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Abstract:
The relationships between physical and chemical properties of manganese dioxide and its performance
as a depolarizer in batteries, as revealed in the work done on the chemical synthesis of battery-active
manganese dioxide are presented and discussed. The objective is the assessment of the value of these
properties in predicting the efficiency of manganese dioxide samples intended for use in dry cells.

Included are presentation and discussion of data obtained on available oxygen content, apparent
density, crystal structure, pH, and impurity content of several manganese dioxide samples- in relation
to their battery performance as measured in actual drain tests on dry cells made from these samples
according to the specifications issued by the Signal Corps of the United States Army.

The study has revealed that the following properties are characteristic of manganese dioxide samples
prepared by chemical synthesis which meet Signal Corps specifications in initial drain tests* Available
O2 as Mn02 over 80 % Manganese as Mn 54-62 % pH 4.0-8.0 Apparent density more than 10 gm/in^3
Crystal structure gamma, rho or mixed gamma-rho Possession of the above-mentioned properties does
not guarantee specification performance on the part of any manganese dioxide sample but it is
indicative of a high probability of good performance.

Part of the work done on the recovery of manganese from low-grade manganese ores in a form suitable
for subsequent processing into battery-active manganese dioxide is also presented.

Results obtained in the nitrogen dioxide leach of a low grade pyro-lusite ore received from Butte,
Montana, are reported* Some experiments done on the further processing of the recovered manganese
to obtain battery-active manganese dioxide are described.

Material that met Signal Corps specifications for initial drain tests was prepared by the calcium
hypochlorite oxidation of the purified manganous nitrate solution obtained from the ore. 
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ABSTRACT

The.relationships between physical and chemical properties of manga-■ 
nese dioxide and its performance as a depolarizer in batteries5 as revealed 
in the work done on the chemical synthesis of battery-active manganese di
oxide are presented and discussed# The objective is the assessment of the 
value of these properties in predicting the efficiency of manganese dioxide 
samples intended for use in dry cells#

Included are presentation and discussion of data obtained on available 
oxygen content5 apparent density, crystal structure, pH, and- impurity con
tent of several manganese dioxide samples- in relation to their'battery 
performance as measured in actual drain tests on dry cells made from these 
samples according to the specifications issued by the Signal Corps of the 
United States 'Army#

The study has revealed that the following properties are character
istic of manganese dioxide samples prepared by chemical synthesis which 
meet Signal Corps specifications in initial drain tests.

Available Og as MnOg over 80 %

Possession of the above-mentioned properties does not guarantee specifi- 
■ cation performance on the part of any manganese dioxide sample but it is 
indicative of a high probability of good performance#

Part of the work done on the recovery of manganese from low-grade 
manganese ores in a form suitable for subsequent processing into battery- 
active manganese dioxide is also presented#

Results obtained in the nitrogen dioxide leach of a- Ibw grade pyro- 
lusite ore received from Butte, Montana, are reported# Some experiments 
done on the further processing of the recovered manganese to obtain battery- 
active manganese dioxide are described#

Material that met Signal Corps specifications for initial drain tests 
was prepared by the calcium hypochlorite oxidation of the purified mangan
ous nitrate solution obtained from the ore#

Manganese as Mn 
pH
Apparent density 
Crystal structure

54“62 %
4#0—8#0
-more than 10 gm/in3 
gamma, rho or mixed 
gamma-rhe-



PHYSICAL AND CHEMICAL PROPERTIES OF BATTERY-ACTIVE MANGANESE DIOXIDE
PREPARED BY CHEMICAL SYNTHESIS

•INTRODUCTION

Though manganese dioxide has long been known and used as a depolarizer 

in dry cells, very little information is available on the factors which 

contribute to its depolarizing efficiency (l), Chemical purity in itself 

does not-suffice to ensure good battery performance. Physical factors, 

such as density, particle morphology, crystal structure, surface area, 

tamping quality, etc., play an equally important role. This is shown by 

the fact that certain samples of manganese-dioxide, though of lower purityi, 

surpass samples of higher chemical purity in battery performance.

The United States Army Signal Corps has sponsored -many research pro

jects designed to work out methods of making high-grade- battery-active 

manganese dioxide. From the physical> chemical-and battery-test data 

accumulated in the course of this work, they have drawn up tentative speci

fications regarding physical and chemical properties which synthetic man

ganese dioxide samples intended for battery use should meet. The data were 

derived mostly from work on electrolytic manganese dibxide which was about 

the only type of synthetic manganese dioxide known to give good battery 

performance at the time the specifications were drawn up. Since'then con

siderable work has been done on the synthesis of battery-active manganese 

dioxide by purely chemical methods which seems to point to a revision of 

ideas on the physical and chemical properties, characteristic of high- 

grade battery-active manganese dioxide.

Work on the chemical synthesis of battery-active manganese dioxide



has been done mainly at the Montana State College under a project sponsored 

by the Signal Corps« Work done during the first year of the project was 

reported in theses by J 6 Ae Davidson (2) and E» L 0 Nickel-son (3)« Second 

year work is reported in theses by W c Gre Moore (4)5 C4 E 4 Fahlgren (5) and 
in this thesis.

This thesis examines the data obtained on the physical apd chemical 

properties and battery performance of manganese dioxide -samples prepared 

by chemical synthesis by Moore (4) and Fahlgren (5) and discusses their 
significance in the light of the tentative specifications set by the Signal 

Corpsc
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SPECIFICATIONS

The following specifications have been tentatively established by the 

Signal Corps as of-March IS, 1952, for acceptable 'synthetic manganese di

oxide depolarizerso These specifications are taken from Bulletin SCL- 

3117-D (6),

Chemical Composition

Available oxygen as MnO2 85,0 % min.

Total manganese as Mn 584Q % min.

Absorbed moisture as H2O 3,0 % max.

Iron as Fe (soluble in HCl) ■ 0»3 % max.

Silicon as SiOg 0,5 % max.

Total alkali and alkaline 
earth metals 1,0 % max.

Total heavy metals
(other than Fe, Pb)

\

0,3 % max.



Lead as Pb 0,2 % max. 

4b0"8O0pH
Apparent Density

The synthetic' manganese dioxide shall have an apparent density between 

20-30 grams per cubic inch.

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 No.

200 and at least 90 percent through a U 0 S. Standard Sieve No. 100. 

Crystalline Phase
From crystallographic and microstructural analyses-predominance of 

the imperfectly crystallized phase known•as■gamma manganese dioxide -should 

be evidentc 

Particle Morphology
The particle shall present irregular-shapes - with no evidence of 

cleavage (that is, with non-rectilinear profiles having nebulous rather 

than sharp, well-defined edges) when examined at direct -magnification from 

5,000 to 20,000 diameters.

SfRay Diffraction Pattern

The X-Ray diffraction pattern.shall be characterized by the diffuse 

line pattern of gamma manganese dioxide. Significant lines, d, of gamma 

manganese dioxide and their respective relative intensities, I, for iron 

radiation are as follows %
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£ I

4.00 5

2.45 7

2.14 7

1.65 10
1.40 5

1.06 3

Figure 3, in the Appendix5 shows the various diffraction patterns of 
the seven types of manganese dioxide.

Battery Life
The specifications for discharge of standard-A size dry cells are

followsi
Low Drain High Drain

Type of discharge continuous ' continuous

Discharge resistance 166=2/3 ohms 16=2/3 ohms
End voltage 1.13 volts I «,00 volts •

Temperature 70°F 70°F

Relative humidity 5 # 5 #

Battery life 130 hours 5i5 hours

MATERIALS AND METHODS

Reagents
Only G0P 0 grade chemicals have been used in this study.

