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Abstract:
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The variables studied were retention time and maximum kiln temperature. The manganese dioxide
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SCL-3117-D Regression equations describing the effect of temperature and retention time on yield and
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,ABSTRACT

'TIiis" thesis "contains the results of an experimental investigation into the feasibility of producing battery active‘manganese dioxide by air oxidation of manganese 
carbonate in a rotary kiln. The, manganese carbonate was 
made from a rhddochrdsite ore concentrate.

The variables studied were retention time and 
maximum kiln temperature. The manganese dioxide produced 
was tested for high and low drain capacity as described 
in Signal Corps Specifications SCL-3117-D,

Regression equations describing the effect of temperature and retention time on yield and low drain capacity 
are given. The high drain capacity was found to be 
independent of retention time and temperature. On the 
basis of the low drain capacity regression equation, it 
was determined" that operating at temperatures from IOOObF 
to IAOO0F and ,at retention times of 45 minutes to 75 minutes 
will 'pfbduce manganeise dioxide which will exceed Signal Corps specifications.



INTRODUCTION
In IdOO an Italian physicist9 Alessandro Volta, dis

covered that when a copper plate was separated from a zinc 
plate by an acid soaked cloth, an electrical force was 
generated between the copper and 'zinc» This was the inven
tion of the first true battery0 Since VoltaffS invention, 
there have been many primary cells developed, but probably 
the most important of these (in quantity produced) has been 
the battery introduced in ld6d by Georges Leclancheff (9).
(10) (12K

The Leclancheff battery - the common dry cell, or flash
light battery as we know it today - is composed of a zinc 
anode, a carbon cathode surrounded by a mixture of manga
nese dioxide, carbon black, and ammonium chloride, and an 
ammonium chloride - zinc chloride paste electrolyteo 
The exact chemical reactions which take place in the cell 
during discharge are still being debated, but it is certain 
that by some irreversible reaction, zinc goes into solution 
at the anode giving up electrons which travel through an 
exterior circuit to the cathode* For many years it was 
assumed that the manganese dioxide in the cathode mix acted 
as a depolarizer, ioe*, reacted with hydrogen formed at
the cathode  ̂ but now it is fairly certain thg,t no hydrogen

■is produced„ However, manganese dioxide is still, referred 
to as a depolarizer* The more recent evidence seems to
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indicate (5)
At the anode

Zn - 2e“ Zn++ (!)

and at the cathode

MnO2 + 4H+ +2e- Mn++ +2H20 (II)

MnO + Mn++ +20H 2 2Mn00H (ni)

As can be seen from the above reactions, the amount of 
manganese dioxide in a cell is very important, and in a 
Leclanche1 battery manganese dioxide is the limiting re
actant. However, there are many other factors which in
fluence a battery's capacity, H e = , available electrical 
energy.

Early in the history of the battery industry, it was 
recognized that there are two types of manganese dioxide; 
one which is battery active, i.e,, will produce electrical 
energy, and one which is not* It was not until the advent 
of the electron microscope and X-ray diffraction equipment 
that a difference between the two was discovered. For 
manganese dioxide to be battery active, it must have an 
amorphous structure, and be of the proper crystalline
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Phase0

To date, there have been as many as six crystalline 
phases of manganese dioxide identified, of which the 
three most common naturally occuring phases are 
CX-MnC^ (cryptomelane), J3 -MnO2 (pyrolusite), and 
T^-MnO2 (ramsdellite) 0 The Y -MnQ2 has been found to be 
the active phase in both natural and synthetic manganese 
dioxide = There is one other battery active phase which 
appears quite frequently in synthetic manganese dioxide, 
P-Mn0 2 , it is thought that this is only poorly 

crystallized % -Mn0 2 » because both appear in a continuous 
spectrum of mixtures0 While the proper crystalline phase 
is necessary for battery activity, it is not sufficient 
to insure it*

The chemical purity of manganese dioxide plays an 
important role in battery activity» The material must be 
high in manganese dioxide, in coihparision to the other 
oxides of manganese (MhO, M^O^ and M h ^ ), and low in 
other metals, especially in copper and nickel0 There have 
been many attempts in the past to correlate the above 
properties, as well as many others, and battery Capacity0 
However, the only real way of measuring .how a sample of 
manganese dioxide will function in a cell seems to be 
put it in pne and try it=,



Currently the chief source of battery grade manganese 
dioxide is the naturally occuring material in Ghana (Gold 
Coast of Africa)o However, there are two other.important 
deposits; one in Russian Caucasus and the other in the 
Philipsburg area of Montana0 The Montana ore was used 
quite extensively during World War I, but this material is 
a relatively poor grade depolarizer, and its use has been 
almost discontinuedc

During the last five years the amount of battery active 
manganese dioxide being used in the United States has 
decreased (Table I)»

TABLE I
TOHS OF MANGANESE DIOXIDE CONSUMED BY THE BATTERY INDUSTRY 

IN THE UNITED S'TATES-1956 to I960.
Year

- 1956(16) 1957(17) 1958(18) 1959(19) 1960(20
Imported 30;853 28;702 24;447 24;637 22;930 1Domestic 1;510 1;400 2,157 . 4;097 4;285
Total 32,363 30,102 26,604 28,734 27,215

, r

This can probably be attributed to two major factors, the 
first being the new demand for smaller and smaller dry cells, 
which require less manganese dioxide, and the second being 
that there are several other types of dry cell batteries 
replacing a small percentage of the Leclanchev market»
However, most of these batteries are much more expensive 
than the Leclanchev battery => There is also a third
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factor which may be influencing the amount of manganese 
dioxide used in the United States and that is the import 
of cheaper flashlight batteries from other countries,,
These sell for about half of what a battery produced in 
this country will cost, and generally speaking, are much 
lower in quality.(S)0 Regardless.of the decrease in 
manganese dioxide, consumption, we, find the Leclancheff cell 
in a wide number of applications ranging from flashlights 
to a whole host of childrens* battery-powered toys*
The Leclancheff cell will be used for many years to come 
because of its versatility, economy and popularity with 
the general public»

Because manganese dioxide is a vital raw material and 
because it is difficult to obtain during time of war, 
each World War has resulted in greater activity in trying 
to synthesize it.o During World War II, with the aid of 
the Army Sighal Corps, several firms started manufacturing 
battery active manganese dioxide by an electrolytic processo 
This material is far superior to natural ore (Table III, and 
there are several plants operating even today (26)„ However, 
even though electrolytic manganese dioxide is an excellent 
depolarizer, a plant for its manufacture requires a large 
capital investment and.uses vast quantities of strategically 
located electric power,, Therefore, from ,June 1951 to June
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1954» the Army.Signal Corps sponsored at Montana State 
College an investigation into the chemical synthesis of 
battery grade manganese dioxide (3)° From 1954 to 1955 
research was carried on under various sponsors and from 
1955 to date under the sponsorship of the Montana State 
Engineering Experiment Station (11$ 24$ 25)°

TABLE II
A COMPARISON OF NATURAL BATTERY ACTIVE MnOg AND ELECTROLYTIC

MhOg
High Drain* Low Drain**

Gold Coast (25) 3°7 , 80
Philipsburg (25) 4°2 82
Electrolytic (15) Not reported 147
*Time required for an nAit size dry cell to discharge to 
IoO volts through a 16 2/3 ohm resistor0 

**Time required for an 11A18 size dry cell to discharge to 
lel3 volts through a 166 2 / 3 ohm resistor°

Mr0 Fred Baughman described in his thesis (2), a 
process where battery grade manganese dioxide could be 
made by the air oxidation of manganese carbonate, followed 
by an acid leach to remove the lower oxides of manganese0 

Schilling (25) chose to do a more thorough study of this 
reaction in a small batch-type fluid bed reactor$ and 
concluded that the conversion of manganese carbonate to 
manganese dioxide was a function of carbonate puhity, 
reactor temperature, reactor pressure, air. rate through



the bed, and reaction time= Even though he decided not 
to design his experiments for the study of battery quality, 
he did conclude that a good depolarizer could be made by 
the air oxidation of manganese carbonate in a fluid bed 
reactoro

Griggs (11) followed up Schilling's research by 
constructing a pilot plant size batch-type reactor0 
However, Griggs experienced considerable difficulty with 
temperature ..control because the bed would not fluidize, 
except at fairly high air velocities= Again, Griggs did 
not design his experiments for the study of the battery 
quality, but he concluded, also, that good battery active 
manganese dioxide could be made in this fashion=

Because manganese carbonate does not fluidize well 
and because of the batch-type operation in the fluid bed 
experiments, it was decided to study the air oxidation of 
manganese carbonate in a . more continuous piece of equipment- 
a small stainless steel rotary kiln= This research was 
carried out Under the auspices of the Montana State 
Engineering Experiment Station=

«—T̂ae 1

I
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HYPOTHESES
The questions which this research set out to answer

were:
(1) Can a high quality battery active manganese 
dioxide be made in a gas fired, stainless steel 
rotary kiln?
(2) How do the variables retention time arid tempera
ture in a rotary kiln effect the quality of the 
depolarizer, and the percent manganese dioxide in 
the kiln discharge?
(3) If operating conditions effect the quality of 
the depolarizer, what operating conditions will giveI
a material which will meet or exceed Army Signal 
Corps specifications for battery active manganese 
dioxide (29)?
(4) Does the quality of the manganese dioxide pass 
through a maximum?

3



EXPERIMENTAL PROCEDURES
The experimental procedures used in this research are 

presented in the following order:
Io Discussion of a typical synthesis of battery active 

manganese dioxide,
2o Description and operation of the rotary kiln 

used for oxidizing manganese carbonate to 
manganese dioxide,.

