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ADSTRACT

Manganese dioxide, in the form of pure pyrolusite, was
readily reduced to the divalent, water soluble, manganese
sulfates in a dilute aqueoﬁs solution of sulfuric acid and
methanol at high temperatureé and pressures, Other reducing
agents such as formaldehyde amﬁ formic acid were also qual-
itatively tested, An equation was derived for the true
rate per unlt area and used in reducing the experimental
data to a single general rate equation containing such var-

1

iables of the investigation as the concentrations of acid

and alcohol, and the temperature, Agitation as a varilable

was not studied, The reaction rate per unit area was found
to decrecase slowly with time., This effect is thought to be
caused by carbon dioxide poisoning the surface sites of the
MGy, The activation energr‘for.the overall reaction is.

. . \
6,077 calories per mole,



INTRCDUCTION

Turposes of the Iavestigation

The two major purposes of this thesis wexe (1) to

investigate the possibilitics of reducing Inls to wvater
© §e © 2

soluble nmaaganase sulfates while using chieap organic reducing

agents in a dilute sulfuric acid medium, and with only one

1.

high temperature and pressure autoclaving step, aand (2) to

-

reduce the experimental data of the investigation to a

general rate equation,

metallurgical investigatlion using organic reducing agents
for the reduction of manganese dloxide to the divalent state
and the simultaneous formation of soluble manganese sulfates,
This'particular %ﬁudy was completed by the U, S, Dureau of
Mines®: in 1059, Their treatment was: Tine grinding a lowe-
grade manganese dioxide ora,>;ollowed by mixing the wet ore
with an excess of concentrated sulfuric acid and adding a
carbon reducing agent such as sawdust, lignin sulfonates,
sugar, oils, and coal, This mirture vas stirfed at room
temperature for about one hour, and then allowed to set

until nearly all the 10y was reduced,



The reaction given for the process was:

2 I:SQCZ + C + 2 '773@[1 = 2 Lu.'l:)o;'i 20 + Cvz.
The major disadvantages from a commercifl standpoint
were (1) high acid consumption, and (2) the reaction rate
was found to be very slow at room temperature when diluted .

’.

sulfuric acid was substituted for concentrated sulfuric

acid,

Outline of Initial Work

This thesis investigation started by using pine saw-
dust\iﬁ an autoclave with dilute sulfuric acid, It was not
possible to reduce minus 400 mesh MinO, eVen with experiment-
al conditions such as 250°C, for one hour., A major problem
encountered was the excessive corrosion of the metal parts
of the autoclave by Lot, dilute sulfuric acid,

An all-glass olil bath was constructed for testing var-

ious liquid organic reduCL 5 agents 1n sealed glass tubes

¢

‘to . temperatures of 200-250°C, The liquid organic reducing
agents tested were benzene, toluene, kerosene, carbon tet-
rachloride and methanol, lMethanol was the first sucessful
reducing agent tested using dilute sulfuric acid,

The reduction of Mnl, and the subsequent oxidation of

represented by the following sequence of re-

l:.h

methdnol

actions:



3
N
~
[

MOy + CHCH & 1p30, = ImS0, -+ oo o 2 o0, Af0 = - A

(1)
(2)
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MnO, -+ HOOOH + 580, = MaS0, -+ GOy + 2 1,0, AT = - 60,53 (3)
- K O ae R TR0, e D Ma ot
3 M0y + CHaO + 3 Hy30, = 3 Mn30, + COy + 5 Hy0, 4)

il
t

AR 154,18

Reaction (4) is the overall reaction for the reduc-
tion of hnO? with methamol. |

Separate experiments using the sealed glass tubes with
methanol, formaldehyde and formle acid indicated that re-
‘action (1), the oxidatioa of methanol to formaldehyde, was .
the rate controlling reaction, br‘slowest of the abo#e se-
quence, Also, it was found that reaction (2) was slightly
slower than reaction (3). Since methanol is cheaper than
either formaldehyde or formmic acid and will reduce three
moles of MnO, per mole of methanol; a quantitative kihetic
study was first Segun with the wreduction of Mnoz with meth=-
anol to detecmine what efféct tenperature and various con-
centrations of gulfuricAécid and methanol'had on the over-

L all reaction rate,
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To effectively study the roduction of MnQ9 with methanol,

I

it was necessary thet exverimenis be conducted on larger
<@

scale than was possibls with the sezled glass tubes

Haid

[x3

the zutoclave

a

Tigure 1 is a detailed illus tion o

@ e
e

i
4]

used for this investigation., This autoclave has a 200 ml
éapacity, and was manufactured by Autoclave Inglneers, Modi-.
fications to this autoclave were necessary in oxder to prevent
excessive corrosion by dilute sulfuric acid, Tests with hot

dilute sulfuric acid proved that the sampling tube and valve,

and thermocouple well would be severly corroded even if they

a

were nmade of Hastelloy 2. For this reason the manufacturer's

tube and thermocouples well were cut off so that they

D]

31
?)
.,J
b
&

never came directly in contact with any of the solutlons
inside the autoclava,
It was fortultously discovered that the sulfuric acid

was never part of the vapor phase inside the autoclave in

N
')

sufficient amounts to cause corroslion, even at 230°C,
A stainless steecl glass stirring chuck was made and

v,

substituted for the manufactursr's turbine stirrer, A small
stainless stecl cup was made and attached to the chuck, such
that it wés above the solutlion level inside tlhs
A weighed sample of MnQo was lOO@Glj wrapped in a one-inch
square of aluminua foll and placed he sample cup, The

stirring mechanism was then rotated, so the



Stirring mechanism
Purging valve
Thermocouple well
Sample cup

Glass stirring rod in chuck
Pressure release valve
Gas port ,

Metal pressure gasket
Pressure chamber
Glass liner

Heating well
Thermocouple

Stirring motor

NO O] ONULIET W PO B

el
SES

=
w

|
]
f
l‘,,

wILLIYOLT
E POTENTIOMETER

~Fig. 1 The 300 ml. autoclaverl



nacket was wedged between the themmocounle well and the
chuck, A 200 ml pyrex zlass liner containing 100 ml of dis-
methanol was placed into the pressure chamber ol the autoclave,
which was secured in 2 larzge vise, Ths autoclave cover and

..
1t

the p:cket of Inly was tihien bolted
he autoclave, The completely

hen ramovad from the vise and care-
fullv‘wlaccd in the autoclave heating well, Moxt, the
{modified sempling) pursing valve and a side port on the

pressure chamber were onensd, and a coppoer gas line was con-

y purging v&lvc and a nitrogen bottle, TFor two
minutes nltro“ha sas at 60 psl was used to purge the autoclave
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ass linar and coxrroding the stainless
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steel pressure chamber, a prassuce of 60 psi of nitrogen was

arbitrarily selected, and used as the initial nressure fox
Onece the autoclave was heatb zed to a pre-selaected tempera-
ture,; the stirring moechanlism was actuated and the aluminum

uﬂﬂD]C packet dronned into the

solution would dissolve the aluainun pvackai

e

20 sccoidu. Aftor the autoclave had been aglitated for a »ro-
selected period of time, it wes removed from Lts heating wall

and quenched in a water bath., Usually, the quanching cycle

was begun one miaute before the pre-selected time interval



had expired, It was estimated that for all practical pur-
poses, thie reaction had stopped inside the autoclave after
one minute of quenching,

After cooling, the autoclave was roemoved from the water
bath and placed in the vise, The nurging valve was opened
to release the 60 psi nitrogen gas, Next, fhe cover and
stirring mechanism were unbolted from the pressure chamber
of tny autoclav fhe pyrex glass liner containing the solu-
‘tion was removed from the pressure chamber, the solution

poured into a graduated cylindzr, the total amount of
liquids recoxded, and two 20 ml samples pipetted for chemi-
cal analysis of the MaQO,dissolved,

This procedure for compiling experimental data was time-

consuming, conaldcr ng that two to three runs were necessary

a rate curve such as Figure 2, Apperently, at this time,
there 1s no simpler method available for measuring the amount
L]

of MnO, dissolved at Lizh tenperatures and pressures when
2 & & i

. . e . AN . . .
caching with hot dilute sulfuric acid solution,



EXPLRAIMINTTAL RNSULTS

Sufficient exparimental data was compiled to derive a
general rate expréssion, coataining the variables such as
temperature and concentrations of sulfuric acid and methanol.