Syntheses
General methods of preparation of samples -are shown in the Appendix



in Table Io
Battery Fabrication and Testing

Standard A size dry cells were constructed in accordance with usual 

cell assembly techniques,; Signal Corps- specifications were?- followed in 

proportioning the various mixtures and solutions that were-used. A mixture 

containing 80 percent by weight of the manganese dioxide sample, 18 percent 

Shawinigan carbon black, and 12 percent NH^Cl were mixed in a pebble mill 

for 20 minutes to assure uniform consistency. This mixture was dampened 

• with a wetting solution consisting of 5»8 percent NH^Cl by weight, 8.6 

percent ZnCl2, and 85.6 percent H2O until material acceptable for tamping 

was obtained.
From the mixture described above, bobbins-were tamped in an apparatus 

as- shown in the Appendix, JFigure I. Due to the - corrosiveness of the 

mixture used in bobbin making, stellite and methacrylate plastic were util

ized for the parts of the apparatus- which-would contact the mixture. Use 

of the stellite die also was advantageous since it produced smooth-sided 

bobbins.
Still in accord with Signal Corps- specifications, the bobbins were 

wrapped in cotton gauze and set in zinc cans■with- -a cold paste electrolyte 

containing a ratio of 50 ml of a solution consisting of 23.7 percent NH^Cl^. 
and 22.3 percent ZnCl2i, 0.1 percent HgCl2, and 53«9- percent H2O to 10.7 

gm of a mixture containing 74»? percent cornstarch and 25.3 percent flour.

A paper washer was placed around the carbon rod, a brass cap was pressed 

on the rod, and then the bobbin was sealed in the can with wax.



After a period of four days the batteries were-discharged through- test 

resistances as partially diagrammed in the Appendix, Figure 2 e The test
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resistancese End voltages for the two drain tests were 1*13 volts for the 

166,7 ohm drain, called low drain, and 1.G0 volt,, for the 16*6? ohm drain, 

called high drain*

Available oxygen determinations were made in accordance with Signal 

Corps methods as stated in Bulletin SCLK3H7-D (6)o The-determination was 

made as follows t
A sample-of dried ore (approximately 0o2 gm)- was weighed accurately 

into a 400 ml beaker fitted with a close fitting watch "glass„ Exactly 

50 ml of 0,2 -N ferrous ammonium sulfate were added from- a pipette* •In a 

similar beaker was placed exactly 50 ml of 0*2 N ferrous ammonium sulfate 

to serve as a control* Both original■sample- and control were diluted to 

150 ml with distilled water and digested on-a steam-bath with occasional 

stirring until solution of the ore was effected* The solutions were 

allowed to cool -and the volumes were adjusted to about 200 ml* The samples 

were then titrated with 0*2 N potassium dichromate using a potentiometric 

method*

Total Manganese Analysis
A sample of dried ore. (approximately 0*1 gm) -was- weighed accurately 

into a 500 ce conical flask* Ten ml distilled water- and five ml concen

trated hydrochloric acid were added and the sample -was -dissolved by heat-

rack consisted of eight 16*67 ohm resistances and twenty—four 166*7 ohm
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ingo The solution was evaporated almost to dryness and cooled. Twenty- 

five ml of concentrated sulfuric acid and ten ml of concentrated nitric 

acid were added and the solution was heated strongly until there was no 

further evolution of brown fumes.

After cooling? 275-300 ml water and three gms-of sodium bismuthate' ■ 

were added. The mixture was stirred for five minutes and filtered, with - 

suction, through a fine fritted glass funnel into a 500 ml side arm flask. 
The funnel containing excess bismuthate was washed several times with 

distilled water to.remove traces of permanganic acid. The filtrate and 

washings were transferred quantitatively into~a 1000 ml' beaker containing 

50 ml of hot oxalate solution and 100 ml of Wfo- sulfuric acid. This was 

heated almost to boiling and the excess oxalate was titrated with 0,1 N 

potassium permanganate, 

pH Determination

A sample of dried ore (approximately one gm) was -accurately weighed' 

into a 250 ml Erlenmeyer flask and exactly 100 times the weight of dis

tilled water was added. The outside, wall of the flask was then marked at 

this level. The contents of the flask were boiled actively for fifteen 

minutes, the water lost by evaporation was replaced and the mixture was. 

again brought to boiling. The flask was fitted with tubes containing - 

ascarite and cooled to room temperature in a water bath. The contents were 

transferred to a suitable beaker and the pH was then determined on the 

slurry by means of a Beckman- pH meter ,after stirring the mixture to obtain 

a uniform suspension.
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Apparent Density

Apparent density was determined by running- the- sample through a-Scott'• 

volumeter into a cubic inch container. The apparent density was reported 

as grams per cubic inch.

Moisture Content

A sample weighing two to three grams was dried for 16 hours at a 

temperature of IlO0C0 The loss in weight was taken as the moisture content. 

X-Ray and Spectrochemical Analyses

X-Ray and spectrochemieal analyses of the samples-were done at the 

Signal Corps Engineering Laboratories <, Fort Monmouth, New Jersey, The 

methods used, as described by them, are as follows:

X-Ray diffractions X-Ray diffraction powder patterns of portions of- 

the samples were prepared using iron K alpha radiation in a Debye-type 

camera yielding a dispersion of one degree of two theta per millimeter of. 

film. '

Spectrochemieal analysis s The sample was burned to completion-in a 

D 0Ce arc and the resultant -spectra photographed-, A specially selected 

spectrum line of each of the various constituent elements was measured for 

intensity and compared with the intensity of the manganese internal 

standard line. These data were used to determine the percentages of the

elements present, using previously.established working curves„ The amounts
♦

of sodium and potassium were determined, by a modified method whereby . 

lithium was the internal standard line instead of the manganese line.



DISCUSSION OF RESULTS

General methods of preparation and analytical and test data for the' 

manganese dioxide samples under study in this thesis are presented in the 

Tables located in the Appendix,
A code is used to designate the samples in such a way that the-general 

method of preparation can be indicated in the code number. The first term 

indicates the principal source of manganese as follows:

N - Mn(NG3)2 0 - MnO2 0 - MnCO3
S - MnSO, K - MnCl2 M * HMnO^

The second term indicates the principal.treatment,

H - Heat' treatment Cl - Chlorine

CH - Ca(OCl)2 SH - NaOCl

The third term gives the sequence numbers of the samples which have been 

prepared by the same general method.
Table I in the Appendix describes the .general methods of preparation 

of the samples under their respective code designations.

Table II presents the analytical and test data on all samples arranged 

in groups according to their general method of preparation. In each group 

the samples are placed in the descending order of their battery perfor

mance, the best samples being placed at the head. For convenience of quick 

recognition, samples that met the-specifications■both on the high and on 

the low drain are marked with two asterisks, -while those that met the ■ 

specifications on only one of the drain tests are marked--with a single 

asterisk, As crystal structure data for all the individual -samples are not
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available, the general phase types'common to each type of reaction as 

gathered from the. data available are presented alongside each-group.

Table III presents the analytical and.test data of only those samples 

that met Signal Corps specifications for the initial drain tests, both on 

the high and on the low drain0

From the data given in Table III it' is possible- to derive the-follow

ing limits for the various physical and chemical properties of-manganese" 

dioxide that are characteristic of samples that - met initial drain specifi

cations e

Available oxygen as MnOg over 80%

Manganese as Mn 54-62%

pH 4<>0—S0O

Apparent density, gms/in^ over 10

Bobbin weight, gms ■ over S05

Crystal structure gamma* rho or gamma-rho

Mhen this is compared- with the Signal Corps specifications on page 5, it 

will be seen that the available oxygen requirement has-been lowered from 

85 percent to 80 percent. Samples K-CH-22 and 0-H-28WB had available 

oxygen contents of 83,0 and 84,4 respectively but still met the drain 

specifications both on the high and on the low drain (Table III), Samples• 

-0-H-32, 0-H-33, 0-H-34, and 0-H-41 also had - available oxygen content of 

less than 85 percent but gave good performance in the- battery tests, ex

ceeding -specifications either on the low or on the high drain (Table If).