A Typical Synthesis
The first step in the synthesis of. battery active 

manganese dioxide was the manufacture of manganese carbonate. 
The starting material was a floated rhodochrosite (MnCO^) 
concentrate ore donated by the Anaconda Company (see Figure S 
for a flow.diagram), First the ore was leached with 0,70 
pounds of technical grade sulfuric acid, diluted to 100 
grams per liter, per pound of ore. The ore contains about 
thirty-five percent manganese and the above acid-ore ratio 
is approximately the amount required to react with the 
manganese. However, the acid is in slight excess,

MnCQ3 (ore) + H2SOif---^MnSOif + H2O + CO2 j

After the ore had leached for twenty-four hours with 
constant stirring, the pH of the resulting slurry was adjust
ed to sj.x with calcium carbonate and sodium carbonate.
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Calcium carbonate will lower the pH to about 5«5» then 
it is necessary to add a small amount, of sodium carbonate 
to attain a pH of Six0 Sodium carbonate alone could be 
used for this pH adjustment, but calcium carbonate was 
used first, because it is cheaper= The calcium carbonate 
requirement for this step was about 0=2 pounds per pound 
of ore, and the sodium carbonate requirement about 0=02 
pounds per pound of ore=

Next, air was sparged into the.slurry for the purpose 
of oxidizing any iron which was in solution to ferric 
hydroxide, which precipitates= This step in the production 
of mangapese carbonate was very slow and on occasion 
required fourteen days to oxidize all of the iron= The 
slurry was then filtered with the solids acting as a 
filter-aid= The resulting filtrate - approximately ten 
percent manganese sulfate - is a very clear pink solution, 
and if it becomes cloudy upon standing three or four 
hours, there is still considerable iron in solution=

Next, the manganese sulfate filtrate was treated with 
sodium carbonate solution to precipitate manganese carbonate=

MnSO^ + NagCOj--- -MnCO^ } + Na2SO^

The manganese carbonate was then washed by successive 
dilution and decantation until no sulfate ion was
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evidenced when barium chloride was added to a sample of the 
wash watero

After precipitation and washing, the manganese carbon
ate was filtered, dried in a cabinet drier at l60°F for 
twenty-four to forty-eight hours, and ball milled for 
fifteen or twenty minutes to break up any lumps®

In all, fourteen separate batches of manganese carbon
ate were prepared (numbered c-1 through c-14)° The first 
eleven of these were prepared in thirty-two gallon 
polyethylene barrels and only twenty-five pounds of ore 
could be leached; at any one time® During the preparation 
of these batches, considerable difficulty was had with 
iron removal„ The air used for oxidation was blown into 
the solution from the laboratory's air supply and 
dispersed by a small ^HoP0 mixero As mentioned earlier, 
sometimes the oxidation required fourteen days® However, 
batches c-12 and 13 were prepared in a 100 gallon redwood 
tank® This made it possible to leach 120 pounds of ore, 
thus greatly increasing the amount of carbonate made per. 
batch® During the preparation of these batches, it was - 
discovered that if a l/3H=P® Lightning mixer was used to 
stir the slurry, and if it was set so that a large whirlpool 
was formed, the mixer pulled enough.air from the room into 
the slurry to oxidize the iron in twenty-four hours, thus
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greatly speeding up the iron oxidation Step0 Batch c-14 
was produced in a 250 gallon redwood tank, requiring 100 
pounds of ore, and by using the same Lightning mixer, iron 
oxidation took only twenty-four hourso

Filtration of the slurry after iron oxidation was 
also a little troublesome for the first few batches of 
manganese carbonate.,, Originally the filtration was done 
in ten inch Buchner funnels with four liter suction flasks, 
but after considerable experimenting, a Sperry Filter, Press 
in the unit operations lab was successfully used for this 
operation. In place of cloth, a heavy industrial filter 
paper was used between the plates and frames of the press. 
Unfortunately, it. was impossible to obtain accurate yield 
data on the manganese carbonate preparations because of 
large losses during filtering and washing. However it is 
felt that some loss is unavoidable and that this problem 
should be studied in detail.

Of the fourteen batches of carbonate made, c-1,2,3,4 
and 5 were blended together.and used in the "shake-down" 
runs of the rotary kiln (see page 10), as were batches 
c-6,7,0 and 9» Batches c-10,11,12 and 13 were blended 
together and were used for runs HG-3 through HG-34 (page 
33)o Part of batch c-14 was used to make run HG-35° A 
qualitative spec'trographie analysis of these blends of 
carbonates (T&ble III) was made so that it could be compared



wit h the carbonate analysis reported by Schilling ( 2 5 ) s 

and they compared reasonable well, considering that his type 
of analysis is accurate to only the nearest factor of ten„
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TABLE III
.,QUALITATIVE SPECTROGRAPHIC ANALYSIS OF CARBONATES - PERCENT

CARBONATE

used in runs c—I,2,3$4s5 c-6,7. 8,9. c-10,11,12,13 c-14Shake-down Shake-down HG-3 through 
34 HG-3 5

Calcium O0 5 0.5 0.5 0.5Zinc Ool Ool Ool OolSilicon 0.05 0.05 0.05 ' 0.01Iron 0.05 0.05 0.05 0.05Sodium O0Ol OoOl
OoOl OoOl OoOlLead OoOl OoOl 0.05Nickel 0.005 0.005 0.005 0.005Aluminum OoOOl 0,005 OoOOl OoOOlChromium OoOOl OoOOl 0.001 0.001

Titanium, Molybdenum, Vanadium, Copper, and. Strontium - 
only a trace found in all carbonates analyzed0 
Potassium, Tungsten, Barium t none found in carbonates 
analyzedo

After the manganese carbonate had been dried and ball 
milled, it was oxidized in the rotary kiln described on 
page 18« A small portion of the discharge was set aside for 
available oxygen analysis and from 400 to 1000 grams (depend
ing on the amount recovered from the kiln) was leached with 
one gram of technical grade sulfuric acid, diluted.to 100 
grams per liter, per gram of dischargeD This step was to 
remove any unreacted carbonate and the lower oxides of



X I

“14-~
manganese o'

MnCO3 + H2SOif,------^ MnSOif̂ + H2O + CO2I
MhgO3 H- H2SOif̂----- -̂MhO2 + JVtnSOifi + H2O
Mn3Oif; + ZH2SOifi---- ^MnO2 + ZMnSOifi + ZH2O
One gram of sulfuric acid was used for every gram of 

discharge because this would be approximately the amount 
of sulfuric acid required to leach the discharge had it 
all been Ifa3Oif1O However, the acid was in slight excesso.
The acid was diluted because IfaOg is soluble, in concentrated 
sulfuric acid while it is not in dilute sulfuric acid*

After the discharge had. leached for two hours at 
boiling temperature, the remaining residue, manganese dioxide, 
was washed with water by successive dilution and decantationD 
Washing was continued until a sample of the wash water 
showed no sulfate ion upon the addition of barium chloride* 
Next, the manganese dioxide was filtered and dried at 
IlO0C for Z4 hours0

While yield from.acid leaching, the weight of dried 
manganese dioxide compared to the weight of the material 
leached, would have been a good measure of the manganese 
dioxide in the kiln discharge, it was not used* This 
figure was very much subject to error because of material 
losses during washing and filtering* Therefore, an 
available oxygen analysis was used to measure the amount
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of manganese dioxide in the discharge, and this analysis 
gave the yield figures reported in this thesis.

The available oxygen analysis was carried out in the 
following manner (for a more detailed description see page 
82 of the appendix). A small sample of the discharge was 
placed in a beaker containing exactly 50 milliliters of a 
prepared ferrous ammonium sulfate - sulfuric acid solution 
and heated until the sample dissolved. Since there was a 
large excess of sulfuric acid, it was assumed that any 
MnCO-j, Mn20-j and Mn^O^ reacted according to the reactions 
given on page 14. This left only manganese dioxide to 
react with the ferrous ammonium sulfate.

MnO2 + 2Fe(NH4)2(S04)2 + 2H2S04------*-
MnSO4 + 2FeNH4(S04)2 + (NH4 )2SO4 + 2H20

Next, the excess ferrous ammonium sulfate was titrated with 
potassium permanganate, as was 50 milliliters of blank 
ferrous ammonium sulfate solution.

2 KMnO4 + IOFe(NH4 )2 (SO4 ) 2 + SH2SO4 --^ F e N H 4 (SO4 ) 2

+ K2SO4 + 2MnS04 + 5(NH4 )2SO4 + SH2O

By knowing the normality of the potassium permanganate, the
percent manganese dioxide in the sample was calculated from:

4■>35 (C2 - C1) Njc 
W^MnO2
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where Cg =- milliliters of KMnOzji required to titrate the 
blank Fe(NHzfî (SOzfi) 2 solution0.

6.1 - milliliters of KMnOzfi required to titrate the 
excess Ke(NHzfi) 2 (SOzfi) 2 iu the beaker containing 
the sample0

and
W = weight of the sample in grams0 

Two available oxygen analyses were made bn each run in. the 
kiln.0

After the manganese dioxide from the acid leach had 
been washed and drieds it was ground for two and one-half 
hours in a 3°5 gallon ceramic ball mill containing 
approximately 5 pounds of ceramic balls0 Next the dioxide 
was screened and the material passing through a standard 
100 mesh sieve was fabricated into size "A” dry cell 
batteries (a detailed description of battery fabrication 
is given in the appendix)Q These batteries were made and 
tested according to Signal Corps specifications SGL-3117-D(29)» 
These batteries were very similar to commercial flashlight 
batteries at least in principal components0. The battery 
components, except for the manganese dioxide, were purchased 
from a commercial supplier0

Each cell was comprised.of a zinc can, a paste elec
trolyte and a manganese dioxide bobbino- The bobbin was
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made by compressing a mixture of manganese dioxide, ammonium 
chloride, acetylene black, and wetting solution around a 
carbon rod* The amount of wetting solution varied with the 
manganese dioxide, but enough was added to insure proper 
tamping consistency of the mixture0 The bobbins were 
weighed, wrapped in gauze, tied with cotton thread, placed 
in the zinc can, paste electrolyte poured in, and then 
sealed with wax= A set of eight batteries was made for 
each sample of manganese dioxide0

The batteries were submitted to two standard tests 
five days after fabricationo The high drain test consisted 
of draining the battery through a 16 2/3 ohm resistor and 
noting the time required to reach I0G volts= Five and 
one-half hours was the Signal Corps specification= The 
low drain test was very similar, except the resistance was 
166 2/3 ohms and the cut-off voltage was 1 = 13 volts = 
Specification was 13G hours= Two batteries from each set 
werS used for high drain tests and two for low drain tests= 
Delayed capacity tests (see page 93 of the appendix) were not 
run because of the lack of proper battery storage facilities= 

In summary, a typical experiment consisted of making 
manganese carbonate, oxidizing the carbonate in a rotary 
kiln, leaching the kiln discharge, washing, drying and 
milling the leached product, making a set of batteries 
and subjecting them to high and low drain battery tests=
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THE ROTARY KILN FOR THE OXIDATION OF MANGANESE CARBONATE

The rotary kiln used in this research (Figures I9 2„ 3, 
4» and 5) consisted of four main parts; the rotating 
tube, the feed mechanism- and stack, the burner and control, 
and the support frame0

The rotating tube (Figures 2, 3, and 4). consisted of 
two five foot concentric pipes0 The inner pipe was S 
inches in diameter and was made by rolling l/S inch 309 
stainless steel. The outer pipe was made from fourteen 
inch mild steel pipe and served as an insulating jacket.
The annular space between the two pipes was filled with 
vermiculite insulation. The drums on which the tube rolled 
were made from two four inch pieces of sixteen inch mild 
steel pipe, which were turned down to approximately fifteen 
inches. The drive for the tube consisted of a l/3 H,P, 
motor coupled to a variable speed hydraulic transmission 
which was in turn hooked to a series of sprockets and chains.

