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Abstract:

It has been established that the battery activity of manganese dioxide used in the fabrication of dry cells
is a function of the crystalline phase type of the manganese dioxide. This paper presents a
comprehensive study of the chemical synthesis of manganese dioxide by all methods of synthesis
which might be expected to yield manganese dioxide of suitable phase type to be battery active. The
manganese dioxide has been evaluated according to the methods set forth in U.S. Army Signal Corps
Specification SCL-3117D, IS March 1952, entitled Manganese Dioxide Synthetic.

Methods of preparation of manganese dioxide are classified into the following groupings: (A) oxidation
of manganous salts by chlorine and chlorine containing compounds, (B) oxidation of manganous salts
by permanganates, (C) thermal decomposition of heat labile manganese compounds, (D) acid treatment
of mixed oxides of manganese, and (E) miscellaneous methods of synthesis. The manganese dioxide
resulting from each method of synthesis is evaluated by comparison of pertinent physical and chemical
data as well as battery drain test data. These data are compared with accepted specifications for
synthetic manganese dioxide. Figures include a reference chart showing the X-ray diffraction patterns
for all seven phase types of manganese dioxide. Additional figures are graphs which give power curves
for a typical chemical manganese dioxide compared with Gold Coast and electrolytic manganese
dioxides.

Manganese dioxide of suitable activity to meet or exceed synthetic specifications results from methods
falling into classifications (A), (B), and (D) but methods classified under (C) and (E) do not yield
manganese dioxide of proper phase type and therefore, these products do not meet specifications.

A correlation of the chemical and physical factors which result in acceptable battery activity of
chemically produced manganese dioxide has led to the establishment of limits for the various chemical
and physical properties of chemical manganese dioxides. They are: O2 as % MnO2 83.6% (min)

% Mn 58.7% (min)

% h20 1.7% (max)

pH 4.3 t0 6.9

gm/in*3 11.6 (min)

"A" size bobbin weight-gms 8.9 to 10.3

Phase type Gamma, rho, or gamma-rho
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'AB’S‘TRAGT"
It has been establlshed that the battery act1v1ty of manganese
dioxide used in the fabracatlon of dry cells is a functlon of the crystal-

line phase type of the manganese dioxide. Thls paper presents a compre-~
hen51ve study of the chemical synthesis of manganese dioxide by all

' methods of synthe31s which might be expected to yield manganese dioxide

of suitable phase type to be battery active. The manganese dioxide has
been evaluated accordlng to-the methods set forth in UL S, Army Signal
Corps Spec1f1cat10n SCL-3117D 18 March 1952, entltled Manganese Dioxide

Szgthetlc.

Methods of preparatlon of manganese d10x1de are class1f1ed into "the
following groupings: (A) oxidation of manganous salts by chlorine and.
chlorine contalnlng compounds, (B) oxidation of manganous salts by
permanganates, (C) thermal decomposition of heat labile manganese com-
pounds, (D) acid treatment of mixed oxides of manganese, and (E) miscel~
laneous methods of synthesis. The manganese dioxide resulting from each
method of synthesis is evaluated by comparison of pertinent physical and
‘chemical data as well as battery drain test data. These data are compared.
with accepted spe01f1cat10ns for synthetic manganese dioxide. Figures:
include a reference chart showing the X-ray diffraction patterns for all
seven phase types of manganese dioxide. Additional figures are graphs
which give power curves for a typlcal chemical manganese dioxide compared
with Gold Coast and electrolytlc manganese ‘dioxides.

Manganese dioxide of sultable activity to meet or exceed synthetic

- specifications results frém methods falling into classifications (A), (B),
and (D) but meéthods classified under (C) and (E) do not yield manganese
dioxide of proper- phase type-and, therefore, these products do not meet
speeifications.

A correlation of the chemical and: physical factors which result in
acceptable battery activity of chemically produced manganese dioxide has
led to the establishment of limits for the various chemical and physical
properties of chemical manganese dioxides. They are:

02 as % MnOy - - 83.6% (min)
% Mn ' 58.7% (min)
% Hx0 . 1.7% (max)
PH ‘ : ' L 4.3 to 6.9
gm/in3 . 11.6 (min)

AW size bobbin welght—gms 8.9 to 10,3
Phase type ‘ ©  Gamma, rho, or

gamma~rho
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INTRODUCTION

The common dry cell has long heen_uSed,as a_portable'power source
for both military and civilian needs. The military uses have been
'prlnclpally in the area of communlcatlons in the past but development of
many modéern weapons in the guided mlss1le and. rocket fields has resulted |
in ;ncreased_requlrements for‘compact?:portable power sources. Current
widespread civilian use of drygcells in portable lights, hearing aids, .
portable radios, and many‘other‘devices as mell as new.uses'arising-from
the development of transistorsupoint:to.an,expanding deuelOpment and use
ﬁ of dry cells. | . | | )
| Although there has been 1mprovement 1n the manufacture of dry cells
arising from new technlques andpmethods (1) and dry cell‘technology has
been the-souroe of many.patents hy:manufacturers, the‘greatest possibility
for 1mprovement of dry cells appears to be through improvement of the
manganese d10x1de component of the cell Although the manganese- dioxide
| does not enter into the cell reaction dlrectly, it does serve as a
depolarizer. The cell reactlon mechanlsm 1s postulated as follows (5)

Zn --o-Zn++ + 2e (at negatlve electrode)

2Mn0y + 2NHh+ + 2H,0 + 26 - 2Mn(OH)3 +'2NH3 (at positive electrode)
The actual depolarlzatlon reactlon is not deflnltely established, but a
l.p0331ble explanatlon is to be found in the follow1ng two—step react10n~
AH," + 20w 2NHy 4+ Hy |

20 + Hy + 2H0 — 2Mn(OH)3 or 2(MOOH-HH0)
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.Thus'it may bejseen ihat, unless the’hydrogen_is depolarized as formed,
the conductivity.of the cell.is deereaeed to the point where no current |
is produced. Hdwieffectivefthe'manganese dioxide in tne-cell will be-
as a depolarizer is a functlon of its phase type and the manganese
dioxide phase type may well be the llmltlngfactar in the life of a given
dry cell. The meaning of the term! phase type' has been defined by
William Nye as follows (18): '

"These manganese dioxide samples are being made under non-
‘equilibrium conditions and are, therefore, mesoerystalline
materials, that is they are' very poorly crystalligzed,

. -There are but two pelymorphs of M0, - the tetragonal form
(if well crystallized, it is called pyrolusite or beta. MhOz)
and the orthorhembic form (the mineral Ramsdelllte) - The
seven basic phase types we use ‘hére are modifications of-
‘these two basic polymorphs - we call them phase types -
not phase in the strict sense of the word. These phase
types represent a continuous. (or perhaps dlscontinuous)-
series of modlflcatlons of the basic phases. Based on
their diffraction patterns, they are characterized as one

" or more of the seven phase types. Sometimes the diffrac-
tion patterns are intermediate between one phase type
and another. In these materials the electron microscope
may also reveal a changing morphology. It is in these
materials we use the term "incipient crystallization or
transformation",. In our use, "incipient! means beginning
“to change from one phase type to another."

