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Abstract:

This report contains the results of an experimental investigation of the feasibility of producing a battery
active manganese dioxide by the air oxidation of manganese carbonate made from a Montana
rhodochro- Site ore " The effect on the yield of manganese dioxide of, the reaction variables of
temperature, time, pressure and linear air rate was investiga-ted using an experimental design of the
"method of steepest ascent" type. The maximum observed yield was 70.5 percent available oxygen
content occurring at the reaction conditions of 4757deg;C, Shours, 3 atmosphere pressure, and 8 feet
per minute linear air velocity. Linear regression equations were estimated for a correlation between
yield and iron and sodium content' of the manganese carbonate. Iron did not show any corre-lation with
yield ; however, the presence of sodium was found to depress yield with the effect being more
pronounced at 400° C. than at 450°C Inferences regarding an effect of the reaction variables of
temper-ature, time, pressure, and air rate on battery quality were not made.

It was found that a high sodium and iron analysis of the carbonate was associated with poor low drain
and delayed capacity of the resulting manganese dioxides. The effect of iron and sodium on high drain
was less pronounced.

The effect of wetting solution, carbon ratio, and leach acid concentration was investigated as a factorial
type of experiment. Within the region investigated, 100 grams per liter leach acid concentration, 10-1
manganese dioxide to carbon ratio, and 15.0 milliliters of vetting solu- tion per 40 grams of manganese
dioxide were shown to give the best results .

Typical battery drain tests for manganese dioxide made according to the conditions found best were 7.3
hours high drain,125 hours low drain, and 99 hours three months delayed capacity. The best set of
batteries had 7-7 hours' high drain, 146 hours low drain and 117 hours delayed capacity.

Based on these experiments a proposed flowsheet for a commercial plant, assumed to be located at
Butte, Montana, and utilizing rhodochro-site ore, sulfuric acid from Anaconda and sodium carbonate
from Wyoming, was prepared.
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ABSTRACT

This report contains the results  of an experlmental ‘investigation
of. the' feasibllity of producing a battéry -active mangenese dioxide by -
‘the air oxidation of menganese’ carbonate made from.a’Montana rhodochro»
31te ore,

'The -&FFfedt 'on the yleld of-manganeSe dloxide of the’ reactlon Vari-
ables ‘ot temperature,’ time,:pressure, ‘and” Iindar air raté was invéstiga~
ted using an experimenﬁal design of the~ "method of steepest ‘ascent"” type.
The ‘migximum dbserved‘yield was 705 percent availablewoxygen ‘dontent
occurrlng at the reactlon éonditions of L75° C,, 5 hours, 3 atnmspheres
pressive, and 8 feet per: minute ‘Iinesr air velocity. ' Linear fegress1on
equations Weré estimated for a correlation'between‘yleld &nd "iron and’
goditm content of’ the'manganese carbongte. Iron did Tot show any ‘corre-
letion with yield; however, %he‘presence of soditm was found to depress
yield with the effect being. more' pronounced at 400° C. than at h50° C.

Inferences regardlng an ‘effect of the’ reaction varigbles of temper-
ature) time, pressure, ‘énd "eir rate on battery quality-were 1ot made.”
It was found that & high sodium and iron andlysis'of theé' carbonate was
assoc1ated with poor low drain’ end delayed- capaclty of'the resulting
nmnganeSe dlox16es, The effect of iron and sodium on high drain was
less'pronounced.

' The effect of wetting solution, carbon ranlo, and 1each ac1d concen~
tration was’ investlgated as 8 factorial “type of experiment Within the
region 1nvest1ga$ed 100 giams pér 'Titer leach acid- concentration, 107< -1
manganese dioxide to carbon ratlo, and 15.0milliliters of wetting solu-
tion per U0 grams of manganese dlox1de were shown to give the best re-
sults. :

Typical'bat%éry diéln“ﬁests'fof'mangénése dioxide made according to
the 'conditions “found beést were 7.3 houts high drain, 125 hours 1low draln,
and 99 hours thrée months delsyed éapacity. The best' set of batteries -
- had 7.7 hours high drainy 146 hours low drain and 117 hours delayed capa=
city.

‘Based on thése’ experlments 8 proposed flowstieet. for & commerclal
plant; asstumed “t6 be’ "located at ‘Butte, Montana, -and wEi11zing rhodochroe
site ore, sulfuric scid from Anaconda. and sodlum ¢arbonate from Wyomlng,

b

was prepared, ;
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INTRODUCTION

Fron3 the 'mu];blitud_g of prlmary cells tha:b. havca_'ﬁge’n,_c_ieve]:oﬁéd » the '.
‘type iﬁt?bc}uced by George Léci*a‘nclhé “in }86’8 has proved to be the most
popular in terns of guantity produced. Begimning about 1900 the
Leé:l‘a:nclgé type __g_)_f_.'dz"y‘ c_g':Ll __wa‘é _'n_xg.rké;b,‘ed chi'e‘i‘ly for use’ as & flashlight
ba‘b‘cefy.i In thg si’;:ty _yee;z_'s' sipgg t}:}gn”rese_'a"_rch has i‘a::prq(réa the lgg;Ll_
considerably ; 1_?]:1.e_ basic ingredients-of the bat‘l;‘glxjy"__zjémgy_,_qilpg_ : unché,nged
The technique of manufactire and the shape of the battery have undergone
c,ongidera’bléi ‘change a:nd'bhe quali‘ty “of thecomporents hés been i_mpr!oved
such that ‘battery life has increa"s_eq by-about fglvei"old'... |

If_a dry cell 1is defined as- & primary source of elect‘;'iclppwer thq.t
can be used in any: attitude, _'_i'.e.? » electrolyte will mot spill, numerous
types are currently being. used, iné:luding recharge_a‘ple as well as the ‘more

common non-réc@argeq.‘blq cells. A }igt.qfl"'gomg' vof'bhe nemes or classes of

dry cells being made or in development'st this time are: Leclanclie type,

including stenderd zinc anodes, magnésiun aodes, and aluminum anodes;