The temperature of the rotary kiln was measured in 
three places (10 inches, 30 inches and 5$ inches from the 
burner end) with thermocouples, The thermocouple wells 
were 3 inch pieces of 3/8 inch stainless steel pipe, which 
passed through the insulating jacket and insulation, and 
were welded oh the outside of the # inch diameter tube.
All kiln temperatures were measured through the wall of 
the inner tube.
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Because the thermocouples for measuring kiln tempera

ture were an integral part of the rotating tube, it was 
necessary to devise sliding contacts for them. This was 
done by mounting six copper rings (two for each thermo
couple) on the outside of the insulating jacket and contact 
was made with each ring by a stationary spring loaded 
carbon brush (indicated in Figure 4)« Two of the thermo- 
couples on the tube were connected through sliding contacts 
to a multiple point switch which in turn was connected to 
a pyrometer a- The thermocouple; nearest the burner end of 
the kiln was connected through a sliding contact to a 
recorder controller (Figure I). This thermocouple was 
approximately at the hottest point in the kiln and was 
used as the control point. Figure 6 shows typical 
temperature profiles at each control temperature.

The stack and feed mechanism (Figures 3 and 5) was 
all constructed of stainless steel. The stack was made of 
a piece of four inch 302 stainless pipe with an eight 
inch expansion chamber on top. Originally it was hoped 
that the dust going up the stack could be collected 
,.electrostatically. This is the purpose of the six inch 
sewer tile on top of the expansion chamber. The tile acted 
as an electric insulatbr. However, because of the high gas 
velocities through the expansion chamber, it was impossible
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to collect the dust in this fashiono Later, a damper was 
placed in the tile, and this cut down considerably on the 
dust leaving the unite This damper did not seem to restrict 
the flow of combustion gases going up the stack very mucho 
The temperature profile along the kiln tube was essentially 
the same when the damper was one-fourth open as it was 
when it was full ppeno So the damper was set about 
one-fourth open throughout the research*

The feed mechanism (Figure 5) consisted, of a feed 
hopper and an auger* The hopper was made from 302 stain
less steel and the auger was cut from a piece of $/S inch 
304 stainless rod* The manganese carbonate being fed to 
the kiln was conveyed from the feed hopper by the auger 
through a 5/S inch (I0D0) stainless steel tube, slid down 
the inside of another 5/S inch tube, which passed down 
the center of the stack, and then fell into the kiln at 
a point about 5S inches from the burner end of the kiln*
The drive mechanism for the feed auger consisted of a l/4 
H0Po electric motor coupled by a Y-belt, to a variable 
speed hydraulic transmission, which was in turn connected 
to a pulley on the auger by a V-belt*

The frame supporting the rotary kiln, the stack and 
feed mechanism and all of the necessary drive equipment 
(Figures 2 and 3) was made of two-by-six lumber* On each 
side of the head end (the end opposite the burner end)
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of the frame was a screw jack for changing the pitch of the 
kiln.

Heat was supplied to the kiln by burning natural gas 
with a small gas burner (Denver Fire Clay Burner Number 
78l) and the kiln temperature - ten inches from the burner 
end - was controlled by a Minneapolis Honeywell pneumatic 
recorder controller (Model Number Y152P13P-96-(I?) K

In the course of this research from fifteen to twenty 
preliminary runs were attempted. Many of these were not 
completed because of operating difficulties which usually 
resulted in major changes in the kiln design. Therefore 
no valuable data was obtained from these runs but they 
did give experience .in operating a small rotary kiln, 
a better kiln design, and, finally, the kiln just 
described. These runs served two other purposes. They 
showed that the air oxidation of manganese carbonate to 
battery active manganese dioxide in a rotary kiln was 
possible and they served to give some insight into the 
range of the operating variables (retention time and kiln 
temperature) that should be studied.

As mentioned earlier the kiln* s temperature was 
controlled ten inches from the burner end. This was the 
hottest point in the tube (or very, near it) and since the 
crystalline phase of manganese carbonate can change with
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temperature (27), it is important to control the maximum 
temperature the material in the kiln encounters.

The actual retention time, the time the reacting 
material is in the kiln, is very difficult to measure, 
as each particle of material moving down the tube looks ■ 
just like the other. Therefore, retention time was 
defined according to an empirical relationship determined 
by Sullivan, Maier, and Ralston (23) (2 8 ),

R - 0°19LNDS
where

R = retention time in minutes 
L = length of the kiln in feet 
N = rate of rotation in r,p,mo 
D = diameter of the kiln tube in feet 
S = slope of the kiln in feet per foot of kiln length 

This equation has two advantages. It made it possible to 
obtain a reproducible retention time and any retention 
time set on this small unit could be obtained on a large 
unit.

Since the length and diameter of the. kiln were fixed, 
this left retention time dependent only upon the speed of 
rotation (N) and the slope (S) of the kiln. The speed 
of rotation of the kiln could be reasonably varied only
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over a small range - one to four- revolutions per minute0 
It was decided therefore to set the rate of rotation at two 
ropoino This is well in the range of operation of larger 
kilns and seemed to give ample bed mixing» This left 
retention time only a function of the kiln?s slope (S)0

Considerable difficulty was encountered during shake- 
down runs with material hanging up in the tube0 The react
ing material seemed to get sticky which probably explains 
to some extent why the manganese carbonate did not 
fluidize well in the fluid bed experiments (11) (25), and 
would hang up on the inside of the kiln0 However, if 
enough material was fed to the kiln, a fixed bed would 
build up and then material would be discharged* This bed. 
build-up cut down on the diameter of the kiln* So, a 
stainless steel spring-mounted scraper was placed the full 
length of the kiln tube* The ends of this scraper can be 
seen in Figures 2 and 3« This scraper kept the kiln diameter 
nearly constant over the length of the tube and provided 
extra mixing for the reacting material*

Probably at this point a description should be made 
of how a typical run in the kiln was carried out* First, • 
the retention time was set by adjusting the incline of 
the kiln with the screw jacks* Next, the kiln drive was 
turned on and the rate of rotation was checked with a

I
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stop Watch0 The rate of rotation could be changed by 
adjusting the variable speed hydraulic transmission in 
the kiln drive mechanism. However once the rate of 
rotation was set3 it rarely had to be adjusted. The burner 
was then lighted and the kiln was brought up to the desired 
control temperature by the manual controls on the recorder 
controller. After the kiln had reached the desired 
temperature, the controller was switched to automatic 
control. When the kiln temperature had lined out, the 
feed (manganese carbonate) was started into the kiln.

The feed rate to the kiln was set at thirty revolu
tions per minute of the feed auger and was later measured 
at 2,4+0 .01 pounds of manganese carbonate per hour, As 
determined by Sullivan, Maier and Ralston (28), retention 
time did. not depend upon the feed rate to.the kiln. Of 
course, this assumes that the kiln is fed at a reasonable 
rate. Therefore, thd feed rate used was rdther arbitrary. 

After the feed was started, the kiln was allowed to 
run for., a period of time equal to the retention time and 
then the discharge was collected until the hopper ran out 
of feed. The amount of feed used per run was either five 
or ten pounds depending on the retention time, Next, this 
material was leached and ground as described earlier.
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In summary, then, a typical experiment consisted of 

studying the effect of kiln temperature and retention time 
on yield and quality of the resulting :manganese dioxide, 
i<,e<,, the effect on high and .low drain capacity tests.
It was decided to study the effect of retention time from 
thirty minutes to one hundred and twenty minutes and kiln 
temperature from SOO0F to 1400°F0 Except for the 
shake-down runs, the experiments were designed from 
statistical considerations and the results' are presented 
accordingly in the next section. A mathematical treatment 
of the experimental model used is given on page 4 6 .

The levels of temperature were set at S00°F, IOOO0F, 
1200°F, and 1400°F. The levels of retention time were 
set at 3 0 , 60, 90, and 120 minutes. This makes sixteen

1
possible treatment combinations, and each -treatment was 
repeated - making thirty-two runs in all.



Figure I Control Panel



Figure 2 Rotary Kiln Burner End View



Figure 3 Rotary Kiln Feed End View
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RESULTS
This experiment was set up into two blocks. First, 

the entire sixteen treatment combinations were. run. These 
results are reported in the blocks entitled - Block I. 
Next, the entire sixteen treatment combinations were re
peated. These results are in the blocks entitled - 
Block 2.

The results of this research are reported in the 
following order:

(1) Yield data - Block I.and then Block 2.
(2) Average Yield - for each treatment combination.
(3.) High. drain capacity data - Block I then Block 2.
(4) Average high drain capacity - for each treatment

(5)
(6)

(7 )

(8)

combination.
Low drain capacity data - Block I then Block 2. 
Average low drain capacity - for each treatment 
combination.
Apparent density, wetting solution, and bobbin 
weight data o- 
Special runs.



Yield Data - Percent Manganese Dioxide in the Kiln Discharge - 
Block I
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TABLE IV

Temperature - °F
BOO 1000 1200 1400

- HG-7 ' HG-B HG-9 HG-10
ro 30 49.0 45.2 43.5 42.0
CD , ,49.3 , ,45.0 43.5 42.9
I (I) (2) (3) (4)
S HG-Il HG-12 HG-13 HG-14
I 60 52.5 46.7 44.2 42.952.5 ,,,46.7 44.0 42.BS•HE-i (5) (6) (7) (B)
g HG-15 HG-16 HG-17 HG-18
O 90 55.8 46.0 43.5 41.4
•P 55.2 46.2 43.7 41.7
§ (9) (10) (11) (12)
<D HG-3 HG-4 HG-5 HG-6120 55.8

55.9
(13)

48.1
48.4(14)

44 * 3 44.6
(15)

42.4
42.4(16)

Explanation of Tables IV and V
The numbers in the upper left hand corner of each square are run numbers.
For each run, two samples of kiln discharge were analyzed 

for percent manganese dioxide and both figures are reported.
The numbers in parenthesis, in the. lower left.comer, of 

each square are numbering the squares for location purposes. 
All tables. IV through XII are numbered in this fashion even 
though these numbers' are not shown.
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TABLE V

Yield Data - Percent Manganese Dioxide in the Kiln Discharge 

Block 2

Temperature - °F
800 1000 1200 1400

30

60

90

120

H G-19 51 o I 
51.3

HG-23 
55.5 55.0

HG-27
53.4
53.4

HG-3154.0
54.2

HG-20
46.9
46.7

HG-24 
45.8 
45.3

HG-2 8 
45.0 
44=6

HG-32
44=645.8

HG-21 HG-22
45.0 42.0
44,5 41.5

HG-2 5 44.6
44.5

HG-26 42 = 6 
42.1

HG-29' 43.8 
43.6

HG-30
41.3
41.5

HG-33 HG-34
43.7 42.5
43=5 42.2
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TABLE VI