Although manganese dioxide of each phase type gives some degree.of bat-
tery activity, it nas been established By the Army Signal Corps that
material which corresponds to gamma, rho, or ganmrrho intermediate pnase
types appear to give the highest degree of battery acnivity when com-
pounded into dry cells, Ihe moSt‘active, naturally occurning,'manganese
dioxide ores are those in which the bhase t&pe is principally gamma,,

Figure 1 is a reference chart showing the various X-ray diffract@en nat—
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terns for all seven phase £ypes of manganese dioxide. |

Extensive research (7, 8, 10, 11, 17, 20).has been carried out on
jhe.eiectrolytic.production'of mangnese dioxide., Wheh conditions were"
regulated to produce gemma or rﬁo phase type manganese dioxide, the
drain characteristics were sﬁﬁerior td-natﬁral ores (impure gamma).: The
' succese-of‘this method of synthesizing‘manganese dioxiae which iS'sﬁitabie
for use in dry cells is attested to by the fact that one plant is current-
| ly in operatlon devoted to the productlon of electrolytlc manganese
d10x1de for use in dry cells (16). |

In addition'tplite phase type, there are other -factors which will
affect the activity of the manganese dioxide as. a depolarizer.. The
.presence of such impurities as cobalt and nlckel is detrimental to the
battery act1v1ty immediately upon fabrication of the cell and the presence
of 1rqn may cause deterloratlon of the_act1v1ty after cell.storage."
Variation of other component.pafts of the cell will affect the power out-
put of the cell consideﬁhely. The'bhysical and chemical cheraeteristies
of the manganese dioxide-cah_affect‘the battery activity. The amount of
manganese'dioxide which can be tamped.inﬁo a cell bobbin is a funetidn-of
the apparent density of the material, and, since a cell's power output
depends upon the tbtal_amount of mangaﬁese dioxiae present“in'that cell,
low density may contribute to poor ceil performance. The actual assay
value of the sample (i.e., % MhOz)-may’be7a factor, particularly if the
assay (%thOz) is iow.' Other factors affecting.drain peffprmance are the

pH and water hydration er.crystallization of the manganese dioxide. The
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problem is one of making-manganese dioxide of proper phase type which also.
~ has the correct phys1cal and chemical properties for high battery activity.

| The best natural ore is found in abundance in Gold Coast, Africa and
-this_ore is principally gamma phase‘type, but 1mpur1t1es and 1nact1ve _
phase type dioxide ijmit’ the aetiirity of this material; the only domestic.
source of natural ores is limited guantities of less active ores which are
found. in the Phillpsburg, Montana area, Qurrent production of electro—_
lytic manganese dioxide is.of gamma phase.type of'high purity'and J'
corrsspondingly good drain-characteristicsL_ A third poss1ble path to the
production of battery active manganese ‘dioxide is by means of some
suitable chemical synthes1s. A number of different 1deas for chemical
syntheses have been proposed (l) and patents have been 1ssued on some
chemical processes. for battery active manganese dioxide, but no large-
-scale comnercial production has yet develdped. The possible unavaila-
bility of Gold”Coast-ore in case offwar and the attractive possibility
that a chemical process might be developed for the continuous production
of this strategic chemical have. 1ed to.this study of chemical methods of
. synthesis, ’

The United States Army'§ignal Corps has been‘interested in the .

possibilities of the chemical path to:Mn0, to the extent that research
l has been sponsored by that organization at'Montana_State College in .
Bozeman, Mbntana and at.Western Electrochemical Company in Culver City,
California. Also; private'research has continued in this field and one

process has been reported in thespilot plant stage of developmentl(li).




| - |
'In addition to the research sponsored by the Signal Corps from June. 15,
'1951 to June 15, 195k, a oontinﬁing program of research is being carried.
‘out at’ Montana StatefCollege'onder the auspices of the'Engiheering
Experiment Station. . | |

© METHODS AND PROCEDURES
In. order to evialuate correctly the worth of any partlcular method of

chemical synthes1s of . manganese dlox1de 1t is necessary to synthes1ze at
least 80 grams_of‘produet S0 that a sufficient guantity will be available
for the fabrication of "A“ type dry cells to be tested for drain capaclty
Since OfflClal spe01flcatlons have not been establlshed upon whlch to base
requlrements ‘of the chemlcal manganese ledee methods and procedures of
-analys1s and testlng as establlshed by the United States Army Slgnal Corps
manganese dioxide speclflcatlons SCL—3175 (19) were followed~'-The
" capacity tests used. for evaluatlon of the. battery act1v1ty are deflned
(19) as follows‘ | _ |

."4 6 1.Fifteen (15) each dry cells, size-"A", prepared as

described in 4,5 shall be used for each of the follow1ng
1n1tlal capaclty tests.

Low -Drain High Drain = BA-270/U Test
a. Type of Discharge = Continuous  Continuous Continuous-.
_ o ' - : ' Intermittent
b. Discharge Re- 166 2/3 ohms 16 2/3 ohms 26.25 ohm/2 min,
. sistance . . , 52,5 ohm/18 min
¢. Test end voltage 1.13 volts 1.0 volts 1.1 volts

d. Discharge Temp ’_ 709F (508 Rif) 70°F(50% RH) - 70°F(50% BH)™
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-In“order to do this study, it uas necessary to make some modifications in
the dry cell testing procedures. The nunber of cells fabricated for
test purposes was kept to_the'minimum number with which the evaluation
of the battery activity could_be-oompleted. A batch of mix which was
sufficiently large to yieldr7 to 10 “A"'cells-was made'in the exact

- proportlons speclfled in SCL—3175 and these cells were used to evaluate

only five-day high and low draln performance and three—month ‘low drain
- performance of the samples. By thls procedure the follow1ng results |
were achieued~ (l)'the.size-of samples ‘required for evaluation of bat-
tery act1v1ty was held at a mlnlmum and, (2) cell storage space and test
equlpment outlay was not excess1vely great thus permltting evaluation
of a maximum number of chemical methods under the plan of this research
Exten51ve testlng wlll be-requlred 1f pllot plant studies are to be made
-on any of these methods of synthe31s but the very scope of this work has
"not permitted prolonged cell llfe studles (except for the three-month low
drain test) or-BA—Z?Q[U;Testvevaluat;onsﬁof the samples. |
For,the purpose of determining’tne possible merit of a particular
synthesis, several reactions'WBre run, each under,different'reactionr
“conditionS, and tne manganeseddioxlde product from each run was evaluated
as to chemical and physical properties es‘well'as drain cnaracteristics.
Any synthesis'which yielded a product with acceptable chemical and
physical properties and which gave bettery tests equal to or better than
_Gold Coast ore was further examined to determine the feasibility of meet—-

ing the. synthetic battery-grade manganese dioxide specifications. These
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sfecificatiﬁns afe.lisﬁed as thé firSt'itém.of"Table‘III-fot comparisen.
An.eiamination éf”the possible cheﬁical methods of making manganese :
dioxide revealed that the syntheses could be classified logically into
five groupings: - ' |
A, oxidation of méﬁgandus.salts_by cﬂlorine and chlorine coﬁpounds,
B. oxidatipn of manganous salts by‘perhahganatés,” o
C. thenﬁal,decompoéition_of heat lébilé_ mengénese compounds,
'D. aqiﬁ treatment of lower oxides of manginese, and  _ |
E. ﬁiscellanedus methods of éyntﬁésis.. |
"Each method of synthesis has.thus been givén-a lettef:designafion de—“
pending upon which group it falls_into} following‘the letter is a nﬁmbér-'
which,designates a particular Sub—grbqp.depending upon the manganese salt
used in thé synthesié; following this number ié a second number which
differentiates between syntheses within the_sub¥group. The chqmical
reactibns ﬁhich'have been investigated‘are listed in Table II. Listed in
Table III afe aﬁélyticél‘and teét data indicative.of the_bétﬁer results
obtaiﬁed from'each'method of synthesis. .Listéd in Table IV are methods of
preparation of samples reported in Table III. Although Table III is a
report of only 45 typical sémples,‘it should be noted that the investi-
gations at Montana Staﬁe College have pesulﬂéd in the synthesis'of approx-
imately 600 samples of manganese dioxide.- Many of these éamples were
éynthesized as a.part of the effort tb'evaluafe the effects of reaction
- variables in a particular synthesis and, in those cases in which the

reaction conditions were unfavorable,'the_manganese dioxide product had -

3
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different physical, ohemical, and drain characteristics than the sample
-.reported in Table III.  The results reported in Table III have been ver-.

ified by running additional experiments.

