 Al1203 MgO MnO
1 49.8 H39.8, 9.9 0.5 -
2 49 C 3800 82 01 4.

* Slag compositions are calculated to 100 percent total, This was done by
multiplying the sum of the analyzed values by a factor that would yield 100
percent. The analyzed value for each component was then multiplied by this
factor to give the values reported in this table. |
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TABLE II
EXPERIMENTAL TIME-CONCENTRATION DATA : | FE R ST
_RUN 13 __RUN 15 RUN 16 _RUN 17 ~ _RUN 18 ‘RUN 19
_t* uda t_ Z _t_ % t  Z_ t _Z_ -
0 4.43 0 4.16 0 4,53 0  4.50 0  5.16 0 3.52
| 10 3.18 6 3.03 5 3.65 5  3.27 5 4.10 5 2.62
- 15 3.02 11 2.63 10 3.33 10 2,77 10 3.44 10 2,27
w- 20 2.76 16 2.33 15 2.94 15 2,42 15 3.13 15 2,11
© 25 2.53 21 2.13 20 2,85 20 1.90%%% 20 2,84 20 2.95.
! 30 2.60%%% 26,33 1,94 25 2.68 25  1.71k%xx 30 2.78 25 1.77
35 2.19 31 1.83 30 2.48 30 1.85 35 2,57 30 1.75
40 2,13 36 1.72 40 2,27 40 1,62 40 2,52 40 1.66
45 2.04 41 1.62 45 2.25 50 1.51 45 2.49 45 1,61
50 1.96 46 1.51 50 2.19 55  1.40 - 50 2,31 50 1,58
55 1.83 51 1.46 55 2.15 70 1,28 55 2,16 55 1.45
60 1.67 56 1.35 70 1.76 70 1.86 70 1,32
85 1.65 85 1.78 85 1.25
! 115 1.32 100 1.63 | I




"TABLE 11 (Cortinued)

RUN 20 RUN 21 RUN 22 RUN 23 RUN 24

_t Z _t_ % _t_ % t Z Lt 2

0 4,99 0 4.72 0 4.71 0 4.35 0 4,79

5 3.93 5 3.46 5 3.82 5 '3.23 - 5 3.81

10 3.44 10.25 3.12 10 3.33 10 2.77 10 3.44

15 3.10 15 2.93 15 2.93 15 2.42 15 3,07

L 20 2.87 20 2.57 20 2.81 20 2.29 20 - 2.84
w 25 2.67 25 2.49 25 2,74 25 2.06 25 2,73

, 30 2.48 30 2.17 30 2.61 30 1.91 30 2,55
35 2.34 35 2.12 35 2.44 35 1.89 35 2.44

40 2.20 4C 2.07 40 2.27 45 1.47 40 2.38

45 2.02 45 1.80 45 2.23 50 1.46%%% 45 2.30

50 1.88 50 1.71 50 2.11 55 1.36 50 =2.22

55 1.83 55 1.56 55 1.97 55 - 2.09
70 1.48 | ' -

86.5 1.27

* Time, t, in minutes.
** Concentration of manganese oxide in slag, weight percent.

*** Data points not included in mathematical analysis because of their - e T RN
large deviation from the time-concentration curves. | ’ T
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Run

13
15
16
17
18
19
20
21
22
23
24

T, °C

1500
1575
1500°
1500
1500
1500
1575
1575
1500
1500

1500

" Bubbling
Rate
cc/Min.

50

50
50
500

50

50

50

500

' TABLE III

ID of
Crucible
Inches

Number

1-3/4
1-3/4
1-3/4
1-3/4
1-3/4
1-3/4
1-3/4
1-3/4
1-3/4

- 40 -

EXPERIMENTAL PARAMETERS

Fe

270

270

190

190
190
190
190

190

190

190

190

C

10

10

7

—VWeight, Grams

Slag

95

95
95

95

95

100

95
95
95
95
95

M'nO2

6
6
7
7
7
7
7
7
7
7

'Final Metal

Analysis_
ZMn % S
.79 '.o;
95 .04
1.23 .04
1.33 .12
. 1.30 .04
1.11 .08
1.54 .20
1.41 23
1.15 .03
1.38 .09
1.27 .04