T
' '

Lelande type; mercuric axide'and other alkaline cells incluling alkaline

- menganese dioxide tyfpes_; nickel-cadmium rgchargc_ég‘ple.; ."t_;he_rmagl__(cg;;s’; ges

ac%ivatgd cells; silicén or -"solar" cellé 5 and the "at-q‘mic""’t:;“'gtﬁerie‘s.

i
'

Most &f thege ,_'ba'l;térieé.wg;fe_, @gw{elcjpéd' ‘.E‘or éﬁgg:}fic_'_é.@p}ic_g.ﬁq;ﬁ -

! l - . I [ A . : ! \
'and haye specific advantéges: over the Teclanche cell. In the currently

popuilar ‘missile industry Leclaiché cells have beeh virtuslly replaced

. . ot . . . . N i ! \ v
by speciel purpose batteries, exemplified by the silicon.cell or sclar

battery used in-the Vanguerd satellite. - The rechargesble nickel-cadmium
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battery is gaining pqpulariﬁy in fhe commercial market due to develop-
mentiof simple compact rgctif;érs that can be included in th;-baitery
" package. Mercury égiis"aré‘used exténs;vgly in electronic apfiications

because'of-their excellent stebility and relatively constant-évtput

voltéée, A{kéiiné cé11q2 in general, are popular Because of their
excellent shelf life, high capacity, andprrfecf seal?l

Regardless. of the g?e;t variety of cells, the Leclanchélﬁyﬁe con=
ﬁ;npes‘to be wiéély used. It can a#tfibute its wide uée'tefversaﬁility,
,availability, econony, dependability, and‘a long higtér& of éae by the
public. |

.Thé basic ingigdigpts of a Lgclanéhé cell are a zihc gnode,‘a_cérg
bon cathode ip‘gépﬁact-with'é miitﬁre of mangenese Qioxide,‘abetyleﬁe
black and.ammonium'éhloride, and an electréljté of - ammonium and zine
chlorides. The.exgét'cgll reactions have not begn'egtablished. In
gederal, the cell produces currént,throqéh an irreﬁersible.xéagtion'
resﬁltiﬁg iﬁ_zinc from the anode going info solution with the reiease
§£ two eleetrons vhich travel through an e#ﬁernal circuit to the cafbon
ééthqdeJWhere'a,re#ctionvtakes plégé resulting in the_geauction of
maﬁgqngse. . From a consideration of the end frbducts, ;eappions such

a8 the following have been postulated.
I. %+ 2 M0y + 2 NECL-> ZnClye2 W3 + in03-Hip0

IT. 4 Zn + 8 MnO,, + 8 Hy0 + ZnCl, = L Mngo3€H20 * quclgf‘h _"er;_(OH_)E
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The‘pa;ticular reaction that occurs depends on thé qonditiqn 6£ the cell,
‘the lgad.on thglceli, and the relative concehﬁratioﬁ'of smmonivm and
zinc chlorides. One fact, at ieast duringlth'e‘ first st,a‘.ge_‘ of discharge,
is that the tetraéalent manganesé’(Mﬁog) is reduced.to'ﬁrivalenf man-
ganése,(Mngqé) and this reaction imposes a liﬁ;t on eell cgpaéity,

The fepm "eroiérizér" as applied to manganese.diaxidé needs some
,explgﬁation. in wet cells, it was sometimes found that hydrogen éas
which formed at ﬁhé caﬁhode inhibited the reaction, This phenomenon
was called po}arization, In dry cells it ﬁas postulated that hydrogen
was released at the‘capbon electrode and that the funétion of the man-
_ganeée dioxide was to react ﬁith the hydrogen formed. Since hydrogen
hes not been detectéq in a cell, the reaction of manganese dio#ide can
not be with hydrogen. Thus, mgﬁgéngse dioxide is not & depolarizer in
+the sehse_ef removing hyd?ogen; Cgll reacyions‘are postulated without
the formaﬁion 6f hydrogen} |

For a given ce}l, the 11mi£ing peactapt is the manganese dioxide
-depolarizer, The c#pacity of the cell is not only limitgd by the
quantity of manganese dipxide~a&ailab%e for reaction, but also by the
"activity" of the mangenese dioxide. Activity is related to the rate
pf reaction and.is determined by the crystal phase, pértiéle morphology,
and chemical composition.

As many a; gix different phgse types of M’r;O2 have bgen c;assifiedds
of which the three mbst cormonly found in nature are ¢(-MnOp or crypto-

melane, g=MnOp or pyrolusite, and y-MnO, or ramsdillite. The ernO2
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has been shown to_be_the-qctive ﬁhase of natural mangahese dioxide.
Activé synthetic mangsnese dioxidés frequehfly occur as p=MnOs or
yémnoé vhere p is believed to be a poorly crystallized variétidn of
T;Mhoé and the two eoccur in a continuous spectrum of mixtuires. Other
oxides of mﬁnganese are Mny0q (two phaseé), Mng0y , and MnoO. Prqpér
phase type'is a necessary requirement for good depolarizér, but not
s"!uffi'qiént, |

Electron miérgscqpe‘studies,have‘shown that the begt Physical
structure is one'thaf is désc?ibéd as disérystalline of small size and
large surface ares (8). The chemicél composition.:equi:es &8 high per-
centage of dioxide (cbmpareé to lower oxides) and lack of impurities,
especially metal ibps suqh as nickel and éopper and to a smaller extéﬁté
iron. Attempts té cor;elate depolarizer activity quentitatively with 
the prece@ing and other measufablé.quanti@ies have not been Successful.
The enly test which h;s consistently provéd to be a>trueiindica$ion of
the battery aétivity.of maEnganese dioxide is its performaence in a dry
cell. Pabrication and testing of cells is d;squsséd under experimental
procedures . | |

The éhief supply of depolarizer has been from natural depogits-e
,inifiaily from the Russian Caucasﬁs, still the largest source, from
the Philipsburg area of Mbﬁtana.during'Wbrld War I, and currently from
Ghana (Gold Coast of Africa). Eaech war has eﬁcouraged the effort to
synthesizé a mangsnese dioxide rather than to depend on natural sources.