As regards the manganese content, the analytical data on the better samples
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would allow the lower limit to be placed at 54 percent or even Iowere On

the whole it appears as a result of this■study that the-manganese and'

manganese dioxide contents of the samples■are not very critical as regards -

battery performance» High manganese dioxide content is no doubt"desirable"

because manganese dioxide is the active constituent in depolarizer material,

but no critical limits can be set* it may be said, however, that no sample

having manganese dioxide content of less than 80 percent has met Signal

Corps specifications either on the high or on the low drain in this WOrk0
@

The impurities usually present in appreciable quantity in manganese 

dioxide samples prepared by chemical synthesis in this work were ironj 

silica and alkali and alkaline earth metals 6 Table IV presents the data 

on the impurity contents of some of the samples for which spectrochemical 

analyses are available from the Signal Corps, along- with other.pertinent 

data: eD g», available oxygen content, density and battery Iife0 0™H=24 

and O-H-28 contain two percent of iron, the highest content of this" 

impurity reported for any sample in the-Iist0 Yet 0~H~24 an4 28 gave very- 

good battery performance compared with other--samples- having considerably 

less of this impurity, such as O-H-19 or C-M-3* In fact, Q-H-28 after-ball- 

milling (designated as sample 0-H-28HB in Table III) met specifications 

both on the high and on the low drain.

Furthermore the cell made from Q-H-28 did not show any appreciable 

deterioration after three months storage„ The three -months delayed capacity 

test showed that it had a low drain life of 117 hours as against the initial 

low drain life of 124 hours„ The same is true with respect to the effect
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df the silica impurity«
More than the chemical composition, it is the physical characteristics 

of the manganese dioxide samples that seems to have a decided influence oh 

battery performance. The more important physical properties studied in 

this work were apparent density, tamping quality, particle size and crystal 

structure. The importance of density and particle size were recognized 

quite early and a number of experiments were done to find the effect of ■ 

ball-milling on the apparent density and battery life of manganese dioxide1 

samples. Table V gives the changes recorded in the apparent densities of 

a number of samples as a result of ball-milling * Table VI presents data 

on the battery performance of samples before and after ball-milling, A 

perusal of Table V shows that in general the effect of ball-milling was to 

raise the apparent density of the sample. There were, however j, a few ex

ceptions to this rule when the apparent density-decreased after11 ball-mill

ing, This happened generally with samples having a high initial density, x 

,On the whole the effect of ball-milling was to bring the apparent density 

of the samples within the range 10-15 gm/in^.

The effect of ball-milling on tamping quality and battery life is, 

however, not very cleari In the absence of -a standard-method for determin

ing the tamping quality of the material under conditions- -similar to those■ v. ;
used in battery fabrication, the bobbin weight can be■ taken- as- a rough 

measure of this property. Bobbin weight is influenced both by the density 

and the tamping quality of the material. From -Table VI it is seen that 

tamping quality is in' general improved by ball-milling as shown by the
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increase in bobbin weights after ball-milling. That the increase in bobbin 

weight is not entirely due to the increase in the density of the material• 

is shown in the ease of M-S-4 where the bobbin weight increased from'Si2 

to 9oOs even though the density- decreased from 13»6 to 10.5 as a result of 
ball-milling.

Besides altering the apparent density and tamping quality of the 

material5 ball-milling also affects the particle size and the surface area. 

The samples prepared in the course of this work were too small in quantity 

to permit complete sieve analysis. But it could be stated qualitatively ■- 

that ball-milling will reduce the particle size and increase the surface : 

area. Surface area is not only increased in extent but may be altered sub

stantially in nature also. This is true especially in a polyphase sample - 

where ball-milling may increase the exposed area of one phase disproportion

ately with respect to the other. The cumulative effect of the changes in ■ 

density, tamping quality, particle size and the extent and nature of sur

face area is felt in the battery performance after ball-milling. When the 

material is essentially of a single phase-, ball-milling generally improves 

battery performance. This is shown in the case of 0-H-23 and 0-H-2B-.

Where the material is of a mixed phase type, the result of ball-milling is 

unpredictableo It may improve performance as with G-H-Il, 12 and 13, have 

no effect as with 0-H-20, or occasionally impair performance as with"

O=H-IS (Table VI). There is also an indication that ball-milling may have- 

opposite- effects on the high drain and low drain performance of the same 

material. Thus, with M-S-4 the initial high drain life increased from



1„4 to 5<>3 hours while the initial low drain life decreased from 122 to 

32 as a result of ball-milling. It must be pointed Out5 however5 that the ■ 

ball-milled' sample retained its low drain life of 82 hours in the three 

months delayed capacity tests while the sample that was not ball-milled 

gave only 31 hours of low. drain life after three months. Although no 

positive conclusions are warranted from the data available so far, it seems- 

permissible to assume that ball-milling of manganese dioxide samples in

tended for battery use is usually desirable.

Crystal structure, as revealed by X-Ray diffraction patterns, is an 

important physical property used in the evaluation of battery-grade man

ganese dioxide samples, As a result of the previous experience with 

synthetic manganese dioxide prepared by electrolysis, the Signal Corps has 

been able to relate good battery performance with a particular type of 

X-Ray diffraction pattern which has been designated as the gamma phase. 

Figure 3 in the Appendix shows the relative positions and intensities of 

lines indicative of the different types of manganese dioxide which have 

been given the name ’phases1 by the Signal Corps, It will be seen that the 

pattern called rho is very.similar to that called gamma. Indeed, in most 

cases, it is not easy to distinguish gamma from rho on actual X-Ray dia

grams, As a result, a good number of samples- prepared in the course of 

this work have been reported to have the »gamma-rho*- phase.

There appears to be some connection discernible between the method of 

chemical synthesis of manganese dioxide and the crystal structure of 

resulting product. Samples prepared by the nitric acid leach of the lower
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oxides of manganese have structures in the beta-rho-gamma -range with most 

of the samples coming under the gamma-rho category. On the other hand  ̂

samples prepared by the leaching of. the lower oxides of manganese b y  

sulphuric acid of relatively high concentration .(400 cc of cone. HgSO^ in 

2 liters of water) usually have the alpha structure (Table II), Oxidation 

of manganous salts with calcium hypochlorite leads to the formation of the 

rho structure. Samples prepared by the thermal decomposition of manganese 

carbonate have similar characteristics to those prepared by the nitric acid 

leach of the lower oxides of manganese. Their structure lies in the beta= 

gamma-rho range, . '
From an examination of the battery life, and crystal structure data 

available for the large number of samples prepared in the course of this 

works it is possible to make a few general deductions regarding the relation 

between crystal structure and battery performance. There is a pronounced■ 

tendency on the part of samples having the rho structure to give very good 

performance in the low drain test. Samples prepared by the hypochlorite 

oxidation of manganous salts usually have this structure. Of the 36 samples 
(containing more than 80 percent of MnOg) prepared by this method,, 26 

samples gave more than the specified 130 hours life on the low drain and 

three others gave more than 125 hours. The highest recorded low drain life 

of 159 hours in this work was registered by H-GH=IS and N-CH-14. The high 

drain performance in the hypochlorite series is not quite as good. Only 

seven samples of the total 36 met initial high drain specification. It 

appears permissible to connect the rho structure with good low drain



performance. Samples of the O-H and C-H series have been found to possess 

the gamma-rho structure in general. The tendency of these samples is to 

give better performance in the high drain than in the low drain. Of the 

11 samples that met high drain specifications but failed to reach the low 

drain specifications in this work  ̂all but one belonged to the- O-H and C-H 

groups. Though five samples of the G-H series exceeded the specification 

on the high drain with an average life of 6.1 hourss not one of them came 

near the low drain specification of 130 hours. The average of the above 

five samples for low drain was only 108.6 .hours. The gamma-rho structure 

seems to spell better high drain performance than low.