Average Yield - Percent MnOg 
from Tables IV and V0

to<D ..
800 1000

1.3°
S

.50 0175 4 5 .9 5 0

I 6 0
O
S

53.875 4 6 .1 2 5

BH.90
g: '

54.450 4 5 .4 5 0

1 120 0)•p<DPd

54.975 46.725

Overall.Average Yield

the Discharge - calculated

Temperature - °F

1200 1 4 0 0

44.125 42.100

44.325 42.600

43.650 41.475

44.025 ,43.375

= 4 6 o400



TABLE VII
High'Brain Capacity Data - time required in hours to drain a siz<§ A dry cell to 1.0 volts through a 16 2/3 ohm resistor -
Block I
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Temperature - °F

800 1000 1 2 0 0 1 4 0 0

0 30
1

120

HG-7
4 o..6
3.2

HG-Il
6.8
6 . 4

HG-15 5.2 
4.9

HG-3
7.56.1

7.77.3

HG-12
7.17.0

HG-16
6 . 3
6.3

HG-4
6.9
6.9

HG-9 HG-10
7.8 ' 7.7
7.7 7.7

HG-13 HG-147.0 ' 6.8
6.9 6.6

HG-17 HG-18'
'6.8 6.26.8 6.2

HG-5 HG-66.8 6.9
6.5 - 6.5

Explanation of Tables VII and VIII:
The numbers in the upper left hand corner of each square are run numbers.
For each run, two batteries were tested for high drain 

capacity and both figures are reported.
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High"Drain "Capacity Data - Time required in hours to drain 
a size A dry cell to I6O volts through a 16 2/3 ohm resistor
Block 2
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TABLE VIII

BOO

HG-19
30 7.16.1

Temperature - °F

1000 1200 1400

HG-20 HG-21 HG-22
7.2 7.1 7.37.1 7.1 7.2

HG-2360 8.8 
8.7

HG-24
9.3
9.0

HG-25 HG-26
6.3 7.46.1 7.3

HG-r 27 HG- 2 8
90 5.4 7.4

5.7 7.4
HG-29 HG-30

7.5 7.2
7.5. 7.2

HG-31120 6.2
6.0 6.5

6.3
HG-33 HG-346.7 6.66.6 6.6
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TABLE IZ
Average High Drain - 
and VIII.

Hours -

■ CO CD
I  "

800 1000

I 3°
, I

5.250 7.325

' 'I 60
E-c

■ aO

7.675 8.100

; P .90
■ S
: %

Cd

5.300 6.850

120 6.450 6.650

Calculated from Tables VII

Temperature - 0F

1200 1400

7,425 7.475

6.575 . .7,025

7,150 6.700

6.650 . 6.650

Overall .Average High Drain Capacity = 6 0 8 3
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t a b l e  X

Low "Drain Capacity Data - Time required in hours to drain a size A dry cell to 1.13 volts through a 166 2/3 ohmresistor -
Block I

Temperature - 0F

BOO 1000 1200 1400

S 30
I '

HG-?
125.3125.0

HG-B 
130.0 
1316 0

HG-9
1 3 0 .0
132.0

H G-10 
145.6 140.3

£
1 60 
a•HErH

HG-Il
130.0
129.0

HG-12
143.3
144.3

HG-13 
147.3 
146.5

HG-14
146.3
143.3

a
^ 90
g

HG-15 ■ 114.0 
1 1 4 . 0

HG-16
119.6
117.0

HG-17
123.4
123.4

HG-I^
110.0
107,5

•p0) I

P h

120 HG-3 121.0 
121,0

HG-4129.6
130.0

HG-5
129.5
129.5

HG-6
123.5
123.5

Explanation of Tables X and XI:
■ The numbers in the upper left hand corner of eachsquare are run numbers.

For each run, two batteries were tested for low drain capacity and both figures are reported.
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TABLE XI

tow Drain Capacity Data - Time required in hours to drain 
a size A dry cell to 1*13 volts through a 166 2/3 ohm resistor -
Block 2

Temperature - pF

600 1000 1200 1400
CO HG-19 HG-20 HG-21 HG-22•P0 30 1 2 8 . 0 1 2 8 . 0 126.0 144.00
U

127.0 1 2 8 . 0 1 2 6 .0 143.0
I
0) 60 HG-23 HG-24 HG-2 5 HG-26a 1 2 6 . 0 147 <>0 143.8 141.0•rlEh.
a

.1 2 6 .0. 147.0 143.0 141.0
O•H■P • HG-27 HG-28 HG-29 HG-30
g 90 196.5 1 1 5 .0 119.6 117.0
0 192.0 114.5 117.0 116 o 0
Eti

HG-31 HG-32 HG-34 HG-35120 121.0 128.3 129.2 128.3119.0 128.3 1 2 8 .0 1 2 8 .0
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Average Low Drain Capacity - Hours - Calculated from Tables X and XI.
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TABLE XII

Temperature - 0F

600 1000 1200 1 4 0 0

126.325 129.250 126.500 143.350
I
I 60 127.750 145.525 145.150 142.900
E-4
ti . .O
£ 90S 104.125 116.525 120.650 112.625
O
® - 
*120 120.500 129.050 - 129.050 126.325

Overall Average Low Drain Capacity = 126.1125



TABLE XIII

APPARENT DENSITY, WETTING SOLUTION, AND BOBBIN WEIGHT DATA
Run • 
Number

Retention ' Time 
(mino)

TemperatureT0F) Apparent* Density (gm/in^)
Milliliters"of ■ wetting  ̂solution per-50 gm of 
MnO2

Averagebobbin
weight
(gm)

HG-2 25.6 1600 13:21 12.0 9:2H G-3 120 800 12.10 18:0 8:7HG-4 120 1000 12:95 2 1 .0 9:0HG-5 120 1200 13:95 1 4 . 6 9.0HG--6 120 1400 1 2 ; 2 4 - 7:9HCk? 30 800 9 : 2 7 2 1 : 8 8.0HG-S 30 1000 14.90 16:1 9.8HG-9 ■ 30 ’ 1200 14:89 15.8 9:8HG-IO 30 1 4 0 0 16:33 15.9 9:7HG-H 60 800 9:30 2 1 :5 8:5H G-12 60 1000 1 4 : 4 1 1 5 : 2 9.5HG-13 60 1200 1 2 : 6 7 1 7 :0 9:3HG-14 60 1400 13:76 15:3 9.3HG-15 90 800 9:43 ' 26:5 8 . 7HG-16 90 1000 12:63 19:5 9.5HG-17 90 1200 13:54 19.0 9.6HG-IS 90 1400 1 3 :0 5 1 8 . 7 9.2HG-19 30 800 3:93 2 4 .6 8.6HG-20 30. 1000 13:56 18:0 9.5H G-21 30 1200 1 4 : 2 8 1 9 .2 9.1HG-22 30 - 1400' 1 5 : 5 1 16:9 9:5HG-23 60 "800 8 : 7 4 2 4 :6 8:2HG-24 .60 1000 1 3 : 4 4 18:5 9 . 4HG-25 60 1200 1 1 : 9 1 18.7 9.2HG-26 60 1400 1 2 . 3 2 17.9 9.3

if-MI



TABLE cont’d
Riiri
Number

Retention 
Time 
(mirio)

Temperature
(0F) Apparent*

Derisity(gm/in3)

HG-27 90 800 10; 78HG- 2 8 90 1000 14.21
HG---29 90 1200 12; 53HG--30 90 1 4 0 0 1 3 ; 6 0HG-31 120 800 ll; 63HG--32 120 1000 13.89HG-33 120 1200 12; 62HG--34 120 1400 ii;30HG-35 59 1260 13.21

'-sSee page 91 of the appendix 
**Forgot to measure

Milliliters'of Averagewetting“solution bobbinper 50 gm of weight
Mn02 (gm)

16.7 8.924.3 8.821.6 9;2
2 4 ; 5 8;8
30;4 7.523;9 9.124;i 8.534.4 y;621.2 8.9



Bun
Number

HG-2

HG-35

TABLE XIV 
SPECIAL RUNS

Retention Temperature Yield 
Time (0F) (Percent)(Minutes)

25-6 1600 46.7

50 1260 45-9

High;Drain 
(Hours)

6-4

6.33

Low Drain 
(Hours)

97.6

148.1
1-p--F-I



Discussion OF RESULTS
The results of this research are discussed in the 

following order.
I* Discussion of the mathematical (experimental) 

model used to analyze the yield data, high drain 
capacity data and low drain capacity data.

2. Analysis and discussion of yield data.
3o Analysis and discussion of high drain capacity 

data.
l+o Analysis and discussion of low drain capacity 

data.
5. Discussion of the process economics.
6. Summary of results.
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Discussion of the Experimental Model

Since the experiments in the thesis were designed 
from statistical considerations and since the discussion 
of results will be, primarily, from a statistical point 
of view, a discussion of the mathematical (experimental) 
model used in analyzing the data is probably necessary 
at this point.o

The same mathematical model was used to analyze the 
data obtained from the three measured variables - yield, 
high drain capacity and low drain capacity. Therefore 
only one mathematical model will be discussed. 
Experimental Models

V r  A 01V xihIpeI V + A i V i h V V
+/^02Po(xlh)p2(z2i). 03Po(Zlh)P3(X2i)

+A o Pl<Xlh>P0<X2i) +/ A Pl<Xlh>Pl<X2i>
4V A pI (Xlh > P2 (X21) + f t  13Pl<Xlh>P3<X2i! 