The methanol, sulfuric acid, and 0y were the reagent
grades, 6btained from J.'?. Daker Chemiéal Company, The
MGy was determined by x-ray analysis to be pure pyrolusite,

Distilled water was used in ell the experiments,

All experiments were run in a 300 ml autoclave at a
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on speed of 1500 rpm and an initial pressure

Five pounds of reagent grade 10, was wet-screensd, and
the =100 +150 mesh sizc fractien.used in this investigation,
This size fraction weighed about one pound, mora than enough
to complete this study. A microécagic examination revealed

that wet-screening had removed, for all practical purposes,

\ '
W

all'MnOz particles of other than“—lOO +150 mesh size particles
and that the particles were roughly spherical in shape and
had a very hérd,'impervioug aypearénce. Chemlcal analysis

of the wet-screened MOy particles gave a result of 99,91

per cent MnO,p, The NUMEC Instruments and Controls Corp,

made an N, adsorption surface area determination on 50 grams

. .

2
of the sized MnQp, giving a surface area of 6,150 cm /gn.

<3



The exporinents were run at L15, 135, and 155°C,, with

A )
] 3 -* . -l
sulfuric acid concentrations varying from 1,26 2 10 to

-1 . .
_55.95 % 1.0 mole/liter, and methanol concentrations varying

-t

from 2,47 = 10"1 to 9,89 % 10~ mole/liter. All experiments
were run with exéctly L gram samples of Mn n0g.

Two, and sometime three, « ~"por5m. ts were run for each
specific time interval and thelr results averaged for the per
cent diQsolved of MnOy., The average deviation of all the
aﬁerages of the per ceants di ssolved was +1,10%, The time®
intervals used ﬁhrouﬂhout this investigation were 20,40, and
60 minutes, One experiment was made at 64 minutes. ,Timé
inteprvals shorter than,ZO minutes always gave erratlc results,

A potentiometric3 method of analysis was used to deter-
mine the amount of 10, dissolved, A complete outline of
the method of analysis was used because it was rapid, and it

(

gnificant figures,

*—uo
{-Jo

was accurate to threo s

Table I is a sumnary of the data obtained in this

e

investigaticn, K is the rate per unit area as a function of
\

time; and To isftﬁe initial rate per unlt area,

Fi sure 2 i> a typical plot of per cent }aQ, dissolved
versus time for this investigation, The curves of such a
.plot are designated "rate curves;” Because , the totalvsurfaCG
area of the lnQ, ert cles is comstantly decreasing as the
particles d;ssolvé, the plots of M0, dissolved versus time

are not straight line plots. This means that in oxder to

determine the rate per ualt area of the reactlom at any time,
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Dissolved

Per cent MnO,

100
Cbnditions:
sol—— CH,0H, 9.89 x10~! mol./It.
H,50,, 27.97 x 107" mol./It.
— Agitation, 1500 rpm.
_—~-O
60 _—1 155°C
e _4I35°C
v —
/ $115°C
20 U/ P //c
/ / /
/ /
/ /
/’ /c>/ v
/
20 / .
| 7,7 s
- /
///
[ £,
v
/4
N 4 ‘

Time in min. —

Fig. 2 Typical rate curves



Suamary of Results

. ”
 Temp, Time % Mads  HnS0,  CHAOH X = 1070 Rex
°C. min, leached 3771, %= 10-1 s /om” /nin
115 20 20,20 27,97 9,89 1,824 ’
115 40 34,23 27.97 2.89 1,529 1.97
115 60 42,92 © 27,97 9,289 1,325 '
135 20 28,82 9,32 9.8¢ 2.622
135 CA0 42,00 9.32 9,89 2.025 . 3,05
135 50 - 48,867 9.32  9.8% 1.622
135 20 21,29 12,65 2.89 1.973
135 40 30,11 18,65 9,39 1.373 2,12
135 50 36,39 18,65 9,89 1.139
135 . 20 25,08 55,95 9,29 2,241 ;
135 40 35,83 55.95 .9.,89 1,675 2,62
135 60 41,51 55,95 2,89 1,330
135 20 38,21 18,65 9,89 2,617 ’
135 4.0 49,20 19.65 92,89 2,454 4,98
135 50 54,24 18,65 92,89 1.85656 '
135 20 25,08 18.65  9.89 IR ‘
135 40 35.83 13,65 0.89 1,675 2.62
35 60 21,51 13.65. 19,89 1.330
135 20 22,87 18,65 7,02 2,124 :
1.35 [4X0)] 32,00 18,65 7.42 1,472 2.43
135 60 37.5¢ 13,65 7.42 1,120
135 2! 21,91 18.65 4,940 1,229
135 4] 29,11 18.55 4,94 1,322 2,12
135 5 33,37 18.65 L, Q4 1,031
135 2 16,10 \13.65 2.47 1,398
135 40 23,99 15,65 2,47 1,057 1.72
135 &0 28,04 18,65 2.407 0.847
1.55 20 39,36 . 27.27 9,89 3.751
155 40 54,07 27 .97 2.39 2.790 4,36
155 Gl 63,79 27.97 9,89 2,190 ~
155 20 25,02 9.32 9,82 2.2230
155 40 22,12 2.32 2.89 . 1,476 2,70
155 5 35,39 0.32 9,80 1.129
155 20 32.63 18,65 9,89 3.007
155 40 45,76 18.65 2.89 2,252 3.60
155 60 51.75 18,65 9.89 1,755

&N 0440008



one has to obtain the slope of autaﬁvent to the rate curves
at various time intervals and diVLﬁm Pach olone by the total
remalining surface area of the Jnﬁq particles at that particu-

lar time, This would be a very difficult task, ‘However, a

/ RS .
mathematical study on the rate'of dissolvina solid particles,

¢

in general, proved that all that was actually necessary for

determining tae rates per unlt arﬁa is to know accurately the
" »
lnltlal.true urface area of the partlcles to be dissolved,




THEORETICAL CONSIDERATIONS
The General Rate Equation

» PR - * -./..
+  According to the Absolut> Reaction Rate Theory, ™ the
rate per unit area of any heterogeneous chemical reaction

can be represented by a general equation such as

a P
% = kA -+ [1] T exp(eur®) (1)
Sy RT
where:
R = rate per unit'érea,
k = reaction constant, containing Doltzmann's and

Plank's comstants, concentration of active sur-
face sites, transmission coefficient, partition
functions, and the necessary coaversion factors,
[Al-++[17 = product of the concentrations of the re-
agents necessary for the reaction, usually ex-
pressed as moles per liter orxr atmospheres,

T = absoluts temperature at which the rate is being
measured, :

e . .
AT = activation energy,

L = perfect zas constant,

a...1 = power coastants; their summation is the re-
action order, oy

In order to determine the acfivation energy and the
individual power constants it is necessary to know the rate
per unit area as a function of time, Once theé ac¢tivation
energzy is calculated and the power constants determined,
substitution of these values with a rate per unit area and
its cortesponding values of reagent concentrations and

temperature allows the determination of the reaction con-

MIBRARY
MM ILMT
SOCORR0, M. M,

stant of equation (1).