One of the main conclusions that can be derived from this work is- 

that the rho and the gamma-rho structures have an equal claim to be placed 

in the desirable category of phases along with the previously accepted 

gammaj at least as far as the chemical synthesis of manganese dioxide is 

concerned. It appears that in chemical synthesis the tendency is more 

towards the formation of the rho or the gamma-rho structures than towards 

that of the pure gamma. It is however possible that further work  ̂ as for 

example in the S-Ci series, may reveal methods of chemically synthesizing 

pure gamma material. Of the 100 samples reported in this thesis only nine 

were assigned the distinct gamma structure and of the nine only one met 

both the high and low initial drain specifications. Thirty-six samples 

have the simple rho structure and of these, six met both the high and low 

initial drain specifications, another 21 met the low drain specification 

only and one the high drain specification only. Forty-seven samples have
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the garama-rho structure and of these three met both, the high and low 

initial drain specifications 5 ten met the initial high drain specification- 

only and one the initial low drain specification only* In view of the large 

percentage of occurrence of the rho and gamma-rho structures in different . 

methods of chemical synthesis and of the good number of samples with those 

structures giving satisfactory performance, it appears that these two 

structures should be looked upon as desirable in the chemical synthesis of 

battery-active manganese dioxide0

SUMMARY

I e There are no detectable critical limits for the percent manganese or 

available oxygen contents of manganese dioxide samples intended for battery 

use,
2e ' No positive conclusions can be arrived at regarding the effect of the- 

impurities iron, silica, alkali, and alkaline earth elements in battery- 

grade manganese dioxide«

3 o Ball-milling of manganese dioxide samples prepared by chemical synthe- . • 

sis generally brings the apparent density within the range 10-15 gm/in^6 

4«, The effect of ball-milling manganese dioxide samples generally has a 

beneficial effect on their battery performance6

5'o The crystal structure of manganese dioxide appears to be connected 

with the general chemical method employed in its synthesis. Samples pre- • 

pared by the thermal decomposition of manganese carbonate and-hy the . 

nitric acid leach of the lower pxides of manganese usually have, the gamma- 

rho structure®• Samples prepared by the hypochlorite oxidation of manganous
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salts tend generally towards the rho structure.

6. The gamma-rho and rho types of phases are to be considered as desirable 

in the manganese dioxide samples prepared by chemical synthesis.

CHfflIGAL SYNTHESIS OF BATTER-ACTIVE MANGANESE DIOXIDE FROM-A LOW-GRADE
PYROLUSITE ORE

INTRODUCTION

The United States of America possesses considerable amounts of low 

grade manganese ores which are a potential source of manganese in any 

emergency when supplies from abroad might be cut off. As- major users of 

battery-grade manganese dioxide9 the United States Army Signal Corps is 

interested in the development of processes for the. easy and economical re

covery of manganese from locally available low grade ores in a  convenient'- 

form for subsequent treatment to prepare a battery-active manganese dioxide. 

Under a project sponsored by the Signal Corps, considerable work has been 

done at the Montana'State College on the chemical synthesis -of battery 

grade manganese dioxide. Results of this work have been reported in theses 

by Davidson (2), Nickelson (3)> Fahlgren (4) and Moore (5)» Their work was 

confined generally to chemically pure starting materials. The work is now- 

being extended to cover methods that start from locally available mangan

ese ores.
Of the many syntheses developed by the ■ above-mentioned- workers , two 

appeared to be very promising for adaptation to Montana ores. These were 

the nitric acid leach of bixbyite and the calcium hypochlorite oxidation 

of manganous nitrate'solutions. This thesis describes the work done on the
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adaptation of these syntheses to a low-grade pyrolusite ore (14.1% Mn) 

received from the Butte area of Montana.

The nitrogen dioxide leach method developed by the U e S. Bureau of 

Mines was used in this investigation for the recovery of manganese from the 

low grade ore (?) (8).

PROCESS

The ore is first finely ground in a ball-mill and slurried with water. 

Nitrogen dioxide gas is passed through the slurry to leach out the mangan

ese. The reaction presumably proceeds as follows:

2NO2 ■*" HgO — —)► HNOg HNÔ
HNO2 + MnO2 ---- >  MnO + HN0_

MnO + 2HN0^ —— Mn(N0^)g + HgO

Besides manganese the ore contains appreciable quantities of silica, 

alumina, calcium and iron. An analysis of the ore used in this study is 

given in Table VII of the Appendix. During the leach, the iron, calcium 

and possibly part of the aluminum go into solution along with the mangan

ese. The silica is left entirely in the residue.

The second step in the process consists of the removal of the sili

ceous residue by filtration and the treatment of the filtrate for the 

removal of impurities, particularly the iron.

Five methods were tried for this purpose. (I) The decomposition of 

the leach solution by evaporation, drying and heat treatment, followed by 

a nitric acid leach to remove impurities. (2) Precipitation of iron as 

iron hydroxide under controlled pH conditions (4.0 to 6.5) by the addition
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of calcium hydroxidee (3) Precipitation of the- iron by treatment-of-the" 

leach solution with calcium carbonate. (4) Precipitation of the iron-us

ing a finely-ground rhodocrosite (manganese carbonate) ore. (5) Decompo- ' 

sition of the iron and aluminum salts by heating the solution to a high 

• temperature (200°C) under pressure.

All the methods described above except the firsta yielded an iron- 

free solution for subsequent treatment for the preparation of active man- . 

ganese. dioxide. The first method yielded directly-a product suitable for 

battery use.

The third step in the process consisted of the preparation of battery- 

grade manganese dioxide from the purified leach solution derived from the 

second step. Two methods were tried in this. step,,

In the first method, the iron-free-manganous nitrate- solution was de

composed by heating to 160-170°C and the product treated- in the furnace at 

about 700°G to obtain bixbyite. The bixbyite was leached with nitric acid 

to yield active manganese dioxide.

In the second method, the manganous nitrate solution was treated with 

a mixture of calcium hydroxide and calcium- hypochlorite to oxidize the ■ 

manganous ion to manganese dioxide. The -active manganese dioxide obtained 

was leached with dilute nitric acid to remove the excess calcium salts.

DISCUSSION OF RESULTS

Table VIII in the Appendix gives the results obtained in ten batches 

of leaching of the ore with nitrogen dioxide. The--ore -slurry was kept 

stirred in a glass beaker and the nitrogen dioxide gas was bubbled through
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the slurry-through a stainless steel tube. The rate of flow of the-gas‘was 

so adjusted that there was no perceptible escape-of the gas from-the-sur

face of the slurry. Usually it took about 20 hours to complete one batch• 

at room temperature. There was no appreciable reduction in-the time'of"the 

reaction when the batch was run at 85°G. The consumption of nitrogen di

oxide per batch, which was found by weighing the gas cylinder before and' > ■
after the run, was usually about 1.5 times the theoretical amount needed by 

the manganese present in the batch. Undoubtedly the alkaline and alkaline 

earth metals as well as iron and aluminum present in the ore accounted for 

the excess gas consumed. It is also possible that-some gas had escaped 

into the atmosphere from the system. A closed system might cut down the 

loss in this direction to a minimum.

The recovery of manganese from the ore can be carried almost to com=- 

pletion in the nitrogen dioxide process . Table VIII gives - the percentage 

recovery of manganesfe in the ten batches that were run. The amount of 

manganese recovered was calculated as the difference between-that which was 

originally present in the ore and that which was left in the residue after 

thorough washing of the latter with hot water. It will be observed from , 

the -values given in the table that recovery was-more than 90 percent in 

most of the batches. There is actually no inherent limit on the amount of- 

manganese that could be recovered in this process. Leaching could be,-cut 

off at any convenient point found to be the most economical. To arrive at 

this economical point, the cost of excess WO2 needed by the process should 

be balanced against the additional manganese recovered.



The pH of the slurry could be used as-an effective check on the-■ 

progress of the reaction  ̂ The pH of the original- slurry in the batches 

that were made was usually around 6.0. This was observed to go down 'pro

gressively as the reaction proceeded. This was evidently due to the 

formation of free acid in the system through the reaction

3H02 + H2O -™— >  2HNO3 + NO
When the metallic oxides in the system are depleted? this- acid is not 

neutralized and the pH goes down. Table VIIl gives the final pH in each'■■ 

batch of leaching. Wien the figures for the -final pH -are -compared with the 

percentage of recovery, it will be observed that there-is a distinct re

lation between the two. The lower the final pH, the greater- is the amount 

of manganese recovered. At a pH of 0.8 the'recovery is almost complete.