+^ 2 0 P2lXlh)P0'X2i) + P  Z l A xI h W
A 2 2 P2(Xlh)P2<X2i) Z3P2(Xlh)P3(X21)

+A o P3(Xlh)Po(X2i) + ^ 31P3(Xlh)P1(xZi) 

+A 2 P3(Xlh>P2(X2i) + ^  33P3(Xlh>P3(X2i>
+ ^ hij + ^ hljk (1.11)
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or in shorter notation
^hijk = ^  f t  nmpn (xIh) pm  ̂x2i)"77̂0 "WI=O

+ ̂ hij + ^ hi jk
Where h

i
jknm

li,2j»° ° ,al ° o ° jbI , 9 . O O O . n
j  5 ^ V

1,2,°&°,d 
0;1;2,° ° °,v 
0,1,2,°°°,w

in this experiment a=b=4
c=d=2
T=W=J>

(1,12)

Thijk “ the sample random variable, either high draincapacity, low drain capacity or yield. The sub
script "h" refers to the level of the first vari
able- (Ti), ”in to the level of the second variable 
(Xa)» "j" to a particular block of treatments, and ”k” to a particular subsample under the (hi)tn treatment combination in the jth block,

Pj =s jth block effect
Pn(Xi) = a polynomial of degree "n" in the first variable (X]_) - temperature

Pm(Xa) = a polynomial of degree "m” in the second 
variable (Xa) - retention time

y^nm = the regression coefficient associated with the 
polynomial product Pn(Xij1)Pm(Xai)

The subscripts on y3nm have been ordered so that 
the first subscript (n) is the degree of the polynomial 
in Xi and (m) is the degree of the polynomial in X2 in the 
polynomial product Pn(Xij1)Pm(X2i) „



I

€ = a random variable associated with the (hi)th
treatment combination in the jth block*

5 hijk - a random variable associated with the k^bsubsample"under the (hi)th treatment in the 
jth block,

by construction

Y  Pn(Xlh)Pn?(2ih) = 0 for n ^ n» (1.13)
fc
and

^ pmi(X2i)PmMX2i) = 0 for m ^ m' (1,14)

Polynomials which satisfy these conditions are called 
orthogonal polynomials, 
also by construction

Z  P i = 0 (1,15)

It is assumed that:

^  hij are HID (0, ^ )  , . 6 hijk are ™ ( 0 ,  ( fs2 ) (1,16)

and that the 6 hij?s and the 6 hijk9® are statistically 
independent for all h9 i, j and k,

Using this experimental models an analysis of variance 
technique was used for.analyzing the experimental data.
As mentioned in An Introduction to Mathematical Statistics
by H. D0 Brunk (4)$ the term ”analysis of variance” is-
not susceptible to a very precise definition but generally



I

-49-
refers to methods of estimation and testing hypotheses.m • > •• - ,, , . .. . .  . . .  *

Basically this technique involves partitioning sums of 
squares into other sums of squares and interpreting the 
results.

The basic identity used for analyzing this experi
mental model was:

(Yhijk - Y) = (Yhi - Y) + (Yj - Y)
+ (Yhij " Xhi - Yj+T) >  (Ihljk - Thlj) (1.17)

where

Y = I
abed Z T

hiin hijk (IolS)

Yhi H
gj
H Z Yhijk (Io19)

xd abd Z Yhijk
KiK

(1.20)

7M j ■ i Z Yhijk
K

(1.21)

Squaring both sides of the above identity and .summing over 
all h, i, js and k, and noting that the cross-products, sum 
to zero, we find:

I (W - x)2h IjK
cd (Y -Y)2 + abd ^  (Y.-Y)2j J

+ d (Yhij Y „ + Y):
KM K Ŷhijk~Thij) (I.22)
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where

Total Sum of Squares = SST = V ’ (Y ..-Y)2#.lTk illJk
Block Sum of Squares = SSB = abd V" (I --Y)^ 

Experimental Error Sum of Squares = SSEg

= d Z  ^hij- ^hi- Yj +T)2

(16 23). 

(I=24)

(1=25)

Subsampling Error-Sum of Squares = SSD

= • Yl (Yhijk - Yhij)
iii3K

It is now desirable to partition the sum of squares
2

(1.26)

Cd Yi (Yhi - Y)2 = Cd SSR + cd SSE ]_ (1.27)

into a sum of squares due to regression (cdSSR) and a sum 
of squares due to deviations from regression (cdSSE-j_) for 
analytical purposes. The question now arises, can cdSSR 
be partitioned into independent sums of squares for each 
/ ^ n m in the experimental model?

Rewriting the mathematical model in terms of the 
mean Y ^ , we finds

7hi = Z Z  Z d F n(Xlh)Pm (X21)n Tm

+ C hi + ^ hi (1.28)
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Thi = H h  Thlik (1.29)

f hi - I I  C hid (1.30)

^  hi = 'dr £  ^ hijk (1.31)

From statistical theory and our assumptions (1.16), we 
know that

^hi are NID(0, cf/c ), and 8 hi are NID(0,cf/ccl ) (1.32)

and that the ^ -^*8 and the ^ h i ?s are statistically 
independent for all h and i.
Using this fact and letting

^ hi hi = fhi . (1.33)
we know

£ hi are H D  (0, dtf + ) (1.34)cd
Now changing to matrix notation for convenience and re
writing (1 .2 8 ), we have

• I + £ (1.35)
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wh ere

I

h" column "vector containing the elements Tln4 of dimension ab by I ni
a column vector containing the elements of dimension ab by I ' ni

ft — a column vector containing the elements of dimension (v+1) (w-KL) by I ft mn
P

o f ^ s L T S nS s, ^ , ? ^ r s pncilhlp̂ x211

Examining the matrix product P?P, we find a typical element 
looks like;

I I Pn(Xlh)Pm(XZi)Pn*(Xlh)Pm *(Xgi): hi

(/L ̂ n(Xlh)Pnf (Xih))' h / Z  Pm(%2i)Pm'(%2i)) (1.36)
However from the orthogonality conditions, (1.13) and (1.14), 
placed bn the polynomials

^Pn(Xlh)Pnf(xIh)] I ^  Pm(Xgi)Pmf(Xgi)I - 0 (1.37)
h . ' * a. *

if n ^ n* or m /6 m*
Therefore the matrix PfP is a diagonal matrix, as is its 
inverse (PfP)
From general normal regression theory the estimate of 
is given by
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where = a column vector containing the estimates (Tdmtti)
of the f i  nm's
also

COV ( J3) = (PtP)"1 (1.39)

Since (PfP)"1 is a diagonal matrix and because of our 
normality assumptions (1.16), the estimates of the /^nmfS 
are independent and the sum of squares due to regression (1.27) 
can be partitioned into independent sums of squares for 
each J2 nm, thus giving the analysis of variance table shown 
in Table XV.



TABLE XV
GENERAL ANALYSIS OF VARIANCE TABLE

SourceBlocks SoSo CL-of O .
SSB c-1 ' 'fioS. 

s sb ■ ;, Iabd
c-1

LMoS.

? P j

O H =dssZJoi . 1 ssP o i  ̂+cd O2 J pQ(Xih)B2(X2i)

P.02■ O
cd.SS^Q2 I

© ©.. ss/302 *6 2 ted ft O2 Z pO2lzIh1I lz2I1

/?nm
© ©

cdss/3nm i
o e© O

ssP n m
O

*Cf 2 ted p I  Z pP zIh1̂ lz2I1

Z^vw oassP v w i ssP v w *tf2 +cd p L Z pVlzIhlpWlz2i1
Deviationsfrom
regression cdSSE]_ ab- (v+1) (w+1) sse^ *^2

Experimental Error .. SSEg (ab-1)(c^-1) sse2 *Cf2
SubsamplingError SSD abc(d^l) ssd a?Total SST abcd-1
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TABLE XVI

COMPUTING. FORMS
Y - "I"1 abed £ k w

Thi = H Z  Thijk

yJ = " k d X! YhijkhiK
Yhid = J X! Yhijk
ssT = yH1Ik Yhijk - abed T2
SSB = abd >̂ T?: - abed Y2

SSE2 = d ^  T^lj - cd £  Y^i - abd £  Y 

SSB - ^Jhidk - d  ^

hi

SS/3nm = bL  I  PZ(zlh)pm!x2l)hi
SSR = X j nm Except n :

-Mtn

SSE1 = ^  Tg1 - aY2 - £  s ^ f i r mh i fi m

j + abed Y2

: m = O

Except, m = n = O
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Since the levels of retention time and temperature 

were evenly spaced in this experiment, the orthogonal 
polynomials used in the experimental model were taken 
from Biometrika - Tables for Statisticians (22) and are 
listed below. If the levels of temperature and retention 
time had not been evenly spaced, a method for constructing 
a set of orthogonal polynomials described by Kendall (14) 
could have been used.

TABLE XVII
THE ORTHOGONAL POLYNOMIALS USED

Po(Xl) = I
P1(X1) = ZX1 
P2(X1) = ,X12 - 5A

P3(Xi) = r  X13^ x 1
where Xp= .. ZrA-j-ffP200 and T = Temperature - 0F

Po(Xg) = I 
Pl(Xg) = 2Zg 
Pg(X2) = Xg2- 5/4

where X2 R-75 and R = retention time - min.3CT
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TABLE XVIII

VALUES OF THE ORTHOGONAL POLYNOMIALS 
AT EACH LEVEL OF TEMPERATURE AND 

RETENTION TIME

Temperature-■0F X1 Retention 
Time min. %2 p0 P1 p2 P3

SOO -3/2 30 . -3/2 1 - 3  1 - 1

1000 -1/2 60 -1/2 I —1 —1 3

1200 1/2 90 1/2 I I -I - 3

1400 3/2 120 3/2 I 3 I I



Using the values of the Pn(xl)pm(x2) Table XVIII and 
ordering the Pn(xl)pm(x2) as they were in the original 
model (1,11) the iP matrix is as follows.
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I -3 I -I -3 9 -3 3 I -3 I -I -I 3 -I I
I -3 I -I -I 3 -I I -I 3 — 1 I 3 -9 3 -3I -3 I - I .I -3 I -I -I 3 T-I ■ I -3 9 -3 3I -3 I -I -3 -9 3 -3 I -3 I -I I -3 I -II -I --I 3 -3 3 3 -9 I -I -I 3 -I I I -3I -I -I 3 --I I I -3 -I I I -3 3 -3 -3 9I -I --I 3 I -I -I 3 -I I I -3 -3 3 3 -9I -I --I -3 :-3 -3 -3 9 I -I -I 3 - -I -I -I 3P = I I — I •—3 — 3 - 3 3 9 -I ■ -I -I -3 -I -I -- -̂ ^
I I -I --3 -I -I I 3 -I -I I 3 ... ̂ -3 -3 -9I i -i - 3 I I --•1 -3 -I -I -I -3 -3 -3 - -3 --G)
I I --I -3 •'3 3 w3 -9 I I -I -3 ■ I -I -I - 3
I 3 I I -3 w9 w3 -3 -I 3 - I ■ -I -I -3 -I -II 3 I I -I -3 -I -I -I -3 w'l -I 3 - ̂
I 3 I I I 3 I I -I -3 -I -I -3 -9 -3 -3I 3 I I 3 9 3 3 I 3 I I I 3 I I

This makes P'P a diagonal matrix
1 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0o do 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 16 0 0 0 0 ' 0 0 0 0 0 0 0 0
0 0 o do 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 do 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 .4 0 0 0 . 0 Q 0 0 0 0 0 0
0 0 0 0 0 o do 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0PnP= 0 0 0 0 0 0 0 0 16 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 do 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 16 0 0 0 0
0 0 0 0 o ■ 0 0 0 • 0 0 0 do 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 do 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 o do
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Analysis and Discussion of the Yield Data,

The analysis of the yield data was accomplished using 
the analysis of variance table given in the preceding 
section. Since the number of regression coefficients 
(sixteen) in the experimental model is equal to the number 
of treatment combinations, there is no deviation from 
regression term in the following table.