Derivation of the Mathematical dquivalent

of the True Rate per Unif Area

The following derivationureveals an easy method for
determining the true rate per unit area,‘K, when dissdlvm
ing fine particles,

For this derivation the assunptions made concerning
the fine particles to be dissolved are that their initial
number, average shape, and/rpughness factor will not change
during dissolution,

The rate of dissolving solid§ as a fﬁnction of sur-
face area can be expressed by the relation known as Wenzel's
Law,5 which states that the ratelbﬁ reaction between solids
and liquids (or solids and vases)“is proportional to the
total area in contact with the dlaSOlVlng medlum.v This re-

lation can be expressed as

R=1RA e (2)
wheré:
R = overall rate of ﬁissolution (gms/sec),
Ko proport%onallty constdnh or rate per unit area
(gms/cm~sec),
A = total surface area in contact with the dissolv-

ing medium at any time (cm?).
When leaching or dissolving an aggragate of fine part-
icles we have that
R = -dW/dt = R A = K Ry Ag = K Ry nad? | (3)

where:

- dW/dt = the differential representing the change in
mass of the partlcles being dlSSOlVOd as a
function of tlm

14
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a1

6 truﬁ surface area measurad
roughness factor® = by the No adsoxrption method (4}
' surface area measured by zeo-
‘metric means

7

%
i

total surface area at any time measured by geo-
metric means, Also, ;

A =na d? . : (5)

ng
<&

o
(=]

where:

n = total number of partlcles at any time to be
dissolved,

shape factor, for example, equal to 6 for per-
fect cubes,

)
i

d = the average diameter of all the particles to be
dissolved, at any time,

The roughness factor can be written as

A = A+ W
R nta Tade. ' ‘ ‘ - (6)

where:

W = total weilght of particles undissolved at any
time, :

Ap = trﬁe area at any time of the fine‘palticles
measured by tne Ty adsorption method and re-
borted as cm /Omo.

Since the Iz adsorption surface area measurements

are usually reported as érea per unit weight, it is nec-

essaxry o multibly "ALY by the total welght of undissolved

particles, W, in orxder tliat 't hb"numeratcﬁfofAequatidn‘

(6) nave only ‘the value of the true aréa.

The total volume of the fine particles at any time is

Venba®ig boig (7)

-

b = shape factor, for exemple, equal to 1 for per-
fect cubes, '



It folloﬁs‘that
W=DV=Dnba® (@)

vhere : |

D = the true density of the fine-particles:

Differentiating equatioﬁ CS) and setting equal to
equation (3), we have ’_- b _

- a/dt =D 3n b d® dd/dt = KR, na 4, (9)

.Therefore k BiE -

dd/dt = < K R, a b0 | (10)

we

Integrating COUaLlOn (10) from do, the initial diam-
eter at time zero, to d atﬁtimejt‘, we have

d= - X R,at w}-‘do;”f, ' L , | (11)

Substituting GQUuLlon (ll) lnLO equatlon (9), we

have

ail/det = - R, n a ( -k Ew 2t o+ do )2, (12)
. b T |

Integrating unatlon (lZ) from Wos the initial total
welght of fine partlcles at tlmepZQro, to W at time t,
we have

(W-We)=nbn ( - R‘ a't e do)a -nbDdd., - (13)
""v'"s"r i -
Solving for K, the rate pér,unit area, from equation

(13), we have

K=3bDn[a, - (Cad+ (1 - wng>l/3 o (14)

“w T at wapeen D
The quantity (W - Wo)'represents the amount dissolved

at thne T



Since
., D=u/v=_U » it is also equal to _g . (15)
) n b a® on b d¥ ,
The substitution of D = g s into equation (14) will
D ¥

allow considerable simplification of this equation since

this equation already has do in place of d. Also, be=~
cause the per cent dissolved of the fine particles can
be calculated after chemical analysis of the leach sol-

ution the substitution of

(1 = We) = - % dissolved (16)
o 100

will allow further simplification of equation (14).

Finally the substitution of

R, nad?= Ato, (17)

derived from equation (6), where:
At = true surface area of the particles at time zero
° or before dissolution begins, measured by the
12 adsorption method and reported as area per
unit weight,
will give us the result we desire,

; \
The substitution of equations (15), (16) and (17) into

equation {14) results in

1/3 ;
R=_3 [1~-(1-%4dissolved) / 1. (1.8)
L 100
&

Equation (18) is a mathematical equivalent of the true
rate per unit area for the dissolution of fine particles,
Equation (18) has the advantage over equation (2) be-
cause the rate per unit area does not depend upon know-
ing the'surface area as a fuﬁction of time, All that is

required is a knowledge of the initial surface area per

unit weight of the fine particles to be dissolved and the

"

17
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per cent dissolved at time %, This calculated true rate.
per unit area is also known as the absolute rate per unit

4 i

area,
Appendixz 1I conteins tabulated values of per cent disse

olved versus the quantity in the syuare brackets for equation

(18).

With the aid of equation ClS) to calculate X, the true

rates per unit area, the @xaechﬁntal data of this investigza-

tion can now easily be re ﬂucod Lo @ wvnural rate equation of
the fomm of equation (1),
Formulation of

The General Rate Zquation

With a value for the 1x itial surface area, A-os equal
to 6,150 em®/gm, and equation‘(lﬁ), values of K were deter-
mined as a function of time, and tabulated in Table I,

. .
Figure 3 is

’,

a typical plot of the calculated rates per unit
area versus time, using th@ data‘corrGSnondinw to the rate

curves of [igure 2,, It ig npparomt from FMigure 3 that the

ate per unit arca is decreas ing 2s~time increases, The
author believes that dissolved carbon dioxide, formed as a
reaction product, is bei F adsorﬂedz on the active surface
sites of the undissolvad MnOz, Llcrnby reducing the initial
concentration of thc & acfive urface sites, . If this hypo-
thesis iS'correct,‘then the reaétx@ﬁ constant,vk, of equation
(1) will not remain constaht with‘time’since k contains,
among other things, the concentration‘of MﬁQz active surface