The pH corresponding to any desired recovery could be -ascertained and used 

as a check for the completion of the reaction, both in batch and in con

tinuous processes. - •

The purification of the leach solution centers- -mainly around!the- 

elimination of iron. Previous work with electrolytic manganese dioxide 

had shown that iron is an undesirable impurity. ■ Just as in the case of 

manganese dioxide itself, the effect of iron on battery life "depends on the 

form in which it is present. It is quite possible, though it has not Jbeen 

established, that only particular forms or crystal structures of iron are 

objectionable and the rest are not. The form that iron takes- when co

deposited with manganese in the electrolytic process may not be repeated 

when it is co-precipitated with manganese in chemical reactions. This may

- 25-
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mean that iron impurity may ntit be quite as objectionable in manganese 

dioxide samples prepared by chemical synthesis as in the electrolytic 

manganese dioxide. Indeed, as was pointed out in the earlier part of this 

thesis with reference to sample -0-11-28, iron present to the extent of two 

percent in the manganese dioxide prepared by chemical synthesis did not 

appear to be particularly harmful.

Two samples of active manganese dioxide (B0-QH-1 and 2) were prepared 

in this work directly from the leach solution without any intervening steps 

of purification beyond a simple water wash of the inactive manganese diox

ide formed as an intermediate in the process, B0-0H-6 and B0-0H-10 were 

prepared from the leach solution after it had been purified by the addition 

of Ca(OH)2 to eliminate the iron as iron hydroxide precipitate, - B0-0H-9 

was prepared from a leach solution that had been treated with rhodoehrosite 

ore for the elimination of iron and B0-0H-11 from one treated with calcium 

carbonate for the same purpose. The NCH samples- were also made from a 

leach solution that had been treated with lime, No quantitative determin

ation of Iron present in the treated solution was made but in every case 

the absence of iron in the solution was confirmed qualitatively by testing 

with ammonium thiocyanate, potassium ferrocyanide and potassium ferriey- 

anide reagents, all of which are extremely sensitive reagents for the -de

tection of iron .present in a solution. Table IX in the Appendix gives the 

methods of preparation of these samples and Table X lists the analytical 

and test data on them. It is observed that samples- prepared from the 

treated leach solutions did not particularly distinguish themselves by
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sxiperior battery performance 0 -Though BO-OH-IO and B0-0H-11 were consider

ably purer than BO-OH=-H3 they did not do quite as well as the latter in 

battery testse

Enough -work has not been done to draw any definite conclusions on the 

necessity for the elimination of iron from solutions intended for the 

preparation of active manganese dioxide by chemical synthesis0 But what 

has been done has shown that this is a matter for investigation and that 

it cannot be assumed as a matter of course that iron must be eliminated 

before any high-grade battery-active manganese dioxide could be made from 

a solution. It is quite possible that manganese dioxide prepared by 

chemical synthesis may prove superior to that prepared by electrolysis in 

that it needs less care and expense in the matter of purification of the 

solutions from which it is prepared.

The only sample that met Signal Corps specifications both on the high 

and on the low initial drain tests3 among the samples prepared directly 

from the ore, was BO-NO-NCH-So This was prepared by the oxidation of an 

iron-free leach solution with a mixture of Ca(OH)2 and Ca(OCl)20 This 

reaction differed in one important respect from the N-OH reactions report

ed by Fahlgren (5) in that the pH of the reaction mixture was maintained 

high (over 9,9) in the alkaline range throughout the reaction. The

material obtained was very hard and dense and did very well in the battery
> ;

tests.

Sample B0-0H-9a which was prepared by the heat treatment of B0-0H-9 

at 320°C for 9 hours gave significantly better performance than the latter.



The high drain life increased from 0«9 to 3«2 hours as a result of 

the heat treatment9 while the low drain life registered a more spectacular 

change from 19 hours to 13S hours„ This is significant in the light of 

earlier unsuccessful attempts to upgrade synthetic manganese dioxide by 

heat treatment. The possibility of the effect of heat treatment being due 

entirely to the decomposition of undesirable impurities in the sample is 

rather remote because both the samples had already undergone thermal treat- 

ment at considerably higher temperature (700°G in a furnace for 24 hours) 

and ho thermally unstable impurity would have survived that treatment. It 

appears that heat treatment is worth further investigation at least as far 

as chemical synthesis of active manganese dioxide from ores is concerned.

,It may be pointed out, though it is not quite as significant, that the 

sample B0-H0-NCH-1 also improved as a result of heat treatment. The heat 

treated product B0-N0-NCH-5 had high and low drain lives of 3.5 and 112 . 

hours as against the 2.3 and 78.3 of BO—NO—HCH-I.

This investigation has been essentially of an exploratory character 

but it has created the impression that chemical synthesis of active man

ganese dioxide from ores is not only possible but that it could be con

siderably easier and cheaper than the electrolytic method. Moore (4) has 

discussed the advantages of the method of making active manganese dioxide 

through the nitrogen dioxide leach of manganese ores followed by decompo

sition of the manganous nitrate solution obtained to bixbyite and the 

leaching of the latter with nitric acid. The process is to a large extent 

self-sustaining as regards the leaching reagent, nitrogen dioxide.
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This is shown by the following equations:

1. MnO2 + ZNO2 ---- ^  Mn(NO3 )2.
2. Mn(NO3)2  --- > MnO2 + 2N02 (recycle to reaction I and reaction 3)

3» 2N02 + H2O + ^O2 ^  2HNO3 (to reaction 5)
4« ZMnO2 —— — Mn2O3 + Jo2
5. Mn2O3 + ZHNO3 MmO2 + Mn(NO3)2 (to reaction 2)

Depending on the nature of the ore, however, more nitrogen dioxide than 

the theoretical might be used up owing to side reactions between this gas 

and metallic constituents, other than manganese, that may be present in 

the ore. The quantity of make-up nitrogen dioxide will have to be calcu

lated for each specific ore. In some cases it might be economical to 

recover the alkali and alkaline earth nitrates formed during the leach and 

sell them as fertilizers.

SUMMARY

1. Better than 90 percent recovery of the manganese contained in a Iow- 

grade pyrolusite ore received from the Butte area of Montana was achieved 

by leaching the ore with nitrogen dioxide at room temperature.

2. A sample of synthetic manganese dioxide meeting Signal Corps specifi

cations in initial drain tests was prepared from the ore leach solution 

through the calcium hypochlorite oxidation method.

3. Ten samples were prepared by leaching the bixbyite obtained from the 

ore with nitric acid of which one met the initial low drain specification 

of the Signal Corps.
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TABLE I '
GENERAL METHODS OF PREPARATION OF SAMPLES 

(The groups refer to those in Table II)

O-H-Series:

Group a c 
Group bo 
Group Co 
Group do

G-H-Series:

Nitric acid leach of hausmannite 
Nitric acid leach of bIxbyite 
Sulphuric acid leach of hausmannite 
Sulphuric acid leach of bixbyite

Group e. 

K-GH-Series:

Thermal decomposition of manganous carbonate followed by 
acid leach .

Group fo 

N-GH-Series:

Calcium hypochlorite oxidation of manganous chloride 
solutions

Group go 

N^SH-Series:

Calcium hypochlorite oxidation of manganous nitrate 
solution

\
Group ho 

M-N=Series:

Sodium hypochlorite oxidation of manganous nitrate 
solutions

Group jo 

M-OH-Seriess

Manganous nitrate reduction of permanganic acid„

Group'R0- -Permanganie- acid oxidation of manganous hydroxide 

C-M-Series-:
Group Io Permanganic acid oxidation of manganous carbonate 

M—S-Series*
Group m. Manganous sulphate reduction of permanganic acid
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TABEL I (cont8d)

H-H^Series;

Group n* Thermal decomposition of manganous nitrate solutions 

S-Gl-Seriess
Group p. Chlorine oxidation of the hydroxide slurry prepared by 

treating manganous sulphate with sodium hydroxide .