First, the estimates of the regression coefficients 
were calculated from

/3 = (PtP)-1PtI
and are given by

bQO 46,400000
bo I 0,191875
b02 - 0,093750
bQ3 0,143125
blO - 1,786250
bll - 0,121125
bl2 0,122500
bl3 0,002125
b20 1.353125
b21 0,175000
b22 - 0,253125
b23 0,025000
b3D - 0,256875
b3l - 0,018500
b32 • 0,079375
b33 0,008000 '



ANALYSIS OF VARIANCE - YIELD DATA 
Calculated from Tables IV, V, and VI
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TABLE XIX

Source S 0S0 d = f 0 Itl 0  S 0

Blocks 0.6800 I 0.6800
4  on. 11=7811 I 11=7811
&  0 2 0.5625 I 0.5625
f t  03 6.5551 I 6.5551
^ i o 1021.0205 I 1021.0205

23.4740 I 23=4740
f t  12 4.8020 I 4=8020
f t  13 0.0072 I . 0.0072
^ 2 0 117=1806 I 117=1806
A n . 9=8000 I 9=8000
^ 2 2 4=1006 I 4=1006
^.23 0.2000 I 0.2000
J h o 21.1151 I 21=1151
A l 0.5476 I 0=5476
A 2 2 .OI63 I 2=0163
/^33 0.0960 I 0.0960
Experimental
Error 3 7 = 0 3 0 0 15 2=4687
Subsampling 
Error 2.4500 32 0=0766

1,263=4138 63Total



TABLE XX
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TESTS OF HYPOTHESES - YIELD DATA-
Hypothesis F'(calculated)

_  K U S o
sse2

HypothesisAccepted^

D o i = O 4 . 7 7
J3 02 = O 0 . 2 3 **

= O 2 = 66 **

y ^ lO = O 4 1 3 . 5 9 ■ ,

y 5 n = O 9 . 5 1

f i l 2 = O 1 . 9 5 **

P u = O 0 = 003 **

^ 2 0 = O 4 7 . 4 7

P  21 = O 3 . 9 7 **

$ 2 2 = O 1=66 **

^ 2 3 = O O = OS **

$ 3 0 = O 8 .5 5

$ 3 1 = O 0 = 22 5Ilj5Se

# 3 2 = O 0 . 3 2 5Sj 5Sj ,

# 3 3 = O 0 = 0 4 5Sj5Sj

P j =  O 0 = 27 **

** If F calculated > F critical the hypothesis 
was rejected otherwise it was accepted=
F critical = o„05Fl,15 = 4.54



This analysis gives the regression equation in terms 
of the orthogonal polynomials s.

Y = 46.400 P0(X1)P0(Z2) + 0.191875 P0(X1)P1(X2)

- 1.78625 P1 (X1 )P0 (X2) - 0.121125 Pl(X1 )P1 (X2)

+ 1.353125 P2(X1)P0(X2) - 0.256875 P3 (X1 )P0 (X2)

Substituting for the orthogonal polynomials (page 56), 
simplifying and rounding off coefficients to two decimal 
places, the regression equation becomes:
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I = 44.71 + 0.38

-1.82 T-1100
200 + 1.35

0.48

T-1100
200

T-1100
200

- 0.86

R-7530 I

T-110013
"205 I

where f  = yield - percent manganese dioxide in the 
kiln discharge.

R = retention time - minutes 
T = Temperature - °F

More will be said about this, equation later.
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Analysis and Discussion.of the High Drain Data

Again, the technique of analysis of variance was 
employed to analyze the high drain data»

TABLE XXI
ANALYSIS OF VARIANCE - HIGH DRAIN DATA.

- calculated from Tables VII, VIII, and IX
Source S = S = d = f = IUo S  0

Blocks 3,2975 I 3,30Due to Regression 3 4 , 5 7 4 4 1 5 2 = 3 0Experimental Error 18=4575 1 5 1  = 2 3Subsampling Error 3 = 0 0 0 0 3 2 0.09Total 59,3294 6 3

Now, testing the hypotheses that all the J2 9s (except J 2 qq) 

are zero

F - calculated = . .= I0SyJ- o 23

Since F - calculated is less than Q005^15j, 15 ” 3 = 52, the 
hypotheses is accepted= This says that the treatments had 
no effect on high drain capacity= This is what Griggs (11) 
concluded from his fluid bed experiments and this helps to 
substantiate it= This also says that the high drain 
capacity to be expected from the manganese dioxide made by 
the process described in this thesis is estimated by the 
mean of the observed high drain capacities, i=e=,

H=D= = 6 = 8 3 hours
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A ninty-five percent confidence interval was placed on 
the true mean (H.D.) by using this estimate (HeD0) and 
found to be

6o41 hours < H0D 0 < 7»25 hours

The values in this interval are well above Signal Corps 
specifications (5<>5 hours) 0

In fact, only three runs, (HG-7, HG-15, and HG-27) 
of the thirty-four (HG-2 through HG-35) reported in this 
thesis resulted in manganese dioxide that would not meet 
high drain specifications. It is suspected that the 
batteries used to test the high drain capacity of the 
manganese dioxide made from run HG-7 were faulty because 
upon repeating this run (HG-19), the resulting material 
had fairly good high drain capacity.

In summary then, manganese dioxide which will exceed 
Signal Corps high drain specifications can be made in a 
gas fired rotary kiln if the kiln temperature is between 
SOO0F and 1400°F and the retention time is between 30 and 
90 minutes. This does not mean that other temperatures 
and retention times could not be used but that these 
were the intervals investigated. The high drain capacity 
to be expected should be around 6.S hours.



Analysis and Discussion of the Low Drain Data
■Again, the analysis of variance table given on page 6 2  

was used to analyze the low drain data.
The estimates of the regression coefficients (J 3 ) 

was calculated from:
ZN

J J = (ptp)-l pty

and found to be:
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.bOO "128.11250 "
bOl -2.10875
bO 2 1.18125
b03 3.76375
bIO 1.85875
bIl -0.23950
b12 -0.01375
bI3 = 0.04725
b20 -2.37500
b21 -0.80250
^22 2.70625
^23 -0.24250
b30 0.48625
b31 -0.13775
b32 0.19125

_b33 _ 0.12700
Using these estimates in part, the following analysis of 
variance table' was calculated.
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TABLE XXII
ANALYSIS OF VARIANCE - LOW DRAIN DATA - 
Calculated from Tables X s XI, and XII.

Source S.S. d.f. m.s.
Blocks 86.0250 I 86.0250

A u 1,422.9845 I 1,422.9845
A z . 89.3025 I 89.3025
Zj 03 4,533.0605 I 4,533.0605
^ l O 1,105.5845 I 1,105.5845
A i 91.7764 I 91.7764
^  12 0.0605 I 0.0605
J j l l 3.5721 I 3.5721
P  20 361.0000 I 361.0000
P  21 206.0820 I 206.0820
P  22 468.7225 I 468.7225
P t ! 18.8180 I 18.8180
Jh o 75.6605 I 75.6605
A i 30,3601 I 30.3601
P 3 2 11.7045 I 11.7045
P 33 25.8064 I 25.8064

Experimental
Error ■492.3430 15 32.8229
Subsampling
Error 44.3670 32 1.3865
Total 9,067.2300 63
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TABLE XXIII

TESTS OF HYPOTHESES - LOW DRAIN DATA **

Hypothesis F(Calculated)
_ m 0 s 0

' sse?
Hypothesis Accepted

/ j o i -  o 43.35 '
o .2.72 **

138oll

O-1OI --
I

33.68
P l l - O 2 = 80 **

0 = 002 **

OH: (AI—I
Os 0.11

Pzo=Q 11 = 00
P  21-0 6 . 2 8

14 = 2 8

P i ? , - 0 0 = 57
PlO=O . 2 = 31 **
P n =O 0.93 **

P iZ = 0 . 0.36 **

P i f 0 0.79 **
P j=0 2 . 6 2 **

** If F (calculated) > Oo05Fl,15 “ 4=54 the, 
hypothesis was rejected0 If not9 it was 
accepted»
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analysis gives the following regression equation 
in terms of the orthogonal polynomials»

■L.D. = 128.1125 - 2.10875 P0(X1)P1(X2) +3.76375 P0 (X1 )P3 (X3) 

+ 1.85875 pI(Xi)P0(X2) - 2,37500 P2(X1)P0(X2)

- 0.80250 P2(X1)P1(X2) + 2,70625 P2(X1)P2(X2)
Substituting for the orthogonal polynomials (page 5 6 ), 
simplifying and round all coefficients to two decimal 
places yields:

L,D, = 135,31 
+ 12.55

27.81
EgZi 3 + 3.72 ( ™ > | - 5.76 [T5U O ^ l 2

1.71 IT-IlOO
200 R

30
-75 L  0 I T-1 1 0 0 I20 I 2°71 (250 I R-75

where
L,D, = low drain capacity - hours 
T = temperature - 0F 
R ' = retention time - minutes

Since the quality of the manganese dioxide produced 
by the air oxidation of manganese carbonate in a rotary 
kiln was of primary interest, a graph (Figure 7) of the 
preceding regression equation was made so that the response
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surface described by the equation could be studied in 
more detail= It should be noted that the surface was 
plotted past the experimental region (800°F to -1400oF 
and 3 0 min= to 120 min.) and probably should not be

I

trusted past this region= Run HG-2 (Table .XIV) was made 
at 25=6 minutes retention time and a temperature of 
1600°F« Looking at the low drain response surface, 
the low drain capacity should have been about 1 4 7 hours, 
but it was measured at 97*6 hours= This would indicate 
that the surface is not accurate beyond the experimental 
region= However, to prove this statement would require 
more research.

The surface shows that any operating conditions in 
the experimental region lying between the lower two 
130 hour contour lines will give a manganese dioxide which 
exceeds Signal Corps specifications= However, the region 
that is recommended is IOOO0F 5 T < 1400°F and 
45 min. < R 6 75 min=, since this is where the surface is 
beginning to flatten out.

The surface also shows that there is a maximum low 
drain capacity of the manganese dioxide at about 1260°F 
and 50 minutes retention time. Run HG-35 was made at 
these conditions to see if there was a maximum and the low 
drain capacity was 1 4 8 = 1 hours. This value is very near
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the value estimated by the low drain regression equation 
(1 5 0 ,3 5  hrs,), and is certainly contained in the following 
ninty-five percent confidence interval.

147.19 < L.D. < 153.51

The yield - percent manganese dioxide in the kiln 
discharge - was also measured at 1 2 6 0°F and 50 minutes 
retention time and found to be 45.9 percent. The estimated 
value (from the equation on page 6 2 ) Y = 43.67. The 
observed value is not in the following confidence interval.