: EXPERIMENTAL RESULTS

A, Ox1datlon bv chlorlne and chlorlne compounds has proved to be a

.IVersatile approach to high~qua11ty manganese dioxide. ~One poss1ble-f
._ method is to use chiorine gas in the'presence of alkali to oxidize a
-manganous salt. The base used may be the basic salt manganese carbon—
.ate, (13) as in reaction A 1.l or sodium hydroxide as in reactlons 'A.2,1,
A.2,2, A;B;l, A.h.l, and’ A.h;2. In_the ‘case of;oxidation of manganese
Jcarbonate; the manganese diokide is‘essentially rnolphase type but'the:
failure to meet drain speciflcatlon is probably due to re51dual traces

of manganese carbonate in the product. Chlorlne ox1dation of manganous
salts 1n_the‘presence of sodium,hydrOXLde gives material of phase types
.rho and gamma-rho, and the reaction seems to'proceed equally well whether
~ the salt used is manganese cnloride,(A;Z;l;lA 2,2), and manganese nitrate .
(A.3.1), or'manganese sulfate (A A.l Ak, é)' In general this . synthesis
yields a gamma-rho ‘phase type manganese ledee g1v1ng draln tests which
meet or exceed spec1fications in most cases, It should be noted that a
:sampie of manganese dioxide, made by oxidation.of-manganese-chloride in’
.the presence of sodium hydroxide.with chlorine_(A.Z.Z),tgave the longest |
low drain performance (183fhours initial and‘ioO‘hoursEthree—month

test) of any‘sample_tested.in this program, This initial test exceeds
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”the specification by more than 40% and is lOO%'greater than Gold Coast.ore.
Capac1ty malntenance, that is the three_month test, is a little low for
the samples made from manganese sulfate, but this is belleved to be due.

to oceluded salts rather than a serlous defect in the synthesis method.

The use of caloium-hfdroiide as a base in this tyne of reaction wasl' |
investigated (A;é.S) with manganese chloride as the source'of manganese
and the product is again gamma—rho phase type which meets or exceeds all
drain spec1f1catlons.

Another.method of synthesis; which was-oonsidered, is the oxidation
of manganese'salts with sodium hypochlorite (A'z 6, A.3.3, A, ke5) and,
‘although this produces materlal of de51rable phase type, the samples fall
to meet both draln spec1f1catlons. When manganous salts are oxidized
:‘-w1th sodium hypochlorlte solutlons, chlorlne is evolved, so sodlum hy-
drox1de is added.to the'ox1dlzlng solution in 2:1 molar ratio of sodium
hydroxide to sodium hybochlorite'and'this solution is used as the oxidant
(A.2.3, Aiody). Again the product is of the proper phase type, but drain
specifioations are not met. K s1m11ar synthes1s makes use of calclum
‘ hypochlorlte as the oxidant for’ manganous salts (A 2. A, A.3.2, A.4.3).

The use of manganese chloride as the source of manganese yields rho phase
type d10x1de which ea31Ly exneeds drain specifications, The use of .man-
ganese nitrate as the source of manganese ylelds gamma-rho phase type
which also exceeds drain specifications, but when manganese sulfate is
used with this oxidant, in spite of rho‘phasestype product, drain spec-

/ifications’ are not met. It is believed that the calcium suifate which is
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formed in the latter case is retained as an 1mpur1ty in the product and
the extreme 1nsolub111ty of thls salt makes complete removal difflcult

Tt has been reported (6) that an excellent quality manganese dioxide
can be‘produéed by oxidation of manganese sulfate in acidie solutions
uéing sqdium thorate as the oxidant (A.h;?):'.This'material is essen-
tially rhé phase type and dréin.tesﬁs meét or-éxceed specifications
readily. Other similar veactions using different chlorates as the oxidant

have been tried and results are less promising (13). Oxidation of manga-

nese sulfate with potéééiﬁm éﬁlorate (A.5.6) gives_albha phase type, wiﬁh-
correébondiﬁgiy short cell life. An attémpt;téluse chloric aéia, in place
. of the sodium séit has been rébdrﬁéd (6); this yields manganese dioxide of
‘rho phase type with exéé_l_lént low drain test, _but'thé high drain test falls
short of specifications. |

'Exreriments.using chloriné-dioxide gas to oxidize manganese hydroxide -
have been reported (6), but the product of this reaction (A 5, l) shows
' =very little ‘activity. v

B. Oxidation of maﬁganots salts‘by permanganates is a particularly

attractive method of making battery active manganese dioxide, since the
reaction is of the reduction-oxidation type and results in essentially.
100% of all the manganese from the reducing agenﬁ (manganous salt) and the
" oxidant (permaﬁganaie domponhd) being converted to battery active product.
'Potassium perménganaté was-usedias the oxidant for three manganous
salts:'ﬁangaﬁése chloridé-(B}Z;l), manganese nitrate (B.3.3), and manga-

nese sulfate (3.4.2). Each of these syntheses produces specification
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material both from the standpoint of'battery—drain tests and phase type.

- It should be noted that the products of these syntheses show - little or no

- loss of life after storage.

Permanganic acid has been’ used to.oxidlze manganese carbonate (B 1.1)
and ‘the product glves very short’ cell life although’ the phase type is
gamma. Permanganic acid. ox1dation ‘of manganese nltrate (B 3 l), manga— :
_ nese sulfate (B.4.1), and manganese hydroxide (B 5,1) fails to. give
material which meets draln speciflcations (2)

. Oxidation of manganese nltrate w1th barium permanganate (B 3. 2)

yielded such poor quallty manganese diox1de that after several unsuccess- a

ful attempts to adapt this. synthe51s to. productlon of batﬁeryagrade man-"
ganese d10x1de, further 1nvest1gation was deemed unprofitable.

- Cs Thermal decomp051t10n of heat labile manganese compounds has

been 1nvest1gated and there seems to be -small poss1b111ty of making syn-—
thetic manganese dioxide th1s way. The heat treatment of-manganese
carbenate (G,l.l)-in an oxidizing atmosphere at temperatures between
.lOO°C'and 410°C causes‘decomposition of the manganese carbonate with sub-
sequent formation of manganese'dioxide‘(lz). 'AlthOugh the decomposition
product is predominatelyrmanganese dioxide, it is necessar& to remove.
unreacted manganese carbonate byrdilute acid treatment. The product is
basically gamma and has exceilent high drain characteristics,-but fails
to meet the low drain specification. |
Thermal decomposition of permanganic acid (C.2.1) by hot spraying of

an aqueous solution of this compound on a granite slab gives material
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which is charaoterized as gamma, but the high drain test is not met by
this product and.although the initial low drain tests meet'specification,
the delayed capacity tests are below specification (2). |

Thermal decomposition of'manganese'nitrate (0.3 1) always'gives beta
manganese d10x1de and the draln tests are correspondlngxy low (12) It
is reported that gamma manganese dloxide has been made by thls method of
| synthes1s in pilot plant operatlon.(lB), but the reported procedures and
methods of cell evaluation do not permlt battery test comparlsons, s1nce.
'the reported cell 81ze and type of test- used -do not conform to standards
~of the battery industry. -

Attempts to make'manganese dioxide oy thermal decomposition of manga—'
nese oxalate (C k. l) fail to produce manganese dioxide and yleld instead
- lower oxides of manganese (A) When these Qx1des are treated W1th dllute‘.
aclds, the resulting dioxide is alpha and 1s a poor depolarlzer. , |

Thermal decompos1t10n of manganese sulfate (.5, 1) results in a pro—
duct of gamnaarho phase type, but‘the drain tests on‘this material fail‘toi
meet spe01flcatlons._ | |

Thermal decompositien of manganese chlorate . (C 6. l) has been evaluated
(6) and the product is prlnclpally rho phase type which meets high drain
specifications,:but fails on both low drain tests and three-month low
drain tests. | |
i It is doubtful if thermal decomposition of heat labile compounds is a

practical method of,producingvbattery active manganese dioxide because of

the probability of either making a product which contains lower- oxides of
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manganese or leaving undecomposed materlal 1n the product

- D. Ac1d ‘treatment of lower ox1des of manganese with a dllute acid

. yields manganese dioxide and the manganous salt of the aeid (12,‘13); If
the acid used is’nitric or sulfuric, then ﬁhe resulting salu may be eon—
centrated and subgected to thermal decompos1tlon to yield lower oxides,
Whlch can be ac1d treated to make more. manganese dioxide and manganese
salt. If‘the_acid oxide can be recovered and recycled'this process.may
be feasible.. fatents have been issued for Nossenls nitric acid cycie

- (l3),lwnich used nitric acid as'the‘leach"aeid. - Another possible source

of lower oxides is‘the'heat treatment of pyrolusite 6re;(Mn02).7‘pepend- .