OH-Gl-Series:

G r o u p  q\ C h l o r i n e  o x i d a t i o n  o f  m a n g a n o u s  h y d r o x i d e



TABLE II
ANALYTICAL AND TEST DATA

Sample Og as 
% MnOg

% Mn % HgO pH gm/in3 Bobbin 
wt (guts)

Initial 
Drain Tests 

High hr s Low

Crystalline
phase

a.
O-H-45*# 92.3 62.0 1,30 5.3 12.8 8.7 6.4 139
O-H-36* 90.5 60.7 0.60 4.4 16.9 8.2 5.9 128
O-H-IS 97.5 57.3 0.50 6.6 10.0 8.4 4.7 112
0—H—ISB 97.5 57.3 0.50 6.6 16.8 9.7 4.5 108
0-H-20 98.2 60.5 0.60 6.7 10.8 8.6 4.4 121 Gamma-rho and
0-H-20B 98.2 60.5 0.60 6.7 16.3 9.6 4.4 111 Beta
0-H-23B 84.4 58.6 0.60 6.3 15.5 9.6 3.4 77
0-H-29 84.6 57.4 1.30 6.1 7.0 8.5 1.9 119
0-H-19 98.2 58.0 0.60 6.4 5.7 8.1 1.5 55
0-H-23 8$.8 59.3 0.60 6.3 5.2 7.9 0.2 49

b.
O-H-42** 89.7 57.0 1.20 8.3 14.2 9.2 6.2 142
0-H-2SWB** 84.4 54.8 0.90 5.2 10.3 8.9 6.0 131
0-H-47** 92.7 60.2 0.10 4.3 15.4 10.6 5.7 135
0-H-32* 82.6 55.3 0.90 5.8 18.6 9.2 6.5 109 Gamma-rho and
0-H-34* 81.6 54.9 0.20 4.7 16.9 9.1 6.2 111 Gamma
0—H—28 84.4 54.8 0.90 5.2 13.1 9.3 5.3 124
0-H-31 82.2 55.5 0.50 5.6 16.8 9.2 5.0 109
O-H-24 83.6 55.0 0.30 5.6 12.5 9.1 4.7 114
O-H-25 75.1 54.0 0.10 6.1 13.7 9.1 2.8 63

Ce
0-H-30 86.3 57.1 2.00 3.8 5.7 8.2 2.0 74
O-H-21 89.5 56.5 0.70 4.0 5.9 7.8 0.8 28 Alpha
O-H-22 94.0 59.5 1.00 3.8 6.2 8.9 0.5 23

d.
O-H-33* 81.4 54.8 1.10 4.2 18.8 9.2 6.9 114
0-H-41* 81.0 62.7 1.00 7.3 17.4 9.6 6.2 120



T A B L E  I I  ( c o n t ' d )

Sample Og as 
% MnOg

d.
O-H-35 81.4
O-H-27 82.5
O-H-26 83.1

e.
C-H-10* 89.1
C-H-11WB* 92.0
C-H-16* 88.7
C-H-ll&t 92.0
C-H-I5* 91.2
C-H-18 89.0
C-H-12B 88.7
C-H-5 88.6
C-H-13 72.2
C-H-13B 72.2
C-H-A 60.3
C-H-3 88.0
C-H-12 88.7
C-H-Il 93.0
C-H-9 87.5
C-H-8 93.3
C-H-U 56.1
C-H-6 87.5
C-H-7 92.2
f.
K-CH-22** 83.0
K-CH-25** 89.2
K-CH-15* 94.9
K-CH-26* 93.5
K-CH-27* 90.5

% Mn % HgO pH

55.5 0.10 4.8
51.0 0.60 6.9
53.5 0.50 6.7

52.5 1.00 3.9
58.8 0.80 4.5
59.8 1.70 7.0
58.8 0.80 4.5 -
59.8 0.70 3.7
59.8 0.00 7.1
58.7 2.20 7.9
57.5 0.70 6.2
58.0 0.80 6.4
58.0 0.80 6.4
54.5 1.40 6.4
57.2 0.40 4.1
58.7 2.20 7.9
58.8 0.80 4.5
56.8 1.10 4.2
54.5 1.20 5.2
64.0 0.30
58.4 1.50 6.7
56.9 2.20 4.5

58.0 2.00 6.3
58.7 0.10 5.6
60.8 0.51 6.2
58.5 0.12 6.8
58.5 0.01 6.5

gm/in^ Bobbin
wt (gms)

18.1 9.2
12.1 8.9
10.6 8.9

7.8 8.5
10.1 9.0
10.4 8.7
11.8 9.0
11.8 8.8
11.5 8.7
12.4 8.9
8.8 8.2
6.9 8.0

10.6 8.7
7.8 8.0
7.5 8.1
7.3 8.3
7.6 8.3
9.9 8.3
7.6 8.2
5.8 8.26.2 7.9
6.7 8.1

13.2 9.3
13.6 8.9
8.0 9.2

15.7 9.8
15.1 9.7

Initial 
Drain Tests

High hrs Low

4.4 105
4.0 47
3.8 46

6.3 111
6.3 108
6.2 H O
6.2 H O
5.6 104
5.4 106
5.2 121
5.1 122
4.7 80
4.6 102
3.9 70
3.2 92
1.9 100
1.8 91
1.7 103
1.7 83
8:% 3?
0.1 33

5.8 137
5.7 149
5.6 129
5.3 153
5.0 132

Crystalline
phase

Alpha

Gamma-rho v!ovn
I

Rho



T A B L E  I I  ( c o n t ' d )

Sample O2 as % Mn % H2O pH gm/in3 Bobbin Initial
% MnO2 vrt (gms) Drain Tests

High hrs Low
f C
K-CH-18* 92.7 60.2 0.20 5.7 8.5 10.1 4.6 137
K-CH-19* 93.0 61.4 0.07 6.1 14.3 10.2 4.5 140
K-CH-20* 93.0 62.0 0.01 6.1 16.7 10.2 4.4 142
K-CH-24* 86.1 58.5 1.60 6.4 10.2 8.8 4.1 135
K-CH-12* 94.5 60.5 0.34 6.1 10.0 9.3 2.7 143
K-CH-23* 90.0 61.0 0.45 4.8 12.8 9.9 2.6 132
K-CH-14 92.0 59.9 1.01 5.7 10.0 9.4 3.6 125
K-CH-21 93.0 59.6 0.01 6.6 15.2 10.0 4.5 H O
K-CH-17 91.5 57.5 0.02 4.5 10.1 10.2 3.4 108
K-CH-IO 52.5 47.5 4.20 5.2 8.2 8.7 1.9 90
K-CH-Il 56.4 54.6 2.30 5.9 9.7 8.7 2.0 38
K-CH-16 84.0 59.1 0.60 4.9 9.1 9.2 1.1 50

g.
N-CH-24— 89.7 60.3 1.10 5.8 14.5 9.6 5.6 146
N-CH-23** 90.0 59.6 1.50 6.0 15.4 9.7 5.5 150
N-CH-IT** 90.0 61.6 1.70 6.1 16.5 9.7 5.5 148
N-CH-15** 90.5 62.5 0.50 6.6 15.9 9.7 5.7 146
N-CH-13* 92.4 60.2 0.50 6.3 16.3 9.8 5.4 159
N-CH-16* 92.3 61.4 0.45 5.6 14.7 9.6 5.2 150
N-CH-10* 92.0 58.0 0.46 4.4 9.4 9.2 5.3 133
N-CH-21* 91.9 60.9 0.70 6.2 17.0 9.5 5.2 133
N-CH-22* 92.7 61.0 0.45 6.3 14.6 9.5 5.1 148
N-CH-14* 93.0 60.2 0.20 6.4 15.7 9.8 4.5 159
N-CH-11* 92.0 60.2 0.03 4.7 8.8 9.1 3.8 135
N-CH-12* 93.0 60.7 0.01 4.5 14.6 8.1 3.6 143
N-CH-18* 91.0 60.8 1.15 6.0 12.7 9.7 3.6 145
N-CH-19 92.3 61.1 0.10 6.2 15.7 10.0 4.4 129
N-CH-20 91.8 60.4 0.60 6.4 15.7 9.9 3.9 116
N-CH-T 86.3 55.4 4.90 6.0 4.1 7.9 0.8 101
N-CH-8 72.5 58.1 0.95 5.2 11.2 9.0 2.9 40

Crystalline
phase

Rho

Rho
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T-ABLE I I  ( c o n t ' d )

Sample O2 as % Mn t H2O pH gm/in^ Bobbin Initial Crystalline
% MnO2 wt (gms) Drain Tests phase