sites,



[Absolufe rate/unh‘area]xIO'6 (% /cm.2 min.) —

w

n

Fig. 3 Rate per unit area versus time

C onditions: ]
\“\ CH,0H, 9.89 X10~% mol. /It
N
H,$0,, 27.97 x 10~ *mol./It
\‘\o .
\\ Agitation, 1500 rpm.
:L.-\\ \\
.. o\
RN
‘\\ \\
\\ \K
~~~~~~~ S~ 155°C
-~~"'()\ \(
0 20 40 60 80
Time in min. —



The author does not bollcvo that the concentrations
of sulfuric'acid or methanol are cnanﬂznn by an amount
large enough to cause the large decrease in the rate pet
unithrea with time, Tor exémple, a sulfuric acid con-
centration of 9, °2'”‘10-1 ﬁole/lit exr corresponds to akout
16 time as much sulfuric-acid as is actually needed to
completely reduce the ona-half Qran of Imn 07, and 4,94 s
lO-l mole/liter of methénol is about lB'times in excess,
Ihe iatter’a id and alcohol COJCﬁﬂL”&tIOEu represent the
least anouata used in this inve stigation, ~

wXCrapolating K from plots‘simila” to Pigure 3 to tlne
L wOro, one obtains the initiaiv"ato pcr unit area, XK.

Table I contains both the rates . per unit' area as a func-
tion of time, and the initiali cates ﬁer wit area at time
Zero, for each rate curve that'Waé nécessary’for the eval-
uation of a general rate equat JOﬂ. Using the data from
Table I, Figure 4, a lognlpg Plot of the initial rates per
it area vers sus  their corro,ponnlng concentrations was

1 y . \ K i,
 plotted, Tais plot is used for evaluating the power con-

c

[0

tants, ase.i, of ecquation (1). Figure &4 iS~a‘combination
plot for both the sulfuric acid ahd the methanol, The
values of the slopes from thié;plot for the sulfuric acid
and methanol were 0,475 and 0,305 respectively, The slight
cufvature of the experimental points for the sulfuric acid
required an approzimated straight line, Thls slight curv-
ature is probably duz to a nofi-linear change in the active-
ity coefficient of the sulfuric acid as its concentration

¢’

is increasud
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mol/I1. H,S0, or CH;OH
Fig. 4 Log-Log plot for determination of the power constants




The power constants arGJreasonably temﬁérature in=
depcndcat.g This is to be erypected since these constants
actuaily represent ho reaction orders, Heterogencous
chemical reactions are usually thought to involve one
molecule in solution ﬁaacting w'“%.one hol cule 0N one
active surfaée site, In this case a value of L.Q‘ShOUld
be the Do"or constant co"“osponding to the conce >ntration
of active surface sites, or in the case of equation (1),
the reaction constant,'k,‘would have a power constant
value of 1,0 since the COdC@ltratlon of active surface

.

te has been included in the reaction constant, In-

9]
; e

cluding the concentration of active surface sites into the

reaction constant was initially done for simplification,

This 1s because it is usually & ccewtcd Lhat the concentra-

‘tion of active surface sites remains constant throughout

v

dissolution, This investigation has shown that th e re-
action constant actually decreaseé with time, and this
presents an interestin¢ pOSSlbllltY' if the hyoothe31s con»r
N
ccrnihg the aooorptlon of 002 on an actxve sur;ace site is
‘true, then a log~log plot of t.e raue per unlt area versus
~the change in the reaction constant, X, may be vxpeqted.
to have a slope of 1.0; {owévar, before this hypothesis
could be tested it was first‘necessary.to determine the
activation energy. The actlvaulon enaruy AF* can be de-
termined from the slopo of a 1*\]o*.: of 1, /T versus 1/T. &
The negative slope of this plot is equal to - AF /R, hence

* . . . §
AF  is of positive value, F igure 5 is the Arrhenlus plot




K/T x10°°

(A
T

2.3 2.4 2.5 2.6
l/Tx107°3

Fig. 5 Arrhenius plot for determination of activation energy



used for determining the activation energy for this in-

vestigation, This value was found to be 6,077 calories

Using the latter value for the activation ehergy,
and the power cénstants corresponding to the sulfuric
acid and methanol concentrations, values for the reaction
constant, k, as a function of time, were calculated using
a general rate eduation.of fhe‘form of equation (1).

Table II is a tabulation of the resulté of these
calCuiations. Using the values of the reaction'constanfs
of Table II, Figure 6 was pidtted versus their corres-
ponding rates per unit area, % ‘

We see from Figure 6 that the slopes have a value of
1.0, proving the hypothesis that the concentration of
active'surface sites is changing with time and.that one
molecule from solutibn is reacting on one act;ve surface
site, ‘

Connecting the points of‘egualutimes“in Figure 0,
an iﬂterésting fe;ult develops. It Eecémes appakent that
for the conditiéns of these tests that-thesé equal time
lines converge in a general area, which has been desig-
nated the equilib:ium region, Within this eqﬁilibrium
‘region the rate per unit area appears'to remain a const-
ant value with increasing time, that_is'to say, that what-
ever was causing the decrease of the.actiVG Surfaée sites
.with time (the actual adsorption of dissolved carbon Ai-

oxide has not been proved), has reached équilibrium with

the rate at which the MnOy was being dissolved within

"




December 24, 1966

Martin Speare, Librarian
N, M, Institute of Mining and Tech,
Campus Station ‘ /
Socorro, N, M,
Dear Martin:

A recent examination of my thesis, with the aid of Kennecott's
IBM computer, revealed several glaring typing errors, which I have
corrected in the enclosed Errata, Please insert the Errata in your
copy.

Thank you, Hope to see you soon, Until then,
cerely ours,

- Rudy Jqc¢obson



ERRATA
For the correction of the Master of Science thesis on " A Kinetic
Study of the Reduction of Manganese Dioxide With Methanol ", com=
Pleted June 1965 at the New Mexico Institute of Mining and Tech-
nology, by Rudolph H. Jacobsop Jr,

Page 25: Table II should read as follows:

Temp, Time CHLOH Ho SO K x 10-0 k x 10°6
°C, min, 3 2°%4 gm/cm*/min k units(?7)
mol/l, x 10~+ o

115 0 9.89 27.97 1.97 8.517
115 20 9.89 27.97 1.824 7.886
115 40 9.89 27,97 1,589 6,87
115 60 9,89 | 27,97 1.385 5.988
135 0 9,89 27,97 3.05 8.509
135 20 9.89 27,97 2,622 7.316
135 40 9.89 27.97 2,025 5.649
135 60 9,89 27.97 1.622 4,525