" ing upon the temperature of heating, the product is either bix.byite"
(anOB) en hausmannite (MhBOA); Acid treatment of both of these oxides
has been eualuated and. the resulus are promising; |

When hausmannite is treated with dilute nitric acid. (D.1.1), the
product is'ganma—rho manganese dioxide'of excellent physical-ana chemical
propertles and both high and low draln performance exceed- speclflcatlons.
However, a similar treatment of hausmannite W1th dllute solutlons of

sulfurlc.acld,(D.l.Z) gives dioxide of uncertaln,phase type and the pro-

duct fails to meet drain specifieations. |

Again, when bixbyite is treated with dilute nitric acid (D.2.1), the
product is gamma—fho manganese aioxide of excellent physical and chemical
properties'and all drain tests exeeed specifications. A similar treat-
ment of bixbyite with dilute sulfuric acid‘(D}2.2) gives dioxide which is

" characterized as gamma-rho and which meets initial specifications but
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fails to mest thres-month specifications.

:Sinceithe'temperatnre required to_convert pyrolusite to bixbyite
is lower than that required to convert to hausmannite and since acid
treatment of bixbyite results in a'mol of dioxide for each mol of bix-
.byite with oniy one nol of.manganese salt'for reoyole, whereas the haus-.
‘ mannlte would result in two mols of manganese salt for recycle, it seems
ev1dent that this acid treatment method of synthesis is more practlcal
for use with blxbydte as the source,of.manganesa. ‘ |

Attempts to produce batter& active mahganese dioxide by air oxidation
of manganese hydroxide'resulted‘in fadlure. The‘resulting product, which
is believed’to be manganite.(MhOOﬂ) after'aoid'treatmsnt with dilute
nltric acid (D 3.1) has falrly good phy51cal and chemlcal propertles, but
the battery act1v1ty is comparable to Gold Coast. ore. (2)

"E. Mlscellaneous methods of svnthe51s 1nclude all methods which have_

been evaluated that do not fit any of the other four groups._ It is sig-
nlflcant that .none of these methods give material of the correct phase

type and the battery tests are correspondlngly poor (2 lh, 12 13).

" PHYSIGAL AND CHEMICAL CHARACTERISTICS
OF CHEMICAL MANGANESE DIOXIDE -
RELATED TO BATTERY ACTIVITY
‘As explained under METHODS AND PROCEDURES, official specifications
have notibeen.established for chemical manganese'dioxide.' The specifi-

cations which are currently established for synthetlc batteryhgrade man-

ganese dioxide generally seem to apply to the manganese dioxide made by
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‘the verioﬁs'cﬁemical methods of synthesis. 4An attempt to make correla-
tions of chemical and physical properties with drain:characﬁeristies for
the'various chemically synfhesized-maeganese aiokides has been reperted ‘
(15) and the resulting eerfelationesare general in nature. A survey of
the 600 samples which have been synthesized in the course of this work
. brings Qﬁt a basic fact coﬁcernihg the er&stalline‘phaee type of chemical
man“ganese dioxide. Of all thé' samples for which X-ray diffraction pab- i
terns are availeble; the onij samples ﬁﬁieh met-or-exceeded both high and
low drain specifications (initial) were of fhe‘gamma, rho, or gamma-rho
: ebhasevtypes. Of the 45 eeméles-reported~ih Tabie'III, for which drain
test deﬁe are available, 19.samples meet or exceed.high-drain specifi_
catlons, 20 exceed low draln spe01flcatlons, and lh exceed both speci-
flcatlons. The follow1ng table shows how the chemlcal and phy51cal
' propertles for these 14 samples compare W1th the ex1st1ng speclflcatlons

for battery-grade manganese dlox1de synthetlc.

05 as o ' . Density "A" size hobbin
% MnOo £Mn % Hy0 pH gm/M: weight-grams

Chemical "83.6 min 58, 7 min 1.7 max 4.3 to 6.9 11, 6 min 8.9 to 10,3
Mo,

Specifi- 85 min 58 min 3.0 max h.O to 7.0 18.0 min 9.5 to 10,5
.cation ' o : ‘

The principal discrepancy occurs in the density and bobbin weights of the

samples made by chemical methods of synthesis. The minimum density .of
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these 1l samples was ll.é.insﬁeaa of the 18.0 required in the specifi-
cations. In fact, some samplés of chemical manganese dioxide out of the
600 total samples have met or exeeeded both specifioafions.in'spite of
densities as lom as 10.1 gm/ins, The_ohemical manéanese dioxide samples -
generall&'have'denSities.ln-the range of 10.0 to-17.0 gm/iﬁ3" In addition,
although most of the samples yield AN size cell bobblns 1n the 9 5 to
lO 5 gram welght range, numerous samples which ylelded bobbln welghts less

than 9 5 to ‘as low as 8 9 grams have met or exceeded both hlgh and - low

drain speclflcatlons. In the llght of thls evidence of excellent.draln
‘llfe from manganese ledee samples of’ dens1t1es cons1derably below the
18 0 gm/:l.n3 spe01f1ed and with cell bobbins lighter than the 9 5 gram
mlnlmum, 1t seems that these two speclflcations should be revised for
chemloal manganese ledee." |

Figures 2 and 3 are‘chanacpefistlc drain test curmeS‘fon.a'natural
ore, a sample of chemical-manganese dioxide,.and a sample of electrolytic
" manganese dioxide. The natural ore is a sample of Gold Coast ore, the
chemical manganese dioxide was made by permanganate oxidation of manéanese
nitrate, and the electrolytic manganese'dioxide'is a commercial sample
which meets.speoifidations.o In figure.z the cell VOltaée is plotted as a
function of time for the hlgh drain test and in Flgure 3 the cell voltage
is plotted as a functlon of time for the low drain test of these same
three samples. " Although the number of hours of ‘cell life for the sample -
of chemical manganeserdioxide-compare well with the sample of electrolytic

manganese dioxide, it is.to be noted that due to the lower voltage of the
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battery made from chemical manganese dioxide the actual power output (area
.under the curve) is lower for the chemlcal product than it is for the
electrolytic product. This is generally true of chemical manganese

dioxide.

SUMMARY
1. Manganese dioxide of. excellent phy51cal and chemlcal propertles
which meets or exceeds both the 1n1t1al hlgh and low drain speclflcatlons'
‘1s produced through use of chlorlne or chlorlne compounds in the following -
cases:

:._a.' when chlorine'gas is=used.to-oxidize aéueous solutions of
manganese chloride, manganese nitrate, or ﬁanganese sulfaue‘
in the'presence of sodium‘hydroxide, 1 “

b. .When chlorlne gas is used to oxidize‘aqueous‘manganese
| chloride in the presence of calcium~h$rdro:‘clde , |
c. when calecium hypochlorlte is used to oxldlze aqueous
| ‘solutlons of manganese chlorlde or manganese nltrate, and
d. when sodlum chlorate is used to oxidlze aqueous, acidic
solutions of manganese sulfate.