Research.on synthetics has shown that their chief advantage was for
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heavy duty or high drain loads, but synthetics have usually shown less
overall gain for intermittent or low drain dﬁty and suffered. most frem
poor or erratic_staﬁility (shelr 1ife)? During World War II, with the
encouragement of the Signal Corps, several concerns started making an
electrolytic mangenese dioxide whic¢h was much superior to natural ores.
Considerable electrolytlc manganese dedee is still belng produced by ,
these manufacturers for heavy duty batterles,

At Montana State College, since 1951, research has been directed
toward the deveiopment of a chemical synthesis for high grade manganese
dioxide. Although rﬁe Suyply.ef natural depolarizer from Chana is
currently stable and the electrolytic processes are supplying present
demands for high grade depolarlzer, it is ant1c1pated that the supply
situation could change drastlcally? Electrolytic processes. involve
large investments and use strategica;ly regpire@,power. A chemical
proceéss is expected to be more versatile and more eéonomicalo Under
several sponsors; & variety of chemical proceseesAhave been studied at
Montans, State Qollegel(l) plus, of course, a great nunbér elsewhere.

A review of the.possible processes showed one rhich seemed:promising
and adaptable to the criteria of a Montana locatiénaaeQOnomical, ver-
satile, and using éhemica;s’ard ore readily available in this areé} In
Mr. Fred Baughman's.thesis (1) he described the-productipn of & battery
active manganese dioxide by the oxidation of manganese carbonate with |

air follewed by acid leaching.




e

;t wagﬂdgg?dgd to do a more thorough investigation of air oxidstion
as a process for making a good quality depolarizeér in an econdmical
manner. It was assumed for this study that the starting ore would be
rhodochrosite (MhC03) concenﬁratgd by flo?ation of vwhich & large sample
was obtained gt thé courtesy of the Anaconda Company, Other ores could
be used with apprqpriate variation in the ore treatment (14). In addi-
tion it was assumed that sulfuric acid would be available from Anaconda,
sofium carbongte from Wyoming, and the necessary plant site; water,
power, etc,?.couid be made available in thg'Butte, Montana, area. For
reasons ofnecqpomy it was endeavored to avold unuswal equipment and to
keep the handling of corrosive solutions to a minimum. This research
was carried opt.under the auspices of the Montana State Engineering

Experiment Station.
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EXPERIMENTAL PROCEDURES
The quesﬁiops which this'fesearch set out to answer were:
1 Can air oxidation of mépganese carb&nate,ﬁe used to make good
quslity babtery sctive mangandse dioxide? |
2. Can a Montana ore, & technical érade of chemicals, and a steel
reactor be.used.gnd‘Still give good qyality dgpolarizei?
3. What arg.fhe_necessary_qperating'conditi§n§ fo? the.ﬁbove?
The experimental procedﬁres and,resu;ts g?e_presehted'in the follow=
ing Qrder: ____ | |
1. A discugsion of the typical gteps in a synthesis, i.e., a dién
cussibp of thq_flqﬁ,shéét,
2: A description of the apparatus used.
3, A discussion of the initial exploratory runs to éstablish'thg
genera}.féasibility ané operating varisbles.
b, A'discﬁssion oftexperimepts to studj’the varisbles affecﬁiné
yield.'
:5} A disdussion of the effect of the process variables,gn depolar-
izer quaiit&. | |
6. A discussion of misgéllaneous'funs and observations, including
e group of ba£tery tests to study blending of synthetic material and
nebural ;re from Philipsburg, Méntang,
7,‘ Summary of results.
Except for the inifiél‘exploratofy rins, the expe;iﬁents wWere de-

éigned,from stakisticél considerations.(experimental design) and the
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results are presented accordingly. A brief, simplified discussion of
some of the mathematical aspgcts and the raﬁionale of the designs is
included in the appendix.

The starting material or source of manganese for this research was
a flotation concentrate of rho@ochrosite (MhCOS) ore donated by the
Ansconda Cémpaﬁy. The first step in the procesé was the 1eaching of
this qoncentra£e With 6,75 pounds of conceptrated technical grade
sulfuric acid, éilute@ to 100 gfams pgr”;itep, per: pound of_o?e con-

taining 37 percent mangsmese. (See Figure 2 for Flow Diagram.)
004 (a¥e) + Fy80, =5 M50y, + Hy0 + €Ot

Leaching was coﬁﬁinuﬁd_for twenty-four hourS‘vitb constant stirring,
followed by thg addiﬁion of enough éalcium carbonate to raise the yois!
'tb 5;5. Air was thén sparged into the solution for a perioé of 6ﬁe to
three days to oxidize the iron in solution to ferric hydroxide. The
2ddition of a sméll quantity of maéganese dioxide would probabiy have
been & more efficient method of.oxidizing thé iron. . This solution con-
taining about 10 percent manganese sulfate ﬁas easily filtered with the
insoluhle material from the ore leach acting as a filter aid.

Manganese carbonate was precipitated by adding sodium carbonate
solution.

. MnSOy, + NaECO3 2 MhCOS& + NaQSOA

The carbonate was washed by successive dilution and decantétion until

1i%tle sodium sulfate was .evidenced by the addition of barium chloride.
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After as many as ten décanﬁétions, the so@ipm.concéntrétion in the car-
bonate was Sfill fairly high due, presumably, to occluded‘salts in the
mangsnese cafbdnatezprecipitate. The carbonate was then filtered, dried
at 160° F.ifor,twénty-four hours ,in a tray drier,-ahﬁ'bail‘milled for .
ten minutes to break up the dried carbbharbe° The fesuits'of qualita-
%ivé"spgct?ographic,anéiyses oé different bétchés of carbonate are
contained in 'Table .XV.