- |1 oy Iy Y [y oy A A




 TABLE IV

 MATHEMATICAL CONSTANTS AND VALUES USED IN THEIR DETERMINATION

- Term 11500°C - '1575°C Reference

p o 6.78 gm/cc 6.72 gm/cc'" '-, ﬁ ‘18
p 2.87 gm/cc 2.82 gm/cc | 19

.638 5944 20, 21

5.15
VN
5.68
.0129
1.03

176

545

5.34
13.7

.0361

2,377

073

.409

21

22
Calculated
Calculated

22
A

- Calculated

e -.00946 -.01502 Calculated

log féc) .8166 .8333 23

f 6.544 6.613 Calculated

e() -.32 -.32 24

e(0) -.20 .20 21

f .02259 .01964 Calculated

X .2016 .2078 Calculated

Xﬁn % Mn/116.87 Z Mn/117.63 Calculated

anO 4 Mn0/120,81 % Mn0/120.91 Calculated

Z0 0065 0065 25 | L

* Interpolated. Values for Yino. Vere available for 1500°C and 1650°C. The
value for Yvno 2t 1575°C was obtained by assuming the change in YMno between
1500°C and 1650°C is linear.
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TABLE V

' MASS-TRANSFER COEFFICIENTS* CALCULATED FROM EQUATIONS (9), (11), (14), AND (17)

[F4

OO0 0O0O0

o o e o
NN W= Wn
V&= O &

b3

] L ]

O Wweew

OCOO0O0OOIO0O
O NNO N O

® .

RUN 13
Bowmo) Mo
9.34  18.71
2.79 9.10
5.29 19,20
4.12  16.61
4.27  19.15
1.03 4.9
2.15  10.50
2.26  11.28
3.60  18.50
3.90 20.67
RUN 17
23.52  75.49
12.79  68.66
9.51  60.26
6.33  45.67
5.12  39.99
2.15  17.20
4.71  37.92
1.73° 14.00

RUN 15
hl_‘m h(MnO) h_q_ hs_
0.36 15.13 11.76. 0.72
0.18 7.67 9.76 0.29
0.17 7.07 10.60 0.23
0.12 4.92 8.16 0.15
0.12 5.09 9.07 0.14
0.06 2.49 &4.64 0.06
0.09 3.76 7.23 0.09
0.06 2.65 5.24 0.06
0.10 4.31 8.77 0.09
0.04 1.50 3.13 0.03
0.08 3.18 6.70 0.06

RUN 18 _ _
0.98 16.93 34.46 1.09
0.76 13.25 57.15 0.69
0;39 6.75 37.22 0.31
0.39 6.83 42.26 0.28
0.04 0.73 4,79 0.03
0.31 5.40 36.96 0.20
0.09 1.64 11.62 0.06
0.05 0.83 5.98 0.03
0.03 4,35 31.97 0.15
0.27 4.76 36.18 0.15
0.18 3.23 25.63 0.09
0.05 0.80 6.54 0.02
0.10 1.74 14.32 0.04

RUN_16
bp  Pomoy Mo Be
0.91 15.84 36.02 0.90
0.39 6.83 26.18 0.33
0.52 _8.96 42,31  0.39
0.12 2.10 11.05 0.08
0.30 5.18 29,00 0,20
0.27 4.75 28.53 0.17
0.18 3.06  19.57 0.10
0.05 ~ 0.93  6.13  0.03
0.11 1.89 12,66 0,06
0.06 0.97  6.56  0.03
0.23  4.01 28,39  0.11
0.07 1.28 9.45 0.03
0.13 2.29 17.30 0.05

RUN 19 -
1.24 21,47  73.16  0.91
0.63 10.84 53.15 0.37
0.33 5.66 31.07 0.17
0.36 6.18 36.09 0.17
0.39 6.81 41.98 0.18
0.07 1.22 7.7L 0,03
0.15 2.54 16,44  0.06
0.08 1.31 8.58 0.03
0.08 1.36 8.94 0.03
0.33 5.78 38.56 0.12
0.16 2.72  18.59 - 0.05
0.07 1.18 8.16  0.02




.'Table Vv (Coptinued)