2. The use of potaSslum permanganate to oxidize aqueous solutions of
manganese chloride, manganese nitrate,'or manganese sulfate produces man-
ganese dioxide which meets or exceeds both the initial high and low drain
specifications and the‘product has excellent‘physical and chemlcal

properties.
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3. Nitric acid leaching techniques have been successfully applied to
convert both blxby:l.‘be (Mn304) - and hausmannite (MnBOL) to battery active
manganese diox1de of excellent physical and chemical properties. The
product of these leaches eas1ly meets or exceeds initial high and low drain
specifications.. Sulfuric acid leaching has been applied with equal success.
to the convers1on of blxbyite to manganese dioxide.

. by Three-month low drain tests on the samples made and tested wunder
this program indicate that in general chemical manganese dioxide has
excellent shelf life and may be expected to give good capacity maintenance _
-after storage. . .

5. Thermal decomp051tion of heat. labile manganese compounds does not
give specification manganese dioxide directly, but this approach may be
"used to produce lower oxides for acid leaching methods ‘

- 6, The fea51bility of chemically making battery active manganese
dioxide which meetS‘or exceeds~existing drain test specifications is
established slnce 14 of the L6 methods of synthesis gave material which _

‘meets or exceeds these specifications for 1n1t1al drain tests..

| 7. The chemical manganese diox1de is usually of lower density than
the 18.0 gm/in3 specified and "AM size cell bobbin weights from these
.materials vary from 8. 9 to 10 3 grams. This. iS'not a serious defection;"
~however,. since the drain specifications are met or exceeded by the chemical

' manganese dioxide samples.
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TABLE I
CHEMICAL METHODS OF SYNTHESIS OF Mh02
Ox1datlon of manganous salts by chlorlne and its com.pounds°
f-A.l.l MhCOB(aq) + 012(g) + H20(l)‘—€>th02(s) + 2HCl(aq)‘+ coz(g)
— A.2,1 . 2MnCl,(ag) + LNaOH(ag) + Cly(g) -4>-Mh02(s) + MﬁClé(aé)’+ 1NaCl(aq) + 2H,0(1)

~A.2,2  MnCl,(aq) + ANaOH(aq). + Cly(g) —> MnOy(s) + JNaC1(aq) + 2H,0(1)

o A.z;é. -Mnc12(aq) + NaOCl(aq) + 2NaOH(aq) - MhOg(s) + 3NaCl(aq) + H20(1)

KA.2.0 MnCl,(aq) + Ca(001)2(s) — Mnoz(s) + CaCl,(aq) + c12(g)
A.2:5  2MCl,(ag) + 20a(0H),(s) . Clz(g) —> MnOp(s)- + MnCly(aq) + 2Ca812(aq) + 2H20(1)
XA.2,6  MnCl,(aq) + 2Na0103(aq) — Mn0 (s) + 2NaCl(aq) + 2010, (g)
—A4.3,1 2Mh(N03)2(aq) + hNaOH(aq) + Cl 8) = MhOz(s) + Mn(NO3)5(aq) + 2NaCl(aq)
' _ . + 2NaN03(aq) + 2320(1)
*A.3.2 Mh(NOB)z(aq) + Ca(001)2(s) — Mn0,(s) + Ca&NOB)z(aq) + C1,(g)
Y A.3.3 .Mn(NOB)z(aq) + 2Na0Cl(aq) = Mhoz(s) + 2NaN03(aq) 7_012(g)

—A.hd 280, (aq) + ANaOﬁ(aq) +,Gié(g) —e>,Mh02(s) +.Mﬁc12(aq) + 2NaZSOA(aq) +.2H20(1)_

— A 4.2 MhSOA(aq) + hNaOH(aq) + Clg(g) — MhOz(s) + NaZSOh(aq) + 2NaCl(aq) + 2H20(1)
H+
AL.3 ‘MhSOh(aq) + Ca(001)2(s) - wnoz(s) + CaSOh(s) + 012(g)




ALl
LS

Ohbb
Oa..7

A8
A.5.1

Oxn.datlon of manganous salts by.permanganates: '

B.1.1
B.2.1
B.3.1
B.3.2
B.3.3
 Bukll
B.4.2

B.5.1

TABLE 11 (Cont ! d)

CHEM[CAL METHODS OF SYI\TTHESIS or MnO

.,MnSOL‘L'(aq) + NaQC1l(ag) + 2NaOH(ag) == MnOz(s) + -NaZSOh(aq). + NaCl(aq) + H50

Mnso'z;(aq)' + Na0C1(aq) + Héo('l) B MnO,(s) + Naci(aq) + H,80, (aq)
MnSO (a.q) + 2KC10 (aq) H MnOz(s) + KZSOA(aq) + 20102(g)

MnS0), (aq) -+ 2Na0103(aq) B nos(s) » Nazsoh(aq) + 20102(g)
MnSOh(aq) + 2HC10 (aq) -—> wnog(s) + stoh(aq) + 20102(g)

Mn(OH)z(slurry) + AZClOZ(g) > MnOg(S) + 2HC105(aq) .

3Mn003(aq) + 2HMn0,+(aq) + 2H50(1) —> 5Mr102(s) + 3H20(l) + 3002(g)
3MnCly(aq) + 2KMnO, (ag) + 2Hy0(1) —> 5MnO,(s) + 2KC1(aq) + 4HC1(aq)

31 (N03) (aq) + 20, (aq) + 2Hy0(1) — BnO,(s) + EHNOs(aq)

Mn(N05)5(aq) + Ba(lh0y)p(aq) ~ 3Mn0y(s) + Ba(N0z)y(aq) + 0,(e)
3Mn(NO3)o(aq) + 2KMnO, (aq) + 2H'20(1).‘ ~> 5MnO,(s) + 2K(NO3)(aq) + LHN03(éq)
3MnS0), (aq) + 2HMAO, (aq) + 2H,0(1) => 5Mn0y(s) + 'BHQSOA(aq')

BMnSOLL(aq) + ZKMnOh(aq) + 2H20(l) — 5Mn02(s) + ZHZSOh(aq) + Ksth(aq)

34 (OH),(s) + 2HMnO, (ag) —> 5Mn0,(s) + 4H,0(1)




C.

TABLE II (Cont'd)
(CHEMIGAL METHODS OF SYNTHESLS OF MnO,
Thermal decomposrt.lon of heat labile manganese compounds'

C.1.1 Mnco3 + 30,(g) &> MnOz(s) + 60,(g)

' C.Q.ir- l.,HM’xOh(a.q) % L;MnOz(s) + 2H20(l) + 302(8)
€.3.1  Ma(No )g(aq) = Mno'(s) + 2N02(g)

Gkl Ma(000)(s) + 0y(e) B Mn0y(s) + 200,(¢)

€51 S0, (s) B Mn0,(s). + Soz(g)

C.6.1 Mn(0103) -% Mn02(s) + 20102(g)

Acld treatment of lower oxides of manganese- ' )
D.1.1 3 b’(s) + L,HNOB(aq) - MnO?_(s) + 2Mn(NO )Z(aq) i 2H, 0(1)
D.1,2 i a(s.) + 2H230h(aq) — Mnoz(s)f 2MnSO,+.(aq) + 2H20(l_?
D.2.1  Mny05(s) + 2HNOz(aq) —3> MnOy(s) + Mn (N05)5(aq) + H50(1)
D.2.2  Mnj05(s) + HyS0) (aq) — Mn0,(s) + MnSO) (ag) + Hy0(1)

D.3.1  2MnOCH(s) + 2}11\103(§.q) — Mn04(s) + ml'('NoB")z(aq? ;"2H'20'('1}-

Miscellaneous methods of -synthesis:

E. 1.1 2m4'noh(aq) +'H2O'2(aq) —> 2Mn0,(s) + 2H,0(1) + 205(g)

_Lz_




E.l.2 -

E.2.1
E.2.2

E.2.3

‘E.z.h
E.3.1

E.p.l

TABLE II (Cont'd)