The next stép Waé the a#% oxidationlof 150 grams of carbonate in

a smail stéinless steel reactor described on page 21.

MnCOy + Air —> Mixture (M0, + MnyOg + Mnd + MnCOg) +.C0, §

A sample of\thg product#was téken for bxygeh'analeis‘a?d.thé’remaihder
leached With.l360 grdmsnof iOO go/l;,sulfuric acid'for'oneéhalf houf'
at boiling téﬁperature,, Leaching aissolved'the'lQWer'oxidés of @ann'
gaﬁeéé and unreacted carbonate leaving the manganese diéxide as &
residﬁéo Thisléuantiﬁy of acid was.selécted;sinceﬁif wiis apprpxi;
mately the quantity heeded to leach the ;hcbming ore, asbuming tﬁat
the acid would Se recygléd to the ore leqéh 50 that_ﬁmnganése would
not be lost in this steép. The mangenese dioxide was Washed by succes-
sive decantation, filtered, dried at 110° C. for 12 Houxs and ball
milled for two hours. The weight of the diied product comparéd to the
Welght of ﬁhe‘material‘leached produced the "yield from Idach® figures

used ih:ﬁhis,re§0rt.
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The overall yield of manganese dioxide would be 100 percént except.
for ﬁn&voidable loSées_in ore leaehing, filtering, washing? ete. Losses
do not}occur as a dirécg,résult of poor oxidation: This step does de;
termine the‘amount of recycle, however, and thus the size of Peactor
and head end equipmentﬁ

The true neasure of the reacfion'efficiency was the percent. of
manganese that did not require recycle. The yield by gcid leach approx-=
inated ﬁﬁié'value but was not precise since the soluble manganese was in
& different form from the insoluble manganese dioxide. Percent avail-
dble'oxygen,'a measure of the felative amount of ferrous ammonium sul-
Tate oxidized by a Sample-of dioxide compared to the amount that would
have oxiaizéd if the sa@ple had been pure dioxide, was proéortidnélbto
‘the amount of menganese that did not recycle: The material balapge?
Figure 1, is considered typical and gives the relétion betweén rebyclef
aeidgleéch yield;]and;pefcent available~quggna It can b¢_seen'that
acid 1e§ch yield was & betfef'mgasure of recycle than available oXygen;
howevgr, in this'repdrt dvailable‘qugen was used %o megSq:e regqtion
efficiency as it was ah easier figure to obtain_aga was i¢$s sub ject
to error. During acid leaching the material had to be handlgd‘several
tines with ﬁhe'cor}engnaing chances fqr loss, which, in-séverélncases,
oceurred during_deeanté¢;dn, | |

ihé leached, dried, and ground Hanganese didxide,.styeéned to
minus 100 mesh?'was,thgn used to fabricate batteries. Thése batﬁqries

were made snd tested according to Signal Corps specification SCL=3117-D.
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The standard test qells were similar to gommercial flashlight cells in
appearance and érinqipél éomponentso The battery‘components, eﬁcept
for the manganese dioxide, were purchased from a commercial supplier.
The most important part of a test cell was the bobbin made by compres-
sing a’mixture of manganese dioxide, acetylene black, ammonium chloride,
and wetting solution or electrolyte of zinc and ammonium chlorides
around a carbon rod. The amohnt of wetting solution used in the above
mixture varied with the manganese dioxide and was sufficient to "insure

1

proper tgmpipg cbnsistencyaV The bobbin was wéighed, wrapped in gauze,
and placed. in a zinc cén, A paste electrolyte solution was poured
around the bobbin to form a conducting‘layer between the ~
bobbin and the zine can, and the baftery was then sealed with wax.
Celis of this type were given two standardized drain tests five
days after they were made and a repeat of the low drain test three
months later. The high drain test comsisted of sub jecting the battery
to a continuous draintthrough_a 16 2/3 ohm resistance and noting the
time required for the voltage to drop to 1.00 volts. Five and one-
half hours was the Signal Corps specification. The cell was not dead
at this time and would, in fact, regain much of its lost life if it was
allowed to rest for a day or §0. The low drain and delayed tests were
similar except that the cut-off voitage was 1.13 volts and resistance
was 166 2/3 ohms. Specification was 130 hours on the initial test.
There was.no specification for delayed capacity. A drain test of 85

percent of the initial test was considered good delayed capacity.
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Uswvally two cells from each batch of batteries were rum on each of these
tests (six cells uéed'in all).

As A measure bf thg ef?iciency of ﬁhe cell a simple calculation
may be made of.tﬁe completeness of the cell reaction assuming a re-
action in ihich tetravglent mengsanese is reduced to trivaient‘manganesé,
For a nine gram bobbin having a 1,5 gram carbon rod and 7.5 grams. of a
mixtufe'of 50 grams of manganese dioxide of 90 percent available.quggn
éentent with 5 grams of'carbon, T.5 grams of amﬁdﬁium chloride and 15.0
grams.of wétfing.solutioQ, the manganesé dioxide for ?eaction was b4.65

grams .

- h.65 g. 96,404 amp. sec./equiv. o
87 g. /fequivy X s ,.3660 sec./hr. 1fhh amp. hrs: capacity.