RUN 20 __r_ RUN 2] *** _ RUN 22
s Bomoy Mo he bn  Pomo) Mo he by Bemod o he
0.41 17.32 19.53 1.03 0.56 23.47 31.88 1.27 0.88 15.22 40.09 0.90
0.25 10.34 19.19 0.50 0.18 7.55 15.89 0.33 0.58 10.05 44,21 0.50
0.19 8.00 18.05 0.35 0.12 4.90 11.52 0.20 0.56 9.73 53.56 0,42
0.13 5.40 13.56 0.21 0.23 9.58 24,87 0.35 0.16 2.84 17.36 0.11
0,12 5.11 13.78 0.19 0.06 2.41 6.72 0.08 0.09 1.47 9.27 0.06
0.13 5.54 15.86 0.19 0.23 9.65 28.49 0.30 0.18 3.07 19.89 0.11
0.08 3.37 10.08 0.11 0.02 0.95 2.94 0.03 0.29 4.95 33.49 0.17
0.11 4,52 13,98 0.14 0.05 1.97 6.13 0.05 0.26 4.44  31.44 0.15
. 0.14 5.86  18.85 0.16 0.23 9.68 31.25 0.25 0.05 0.94 6.77 0.03
- 0.10 4.32 14.05 0.11 0.06 2.36 7.88 0.06 0.23 3.92 28.90 0.11
. 0.05 2.25 7.60 0.06 0.15 6.44 21.99 0.14 0.24 4.20 31.75 0.12
&~ 0.10 4.21 14.73 0.09 | .
7’ 0.08 3.34 12.13 0.06 |
- ______RUN 23 | RUN 24 L
1.22 21.16 91.41  1.11 0.98 17.04 60.89 1.01 -
0.59 10.17 62.00 0.43 0.41 7.17 37.74 0.36 Bz
0.56 9.62 66.56 0.35 0.51 8.76 53.88 0.40 e
0.21 3.57 26.25 0.12 0.32 5.55 38.00 0.23
0.39 6.84 52.29 0.21 0.17 2,97 21.41 0.12
0.32 5.47 43,29 0.15 0.27 4.73 35.47 0.17
0.07 1.15 9.27 0.03 0.19 3.38 26.23 0.12
0.46 8.03 66.41 0.19 0.10 1.75 13.91 0.06
0.14 2.47 20.72 0.05 0.10 1.81 14.51 0.06
. 0.16 2.84 23.18 0.09
0.23 3.99 33.24  0.12
* cm/sec x 10%

** Division between Stage 1 and Stage 2.
*** Division between Stages 1 and 2 not apparent.




TABLE VI

| SUMMARY OF THE MASS TRANSFER COEFFICIENTS FOR THE FIRST STAGE AND
THE REACTION RATE CONSTANTS FOR THE SECOND STAGE OF MnO REDUCTION

A. 1500°C, 200 gms Metal

‘Average hg

Run Bubbling Rate T 3 Time to Start of

No. CO, cc/min, cm/sec x 10 k,;miq-l x 10 Second Stage, min,
18 0 42,77 8.83 20
19 0 47.09 7.71 25
24 0 47.63 - 9,67 20
16 50 | 34.84 | 9.36 15
22 - 50 “ | 45,95 11.39 15
17 500 . 68.14 13,81 15
23 500 73.32 18.12 15
B, 1500°C, 50 cc/min. CO
/ Average ho
‘Run - 4 1 3 Time to Start of
No. Metal, gms cm/sec x 10 k, min _ x 10 Second Stage, min,
13 285 16.55 11.77 35
16 200 34.84 9.36 15
22 200 45.95 11.39 15
C. 1575°C, 50 cc/min, CO_
. Average h
Run | . -Qz -1 3 Time to Start of
No. Metal, gms cm/sec x 10 = k, min x 10~ Second Stage, min,
15 285 9.87 - 12.66 26,33
15

20 200 f 18.92 13.63

* An average of the h values appearing in Table V for the first'stage

of reduction. -‘
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APPENDIX

CALCULATION OF THE CONSTANTS APPEARING IN THE DIFFUSION MODELS

A. Calculation éf Mole TFractions - XC? an, anO;

The average 7% Mn-and %Z MnO for all runs was determined as follows:

f o
Moo= T = .74% Mn @ 1500°C, .86% Mn @ 1575°C

L) f o ' |
A MnO_ _ E(% MnO ~ 2 M0 )2 . 3.02% Mn0 @ 1500°C, 3.13% M0 @ 1575°C

| These values were then used in determining the mole fraction of
carbon, manganese, and manganese oxide as follows:

X % C/MW

- c . o o
wa T ave + —
MWee MW MWe
Mn

where ZFe + 2 C + Z Mn = 100.0
- | ave

_ - % Mn _ _Z%Mn er 2 Mn °

%o ZFe . 1C 7T 116,87 ¢ 1300°C, 775<3 @ 1575°C

MWM ﬁﬁ—_ + Fﬁf— + ave

Fe C MW
Mn
xﬁno- 7 MnO
" % Ca0 % si0, + %ALO, 7 Mg 4 &MnO_ N,
MO \ MWc o Mw5102 kalzoa. Myo0 MWyino

SR ZMO % MmO <o
o = M0 6 5000, 12601 @ 1575°C.