155 0 9.89 27.97 4,36 8.15
155 20 9.89 27,97 3.751 7.019
155 40 9.89 27,97 2,790 ' 5,221
155 60 9.89 27.97  °  2,36% 4,416

%* Rpproximate value for 60 minutes
Page:26: The abscissa of Fig, 6 should read k x 1072 not k x 10-6,
Page 27: Line 27 should read - 5.54 x 10-8 not - 5.54 % 10-9,

 Page 28: éa; Line 4, = 5,54 x 109 should read - 5.54 x éO's.
b) Line 15, 8.13 x 10~/ should read 8.39 x 10-9,

(e) Line 18, [ 8.13 x 10-7 - 5.54 x 10~9 t] should read
[ 8.39 x 1076 - 5,54 x 10~8 ¢],

Page 26, Fig, 6: Using the new values of Table II, above, Fig, 6
will be slightly skewed to the right, However, the " Equilibrium
region " remains the same, and the slopes of the constant temperature
lines all have a value of 1,0,
Page 29, Fig. 7: The "Equation formulated" curve fits the actual
curvezgore closely using the above correction for equation (20),
page . )

Page 31, Conclusion: Line 13, 9.89 x 10-1 mole/liter and..;. should
read 9,89 x 10-l mole/liter CH30H and...... -

R.H. Jacobson, Jr., 12/24/66

20l 2 0
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TABLD I
Determination of the Reaction Constant, k., as a
‘ _ y
Funetion of Time
Temp., Timo 1980, | Cia0n % = 10-0 T 109
° . 294 3 i - o S 1 ,
c. min, — gm/cm® fmin X units(?)
o mol/l., % 10" -

115 0 9,80 27.07 1,97 8.42
115 20 2.89 27.97 1.824 7.20
115 40 92,89 0 27.97 1.589 6.80
115 60 9,89 27.97 1,285 5,92
135 0 .09 27.97 3.05 8,35
135 20 .20 27.97 2,622 7.19
135 4.0 .8 27.97 2,025 5,62
135 60 .89 27.97 1.622 A 43

155 )
. 155 20
‘155 0 C 4.0
155 60
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[Ra're/uni\‘ area]x 10°% (gm./cm.2min.)

0.6—

0.2

Conditions:
CH,OH, 9.89 x 107" mol/It.

H,80,, 27.97 x 107! mol/It.
Agitation 1500 rpm.

1 | L

Equilibrium
region

0.1

0.2 0.4 08 1.0

k x 10°®

Fig. 6 "k’ versus rate per

2.0 4.0

unit area

8.0 10



the equilibrium region.

‘ince the lines conmect¢n~ points of equal tenper-
atufe appeared to be equal distance apart for 20 de¢ree
temperature intervals, other constant temperature lines
were extrapolated for the same-parallel separation as
155°C, to 135°¢,, and.i35°C  £0 113°C, Within the equi-
librium reﬂlon, a‘L»mperature of 79°C. appeared to coin-
cide with a constant rate per unlt area of 0.8 x 10“6
"m/cmaqnln. This value for Lle raté per unlt area wvas
uubstltuted into equation (18), and a per cent dissolved
for a tlme interval of 60-m1nutes was calculated as 26,5%,

Two expeerents wvere run in tuC modified 300 ml auto-
clave for 60 minutes at a tenpe auure of 70°C., + 2°C, An
average of 26,1% + 2. OBA was obtaxncd for the thz diss-
olvea, as compared Lo the calculatﬁd value of 26 5%, in=-
dicated that the rate per-unlt area does remain relatively
constant within the cqul}lbrlum rexlon.

In order to formulato a oenoral rate equation for the
rccuctlon of 1 :moz w1th m@Lhanol ‘an emperical expression
for the variation of the reactlon constant as a functlon
of time was formulated This was achieved by an approx-
“imation since not enough data was compiled to illustrate
'the efféct of ever& conceivable variable on the reaction
constant, It was found that forbthe conditions of the
tests in Figure & that a‘plbt-of,k.verSué time resulted
in near parallel negative sloped for 115, 135, and 155°c,

9
The average of these three sloped was -5.54 x 10~ &« units,
min,



If k& were to have been the same value at “time-zero~

for each of the three tempereture lntervals plotted, then

=k as-a fUdCthﬂ of time could have been represented as

9 .
I o= RkRy - 5.54 107 y : ) (19)

¢ = tiae in minutes,
k., = reaction constant at time zero,

However, it is obvious that Lk, is not a constant for each of

the OO

0}

the three temperature intervalg plotted since
constant time line of Figure 6 is noL qulte vcrt1ca_. Eow—’
ever, the valuss of k, on the zero time line are almost
constant, therefore, an éverage kg (for the three temperaturé
intervals plotted in‘Figute 68) of 8,13 = 10"7 X units is
used as an approximation,
U31ng the approximate value of k  in dquation (193, =a
generai raté,equation of the form of agquation (1) is formu-
lated to express the results of this inveétigation as

[8.13 x 1077 - 5054 = 1079670 [omgon1’ 303,

‘ \

'i“ L) AT5
i [L2~04104 Temp(=iallly,  (20)

Lt

vhere the values. of the concentrations of sulfurié acid and
methanol are in moles per litex aad the temPCratdre in
degrees Ralvin,

Squation (20) is restricted to a " solution é tion of
1500 rpm or an exact equivalent, that was.used'in this

investigation. Also, the equstion applies only to the disso-

lution of pure pyrolusite of one-half gram amounts in 100 ml



100
90— —
80—-. 'Conditions: ]
Temperature 135° C
CH,OH, 9.89 x10~!" mol/ It
) 3
[ M] T —
2 0 H.SO,, 27.97 x 107" mol /It
5 2 4
w
2 Agitation , 1500 rpm.
o
60 |— —
~N
o
z
s __o-
50_— — J—
<
Q
(&)
«  40}— —
Q
a
30— —
20 —D—D—— Actual ]
— —0—0—0— Equation formulated
10 —
o)

0 20 40 60

Time in min.

Fig. 7 Comparison of actual and ‘“‘equation formulated’’ rate curves




of distilled water, with an initial surface area of G,150
an®/gm, and large excess concentrations of alecohol and acid,
Figure 7 illustrates the comparison of an actual rate

curve of this inve%‘ gatmon and onc calculated ualng equa-

tions (18) and: (?O) Consm&erxnw the approxmmatlons noccssary_

in order to formulate ecuatlon (20), he calculated curve of

Floure 7 is a reauonably clo e flt to tn@ curve datermined

‘experxmentally.'

30




CONCLUSION.

A kinetic stud" of the r@ductvon of MnG? with mcthanol

has been made and the results raduwed to an adproxlmaue
seneral eouatlon for the rate‘p@x unit area, Values of

can now bhe calculéted with thiskféte equation for varilous
temperatures, and concentrations,iﬁhd these K values substi-
tuted into equation (18) in ora@r{tb solve for the per ceat
dlssolvcd at wvarious tlme 1ntorvalg.‘ In this fashion,
:ap roximate rate curves can bb conatructed from the calcula-
ted data for preliminary processes evaluation, One must,
however, keep in mind the restrlctlons placed on equatlon (20)
for any process.evaluations of aﬁfindustrial‘nature.

A theoretical rate curve was calculated for 250°C,,
2.89 x 10"1 mole/liter and a sulfufic acid concentration