High hrs Low
h •
N-SH-5* 92.2 61.0 0.45 6.2 14.4 9.8 5.4 140
N-SH-4* 92.2 60.6 0.13 6.3 15.7 9.7 5.3 152
N-SH-2* 96.0 58.4 0.69 4.4 9.2 9.2 4.2 149 Rho
N-SH-3 92.2 58.1 1.25 4.2 12.7 9.8 0.0 55

j.
M-N-2 94.0 61.8 0.65 7.0 13.2 9.8 3.6 104
M—N—3 92.6 60.3 0.65 4.2 14.4 9.5 3.4 104 Gamma
M-N-I 85.2 57.9 1.50 6.6 6.0 7.6 0.0 88

k.
M-OH-1* 93.1 61.1 0.80 4.1 8.2 8.6 5.5 90 Data not
M-OH-2 86.1 57.8 4.50 4.1 8.4 7.9 0.4 100 available

I.
C-M-I 77.5 58.4 6.80 4.2 7.0 7.7 0 0
C-M-3 84.0 54.5 4.70 5.4 2.6 6.7 0 0 Gamma

m.
M-S-ZfB 87.0 58.8 3.00 6.6 10.5 9.0 5.3 82
M—S—4 92.6 58.3 3.00 6.6 13.6 8.2 1.4 122 Rho
M-S-3 93.6 57.9 0.60 4.2 18.3 8.8 0.8 49

n.
N-H-9 96.5 57.0 0.30 4.9 19.0 10.0 2.9 70 Beta
N-H-S 92.5 60.1 0.50 7.1 29.0 10.2 2.3 50

P.
S-Cl-I** 92.2 59.2 0.80 4.3 13.8 9.1 7.2 133 Data not
S-CL-2** 89.6 61.1 1.30 4»4 14.2 9.3 7.6 140 available



T A B L E  I I  ( c o n t ' d )

Sample ()o as 
SMnOg

% Mn $ HgO pH gm/in^ Bobbin 
wt (gms)

Initial 
Drain Tests 

High hrs Low

q .
0H-C1-1* 92.2 61.6 0.90 3.8 13.6 9.2 5.0 142

■^Designates a sample meeting Signal Corps specifications for initial 
on the high and on the low drain.

^Designates a sample meeting Signal Corps specifications for initial 
on the high or on the low drain.

Crystalline
phase

Data not 
available

drain both

drain either



TABLE III
ANALYTICAL AND TEST DATA ON SAMPLES THAT MET
SIGNAL CORPS SPECIFICATIONS FOR INITIAL DRAIN

Sample O2 as 
% MnO2

* Mn # H2O pH gm/in3 Bobbin 
wt (gms)

Initial 
Drain Tests 

High hrs Low

Crystalline
phase

0-H-28WB 84.4 54.8 0.9 5.2 10.3 8.9 6.0 131 mostly gamma
O-H-42 89.7 57.0 1.2 7.1 14.2 9.2 6.2 142 gamma-rho
O-H-45 92.3 62.0 1.3 5.3 12.8 8.7 6.4 139 gamma-rho
O-H-47 92.7 60.2 0.1 4.3 15.4 10.6 5.7 135 gamma-rho
S-Cl-I 92.2 59.2 0.8 4.3 13.8 9.1 7.2 133 -
S-Cl-2 89.6 61.1 1.3 4«4 14.2 9.3 7.6 140 -

K-CH-22 83.0 58.0 2.0 6.3 13.2 9.3 5.8 137 Rho
K-CH-25 89.2 58.7 0.1 5.6 13.6 8.9 5.7 149 -
N-CH-17 90.0 61.6 1.7 6.1 16.5 9=7 5.5 148 -
N-CH-23 90.0 59.6 1.5 6.0 15.4 9.7 5.5 150 -
N-CH-24 89.7 60.3 1.1 5.8 14.5 9.6 5.6 146 —



TABLE IV
IMPURITY CONTENTS OF SOME SELECTED SAMPLES OF MANGANESE DIOXIDE

Sample O2 as 
% PlnOg

% Fe % Si Total % 
alkali and 
alkalin earth 
metals

gm/in3 Crystallin
phase

Initial 
Drain Tests 

High hrs Low

O-H-24 83.6 2.00 1.00 0.42 12.5 Gamma 4.7 114
O-H-28 84.4 2.00 1.00 1.08 13.1 Gamma 5.3 124
O-H—42 89.7 0.20 — - 14.2 Gamma-rho 6.2 142
O-H-19 98.2 0.05 0.50 0.10 5.7 Rho 1.5 55
O-H-47 92.7 0.20 — 0.13 15.4 Gamma-rho 5.7 135
K-CH-19 93.0 0.12 — 0.17 14.3 Rho 4.5 140
C-M-3 84.0 0.01 0.02 0.05 2.6 Gamma 0 0
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TABLE V
EFFECT OF BALL-MILLING ON THE APPARENT 

DENSITY OF SAMPLES OF MANGANESE DIOXIDE

Sample Apparent Density- 
before ball-milling 

gm/in^

Apparent Density 
after ball-mill
ing gms/in3

O-H-18 10.0 16.8
0-H-20 10.8 16.3
O-H-21 5.9 14.4
M-N-I 6.0 11.5
O-H-23 5.9 15.5
C-M-2 8.0 13.9
M—S—4 13.6 10.5
O-H-28 13.1 10.3
C-H-Il 8.8 13.1
C-H-12 8.5 12.4
C—H—16 7.8 10.4
O-H-39 14.4 14.1
M-N-2 13.2 13.2
M-N-3 17.8 14.4
N—SH-4 7.3 15.7
N-SH-5 5.6 14.4
M-OH-2 2.6 8.4
S-Cl-I 12.9 13.8
C-H-18 14.0 11.5
C-H-17 11.8 11.0
K-CH-20 7.4 16.7
K-CH-21 5«4 15.2
K-CH-22 5.2 13.2
K-CH-23 5.9 12.8
K-CH-24 5.4 10.2
K-CH-25 5.4 12.6
K-CH-26 6.3 15.7
K-CH-27 5.7 15.1



TABLE VI
EFFECT OF BALL-MILLING ON THE BATTERY LIFE 

OF SAMPLES OF MANGANESE DIOXIDE

Before ball-milling After ball-milling
Sample % MnOg Crystal

phase
gm/in3 Bobbin

wt
gms

Initial 
Drain Life 
High hrs Low

gm/in3 Bobbin
wt
gms

Initial 
Drain Life 
High hrs Low

0-H-20 98.2 Beta & rho 10.8 8.6 4.4 121 16.3 9.6 4.4 111
O-H-23 8$.8 Beta 5.2 7.9 0.2 49 15.5 9.6 3.4 77
O-H-28 84.4 Gamma 13.1 9.3 5.3 124 10.3 8.9 6.0 131
O-H-18 97.5 Beta & rho 10.0 8.4 4.7 112 16.8 9.7 4.5 108
C-H-Il 93.0 Gamma-rho 7.6 8.3 1.8 91 11.8 9.0 6.2 H O
C-H-12 88.7 Gamma-rho 7.3 8.3 1.9 100 12.4 8.9 5.2 121
C-H-13 72.2 Gamma-rho 6.9 8.0 4.7 80 10.6 8.7 4.6 102
M-S-4 92.6 Rho 13.6 8.2 1.4 122 10.5 9.0 5.3 82
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t a b l e VII

ANALYSIS OF THE LOW-GRADE FYROLUSITE ORE

Manganese as Mn 14»1 %
Silicon as SiOg 57®8 %
Calcium as CaO 0.44 %
Aluminum as AlgOj 1*42 %
Iron as Fe 1«$0 %
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TABLE VIII
DATA ON THE LEACHING OF FYROLUSITE ORE WITH NITROGEN DIOXIDE

Leach
No.

10

Ore (gms) Water (liters) NO2
consumed

gms

1125 3 -

1125 3 **
1000 3 -
1000 3 -
1000 3 321
1000 3 374
1000 2 368
1000 2 33$
1000 2 362
1000 2 310

Final Residue % Mn % Recovery
PH gms in

residue
of

Manganese

1.05 780 0.83 95.9
0.85 815 0.22 98.9
1.50 720 1.32 93.3- 730 1.59 91.8
1.90 730 2.20 88.6
0.80 670 trace 99.9+
1.40 672 1.00 95.2
1.10 696 — Q
3.40 737 2.76 85.6



Sample

BO-OH-I

B0-0H-2 

BO—OH—6

BQ-QH=?