CHEMICAL METHODS OF SYNTHESIS OF MhO

' 2HMnO (aq) + c6H5CH3(1) - 2Mh@2(s) + c6H5coon(1) + 2H20(1)

zxmnoh(aq) + p-CHscéHhSOZNHNa(aq) - 2Mh02 + p-coomacénhsozmn2 + 2KOH'-
2KMhOh(aq) + CH306H5(1) - 2m0,(s) + c6H5c00K(aq) + koH(aq) + H20(1).

zxmnoh(s)é%> sznoh(s) + M0,(s) + 0n(g)

) KZMnOA(s) + Mh02(s) + HZO(l) R MhOz(s) + K2Mh0h(aq)
- 2KMnO (aq) + 2NHh0H(aq) — 2Mn02(s) '+ 2KOH(aq) + LH,0(1) + N (g),

2n0,(s) + WKOH + 0,(g) S 2K in0; (aq) + 2H0(1)

: 3xzmnoh(aq) 3 2H20(l) => MnOs(s) + 2KMnoh(aq) + 4KOH(aq)

MnSO (aq) + (NHh)zs 08(aq) + 2H20(l) — MhO (s) + (NHh)zsoh(aq) + 2H280b(aq)
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TABLE III
ANALYTICAL, PHYSICAL, AND TEST DATA
. . High Drain Low Drain Low Drain
S %0, S » S Den81§y o o . Bobbin Wt . - . (5 day . (5 day. - . (3-month
. Code . as Mn02 % Mn % Hy0 - pH . gm/in Crystalline Phase - grams - test) hrs - test) hrs. . test( hrs.
- Specifi- - - o 4.0 to o o _ 9.5 to - No spec.-Est.
. cations 85 min, .58 min. . 3.0 max. 7.0 - 18.0 min_.‘ Gamma ,Rho,or Gamma-Rhe . 10.5 5.5 130 ' 85% orlga.nal
—A,1.1 . 941 63.0 " 1.0 5.0... 17.3 Rho 9.3 3.2 126 67 -
=—A.2.1(a) 94.3.  62.0 . 1.6. 5.8 . 14,0 Gamma~Rho 9.5 7.3 128 8l
- tA2.1(b) 88,3 . 61.3 ;v 1.5 - 6.y . 14,7 ' Gamma-Rho . 9.8 A 156 150
- —A.2.2(a) 946 .- 62,6. 1.3 5.7 . 13.5 . Rho 9.7 5.5 135 117
- A2.2(b)  92.3 61.0 - 0.8 5.8 © . 13.2 Gamma~Rho 9.9 2.9 183 160
T A.2.3 83.5 58.7.0: 2.7 10.5 = : 13.8 . _— —— —— —_— S e
“XAL2. 89.2 58.7 " 0.1 .- 5.6 13.6 ~ BRho . 8.9 5.7 149 133
3 A<A°2’5 8L.7 . 6Lk - 0.6 6.2 11.6- - Gamma-Rho - 9.1 5.7 130 o112
"A.2.,6 191.0 . 58.9° 0.9 - 3.2 30.1 N — -— — . —
~—A.3.1 90.9 61.9 "~ 1.5 - 6.2. . 13.1 Gamma-Rho 9. 5.6 4 . 128
f'.ff,Ao-3-2 90.5 62.5 - 0.5 6.6 " 15.9 . Essentially Gamma—Rho 9.7 . . 5.7 16 - 127
X A3.3 0 9222 . 61.0.: 0.5 6.2 1.4 Principally Gamma-Rho . 9.8 5. 140 106
=hA.L.1 89.6 6L.1 -+ 1.3 o 14.2 Principally Gamma-Rho 9.3 7.6 140 - 104
e Y ) 88.0 62,5 1.3 . L.9 - 12.0 Gamma; trace Epsilon 9.5 5.6 152 101
ZA.L.3- 9L.2. 62,2, . 2.5 6.5 10.6 Rho 9.4 L.8 122 108"
Akl 9.9 - 51.8 = 0.7 - 6.7 12.8 Principally Gamma, some R 9.8 . " 3.9 152 ' 50
A.L.5 91.9 - 59.8 1.5 . 6.7 1.2 Rho - —_— 5.9 128 ——
AL.6 . 831 57.1 2.4 3.2 - Alpha - : R 2.2 . 49 —
AL7 91.8 :  59.0 0.5 6.9 32,2 Rhoj trace Alpha : — /A u3 137
A8 - 9n2 0 58,6 0.3 6.2 30.7 Rho ' — 5.0 145 141
A.5.1 93.5 . 59.1 " - 1.8 6.9 . 7.5 — S — © 0.0 18 —
B.1.1 77.5 ° 58.4 - 6.8 4.2 7.0 Gamma ; Alpha ' 7.7 0.0 0 0
B.2.1 92,2 59.9. 0.8 6.3 15.4 Gamna 10.1 5.5 130 . 134
B.3.1  94.0 . 61.8 0.7 . 7.0 13.2 Gamma . . 9.8 3.6 104 65
B.3.2 78.0 55.3 5.5 2.8 9.0 — - — e — —
B.3.3 90.7 61.4 1.7 6.6 1.6 Gamma 10.1 5.8 136 135
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TABLE III. (Cont'd) - . - S , .
ANATYTICAL, PHYSICAL, AND TEST DATA
. _ -, High Drain Low Drain Low Drain
L %0, - o . C Density , : _ Bobbin Wt~ (5 day . (5 day (3-month
Code as % M0, %Mn' = % H50 pH " gm/in? Crystalline Phase - grams ' test) hrs  test) hrs test) hrs
Specifi- ‘ 4.0 to - o : 9.5 to .- No spec.-Est.
cations .85 min. 58 min. 3.0 max. 7.0 18.0 min.  Gamma,Rho,or Gamma~Rho  10.5 5.5 130  85% original
Bopdl- 926 - 60.2 - 1.0 6.5 13.4° Rho - o 9.4 4.8 110 - 83
L2 90.7. . 61, - 1.7 6.6 1.6 Gamma-Rho; trace Alpha, 10.1 6.2 131 7120
, ' S ' Beta ' .
5.1 93.1.. -.61.1 .. 0.8 L.l 8.2 Poorly crystallized Alpha 8.6 5.5 - 90 ' 36
1.1 .00 9.0 58.8. - 0.8 L.5 - 11.8 Gamma; traces Beta, Rho, 9.0 . 6.2 110 102
. N . . y S MnCOq - o :
21 0 833 . 69 . 3.5 6.6 - 271 Gamna | NS 8.9 o5 132 109
3.1 -87.9 - 57.9 0.7 6.1 16.1 Beta 10.0 2.6 70 66
bl 57.0- - 68,0 -~ -0.3 5.9 n 10.5 Alpha - © 9,3 1.1 . 22 10
2.1 913~ .- 58.3 2.9 . 6.1 . 9.8 Gamma-Rho - 8.2 3.7 109 . 107
6.1 - 90,2 ;58,9 7 1.1 . 6.1 . 26.5. 80% Rho - 20% Alpha — 6.6 ‘118 . 114
1.1 92.3 .0 1 62.0 .- 1.3 5.3 12.8 Gamma-Rho ' 8.7 L6l 139 . - 122
1.2 86.4 59.9 1.6-.- L.5 11.9 Distorted Beta. 8.7 5.1 - 109 N 50
2.1 95.5% 6l., . 0.8 4.5 - 13.6 Gamma-Rho .10.0 - 6.0 143 137
2.2 - 83.6 61.1 0.4 - 6.0 16.9 . Gamma-Rho 10.0 5.85 130 98
3.1 87.5 61.0 2.2 3.8 16.0 ' Rhoj. trace. Alpha ~ - - 8.8 - 3.2 - 76 Do
1.1 187.3 60.3 7.4 L2 3.8 Delta o 6.9 0.0 0 .0
1.2 85.9° °  —— . = 5.2 " 13.6 Alpha 9.5 0.4 39 -6
2.1 81.8 57.8 2.1 - 7.5 5.7 Delta; Epsilon 7.3 0.0 1 -0
2.2 - 79.4 58,1 : 3.9 S 6.9 . 13.7 Delta; Epsilon 8.0 2.9 100 -_—
2.3 "~ 80.8 . 56.8 2.6 7.2 7.2 Epsilon - . 7.6 - 0.0 67 _—
2.% 82.0 . 56.5 3.3° 7.2 12.1 Delta - 8.2 0.0 8 —
3.1 89.2 60.6 3.4 7.1 18.2 Beta; Epsilon 9.0 3.3 68 98
h.1 3.7 . 3.3 10.6 Alpha ‘ — 0.9

85.7 58,3 28 11

-0¢-




Code

AL

A.2.1(a) .