roughly corresponding to the anoljte solution produced by

3 . 9 -
the electrothlc productypn of manganese metal,” that is

, @
P 1.2 and 200 gramo of ammonlun sulfate per liter of wate

Tthb calculations indicated a 93% dissolution in 40
minutes, but after 40 minutes the rate of dissolutlon-dlmln-
ished rapidly.

It is of imterest that an equilibrifm reglon cxlsts,
wherein the rate per unit area remains coaatant Capital-
izing on this fact, it was calculated that 98% dissolution
would be possible inm about 6% houru, usingvthe‘comditions

inside the PQULllbrlum ragion of Figure 6,



The derivation of equation (12) in terms of an initial

!

5]
T

surface area measured by the N, or other reliable gas adsorp-
. tion methods has several advantages, The first is that tﬁe
surface area is méasured by molecules, Karkiusland Jura
have stated the advantage of'measuriﬁg the surface area with
molecules in this manner: "Vhen the purpose for vhich the
area of a solid is determined, is associated with the actions
of molecules upon the surfaca,’it seems that molecules should
be the instruments bést adaptedbfor the measurement of area."l
A second advanéagg is_that the édsorption methods hLave
been universally accepted as the‘bést means for estimating
“the true surface area for fine particles and in the'césa of
hard crystalline maf@rials, it is belisved that this method
results in fhe true surface area, owever, from the stand-
point of diffusion controlled heterogéneous reactions, it
can be argued that the area meésured by the I, adsorptibn
method is not the true area, andvfor other reasons also, To

couwnter these arguments, the author believes that any method
O ] ’

N : ! .
that gives a consistent surface area measurement is beatter
,u ! e .

}.J'

than none at all., That is to say, if all persons investiga-
ting heterogenecous oxidation or réduction processes were, in
the case of fine particles, to Méésure the initial surfacev
area by the Iy adsorption meth&d, for axgmple, then the
results of these investigations‘could ﬁrobably be duplicated
or compared rather closely by other interested persons, This
is because the N, adsorptibn method does give consistent

results, Also, this adsoxrption method has the added advantage



&
¥

over air permeability methods because of its. much wider

Zquation (18) resembles thie widely acceptei fMcZawvan
equation"ll when the rou
assumed to be one, If such an essumption had becn made for
the Ma0y used in this investigation, the rates per unit area
L a factor of over 100! As it stands,
the author believes that the rates per unilt area reported in
this investigation are probably the first true or absolute
rates.per:unit aréa that have been made public iﬁformation
for a heterogeneous dissolution process,

Equation (20} contains an emb@rical time relation which
- approzimates the change in tbé~concémtration of active sur-
face sites as the dissolution\tima inércases. The fact that
any change in the concemtration of activé surface sites was
detectable was because a ralativély large amount of My
could only have been,dissolved, fox the conditions of this

L . s e \- ; . .
investigation, if fine partlcles ware dissolved; and, if

fine particles wero dissolved, the true rates per unit area
as a function of time could only be calculated with equation

.

€). Tor future leaching studies equation (18) should,

N
=

therefore, prove very useful because it allows one to dissolve

particles without resorting to tlie use of particular shapes,

3]

11 be of one close size

e

dowever, the fine particles should

range.



The plot of Pigure & is the first such plot &bportvﬁ that
concentration of active surface
sites results in a slope of 1,0, or one molecule reacts or
one surface site at a time,
The author has not tried to break dovn the value of k
to detemine the true concentratlon of active surface sites,
nor has hé attempted o exnlaln every possible step for the
chemical reactions which talie place in this investigation, -
| It is the author's opinlon that the reduction of Mhﬂq
with methanol and hot dilute sulfuric acid is not inﬂustrialiy
practical until eitﬁer a cata?yst has been found that will
speed up the reaction at near room temperature, or sultable
materials are developed Lor'hlgh‘temperature~pféssurc auto-
claves that will withstand corrosion by hot dilute sulfuric

acid,



T AT ™S mean ) YT T ”m L54
SUGU,&LSL dn T‘:).‘a lcd .JQ b U Lih it C‘_LLT"\l
The autor has po o a Feorg alitative loaehine
LS autinol nas cormied a few gqualltactive Leacihin
N S s o : 1S e o) . 1 q e TR 1.
experiments with the modified 300 ml autoeclave using a hot

medivm vith various reducing agents

. PR P | CRRE I . . . Y PO ey r " "
whalcn Indicated seoveral ameas Lor further stuly, They are:

1 the reduction of oS, with hydrogon gas

2 the direct zoduction of calcoprrite to copper powders.
with hydrogen gas
3 th reducing gascs

SO

weduction of Mal, with wve

2 SIL0
1 - . . ~ -
suchr as methane, pPopane, and

us
hydrogen

&  the development of a continuou".(aalysinN device
such as now used at the University of British
Golumbia, Canada, in order to speed up nloa Lﬁunora-
ture-pressure lecaching studies

S the reduction of “Juq orzes with the above mentioned

reducing agents

7 the reduction of ﬁaﬂq, MaQy, and u*eu9 vith the
above mentioned reducing agents in the prasence of

alysts, such as platinum, etec,

cr testing of equation (12) with thc above

tincetic mLUJlbu’ and a comp

reﬂuct?oz of wvarlous Lron oxes with hiydrogen

9 an i thtl&mLLQ: for developing materials that are
corrosion~resistant to hot dilute sulfuric acid,
such as induced voltages applied to copper-lined ,
autoclaves, ceranics, or preclous metals~--iron alloys

10 reduction of man ganese~silver ores with the above
mentioned reducing agents in a hot dilute sulfuric
acid medium g
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: APPINDIY II

'

Tabulated values of the percent dissolved, to three places,

versus the factecr A, where A equals: ‘
[1L-(1-% dissolvedﬁ/fIOO)lABJ,
Ao " N / |




3

00.1
00.2

00.3

00.4
00.5

00.6

00.7

00.8

00.9

01.0
01.1
01.2
0L.3
0l.4
0L.5
01.6
01,7