B0-0H-9

TABLE K
METHODS OF PREPARATION OF BATTERY-ACTIVE MANGANESE 
DIOXIDE SAMPLES FROM THE SOLUTIONS OBTAINED BI LEAQJiING 

THE ORE WITH NITROGEN DIOXIDE

Preparation

—if 5*̂

The leach solution' obtained by leaching IOOQ gm of "the'/ore 
in 3 liters water with NOg at room temperature was decom
posed at IbO-Iyo0C in a porcelain dish on a hot plate, The 
residue from this decomposition was leached with hot water 
and treated in the furnace at about 700°C for 66 hours 0 
The bixbyite thus obtained was leached with two times the 
theoretical quantity of nitric acid (1:1 dilution) at 85°C 
for 1*3 hours*

Same a s ■B0-0H-1 except that a batch of leach solution pre
pared by leaching 1000 gm of the ore in 3 liters water at 
85°C was used*

The leach slurry obtained by leaching IQOO gm of the ore 
in 3 liters water at room temp with NGg was treated with 
20 gm of Ca(0H)g as a thin paste in water to raise the pH- 
to 5*8 and was kept agitated with air for. half an hour*
It was filtered and to the filtrate more lime was added to■ ■ 
precipitate any residual iron. The clear filtrate from . 
this was evaporated to dryness in a porcelain dish and de
composed at IbO-Iyo0C* The residue was leached with hot 
water and treated in the furnace at YOO0C for 24 hours and 
the product leached with 1:1 nitric acid at 9©°C for one 
hour.

The leach solution obtained by leaching the orb slurry at ■ 
room temperature with NOg was heated under pressure at 
IY0-200°C for 2 hours5 the precipitate formed was filtered 
off and the filtrate evaporated to dryness and decomposed ■ 
at IbO-Iyo0C. The residue was pebble-milled wet with 1§ 
liters 'water for 2 hours and then-treated' in the furnace at 
YOO0G"for 24 hours’* The'bixbyite obtained was leached with 
two times the theoretical quantity of nitric acid at 1:1 ' 
dilution for I hour at 90°C,

The leach solution obtained by leaching the ore slurry with 
NOg at room temperature was treated with 5© gm of powdered ■ 
rhodochrosite ore at room temp and kept agitated with air 
overnight * The slurry was filtered and the filtrate was 
evaporated to dryness and decomposed at IbO-IyO0G* The 
residue was pebble-milled with 1*5 liters of water for 1*5



T A B L E  I X  (ConttCi)

B0-OH-9 
(cont’(d)

B0-0H-9a

BCMDH-IG

BO-QH-LQa

BO-OH-Ila

BO-OH-U

BO-MO-HGH-I

B.Q-NO-NGH-2

Preparation-

hours"and then treated in the furnace at 700°C for 24 hours„ 
The bixbyite obtained was leached.with twice the theoreti
cal quantity of nitric acid at 2:1 dilution for one hour at 
a temperature of 95‘"100°C<,

A portion of B0-0H-9 was heat-treated in the furnace at 
320°C for 9 hourso
To the leach slurry from 1000 gm of the ore 30 gms of 
Ca(OH)2 in the form of a thin paste in water were added at 
room temperature to raise the pH to S0S0 The filtrate 
from this slurry was evaporated to dryness in a porcelain 
dish and decomposed. The impure manganese dioxide obtained 
was pebble-milled with 2 liters of water for Ig hoursa 
treated in the furnace at YOO0C for 24 hours and leached 
with twice the theoretical quantity of nitric acid at 1:1 . 
dilution for I hour between 90-100o0» .

A portion of B0-0H-10 was ball-milled for 5 hours to raise 
the. density from 9,8 to 15,8,

The leach slurry from 1000 gm of the ore was treated with 
40 gm of CaCOo to raise the pH to 4.6, The filtrate from 
this slurry was evaporated to dryness and decomposed at 
160-1Y0°C in a porcelain dish on a hot plate,

A portion of BO-OH-Ila was treated in the furnace for 24 
hours to obtain bixbyite. The latter was leached with 2 
times the theoretical quantity of nitric acid at 2:1 
dilution for I hour at a temperature of 9G”10Q°C,

The leach solution from. 1000 gm of the ore was treated with. 
30 gm of lime .at 90-95°G and the precipitated iron hydrox
ide was filtered off. The filtrate was treated at Y5-85°C. 
with a slurry of 200 gm of Qa(OH)2 and 200-gms'of Ca(OCl)2 
in 400 cc of water in small quantities at a time, over a 
one-hour period. The mixture was kept agitated with air 
for another hour and filtered. The residue was given a 
leach with dilute nitric acid.

The leach slurry from 1000 gm of the ore was heated to 
80°C and treated with 30 gms of lime- in 250 cc of water to 
precipitate the iron. The filtrate was divided into two . 
halves. One half was used in making B0-N0-HCH-2 as



Sample

B0”N0“NCH“2
(cont’d)

BO-NO-MCH=3

Preparation

described here, and the second half was used in making
BQ-NO-NOH-3.
Four hundred gm of Ca(OCl)2 were dissolved in 2 liters of 
water and heated to 75°Ce The first half of the filtrate 
described above was added to this solution -irr small 
quantities at a time under agitation over a period of 3 
hourso The pH was checked continually and was observed to 
go down from 10,2 to 1,9. The reaction mixture was filter
ed and the residue leached with hot dilute'nitric acid,

A slurry of 100 gm of Ca(OCl)2 and 105 gm of Ca(OH)2 in 
2 liters of water was heated to 75°C and the second half 
of the filtrate mentioned under BO=-NQ-NCH-2 was added to 
it in small amounts at a time over a period of an hour and 
40 minutes„ The pH remained high, over 9,9, throughout 
the reaction. Air was blown through the reaction mixture 
for 4 hours and the mixture was filtered. The residue was 
leached with dilute nitric acid at 85°C for one hour.

A portion of B0—NO—NOH—I was heat-treated at 320®C for 7g 
hours under an atmosphere of oxygen.

“47™
T A B L E  I X  ( c o a t ' d )

BO-NO-NOH-S



TABLE X
ANALYTICAL AND TEST DATA ON MANGANESE DIOXIDE 

SAMPLES PREPARED FROM THE ORE

Sample O2 as % Mn % HgO pH gm/in-* Bobbin Initial
2 MnO^ ViTfc Drain Tests

gms High hrs Low

BO=OH-I 91.1 59.0 0.50 4.9 14.4 10.0 5.0 129.5
B0-0H-2 87.0 55.0 0.90 4.8 13.4 9.5 4.8 94
BO-OH-6 90.6 59.6 1.35 4.6 15.4 10.3 2.5 48
BO-OH-V 73.9 48.6 0.90 5.5 12.5 9.3 0.5 41
BO-OH-9 80.5 55.1 1.17 4.8 14.0 10.2 0.9 19
B0»0H=9a OB — - ° 9.9 3.2 138
BO-OH-IO 90.6 58.6 0.42 4.7 9.8 9.4 1.4 70
BO-OH-IOa 90.6 58.6 0.42 4.7 15.8 10.3 2.5 40
BO-OH-Il 92.8 58.6 0.90 5.0 16.0 10.5 0.2 21
BO-OH-Ila 92.5 60.5 — — 19.2 11.3 2.8 76
BO-NO=NCH=-I 92.9 59.6 0.70 4.9 14.2 10.0 2.3 78.3
BO-NO-NCH=-2 90.8 58.0 1.60 5.3 11.4 9.5 O 11.8
BO-NO-NCH-3 94.6 61.0 2.50 4.8 13.1 9.3 5.5 141
BO-NO-NCH=-5 94.1 63.2 0.60 4.9 - 9.9 3.5 112
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MANGANESE DIOXIDE PHASE TYPES
XRD
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Figure 3. Ref rence Chart for X-ray Diffraction Patterns for! Various 
Types of Xanganese Dioxide
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