42.97 S Y < 44.37

This may indicate that the yield surface does not fit 
exactly in this region but certainly is close enough. 
Therefore the yield regression equation is a fair estimator 
of the percent manganese dioxide in the discharge.
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Discussion of the Process Economics

Since the yield of manganese dioxide in the kiln dis
charge was quite low and since this requires large quantities 
of manganese to be recycled, a preliminary economic study 
was madeo Most of this economic study was based on a 
senior design report submitted to the Chemical Engineering 
Department at Montana State College by Dwaine Annala and 
Bernard Sorenson (I)0 The yield of manganese dioxide in 
the kiln discharge was taken from Run HG-35® The material 
requirements for a plant producing 10 tons of manganese 
dioxide per day are given in Figure S and Table XXIV8 These 
quantities were calculated by assuming that manganese is not 
lost in the process* This may of may not be true and 
probably should be a subject for further research* It is 
felt that some minor losses may occur in ore leaching, 
filtration, precipitation and- washing* However  ̂ manganese 
is not lost as a direct result of oxidizing the manganese 
carbonate* There is some dust leaving the kiln but with 
proper dust collecting equipment it should be possibl§ to 
remove this dust and recycle it to the process* This could 
be another subject for investigation*

Since there is a large amount of sodium sulfate produced 
in the manganese carbonate precipitation step, the process 
economics were investigated both without sodium sulfate
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recovery and then with sodium sulfate recovery and'are as 
follows:

TABLE XXI?
MATERIAL COSTS AND REQUIREMENTS PER DAY- 

Basis: IOT MhOg produced per day®
Material Daily

■ Requirement
$/T $/day

T/D
H2SO4 29.3 2 4 - 0 0 (I) 704
CaCO3 9.3 3.65 (I) 40
Na2CO^ 32.9 36®00*(6) 1135
Manganese 
Ore Concentrate IS = I 4 3 0 1 0 (I) 7 8 2

Total material costs ($/day)= 2711 
*Four dollars per ton added for freight»

Using the fixed cost of $9^9 per day plus the other operat
ing costs (Natural gas, power, etc®) of $5&7. per day 
estimated by Annala and Sorenson (I), this makes the 
total operating costs equal to $42&7 per day® No change 
was made in this figure for studying the economics of the 
process with sodium sulfate recovery as it appears that 
the fixed costs'and other operating costs were sufficiently 
over estimated®



TABLE XXV
MATERIALS PRODUCED AND GROSS REVENUE PER DAY -

Basis IOT MnO2 produced / day

Material Tons per day produced
$/T $/day

MnO 2 10 490.00 4900
Na2SO^ 4 2 o4 54.00 (6) 2290

Total Gross.Revenue per day 7190
(with NagSO^ recovery)•

TABLE XXVI
NET.REVENUE

=StNet Revenue 
per day 
($/dav)

5St5StNet Income
. M

without
Na2SO^
recovery 613 276

with .
Na2SOr
recovery 2903 1305

***Net Income 
per year 
U/vro)

99,400

4470,000

5ItNet Revenue/day = Gross Revenue/day - Total Costs/day 
**Net Income/day ='45 percent of Net .revenue/day 
***Net Income per year == 360 x Net Income per day
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Now, calculating the percent return on investment,

Percent Return on Investment

Net Income/year 
Total Investment x 100

Without sodium sulfate recovery

Percent Return on Investment = x 100 = 91,000,000

With sodium sulfate recovery

Percent Return on Investment

- 6.70.000” 1,500,000 x 100 = 3103%

The plant investment ($1,000,000 used in figuring 
the percent return on investment without sodium sulfate 
recovery was approximately that reported by Annala and 
Sorenson (I), However, the plant investment used in 
figuring the percent return on investment with sodium 
sulfate recovery was assumed to be $1,500,000, However 
this plant investment could be the subject of another 
senior design report,

As can be seen, the recovery of sodium sulfate 
from the process is very important to the process 
economics and probably should be investigated, along

94# .
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with the manganese losses in making manganese carbonate=
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FIGURE 8  FLOW DIAGRAM OF FHF PROCESS



SUMMARY OF RESULTS
Battery active manganese dioxide was synthesized from 

a rhodochrosite ore by a process of leaching the ore with 
sulfuric acid, removing iron, precipitating the manganese 
carbonate, drying, and oxidizing the carbonate with air 
at elevated temperatures in a small stainless steel, gas. 
fired rotary kiln= The kiln discharge was leached with 
dilute sulfuric acid to remove the lower oxides of manganese 
washed, dried, ball milled and tested for battery capacity 
according to Signal Corps specifications (SCL-3117-D)c 

The percent manganese dioxide in the discharge was 
found, on the basis of thirty-two runs, to be adequately 
described by the regression equation

I = 44.71 + 0.38 R-7530 0.48 T-1100
200 R-75 I 30 I

-1.82 T-1100I+ 1 , 3 5  /T-IlOOi2
200 I  . 200 I

0^6. (T-1100) 3
I 200 I

for 800 < T <1400 and 30 < R <120
where

AY = yield - percent MhOg in the kiln discharge 
T = maximum kiln temperature in °F 
R = retention time in minutes defined by:
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where

L = kiln length in feet 
W = rate of rotation in r,p<,m.,
P = kiln tube diameter in feet
S = slope of the kiln in feet per foot of kiln length 
The low drain capacity of the resulting manganese 

dioxide - determined according to Signal Corps specifica
tions - was found to be. described by the regression 
equation

LoDo = 135.31 - 27.&1

+ 1 2 ,5 5 R-75 Po. 9 70 IT- 1 1 0 0  30 - 3°72 200”

I  5 , 7 6  (IrllQOf - 1 , 7 1  I T-IlOO200 200 R-7530

+ 2.71 T-1100 2 I R-75I
2 0 0 j I 30 j

where
LoDo = low drain capacity in hours - time required 

to drain a size tlAn battery to 1,13 volts 
through a 1 6 6 2 / 3  ohm resistor 

T and R are defined above
From the above regression equation it was determined 

that any operating condition in the region 1000°F< T SlAOO0F 
and 45 min.< R <75 mine, would give manganese dioxide which



would exceed Signal Corps low drain specifications. Also 
from the regression equation it was determined that the 
low drain capacity of the manganese dioxide produced by this 
process passed through a point of maximum (150.35 hours) 
at 1260°F and 50 minutes retention time, and a run was 
made at these conditions to see if there existed low drain 
capacities greater than the ones observed in previous 
runs. This run resulted, in a low drain capacity of 148,1 
hours, which was about I hour greater than any previously 
observed value, thus indicating a maximum low drain 
capacity had been reached.

The high drain capacity - time required to drain 
a size "A" battery to 1,0 volts through a 16 2/3 ohm 
resistor - of the resulting manganese dioxide was 
independent of the operating variables of retention time 
and temperature. However the high drain capacity of the 
manganese dioxide made by this process will exceed Signal 
Corps specifications (5«5 hours) and should be around
6,S hours.

The economics of the process do not look favorable 
unless sodium sulfate is recovered, and research should 
be conducted on sodium sulfate recovery.
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AVAILABLE OZTGEN analysis
The following analysis was used for ,determining 

the percent manganese dioxide in the kiln discharge0
Ie Accurately weigh out about 0»2 gram of the sample 

to be analyzed and place in a 4 0 0 ml, beaker 
containing exactly* 50 ml=of prepared ferrous 
ammonium sulfate solution0 

2. Add 2 to 3 mleof syrupy phosphoric; acid (this 
sharpens the end point)

3 e Dilute to about 150 ml=,with distilled wat^r*
4» Repeat** steps 2 and 3 with exactly* 50 ml=

of prepared ferrous ammonium sulfate solution in 
a . 4 0 0 ml0 beaker»

5= Heat both beakers, keeping the.water level fairly 
constant, until the sample dissolves<>

6. Titrate both beakers while hot with O02 N
potassium permanganate solution to a definite 
pinko, The end point will eventually fade but 
should remain for about ten secondso 

*. Less than 50 ml=of ferrous ammonium sulfate solution 
can be used if.exactly the same amount is used in step 4=

** A sample of ferrous ammonium sulfate solution is 
titrated each time because, its normality changes upon stand- 
ing. However, if this solution is stored under nitrogen
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the normality remains fairly constant but should be checked 
with each analysis. See page 15 for reactions and 
calculations,
SOLUTIONS REQUIRED:

0<>2N Ferrous ammonium sulfate - Weigh out 70,43 
grams Fe(NH^)2 ( S O ^ and put in a 1000 ml, 
volumetric flask with about 500 ml, of distilled water 
add about 175 ml. of concentrated sulfuric acid, cool, and 
dilute to 1000'ml0.

0.2N Potassium Permanganate - see Scott9S Standard 
Methods of Chemical Analysis (27) for the preparation 
and standardization of this solution.



DIRECTIONS FOR MAKING BATTERIES 
These directions are meant to aid any later researchers 

in the art of making flashlight batteries and it is hoped 
that the following steps are detailed enough to serve this 
purpose t,

First, a few words of Caution0 Extreme care should be 
taken to avoid contamination of the manganese dioxide used 
for making batteries0 All ball milling should be done in 
ceramic ball mills and all leaching and washing done in glass
ware where possible= It might be that the manganese dioxide 
could be leached in. stainless steel containers and washed in 
plastic lined barrels but this will have to be checked to see 
if these materials effect the resulting product =

The quantities reported in the following steps are. 
sufficient to make eight "A” size dry cell batteries= If 
more dry cells are to be made, these quantities should be 
increased proportionately=

1= First, put in a freezer (refrigerator or otherwise) 
10.7 grams of starch-flour mixture and 50 milliliters 
of electrolyte solution= The composition of these 
materials is given in Table XXVII= These materials 
go to form the paste electrolyte and if they are 
not refrigerated for at least one-half hour, they 
will set up when mixed together later=
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2o Nexts mix 50 grams of manganese dioxides 5 grams 

of Schawinigan carbon black and 7=5 grams of 
ammonium chloride in a one-fourth gallon porcelain 
ball mill with a few ceramic balls for twenty 
minuteso

3o Separate the above mixture from the ceramic balls 
and add wetting solution (Table XXVII) from a buret»

. The amount of wetting solution to add is more 
of an art than a science but generally speaking 
it will take from 12 to 35 milliliters= The wetting 
solution should be added a little at a time and 
thoroughly mixed in„ Rubber gloves should be 
worn for this operation as the mixing is done 
with th.e hands= When enough wetting,solution has 
been added the material can be compressed into 
a lump and when this lump is dropped from about 
six inches above the evaporating dish, it should 
stick together fairly well= The material is then 
said to be of "proper tamping, consistency110

4» Immediately after the wetting solution has,, been 
added, this manganese dioxide* ammonium chloride, 
acetylene black and wetting solution mixture 
(battery mix) is tamped into bobbins in the bobbin 
making apparatus (Figure 9)° A carbon rod is



placed in the die and centered® A small - amount 
of battery mix is put in around the carbon rod 
and tamped down® A little more is added and tamped 
again. This process is continued until the die is 
full. Next, the ejection lever is pushed and 
the bobbin is taken from the die and weighed*

If the right amount of wetting solution had 
been added earlier, the bobbin should slide 
rather easily from the die and the outside of the 
bobbin will feel moist but not wet. If too much 
had been added, the bobbin will look wet and if 
too little had been added, it will be difficult to 
push the bobbin from the die,

5* After the bobbin8 s weight has been recorded, the 
bobbin is wrapped in a piece of cotton gauze, 
tied with cotton thread and placed in a zinc 
battery can.. The wrapping operation is done much 
like rolling a cigarette, A little of the gauze 
should protrude past the shoulder and the bottom 
of the bobbin. The gause is folded over the 
bottom of the bobbin and tied securely in place 
with thread.