': . n* is the number of runs made at 1500°C and 1575°C respectively,

- 52 -




e,

B, Calculation of Interaction C?efficient - e(”“);
-~ Mn 4+ CO = Mn0 (1 in FeO) + C
AF® = -58,150 + 36,35T = -RT 1n K

K= ,1673 @ 1500°C, ,0856 @ 1575°C

k= 20 "n0 *no

amn YMn XHn
" .638 Z MnO
K1500°c = ,1673 = - 130'81
Mo % Mn
- 116,87

From Philbrook and Tarbyzz,

(%é{%?%) = .176
* M0/ 1500°c

M, 500°¢™ 1673 (120.81) — ™ -649

Similarly,

YMn = ,493

1575°C °
AN

The only element affecting the activity coefficient of manganese in
the system being studied is carbon. Therefore, |

(c)
™n = YMn
&0 () _ _ - (e)
@ 1500°C 1n y,° 43232 = ¢, X
() _.43232 _ . ¢S
_ €rn 5016 2.144 Mn
e 02425 ¢ _ 0094

€ ® 75595 €©

- 33 «




similar, @ 1575°C
eSS = -3.403

ei““) _ -.01504 _, .

C. Calculation of the Henrian Activity Coefficient of Manganese ~ an.

% Mo+ CO = (MnO) + C

AF® = 58,150 + 45.46T =RT 1n K

K =1.708 x 107> @ 1500°C, 8.76 x 10™ @ 1575°C

ke Mn0 Yuno Xuno
fg # M0 fyg % Mn
£ 638 (.176)

MP1s00°C = 120,81 (1,703 x 10-3) = <545

similarly, f
Mn1575°C = ,409

D. Calculation of the Henrian Activity Cbefficient of Carbon - fc’

log fc = log f

(c)

C

+ lo

(Mn)
g f_

() , (n)
b

log £, = log f A Moo

- log f - | _ -
 ©1500°C .8166 + ( .00946) (.74) = 0.8159

f
‘c1500°C = 6.544

+ il
Ot 9 e o b2 e i 4 AR 1 8 G < kL e vt e L)




% Tejggses = 48333 + (-.01502) (.86) = 0.8204

£
¢1575°C = 6,613

k4

8!

.

E, Calculation of the Henrian Activlty Coefficient of Oxygen —f;.

log £ = e(c) %z C +'e(°) Z 0+ e(Mh) % Mn
o o - o) - &R —

 log f ==327C - .2020 + 0.0 % Mn

log £

|
°1500°C = ,02259

log f°1575°C = -.32 (5.34) -,20 (.0065) = -1.70893

£ |
, °15759C = .01964

| Specific values for egc) and eio) at 1500°C and 1575°C were not
~ available; however, these values were reported to be acceptable in this temperature
range. | | \

F. Evaluation of the Equilibrium Constant K,

(MnO) = ZMn+Z0

 AF° = 58,400 -25.98T =—RT In K
S | |
- K = ,0301 @ 1500°C, .05905 @ 1575°C

fyp %Mo £ % 0

YM’nO-XMnO

K=

C . E . TR L Vot v
. . . ) o . . . R
K . e Lo . T .
AN - ) o L . o sty
s : . L L L . : SR , ' !
. Vo ,o , . - !
* [ ) C -/ - R B N
S ) v . - Wt
! , o < .
. Ly . s ‘4
i . . i
. '
i




-+ 71500°C

K,
1500°¢

K,
%1575°¢

\

G.. Evaluation of'the Equilibrium Constant - K3.

e T .
<

R

ZMn %0

K ,YMnO-

.0301 (.638)

T 45 (.02259) (120.81) * -0129

05905 (.594)
(.409) (.01964) (120, 91)

(Mn0) + %2 C = % Mn + CO

AF° = 53,050 -35.46T = —RT In K

K =16.24 @ 1500°C, 29.93 @ 1575°C

f

R m - Mn

Z ¥n

—— e
funo anO fc % ¢

K
31500°c *

3 C.,'

4 Mn K YMnO fc
ZMn0 % C an (120.81)

. 16.24 (.638) (6.544) _

.345 (120.31)

29.93 (.594) (6.613)

.409 (120,91) = 2.377

S s B - ! “
TR o ’ . . - ot - "
N i - .'""‘ :‘ .I~ - ' 1 v
A I . LN . ¢ it
‘

Z MnO an fo (1201). 81)

= ,0361

1.03
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