01.8
01.9
02.0
02,1
02.2
02.3
02.4
02.5
02.6
02.7

02.9
03.0
03.1
03.2
03.3
03.4
03.5
03.6
03.7
- 03.8
03.9
04.0
04,1
04.2
04.3
A
04,5
04.6
04,7
04.8
04.9
05.0

A

0.0003334
0.0006671
0.0010010
0,0013351
0,0016695
0.0020040
0,0023388
0.0026738
0.0030090
0,0033445
0.0036802
0.0040161
0.0043522
0,0046886
0.0050252
0.0053620
0.0056991
0.0060364
0.0063729
0.0067116
0.00704%6
0,0073878
0.0077262
0.0080649
0,0084038
0,0087429
0.0090822
0.0094218
0.0097616
0.0101017
0.0104420
0,0107825
0.0111233
0.0114643
0,0118055
0.0121470
0.0124887
0.0128306
0.0131728
0,0135152
0.0138578
0.0142007
0,0145438
0.0148872
0.0152308
0.0155746
0.0159187
0.0162631
0.0166076
0.0169524

%

05,1
05.2
05.3
05.4
05.5
05.6
05.7
05.8

- 05,9

06.0
06,1
06.2
06.3
06.4
06.5
06,6
06.7
06.8
06.9
07.0
07.1
07.2

07.3

07.4
07.5
07.6
07.7
07.8
07.9
08.0
08,1
03,2
08,3

08.4 .

08.5
08.6
08.7
08.8
08.9
09.0
09.1
09.2
09.3
09.4
09.5

09,7
09.8

10.0

A
0.0172975
0.0176428
0.0179883
0,0183341
0,0186801
0.0190264
0.0193729

0.0197196

0.0200666
0.0204139
0.0207614
0,0211091
0,0214571
0,0218054
0.0221538
0.0225026
0,0228515
0.0232008
0.0235507

0.0239000
0.0242500
0.0246002
0.0249507
0,0253014
0.0256524
0,0260037
0.0263552
0,0267069
0.0270589
0,0274112
0.0277637
0.0281165
0,0284695
0.02882838
0.0291763

- 0.0295301

0,0298842
0,0302385
0.0305931
0.0309479
0.0313030
0.0316583
0.0320140
0.,0323698
0.0327260
0.0330824
0,0334390
0,0337960
0.0341532
0,0345106

10.1
10.2
10.3
10,4
10.5
10,6
10,7
10.8
10.9
11.0
11.1
11.2
11.3
11.4
11.5
11.6
11.7

11.8 .

11,9
12,0
12,1
12,2
12.3
12 .4
12,5
12.6
12.7
12.8
12.9
13,0
13.1
13, 2
13.3
13.4
13,5
13,6
13,7
13,8
13.9
14,0
14,1
14,2
14,3
14,4
14,5
14,6
14,7
14.8
14,9
15,0

COCOTCTCOO

A

0.0348683
0.0352263
0.0355846
0.0359431
0.0363019
0.0366609
0.0370203
0.0373798
0.0377397
0.0380998
0.0384602
0.0388209
0.0391818
0.0395430
0.0399045
0.0402663
0,0406283
0.0409906
0.0413532
0,0417160
0.0420792
0.0424426
0,0428062
0.0431702

1 0,0435344

0,0438989
0.0442637
0.0446288
0,0449941
0,0453597
0.0457256
0,0460918
0,0464583
0.0468250
0,0471921
0,0475594
0,0479270
0,0482948
0.0486630
0,0490315
0.0494002
0.0497692
0.0501385
.0505081
.0508780
.0512482 -
.0516186
.0519894
.0523604
.0527318



15,1
15,2
15.3
15,4
15,5
15.6
15.7
15.8
15.9
16.0
16,1
16,2
16,3
16.4
16.5
16,6
16.7
16.8
16,9
17.0
17.1
17.2
17.3
17 .4
17,5
17.6
17.7
17.8
17.9
18.0
18.1
18.2
18.3
18,4

18.5

18,6
18.7
18,8
18,9
19.0

19,1

19.2
19.3
19.4
19.5
19.6
19,7
19.8
19.9
20,0

A

0.0531034
0.0534753
0.0538475
0.,0542200
0.0545928
0,0549659
0,0553393
0.0557130
0,0560869
0.0564612
0.05656358
0.0572106
0.0575858
0.0579613
0.0583370
0.0587131
0.0590895
0,0594661
0,0598431
0.0602204
0.0605979
0.,0609758
0.0613540
0,0617325
0.0621113
0.0624904
0.0628698
0.0632495
0.0636295
0.0640098
0.0643905
0.0647714
0.0651527
0.0655343
0.0659161

0.0662983

0,0666808
0.0670637
0.0674468
0.0678302
0.0682140
0,0685981
0.0689825
0.0693672
0.0697523
0,0701376
0.0705233
0.0709093
0.0712956
0,0716822

%

20,1
20,2
20,3
20,4

20.5

20.6
20,7
20,8
20, 9
21.0
21.1

21,2

21.3
21,4
21.5
21,6

21,7

21.8
21.9
22,0
22,1
22,2
22,3

22,4

22,5
22,6
22.7
22,8
22.9
23,0

23.2
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24,8
25.0

N
PR
=Y

A

0.0720692
0.0724565
0,0728441
0.0732320
0,0736403
0.0740089
0.0743978
0,0747870
0,0751766
0.0755665
0.0759567
0.0763472
0.0767381
0.0771293
0.0775209
0.0779127
0,0783050
0.0786975
0.0790904
0.0794836
0.0798771
0,0802710

-0,0806653

0.0810598
0.0814547
0.,0818500
0.0822456
0.,0826415

0,0830377

0.083434¢4
0.0838313
0.0842286
0.0846262

- 0,0850242

0.0854226
0.0858213
0.0862203
0.0866197
0.0870194
0.0874195
0.0878199
0.0882207
0,0886218
0.0890233
0.0894252
0,0898273
0.0902299
0.0906328
0.0910361
0.0914397
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26 4
26,5
26,6
26,7
26,8
26,9
27.0
27.1
27.2
27.3
27.4
27.5
27.6
27.7
27.8
27.9
28.0
28,1
28,2
28,3
28 .4
28.5
28.6
28.7
28.8
28,9
29,0
29,1
29,2
29,3
29.4
29.5
29,6
29.7

29.9
30.0

A

0.0918437
0,0922480
0,09256527
0.0930578
0,0934632
0.0938690
0,0942752
0,0946817
0,0950886
0.0954958
0.0959034
0.0963114
0,0967198

0,0971285 -

0,0975376
0.0979471

- 0,0983569

0.0987671
.0991777
.0995887
. 1000000
.1004117
.1008238
1012363
. 1016491
.1020623
0.1024759
0.1028899
0.1033043
0,1037191 |
0,1041342
0.1045497
0.1049656
0.1053819
0.1057986 -
0.1062157
0.1066361
0.1070510
0.1074692
0.1078879
0.1083069
0.1087263
0,1091461
0.1095663
0.1099870
0.1104030 -
0,110829¢4
0.1112512
0.1116734
0,1120960
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31.4

35 0

A

0.1125190
0.1129424
0,1133662
0.1137905
0.1142151
0.1146401
0.1150656
0,.1154915
0.1159177
1163444
L1167715
.1171990

.1180553
. 1184840
1189132

OCOOOCOTCO

0,1193428

0.1197728
0.1202032
0.1206341
0.1210653
0,1214970
0,1219292
0.1223617

- 0,1227947

0,1232281
0.1236619
0.1240962
0.1245309

- 0,1249660°

0,1254015
0.1258375
0.1262740
0,1267108

0,1271481 .

0.1275859
0.1280240
0.1284627
0.1289017
0,1293412
0.1297812
0,1302216
0,1306624
0,1311037
0,1315454
0.1319876
0.1324303
0,1328734
0.1333169
0.1337609

.1176269
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36, 7V

36,8
36.9
37.0
37.1
37.2
37.3
37.4
37.5
37.6
37.7
37.8
37.9
38,0
38,1
38.2
38.3

38.4
38,5

38.6

38,7

38.8

38.9

39.0

- 39,1

39.2
39.3
39.4
39.5

. 39,6
39,7 -

39,8

39.9 -

40,0

A

0,1342053-

0,1346503
0.1350956
0, 1355415

. 0,1359877

0.1364345
0.1368817
0.1373294
0,1377775
0.1382261

0,1386752

0.1391247
0.1395748
0.1400252
0.1404762
0.1409276
0.1413795
0.1418319
0.1422848

- 0.1427381

0,1431919
0.1436462
0.1441010

0.1445563

0,.1450120
0.1454683
0.1459250
0.1463822
0,1468399
0,1472981
0.1477568
0.1482160
0.1486757
0.1491358
0,1495965
0.1500577
0.1505193
0.1509815
0.1514442
0.1519074
0.1523711
0,1528353
0.1533000
0,1537652
0.1542309
0.1546972
0,1551639
0.1556312
0,1560990
0.1565673

40,1
40,2
40,3

40,4

40,5
40,6
40,7
40,8

40,9

41.0
41.1
41.2
41.3
41.4
41.5
41,6
41,7
41.8
41.9

42.0°

42,1

42,2

42.3
42 .4
42.5
42.6
42,7
42.8
42.9

43,0

43,1
43,2
43,3
434
43.5

43,6

43,7
43,8
43,9

44,0

44,1
)
44,3
444y
44.5
446
447
44,8
449
45.0

A

0.1570362
0.1575055
0.1579754
0,1584458
0,1589167

0.1593882

0.1598602