Assuming an average of 1.3 volts potential drop across the 16 2/3 ohm
resistance, the expected high drain capacity would be

X 16. 2[3 ohmis

l*3 volts = 20 hours high d;ain

1.4l amp. hrs.

where 7 hoﬁré was typical., TFor 1oﬁ drain the expected capacity would
be_lqhﬁ X légjgl; = 200 hours low drain where 120 hours was.tyﬁicalq
In summary, then, a typical»éxperiment consisted Qf‘making manga-
-nese carbonate from rhodochfoéite ore, oxidizing this carbonate, leach=
iﬁg:fhe,dxidiZed product, wa;hing? d?yiggwgnd‘gyipding‘the leach,pro; ‘
duct, making a set of batteries snd subsequently ?é@%ﬁﬁéﬁfﬁ@sé Batteries

. for High drain, low drain, and delayed capacities.
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Charge Oxidized Product
100.0# Mn  (UO.67%) 100.0# Mn  (59.607)
as 210.0# MnCO3 as 102.5# MnOg (65.6# Mn)
36.0# Salts, HgO, etc. 65.5# Lower Oxides
246.0# Total 168.0# Total
1
g

Alr
_ Insoluble Soluble
214 _.0# EgSOii
67.3# Mn 32.7# Mn
101.0# MnOg as MnSOii
5-3# MnQ
6.7# other
113.0# Product 55.0# Dissolved
LEACH
Summary: 100.0# Mn charge 67.2% yield from leach
67 .3%# Mn in product 61.0% available oxygen
32.7# Mn in recycle 67.3% reacted

Figure 1
REACTOR and LEACHING

MATERIAL BALANCE
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Figure 2

FLOW DIAGRAM
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APPARATUS -
The reactor (Figure 3) wasvmaae from & four foot length of stain-
"less steel pipe wrappeq with heating poiis of nichromelyire in ceramic
beads. Insideﬁfhglreacﬁor, one:foét‘from the bottom, was a fine mesh

stainless steel screen used to support the carbonate énd disperse the

‘air, A six inch length of two-inch black- iron pipe was used at the top

for dust de-entraihqgn@_agd“a'two-inchtﬁipéhunioﬁ was used for a top
seal. The wholé_reactor was mounted on gvgiyot'so that:it could be
tipped upside down for wnloading. Air from the 60 psig: laborstory
supply entered ﬁhg bottomupf ﬁﬁe reactor via s pressure regulator to
control fegctor pressure and left the reactor via.a ﬁgter,scrubber to
remove dust, a needle valve to control air rate, and a wet ﬁgst meﬁer
to measure total air volume, In the qgse‘of atmospheric;presSu;e runs,
air rate was contro;led by:a néedle valve preéediﬁg thg_reaétor; .The
gir velb&ity'was calcuiatea in fegt per mipute based on the free re-
actor cross section an@ the actual reactig# tempefatgre and pressure.

The conversion from linear air rate to standard cubic feet of air per

hour was ,
SCFH. = :§&~§féfé
vhere T = tempefature in degrees Kelvin
| P = . pressure in atmospheres
A = air ra$e iﬁ féet,per minute
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Resactor pressure was.expfessed in étmospheres at the'elevation of
Bozeman , Montana-~appraximatély 12.5 pounds per square inch.
| The copﬁrol of temperature wa# found to be difficult. Power was
supplied to ?hree seﬁaraﬁe heéting coils,througﬁ_three 120 voltjvariacsg
The lower foot of the reéctor, the air preﬁeat section, was heated With
one cdil, the middle two feet or reaction zone by a second coil, and the
top section by a third coil. Températﬁre was megsured by %wg thermo-
coupies, one fixed three inches beiowvthe screen seﬁ&ra&iﬁg fhe'air
prehesat segtion and the réaction section, and the other entefing from
the top prpjéétgd down into the réaction Sectibn; The thermecouple
enterihg ffom.the top cquid.ﬂe'moved up and down so that é ;6§itudina1
temperature.cross section of the reaction zone could be_meésured; Two
éxamplgs qf temperétufe éroés sections gfe shown in Figﬁpe 4, With
tﬁe differgnde in température.petween.funs‘being 25° C., the variation
along the carbonaté bed ﬁas a ggéd proportion of the temperature dif-
ference betﬁeen run;;.° So that one run could be combared with gnother,
the temperaﬁure in the reaction zone was always meashfed siX inches
from the bottom of the réaction zone. 1In this Way,’the.femperature
regéings could be reproduced from one run to another.

This variation in temperature along the reaption zdng also demon-

strated that the carbonate did not fluidize:
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PRELIMINARY RUNS

In order to establish the general feasibility of'the-anticipq$ed
gynthesis of manganese dickide, ané to give some indication of the vari-
ébles which effgct the'process, a group of preliminary.runs were made.
The. first runs consisted.of'oxidizing chemically pure ﬁanganése carbo-
na$¢ in a qugrti reactor. Essehﬁially, the reactor was a_5/8 inch
diameter quartz tube, two feet long, wrapped with nichrome wire for
heating, aﬁd having a‘porous‘glass‘plate part way up the tube to dis-
pérse the. air through the carbonate. After some experimeﬁtgxion it
was found that 300° C. and two standard cubic feet of air péi hour were
reasonable operating conditions. Aboub twenty 16-hour runs were made
a4t these conditions with 55 grams of chemically pure masnganese carbonate
per run. Half of the product from these rums was leached and drain
-tésts were made on batteries from bothAthe‘ieached and unleached material
(samples A0k and AOML of Table IT). High drain capacity was 5.3 hours
for unleaéhea and 7.1 houfs for leached ﬁad:’erialz corresponding low
drain capacities were 106 and 124 hours and .delayed capsacities were T5 -
and 127 hours. This mangénese dioXide was also used in blends with
Philipruré ore (page 79). These first few rums were encouragfng.f:om
both ﬁhe‘qpality and the yield stqmdpoint and had shown that air oxi-
daiion‘in this type. of reactor wasg possible.

Acid leaching was shown to be'impo;tént to remove the lower oxides
of manganese as well as unreagted_carbonate. .Although the reactor was

designed for a fluidized bed, it was apparent from wetching a reaction
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that the carbonate did not fluiai;e. Channelling occurred to the
extent that no mixing was evident. The carbonate was porous and all
parts_eveﬁﬁually oxidized tqla fairly uniform composition, resulting
in good conversion (80 percent yield from the acid léach).

Due to £he encouraging :esults with the quartz tube reactor, a
larger, stainless steel reactor (Figure 3) was built which had better
temperature Cbﬁtrql, air rate comtrol, and the ability to be run urnder
Pressure. The first qpesﬁion posed by the'uée of & steel reactor,
other than fhe.question of whether or net it would wofk, was ‘whether
or not reaction in a sﬁeel reactor would have a deleterious effect on
the qpalify'of_the manganese dioxide. The anticipated source of trouble
Wﬁuld have-bqen caused by corrosion of thé react&r resuléing in the
cdntamigation of the product wilth metals<-nickel being the most serious
possible comtaminant.