A.2.1(b) "

£.2.2(a)

A.2.2(b5

A,2.3

".of the reaction to 60
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TABLE IV

 METHOD OF PREPARATION OF SAMPLES REPORTED IN TABLE ITI -

Prepafétion

A slurry of 200 grams MhCOB in 3 llters of water was chlorln—
ated at 0-10°C for 3 hourse _ _ .

A slurry of Mh(OH)2 was made . by reactlng l58h grams MhCl

4H-0 in 12 liters of water with 640 grams NaOH in 2 11ters of
water. This slurry was chlorinated at- 5°C for 69 hours. A
115 gram portion of the dried product of this reaction was
treated w1th 50 cc of concentrated HZSOh in one liter of
water at 87°C for 2 hours.

A solutlon of ASO grams NaOH in 7 5 llters of H20 was chlo—
rinated and a solution of 1188 grams MhCl JLHs0 in 1,5 liters
of H,0 was added dropwise. The slurry was chiorlnated at 6°C
for %A hours. An 80-gram portion of the dried product of.
this redction was treated with 10 cc. of concentrated HCL in

" .one llter of water at 87°C for 2 hours

A solutlon of 320 grams NaOH in 3 liters of water was chlo¥
rinated and a solution of 396 grams of MnCl .AH 0 in 0.5

 liter of water was added dropwise. The slurry was chlorin~ .
ated at 21°C for 21 hours. A 100—gram portion of the dried -

product was treated with 100 cc of concentrated HCl in one
liter of water at 87°C for 2 hours. :

A solution of ABO grams of NaOH in 7.5.1itérs of water was
chlorinated and a solution of 1188 grams of MnCl,«LH50 in

"1.5 liters of water was added dropwise. A solution of L80

grams of NaOH was added dropwise during the last half of the
reaction time. The slurry was chlorinated at 25°C for 24
hours. A 100-gram portion of the product was treated with

- 22 cc of conoentrated HCl1 in one llter of water for 2 hours

at 87°C.

A solutlon of 2h0 grams MnCl.,- AHZO in 4.5 liters of water was -
reacted with 5 pounds of NaOCl solution {(5- 6%) and 96 grams
of NaOH in 0.6 liter of H20 The NaOCl was added over a 3-
hour period. The temgerature varied .from- 92°C at the start
C at the end of the reaction. :
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TABLE IV (Cont'd)

METHOD OF PREPARATION. OF SAMPLES REPORTED IN TABLE III

Code o Preparation
A2.4 A solution of 400 grams MnCl +4Hx0 in 10 liters of water was-
o © - reacted with 200 grams Ca(OCi) powder wetted with 200 ce of:

~ water. The Ca(OCl) was added in small batchwise additions
' over a 3.5 hour perlod and the temperature was 30 C.

A,2,5 A slurry of 148 grams of Ca(OH), in 3 llters of water was
chlorinated and a solution of. 366 grams of" Mh012 4H,0 in 0.5
. liter of water was added dropwise. The slurry was chlorln—
ated at 25°C for 23 hours.,

A.2.6 A solution of 197.9 grams of MnCl AH 0 and 50 grams of stO
- in 430 ce of total solution was agded dropwise te 500 cc of
solution containing 213 grams.of NaClO,. Addition time was
1.5 hours and the reaction temperature'was.90°C

A.3.1 - ‘A slurry of Mh(OH)2 was made by reacting 716 grams of Mh(NO )2
. solution (50%) in 2,7 liters of water with 160 grams NaOH 1n
. 0.5 liter of water. Thls slurry was chlorlnated at 29°C for
21.5 hours.

A.3.2 A solution of one pound (50% solutlon) of ‘Mn(NO ) dlluted to
2 liters with water was reacted with 290 grams of Ga(OCl)z
wetted with 0.2 liter of water. The Ca(0Cl), was added in
small batchwise additions“ever a 2 hour period and the aver-
age temperature was 40°C.

A.3.3 A solution of one pound (50% solutlon) of Mh(NO ) dlluted to
10 liters with water was reacted with 2.8 liters of NaOC1
solution (4~5%). The total_reactlon time was 5 hours and the
average temperature was 50°C.

AL A slurry of Mh(OH) was made by reactlng 338 grams of MhSOh°
‘H50 in 2,5 liters of water ‘with 160 grams of NaOH in 0.5
liter of water. This slurry was chlorinated for 24 hours at
2°c, '

AL.2 .- A solution of 240 grams of NaOH in 2.8 liters of water was
‘ chlorinated and 338 grams of MnSO,<H,0 in 0.7 liter of wgbter

was added dropwise over & 3 hour period. - This slurry was

chlorinated for 2L hours at an average temperature of 30°C,
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TABLE IV {Cont'd)

METHOD OF PREPARATION OF SAMPLES REPORTED IN TABLE III

. Code ‘ ' Preparation
AL.3 A solution of 338 grams of MnSO +Hy0 in 2 liters of water was

reacted w1th a solution of 300 grams -of Ca(OCl) in 1.5

liters of water. Addition time was 3 hours and the average
temperature was 26°C. The dried product of this reaction was.
treated with 76 cc of concentrated HCl in 2 liters of water :
at 93°C for 2 hours. L . S

A -A solution of 300 grams of NaOH in 2 llters of water was
chlorinated until half of the NaGH had been reacted with Cls
and .the molar ratio of NaOH to NaOCl was 2:1. This solution
was added, dropwise, to a solution of 338 grams of MnSO, -

HZO in 1,5 liters of water. Addition time was 3 hours, total
reaction time was 121 hours at an average temperature of 30°C.
A 100-gram portion of the dried product was treated with 100
ce of dilute stoh (100 gm stoh/llter) for 1 hour at 94°C.

AL.5 A solution containing 74.5 grams of NaOCl (16% solution) was
' added, dropwise, to a solution of 151 grams MnSO, and 100
grams H 50, at the boiling point of the solution™(95°-100°C).
The total volume of the combined solutions was one liter and
the total reaction tlme was 2 hours,

ALob A solution.contaiping 169 grams of MnSO HZO and 100 grams
HNO5 in one liter of water was reacted %ith 245 grams-of
KC10; in 0.5 liter of water. The KC10g solution was added,
dropWwise, over .a 2 hour period and the €105 gas was removed
as fast as formed; reaction temperature was 90°C:.

AT A solution containing 487 grams/liter of MhSOh was reacted

' continuously with a solution containing 667 grams/liter of
NaClO;. The acidity of the reaction was maintained at the
propetr level by holding the reaction slurry at a concentra-
tion of 150 grams/liter of HpS0), . Reaction temperature was
900-100°9G; total reactor volume was 3. liters and slurry with-
drawal was at the rate of one llter/7 hours.