0.1603327
0,1608058
0.1612793
0.1617535
0.1622281

0.1627033 "

0,1631791
0.1636553
0,1641322
0.1646095
0,1650874
0.1655659
0,1660449
0.1665245
0.1670046
0.1674852
0,1679665
0.1684483
0.1689306
0.1694135
0,1698969
0,1703810
0.1708656
0,1713507
0.1718365
0.1723227
0.1728096
0,1732971
0.1737851
0.1742737
0.1747628
0,1752526
0.1757429
0.1762339

0.1767254

0.1772175
0.1777101

- 0.,1782034
0,1786973.

0,1791918
0,1796868
0.1801825
0.1806787

&1



45,1
45,2
45,3
45,4
45,5
45.6
45,7
450
45,9
46,0
46,1
46.2
46,3
46,4
46,5
46,6
46.7
46,8
46,9
47,0
47.1
47 .2
47.3
47 .4

47,5

47.6

47.7

47,8
47,9
48,0

48 2

48 .4

A

0,1811756
0,1816731
0.1821711
0.1826698
0.1831691
0.1836690
0.1841695
0.1846706
0.185172¢4
0.1856747
0.1861777
0.1866813
0,1871855
0,1876904
0,1881959
0.1887020
0,1892087
0.1897161
0.1902241

0.1907328 .

0.1912421
0.1917520
0.1922626
0.1927738
0.1932857
0,1937982
0.1943114
0.1948252
0.1953397
0.1958548
0.1963707
0,1968871
0.1974043
0.1979221

0.1984405

0,1989597
0.1994795
0.,2000000
0.2005212
0.2010430
0.2014656
0.2020888
0.2026127
0,2031373
0.,2036626
0.2041886
0.2047152
0.2052426
0.2057707
0.2062995

%

50,1
50,2
50,3
50,4

50,5

50,6
50,7
50.8
50.9

51,0

ol.1
51,2
51,3
51.4
51.5
51.6
51.7
51,8
51.9
52,0
52,1
52,2
52.3

52.6
52,7

54 5

54.7
54,8
54.9
55,0

A
0.2062290
0,207,592
0.2073901
0.200:217
0.20:.2540
0.2094871
0.2100208
0,2105553
0.2110905
0,2116265
0.2121632
0.2127006
0.2132387
0.2137776
0.,2143172
0.2148576
0,2153987
0.,2159405
0,2164831
0.2170265
0.2175706
0.2181154
0.2186611
0.2192075
0,2197546
0.2203025
0.2208512
0.,2214007
0.2219510
0.2225020
0.2230538
0.22360064
0.2241598
0.2247139
0,2252689
0.2258247
0.2263812
0.2269386
0.2274968
0.2280557
0,2286155
0.2291761
0,2297375
0.2302998
0.2308628
0,2314267
0,.2319914
0,2325570
0.2331234
0.2336906

55.1
55,2
55.3
55.4
55.5
55.6
55.7

57.1

59 5

60.0

A

0.2342586
0.2348275
0.2353973
0.2359679
0.2365393
0.2371116
0.2376848
0,2382538

0,2388337

0.2394095
0.2399861
0.2405637
0.2411421
0,2417213
0.2423015
0,2428826
0.2434645
0.2440474
0.2446311
0.2452158
0.2458013
0,2463878
0.2469752
0.2475635
0.2481527
0.2487428
0.2493339
0.2499259
0,2505189
0.2511128
0.2517076
0.2523034
0.2529001
0.2534978
0.2540964
0.,2546960
0.2552966
0,2558981
0.2565006
0,2571041
0.2577086
0.2583140
0.2589205
0.2595279
0.2601634
0.2607458
0,2613563
0.2619677
0.2625802
0.2631937



3

60,1
60,2
60,3
60.4
60,5
60.6
60,7
60,8
60,9
61,0
61,1
61.2
61.3
01.4
61,5
61,6
61,7
61,8

62.0
62,1
62,2
62.3
62.4

62.5 .

62.6
62.7
62.8
62.9
63.0
63.1
63.2
63.3
63.4

63.5°

63.6
63.7
63.8
63,9
64.0
64,1
64,2
64,3
64,4
64,5
64,6
64,7
64,8
64,9
65.0

A

0.2638082
0,2644238
0.2650403
0.2656580
0.2662766
0.2668963
0.2675171
0,2681389
0.2687617
0.2693856
0.2700106
0,2706367
0,2712638
0,2718921
0.2725214
0.2731518
0.2737833
0.2744158

0,2750495 -

0.2756844
0,2763203
0.,2769573
0.2775955
0,2782348

0.2788752.

0.2795168
0.2801595

0,2808034

0.2814484
0.2820946
0,2827419
0,2833904
0,2840401
0,2846910
0,2853431
0.2859963
0.2866508
0,2873064
0.2879633
0.2886213
0,2892806

0,.2899412

0.2906029
0.2912659
0.2919301
0.2925956
0.2932623
0.2939303
0.2945996
0.2952701

0.2959419
0.2966150
0.2972894
0.2979651

+0,2986421 -

0.2993204
0, 3000000
0.3006809
0.3013632
0,.3020468
0.3027317
0,3034810
0.3041057
0.3047947
0.3054850

. 0.3061768

0.3068699
0.3075644
0.3082604
0,3089577
0.3096564
0.3103566
0.3110581
0.3117611
0.3124656
0.3131715
0.3138788
0,3145876
0.3152979
0.3160096
0.3167229
0,3174376
0.3181538
0,3188715
0.3195908
0.3203156
0,3210339
0.3217577
0.3224831
0.3232101
0,3239386
0.3246687
0.3254003
0,3261336

0.3268685

0.3276049
0.3283430
0.3290827
0.3298241
0.3305670

70,1
70,2
70,3
70.4
70.5
70,6
70,7
70.8
70,9
71.0
71.1
71,2
71.3
71,4
71.5
71.6
71,7
71.8
71.9
72,0
72,1
72,2
72.3

72,4

72,5
72,6
72.7
72,8
72,9
73.0
73.1
73.2

. 73.3

73.4
73.5
73.6
73,7
73.8
73.9
74,0
74,1
74,2
74,3
74,4
74,5
74.6
74.7

74,8 .

74.9
75.0

A

o

0.3313117-

0.3320580
0.3328060
0.3335556
0.3343070
0.3350600
0.3358418
0.3365713
0.3373295
0.3380894
0.3388511
0.3396146
0.3403798
0,3411468
0.3419156
0.3426862
0.3434536
0.3442328
0.3450088
0.3457867
0.3465665
0.3473481
0.3431316
0.3489170
0.3497043
0.3504935
0.3512846
0.3520776
0.3528726
0.3536696
0.3544685
0.3552694
0.3560723
0.3568772
0.3576842

~0,3584931

0.3593041
0.3601172
0,3609323
0.3617496

- 0,3625689

0,3633903
0,3642139

0,3650396

0.3658674
0,3666974
0.3675296
0.3683640
0.3692006
0.3700395
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75,1
75,2
75.3
75,4
75,5

75,6

75,7

- 75.8

75.9
76.0
76,1
76,2
76.3
76.4
76,5
76,6
76,7
76,8
76,9
77.0
77.1
77.2

77.3

774
77.5
77.6
77.7
77.8
77.9

70.0‘

78,1
78.2
78.3
78.4
78.5
78,6
78.7
78.8
78.9
79.0
79.1
79,2
79.3
79.4
79.5
79.6
79.7
79.8
79.9
80.0.

A

0,3708805

0,3717239
0,3725695
0,3734173
0.3742675
0.3751200
0.3759749
0.3768320
0.3776916
0.,3785535
0.3794178
0.38028456
0,3811537
0.3820253
0.3828994
0,3837760

0,3846551

0.3855366
0.3864208
0.3873074
0.3881967
0.3890885
0.3899830

0,3908801

0,3917798
0.3926822
0.3935873
0.3944951
0.3954056
0.3963189
0.3972350
0.,3981538
0.3990755
0,4000000
0.4009274

0.4018576-

0.4027907
0.4037268
0.4046658
0.4056078

0,4065528

0,4075008
0.4084518

0.4094059

0,4103631
0.4113235
0.4122869
0,4132536
0,4142234
0.4151965

3

80,1
80,2
80.3
80,4
30,5
30,6

80,7

80.8

80,9

81.0
8L.1
81,2
81.3
81,4
8L.5
81.6
81.7
81.8
81L.9
82,0
82,1
82,2

82,3

82.4
82.5

82,6
- 82,7

82,8
82,9

83.0-

83,1
83.2
83.3
83.4

83,5
83.6
- 83.7

83.8
83.9
84,0
84, 1
84,2

84,3

84,4
84,5

84,6

84,7
84,8
84,9
85.0

A
0.4161728

0,4171523

0,4181352
0.4191214
0.4201110
0.4211040
0.4221003
0,4231002
0.4241035
0.4251103

- 0.4261206

0.4271346
0.4281521
0.4291733
0.4301981
0,4312266
0.4322589
0.,4332949
0.4343347
0.4353784
0.4364259
0.4374774
0,4385328
0.4395921
0,4406555
0,4417230
0.4427945
0.,4438702
0.4449501
0.4460342
0.4471225
0,4482152
0,4493122
0.4504135
0.4515193
0.4526296
0.4537444
0.4548638
0.4559878
0.4571165
0.4582498

0,4593880

0.4605309
0.4616787
0,4628315
0.4639892
0.4651519

0,4663197

0,4674926
0.4686707
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A

0.4698541
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