The'firSt few runs in the steel reactor were made with chemicalxy
pure carbonate identicél to that used in run AOLL and at similgr condi=-
tions except that 30 psig. air pressure was vged. The data from these
runs are contained in Tables i‘and IIf Runs 1 and 3 showed similar
conversiqn, and initial drain tests that were only slightly poorer than
AGLT.. The delayed capacity tu;ned Qu@ to be much poorer for reasons
which, inzthellight of subsequent runs, could hot be attributed to the
reac%or. Run 2 had a ;ow yield due to poor control of the reactor
temperature, which was common during the first few rums until‘égme

experience had been gained in the. operation of the reactor.
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More than twenty preliminary runs (Tables I - IV) were made with
the steel reactor to test the reactor, gain an idea of the effect of
the process. variables, and téldbserve the effect of using various car-
‘bonates. 'The_fange of investigatipn was from 3009 C. to 500° ¢. for
temperature, 0 to 30 psig. pressure, 6 to 48 hours. reaction time, 2.k
to 7.2 stendsrd cgbiclfeét per hour air rate, énd~three different céra
béna&esz but there was no distinct Qesign to these runsg'_Ml

The cafboﬁates used were a chemical;y pufe.carbonaté and two (ANA@l
and ANA-2) made ffom rhodochrosite ore. Qualitatiye épectrographic
analysés of thésg carbonates are included in Table XV, ANAfl was high
in iron, sodium, célcium,.apd magnesivum compared ﬁith CsP. and with
ANA;é. In ANA-2 iron removal was iﬁprpved by sParging'air into the
solution for & longer time with bettér mixing ‘and the :soditm content
was reduced by adding the sedium carbenate as a solution, pdﬁ as a
solid. The greatest difference noted between C.P. garbopéte and syn-
thesized carboﬁate wés in the yield of manganese dioxide st a given-
sét of reactioﬁ conditioﬁsp

These preliminary rﬁns;had demonstrated that;

1. Air oxidation had ‘a reasogable ch&ncg for success,

2. A steei reactor Was.not'qnusgally‘QetrimEBQa} to the manganese
dioxide;

3. ‘Ten_lpe.r"a'bﬁre hed & distinct effect on yié;a. (Rune 4 and 5_,

Table I): .
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L, Reaétion time, pressure, aﬁd air rate had a less pronounced
effect. on yield.

5; Charge size was notAimpoftant in range tried (Table IV). The
firgt runs; i9 and 24, #o tgst this, ;eemed to show an effect which |
the others did net confirm.

6,'_¥i¢ld varied with the different carbonates.

T. Drain tests ffomﬁrﬁﬁ346n~3ynthesized menganese carbonate in
which enbggh ma@erial ﬁas made to make batteries were, in genersl,
poorer than‘C,P. but nét discouragingly so.

Since yield was found to vary most, and since batteries could not
be made if the yield was poor, the variables affecting yield were
studied first in the endeavor to raise yield up to a value near that
dbservéd for chémicaily pure carbonate. As yield was studied, batteries
were mede from the dioxide produced so that the effect of these vari-
ables on battery quality was also observed, but the experiments were

designed primarily to study yield.
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Table I

YIELD DATA - PRELIMINARY RUNS

1-18

Run Temperature Tlme Pressure Air Rate  Charge

DRAIN TESTS =~ PRELIMINARY RUNS

°c. - hrs. atmos. ft./min.
s B
A0k 300 == 1.0 -
1 300 6 3.4 L
2 300 6 3.4 L
3 300 -6 3.4 8
L 300 6 1.0 13
5 Loo 6 1.0 15
8 Loo 18 1.0 15
9 Loo 12 3.4 1k
10 500 6 3.h 14
11 koo 16 3.4 14
12 400 6 1.0 15
13 - L0o - 1.0 15
1k Loo 6 1.0 15
15 300 48 3.k 12
16 300 6 1.0 b
17 300 6 3.h 12
18 300 2L 3.h 12
Table II

Material

1-18

Run Temperature Carbonate Wetting Bobbin High Low
' Solution Weight Drain Drain Capacity

e, ml.

AOh 300 C.P. 20.0
AONT, 300 c.P. 17.1
1 300 c.P. 15.7

3 300 C.P. 16.7

9 400 ANA-L 16:7
10 500 ANA-1 13.5

5¢12 - Loo ANA-1 16.8

°

°

L]

HEFEFROOOMNFE

hrs.

o

O\ FONONON T

Y

AW FWw O oW

hrs.

107

125

116
113
115

52
111

Yield
From Leach
percent

80
80
W7
77
17
L3
43
57
52
48
Lo
21
36
30
. 30

Delayed

hrs.

TT
127
Liby
100
70
0
106
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Table III

EFFECT OF IEACHING ON DRAIN TESTS

Run Comment High Low Delayed
' ‘ Drain Drain Capacity
hrs. hrs.  hrs.
AOL _Unleached 5.3 106 75
Leached T-1 124 127
6 Unleached 1.k 50 25
Unleached 3.5 66 28
Leached 6.1 116 70
Table IV
EFFECT OF CHARGE SIZE
Run  Charge Yield  Wetting Bobbin High Low  Delayed
Weight by Leach Solution Weight Drain Drain Capacity
21 200 63.0 14.6 9.2 7.1 120 88
31% 150 61.0 22,6 8.3 5.0 89 - 67
23 200 50.5 17.k 9.1 6.5 116 6l
33 150 48.4 15.8 9.2 6.4 4 106 65
ol x¥% 200 410.6 15.8 9.2 7.1 120 90
19 150 56.0
*

W

Drain tests are for a mixture from runs 31 and 43 which differ
in air rate and in carbonate. :

Drain tests from mixture of 33 and Lb.