A.L.8 A solution containing 259 grams/llter of MhSO was reacted
© continuously with a solution containing 215 grams/liter of
HC10;, Reaction temperature was 90°-95°C; total reaction

time was 15 hours. The filtered and washed product was di-

gested for 3 hours at the boiling p01nt in one liter of 150
grams/liter of HpSOy. .
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METHOD OF PREPARATION OF ‘SAMPLES REPORTED IN TABLE III

Preparation
A precipitate of Mn(OH), was prepared by reacting 550 cc of

 MnSO, solution (500 grams MhSO% /liter) with 500 cc of NaOH

solution (390 grams NaOH/llter The Mh(OH) was filtered,
mixed with one liter of distilled water, and ox1d1zed at a

‘temperature of 24°C to 38°C over a period of .107 hours by

bubbllng €10, gas through the slurry

A slurry of 59 grams MnCO in one llter of water was reacted
with 24 grams HMhOh in 0 35 liter of water at 3°C over a 2~
hour peried,

A solution containing 198 grams MnCl,-4H,0 in 2 liters of
water was heated to 85°C and 105 grams o% KMnO, in 2 liters
of water was added, dropwise, over a 2.5 hour period. Re-
action volume was malntalned at 2 llters and total reaction
time was 6 hours at 85°C

A solution of 550 grams of Mh(NO o solutlon (50% Mh(NO )2 )
was reacted with HMnO, made by tge reaction of 170 grams of.
Ba (MnO,, )2 in 2,65 liters of water with 25 cc.of 36 Normal
H SOh Beaction temperature.ranged from 25°C to 459C; the
reactlon mixture was allowed to digest overnight. :

A solution of one pound of Mn(NO )2 (50% - Mh(NO )o ) in 12 .
liters of water containing 25 ce of HNOB was reacted with 159
grams of Ba(MhOh)z for 2 hours at '70°C, ,

A solution of 716 grams of Mh(NOg)z (50% Mh(NO )o ) in 4
liters of water was heated to 85°C and 210 grafms of KMnO), in

2 liters of water was added, dropw1se, over a 4.5 hour period.

Reaction volume was malntalned at 2 liters and total re-
action time was 6 hours at 85°C,

A solution of 300 grams of MnSO +Hy0 in 6 liters of water was
reacted with 0.325 liter of HMh&h solution . (10% HMnOh) for
one hour at 90°C,

A solution of 676 grams of MnS0; +H50 in 4O liters of water.
was heated to 860C and 420 grams of KMn@) in & liters of

water was added, dropwise, over a 4 hour period. Reaction
volume was malntalned at 40 liters and total reaction time
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METHOD OF PREPARATION OF SAMPLES REPORTED IN TABLE III

Code - Preparation

Buk.2 was 7 hours at 86°C Air was used to agitate the reaction
: ’ slurry : ‘ -
B,5.1 A suspens1on of 30 grams of reagent grade MnO, in a solutlon

of 50 grams of MnSO, in one liter of water was reacted with
30 ce of corcentratéd NH OH; the resultlng precipitate was.

. filtered, water washed, and. treated at 2,4,°C with 3 llters of
HMnO), solutlon (5% HMnO ) while.on the filter paper. By re-
circilating the HMhO tﬁe prec1p1tate was covered w1th acid
for a period of 0. 75 hour.

c.1.1. A sample of 730 grams of MnCO powder was heated in an oven
for 72 hours at 330°-380°C. %he heat treated product was
~ treated with 3 liters of dilute HgSOh (100 cc stOh/llter)
for.one hour at 90°C '

c.2.1 .. A solution of HMnO), was made by dlssolv1ng 113 grams of ,
Ba(MhOh)z i 300 cc of water and treating the solution with
3L cec of cohcentrated H SOI+ After filtering off the BaSO

© the. HMhOh was sprayed on a marble .slab which was heated to

120°-1.90. OC _
C.3.1 A solution of 40O grams" of Mh(NO ) (50% Mn (NO )2 ) was
‘ sprayed on a granlte slab which was ‘heated at 2500-25000
C.4.1 . A sample of 160 grams of Mh(COO) powder was heated in an .

oven for 72 hours at 315°-325°C.” The product was washed
| with dilute HzS0), solution (50 ce stoh/llter)

C.5(l A sample of 200 grams of MnSO -H20 powder was heated. for 4.5
hours at 1000°-1100°C, The heat treated sample was treated -
with 500 cc of concentrated HNOB for 1.5 hours at 75°-80°C.

€.6.1 - A cold solutlon of 222 grams of Mh(ClO ) in 1.4 liters of
water was added, dropw1se, over a 6 hour perlod to one liter
of a hot solution of HyS0, (150 grams H380, /1iter), Reaction
temperature was 93°-980C." The product was digested in 0,15
Liter of dilute HzSO, (100 grams HgSOh/llter) for 2 hours at

95 C
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METHOD OF PREPARATION OF SAMPLES REPORTED IN TABLE IIT

Preparafion
A sample of 1300 grams of MhBOh (prepared by heatlng C.p.
MnO,, for & hours at a temperature of 850°-900°C).was

treated w1th 2.3 liters HNOB in A 0 llters of water for one
hour at 95°¢. .

A sample of 200 grams of Mh 0, was treated with hOO cc of
concentrated HZSOA in 2 llters of water for 2 hours at
95°.100°C., : ‘ :

A sample of 843 grams of Mh ' (prepared by heating 99.6%
MnO, for 18 hours at 910°C)“was treated with 1.315 liters
HNO3 in 1.315 liters of water for one hour at 95°—lOO°C

A sample of -227 granmis of anO was treated with lOO ec of
stoh in 2.4 llters of water gor one hour at’ 959,

A solution of 1300 _grams of MhSOh-Hzo in 2.7 liters of
water was reacted w1th 1.1 liters of concentrated NH OH..

The- resultlng Mh(OH) was kept -damp and allowed to air

oxidize for 8 days.. The resulting material was reacted
w1gh 466 cc of HNO3 in one liter of water for 12 hours at
30%C. - :

A solutlon of HMnO, was prepared by d1ssolv1ng 230 grams of
Ba(MnO) )5 in 635 cé of water and 34 c¢ of concentrated
HZSOA and filtering off the Ba$0, The resulting solution
was reacted by. addlng it slowly %o a

(450 cc of 30% Hz03 in 2.25 liters. of Hy0)- at 25°C.

A solution of HMnO; was prepared by d1ssolv1ng 250 grams of

Ba(MhOh) in 650 cc' of water and 37 cc of concentrated
H,S0 and flltering off the BaSO The resultlng solution
was refluxed with 06H5CH3 for 3 ﬁour

One hundred. and flfty grams of para toluene sufon chloride
was treated with 150 cc of 20% NH,, heated slightly, and
filtered. The precipitate was,treated with 174 cc of 10%
NaOGH and the resulting sodium salt was used to reduce 200
grams of KMhOh 'The mixture was heated to start the re-

‘action.

dilute solutlon of H202




_37_
TABLE,IV (Cont'd)
METHOD OF PREPARATION OF SAMPLES REPORTED IN TABLE III

Gode . _ I Preggratlon
fE.2.2- - Two hundred grams of KMhOh was mixed with one 11ter of

‘toluene and 0.5 liter of water. The mixture was refluxed
for. 2. 5 hours. . S Co

-E.2,3 - A sample of AOO grams of KMh@ was heated to 250°C and then
- the mixture was washed w1th water and filtered

E.2.L, Two hundred grams of- KMhO was mlxed with 200 cc of NH, OH
. " and heated intermittently ‘to keep the reaction going.
Ammonium hydroxide was. added intermittently to make up
- losses until.a- total of 500 cc had been added

E.3.1 . "A sanple of 200 grams of -200 mesh Mh02 was fused with 322
o . grams of KOH and 116 grams.of KNO, at 260°C. The fused
mass was cooled and treateéd- w1th water.;_ v -

E.4.1 A solution of 700 grams of MhSO in 2 llters of water. was
o ‘ : reacted. with 1050 grams-of (NH 35208 for-3 hours at 80°-
90°C, L ‘ )
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Figure 1, Reference Chart for X-ray Diffraction Patterns
for Various Types of Manganese Dioxides
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