6. Next, the starch-flour mixture and electrolyte
solution is taken from the freezer and thoroughly 
mixed together. About 2.5 milliliters is poured in
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around each bobbin= Care should be taken to see 
that this paste gets under the bobbins that no 
air bubbles are trapped along the side of the 
bobbin and that the paste just covers the shoulder 
of the bobbin= If too much paste is added it 
will leak out later and corrode the battery= A 
paper washer is then put over the carbon rod and 
pushed down and a brass cap is pressed on the 
carbon rod=

7. These batteries are allowed to set about an hour 
and then they are sealed with red sealing wax=

S= After sealing, the batteries are stored in A 
cool place for five days and then tested.

Notes:
Throughout the operation of battery making care 
should be taken to prevent the evaporation of 
moisture from the battery mix and from the bobbins= 
Therefore the whole operation should be carried 
out as fast as possible= It may be necessary to. 
make several sets just for practice=
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FIGURE 9 BOBBIN TAMPING APPARATUS



TABLE XXVII
EXCERPTS FROM SCL-3117-9 SPECIFICATION

1„ SCOPE
: 1.1 This specification covers synthetic manganesedioxide for use in the construction of military grade 
dry LatteriLe-S:*..

3. REQUIREMENTS
3»3 Chemical Composition0 ■ The synthetic manganese 

dioxide shall show, on analyses as described in 4«3» 
the following chemical compositions

Available oxygen as % MnOg . 85% min£Total manganese as % Mn 58% min.
Absorbed moisture as % HgO 
Iron as % Fe (soluble H Cl) O
Silicon as % Si Og 0
Total Alkali and Alkaline Earth Metals I 
Total.Heavy Metals (Other than Fe,Pb) 0 
Lead as % Pb 0
pH' 4

3% max, 
,3% maxe 
,5% make ,0% max0 
,3% max0 ,2% max 0 
,0- 8.0

3 °31 The synthetic manganese dioxide shall have 
ah apparent density between 2 0 - 3 0  grams per cubic 
inch.

3.4 Particle Size. The synthetic manganese dioxide 
shall be of such size that at least 65 percent of the 
material shall pass through a U. S. Standard Sieve .
#200" (see4<>2) and at least 90 percent through a 
Uo Sc Standard Sieve #100.

3=5 Crystalline Phase. When the crystallographic 
and micro-structural analyses of the-synthetic manganese 
dioxide ahe made as described in 4°4« there shall be 
evidence of a predominance of the; imperfectly 
crystallized phase known as gamma MnOg*

3 051 Particle Morphology. When examined in the 
micron and sub-micron size range, at direct magnifi
cation from 5,000 to 20,000 diameters, the particle 
shall present irregular shapes with no evidence of 
cleavage, i.e. with non-rectilinear profiles having 
powdery or nebulous rather than sharp, well-defined , edges. - ; /1,
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3 o 52 X-Ray'Diffraction Pattern0 The X-Ray diffraction pattern shall be characterized by the 
diffuse-line pattern of gamma MnOo« For the purpose 
of this specification, the significant lines (d) ■ 
of gamma MnOg and their respective relative intensities
(I) for iron radiation are as followsg

TABLE XXVII cont9d

d I
4 o OO 5
2.45 72.14 71.65 10
1.40 5
1.06 3
3.6 Capacity. When discharged as described in 4=6, 

the minimum allowable average capacity for mAm size 
cells, fabricates as described in 4=5=1, shall be as 
follows:

a. High Drain Test oooooo.ooooooooo5 = 5 hours
b. Low Drain Test ........o......130 hours
4=3=4 Determination of Total Manganese:

A sample of dried ore {.OS to .11 gm) is 
weighed accurately into a 500 ml conical flask.
10 ml distilled water and 5 ml concentrated 
hydrochloric acid are added and the sample is 
dissolved by heating. The solution is evaporated 
almost to dryness and cooled. 25 ml of concentrated 
sulfuric acid and 10 ml of concentrated nitric acid 
are added and the solution is heated strongly until 
there is no further evolution of brown fumes.

After cooling, 275-300 ml water and 3 gms 
of sodium bismuthate'are added. The mixture is • 
stirred for 5 minutes and filtered, with suction, 
through a fine fritted glass funnel into a 500 ml 
side arm flask. The funnel containing excess 
bismuthate is washed several times with distilled 
water or dilute (1:100) sulfuric acid to remove 
traces of permanganic acid. The filtrate and 
washings are transferred quantitatively into a 
1000 ml beaker containing 50 ml of hot oxalate 
solution and 100 ml of 10% sulfuric acid. This is
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heated almost to boiling and the excess oxalate is 
titrated with O d  N potassium permanganate 0

TABLE XXVII contTd

gm sodium oxalate in 50 ml
% Mn = Iol .06701 —  -(NKMnO^ x ml KmnO4)

original weight 0!"sample
Solutions Required:
Oxalate Solutions Dissolve exactly IZoOOO gms 
sodium oxalate in distilled water and dilute to 
exactly I liter. Calculate exact concentration 
by standardizing against standard permanganate0

10$ Sulfuric Acids Add 100 ml of concentrated 
sulfuric acid to 500 ml distilled water and dilute 
to I liter.
Ool N Potassium Permanganates Dissolve 3=3 gms of potassium permanganate in about '1050 ml distilled 
water and boil the solution gently for 20 to 3 0  
minutes0 Stopper and allow to stand for several days 
in the dark. Decant through an asbestos or fritted 
glass filter into a bottle protected from the light 
but do not wash the undissolved residue. Calculate 
the exact normality by standardizing against reagent 
grade sodium oxalate.

4°3 =9 Determination of Apparent Density. A Scott 
Volumeter is used for this determination. The original 
sample of manganese dioxide is quartered several times 
but not ground or dried. The resulting material is 
poured from a 4 oz. bottle into the brass funnel which 
directs the manganese dioxide into a baffle box 
containing glass plates. These glass plates regulate 
the fall of the manganese dioxide. A funnel at the 
bottom directs the material into a one inch brass 
cube. Enough material is used so that the. cube is 
filled just to overflowing. A flat steel edge is 
used to level the material at the top of the one inch 
cube and to remove any excess without packing the 
manganese dioxide. The material plus the cube is 
weighed and the weight of the empty cube is subtracted
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from "the total weight = The resulting value is 
reported as the apparent density in grams per cubic 
inch o

TABLE XZYII c o n V d

4<>5 Dry Cell Fabrication Programo
4o 5,1 Constructiono isA" size dry cells shall be constructed as follows in accordance with existing 

standard cell assembly techniques,
(a) The following dry mix formulation shall be used:

80% MnO2
8% Carbon Black
12% NH1 Cl

(b) The dry mix is ball-milled for 20 minutes 
in a Io25 gallon porcelain jar to assure 
uniformity,

(c) The following wetting solution shall be used:
5.8%.NH, Cl 8,6% Zn4Cl985,6% HgO ^

(d) Between 65 and 125 ml of wetting solution 
shall be uniformly mixed with 500 grams of 
dry mix in order to insure proper tamping 
consistency,

(e) ' The "A" cell bobbin shall have the following
dimensions:
Height coo,, oo.o ooooo,oool,575 inches Diameter ooooooooooooooooO,492 inches

(f) The "A" cell bobbin shall weigh between ■
9,5 and 10,5 grams when made as. previously described.

■
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(g) Each bobbin shall be hand wrapped in 
battery cloth and tied with cotton thread,

(h) The following paste formulation shall be used:
(1) Solution: 23»7% NH,Cl

22o3$ Zn+Clp Ool$ Hg Clp 53.9# HgO
(2) Starch and Flour Mixture:

74o7# cornstarch 
25o3# flour

(3) Cold Setting Paste: 50 ml of solution 
to 10o7 grams of flour and starch mixture»

(4) Quantity Used: Approximately 2=5 mlof cold setting paste per cell,
4.5.2 Cell Aging Period, Fabricated cells shall 

undergo a 10 day stand, period at 70°F and 50# R, H, 
prior to being screened and assigned for capacity 
tests. Cell screening consists of. measuring open 
circuit' voltage"and flash current of each cell.
Cells within +0,01 volts of the average voltage and 
within +0,5 ampere of the average current value are 
acceptable for test purposes, (The above limits are 
tentatively set), .

4.6 Capacity Tests,
4.6,1 Fifteen (15) each dry cells, size tlAvv$ 

prepared as described in 4.5.1, shall be used for 
each of the initial capacity tests* as follows:

Low Drain High Drain
(1) Type of Discharge continuous continuous
(2) Discharge Resistance 166-2/3 ohms 16-2/3 ohms
(3) Test End Voltage 1,13 volts 1,0 volt
(4) Discharge Temperature 70. F(50#R,H,) 70 F( 50#R,H,)

*Inasmuch as an evaluation of each sample is required 
in not more than I month=? s time, the evaluation must

TABLE XXVII contvd
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of necessity "be based upon initial capacity tests- dnly," However, In order to prove each evaluation, 
sufficient dry"cells are1 made from each sample, as 
previously described in 4«5ol and 4®6<,1, and spt aside 
for delayed capacity tests after storage periods of 
3,'6, 12, Id,"arid 24 months at a temperature of 70°F. 
It is also desired to have a capacity maintenance of 
90% after a storage period of I year at a temperature 
of 70°F and 50% Re H0

6. NOTES

TABLE XXVII coat'd

6,1 The requirements set forth in this specifi
cation are proposed to serve as a guide in evaluating 
manganese dioxide samples, A sample will not 
necessarily be rejected for failure to comply with 
all of the requirements contained in this specifi
cation, A final decision as regards the acceptance 
of each sample will be the responsibility of the 
Signal Corps Engineering Laboratories,
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