Runs 2 and 19 combined for meking. batteries. .
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EFFECT OF REACTION VARIABLES ON YIELD - RUNS 31 - 50
The effect on yielé qf the four independent reaction variables of
. temperature, time, pressure, and air rate was sfudiedf The.experimen;
tal design was of the "method of steepest ascent” type first discussed
in deﬁail by Box and ﬁiiSOn.(h), ‘Essentially, Box and Wilson outlined
a systematic approach-to the.éroblem;of émpirically establishing_the
location gf a set of qperating éonditiqns that give a maximum of opti-
mun yield. _A brief discussion of the method applied to this prqblem
is containéd'in the appendii, ﬁhe reading of which may assist,in
following the material in this section.

Based on the results of the preliminary rums and experimental

convenience, the levels of the factors listed below were selected for

study .
Levels of Factors
=l - 0 +1 Bt
Temperature 350° C. 375° C. MQOO.CQ '25? c.
Time b hours 6 hours 8 hours . 2 ﬁours
Pregsu:e 2 atmos. 2.5 atmos. 3 atmos. 0:5 atmos.
Air Rate 12 ft./min. 15 ft./min. 18 £t. /mins 3 £t./min.

A complete 2& factorial of the high and low levels of these factors plus
four runs at the center point=-twenty runs in-a@ll-=weré made. The runs
were divided into blocks of ten each. Each block.of ten runs, assuming

a linear reéponse, would have had the same mean and thus differences in
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block ﬁeans ébuld have beén attribﬁfed to changes that oecurred as
the rUns'prégressed.' |

Carbonate for these runs was being made in batches of apprqximately
8 pounds at a rate of one batch per week. When the rqﬁs Started; batches
2, 3, and I were mixed and used for the first block. Batches 5 and 6
were completéd and added to the othér.for the rema;ndér of thé runs
(block.tﬁg). Every batch of carbonate was made in the same manner;
therefore, it was expected that each would be the séme and no change
in the ;esults would occur bécause of adding the carbenate from babches
5 and 6. However, the carbonate from batches 5 and 6 was addeq between
blocks of runs so that any effeqt due to this change in cﬁﬁbonate coﬁld
be detecteq, Uﬁfor%unately? or possibly fprtugately,'the.change in
carbonate wag‘fouﬁd 1o have considerable effect. |

The résqlts.of these twemty runs.is given in Table V, expressed
as percent yield from tﬁe acid leach ahd as percent available oxygen
cOntenff The average ratio of oxygen analysis to leach was 0.89 + .12,
Since this ?atio,waé fairly constamt; the two methods of meaguriﬁg
yield led to similér conelusions, and it was decided that available
dxygén content, believed to be more reliable, would bé used for £he
analysis of.the resultsd jhé estimated regression equation fpr per-

cent oxygen was found to bes

Y = 45.97 + 6.23 B; * 8.13 X, + 1.78 X, + 0.7k gP - 0.96 gA o

1
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or in terms of the facters themselves, the estimated regression equation

wonld be:
Y = b45.97 + 6.23 By + 8.43 [?._'é_gli] +1.78 [o; 6}

+.0.Th |: oE :I 0.96 [ 3]

~ From thg_gqglysis of variance (Table VI) several conclusions re-

garding the estimated regression equation were madg; Since the mean
square_attributabie'to blocks-was large, theré was qpparently gldefiﬁite
effect on yield due to the carbonate change from block one to block two
(12.5 Percentagé points changg). The estimate: of error mean square from
the four center points’and,the‘mean square for'lack of fit were similar,
indicating thet a linear regression a@equﬁtely déscribed the results.
The estimate of thé standard deviation of the regression coefficients
was 1.20, which was qs large or larger than three of the poefficients.
This would mean, in a test of significance, that there was no evidence
that these coefficients were different from zéro? They were the best
estimates available, howéver% anqvfo? 1gék of'evidenqg_thét they were
zZero, were used;

To give an-idéa of th¢ relative effgct_of thg.vé?iQus'factors, ‘the
éstinamed éhange in their level which would iesulb fh a one perceptagé
point change (say from 46 to h7'pegcent)‘in availsble oxygen content

of the product within the experimental region was: \
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AT = 3.0° C. or  + 0:118 units
20 = 1.1 hours or + 05562'uﬁiﬁs
AP = 0.7 atmoéphe?es or ; 1;35 dnits
M = 3.1 feet per min, .or - 1,04 units

Tﬁat_is, a 3;00 Q; change in temperature was found.to changé yield as
éﬁch as lyl,hours chﬁﬁée in react;on time. These runs showed %hat
temperature was £he most importent varisble, as expected, with time;
pressure, and air ra%e having a lesser effect. ;nﬁreases in tempera;
ture, time,‘and pressﬁre iﬁcreased yiéld; however, the lower:air rate
seemed to have been better.

The difference between the two blocks of runs was not anticipsted
and was undesirable, but poinﬁed out. the necessity of studying carbo-
nate synthesis. The average yield from block cne was 12.46 percentage
points (39.74 vs. 52.19 percent oxygen) lower than block two. As
bioék one was run first, some difference could be due ﬁo improved
‘technique, changes in the eguipment or éuch, but the most likely
difference was in the change in carbonate as previously mentioned.
Uhfortuna&elyg the qaﬁbqn;tes were mixed before the effecﬁ wa.s pbserqu
and thus little inﬂofmatipn gbout the diffgrences in carbonabe was
available. |

Additional experiments were conductgd in which carbonate synthe-
sis wes varied (page 46). 1In order to preserve continuity of the dis-
cussion of temperature, time,'pressurg, and air rate; further discus-

#ion. of carbonates is déferred. Since the results were adequately
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described by a linear model, it was concluded that an dptimum did not
lie within the'region sﬁudied, To have cohtained en optimum tﬁe yield
sprféce Vould have been curved, resultiﬁé in a poor fit for a 1inear
éqpatiQn, From the regression equation the path of steepeat'agcent was .

calculated as follows.

Temperatﬁre Time Pressure Air Rate Est. Yield
375 6.00 2.50 15.00 52,2
400 6.2 2.54 14.66 . ‘59,5
425 6.8h 2.59 .62 66.8
450 7.27 2,63 13.98 Thol
k75 7.68 2.68 13.6k4 81.h

Considering the estimated yields slong the path, it is obvious
that the path of ascent can not be extrapolated much-beyOnd the regién
of the eipefimﬁnt or it would lead to an absurd conclusipn, Within the
region this path was the best route to follow inte a new region of ex-
perimenigtibn. In this experiment, the estimated path of stegpest
éééént has been biased due to the disprqportionaﬁely large effect of
temperature, éinee the calculation of the steepest path assumeé that
all varisbles were of equal importance.

This first set §£ runs indicated'a need- for a second set of runs
in & region of expected highér yiéld haVing & center point seleeted
~along the path of steepest ascent. In the first set of runs the esti=

A mated coefficients of air rate and pressure had_been small in conpari-
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son to error which could ha&exbeén‘because the effects were actually

small or the range of variation was t00 small (which amounts to the .

sane thing), or that the range of variation was near the optimum where’

the effects were tapering off. Conseguently, the rangészof pressure

and air rate'Weré increased so that these factors would have a better

chance of showing an effect. The range of_temperatpre was kept the

same since a tépering off for this factor wes anticipated and the

range of time was kept the same, since at higher temperature the time

effect was expected to be comparsble with the others. The conditions

selected for the new set of runs were

Temperature
Time
Pressure

Air Rate

-1
425 ¢,
5 hou?s
1 abmos.

8 ft./min.

0]

450° C.

7 hours

2 atmos.

16 ft./min.

+1
b75° .
9 hours
3 atmosi

24 £t./min.

.Pnit

. 25% ¢,

2 hours
1 atmoes.

8 ft./min.




Table V

YIELD DATA

Yield - Percent Oxygen - Rums 31 - 50

Temperature
350° C. 375° C. ‘hoo° c.
‘ Time-hours Time / Time

Air Rate | Pressure L 8 6 - 6 L 8
ft./min. | atmos. ‘ '

12 2.0 23.7  h6.hx 57.5%  L7.8

18 L1k 36.3. ' Lo.6.  53.3%|

15 | 2.5 h6.2  53.6% X

15 . . 58.0% 37.6.

12 3.0 30.1  h8.2% s - 62.2%  53.7

18 : 39.6% 28.8 h3.6. 61.7%

Yield - Acid Leach - Runs 31 = 50

#Runs in Block TII

Temperal'bure
350° ¢. - 375° ¢ koo® ¢.
Time. . Time Time
~|Air Rate | Pressure -k 8 6 6 y 8
I £, /min. | atmos. : o

12 2.0 26.7  51.0% 63.5% ° 53.6
18 6. 7% 39.0 54.5 65.0%
15 2.5 - 51.0 - 64.0% '
15 o , 60.2% 41.0 -
12 3.0 33.2 5k, O% - 67.0% 61.0
18 ‘ . 5L.2% 32,k 18.L 67.5%
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Teble VI,

ANALYSTS OF VARTANCE

PERCENT AVAITABLE OKYGEN - RUNS 31 = 50

Source of Sum of

Variation Squeres
Blocks (Carbonmste) 775.0 ‘
Due to Regression 1211.6
Lack of Fit 221.9
Error \ A6.7
TOTAL ’ 2255.2

Estimated standard deviation of a regression coefficient

/23.33 _ '
=22 = 1.20

Degrees of
Freedom

1
L

12

19

Mean

VSQuare

775:0
302.9
18.5

23.3




Temperature
Time
Pressure

Air Rate '
Center Points

Block I
Bleck II

TOTAL

=30~

Table VII

SUMMARY OF YIELD DATA FROM RUNS 31 - 50

350° C.
Loo® ¢.

L hrs.
8 hrs.

2.0 atmoes.
30 atmos.

112'£t./min;
18 ft./min.

36.8
53.7

k3.5

bh7.0

4.5
46.0

L5.2
Lh.3

48.9

39:7
51.2

k6.0

Percent .Standard
Oxygen

1,70
Ik LS

Yield from Standard
Deviation Legch

41..8
60.1

8.9
52.9

' 50.0
51.8

51.3
50.6

5kl

RS A

5942

51.6

Deviation

1.89
1.89
1.89

1.89
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EFFECT OF 3EACTION VARTABLES ON YIELD - RUNS 61 - 70

The second'sgt of runs was similar £o the first set except that
a half replication of the 2)+ factorigl was. run instead of the full
factorial. This cut the number of runs in half, saving cOnsiaerable
time, but reduced the chance of determining the actual effects of the
varisbles. The results for these runs are given in Table VIII, pre-
senﬁed as‘pgrcent available oxygeh and as yield from acid leach. The
mean of the runs was.incregsed to 60.3 percent.oxygen compared to 46.0
percent in the first set. The highest yield was TO.5 percent, where 90
percent would correspond, approximetely, to complete con%ersion. The

estimated regression equation was
Y = 60.3+ 2.78 Xp = 0.35 Xg + k.58 Xp + 3.55 X,

.or

, T - 450 0 - 7| P -2 A - 16
s 21028 o [050] s [ ] 0 [0
3+ T 25 35 --2--'"‘ 5 3.55 3.

The estimated standard error of the rggreésion coefficients was

0.67 compared to L.20 for the previog§ estimate where four rums were
nmade at the éenter pointlinstead of two.at the ¢enter, An amalysis of
variance (Teble XIX) revealed that the degree of fit was not signifi-
cant. . A cbmpariSQn of error mean square and lack of fit indicates that
& linear modél did not adequately describe the data. Since a linear
equation did not Tit the results, the proper procedure would have been

te finish the other half of the Paotorwal and. again test for llnearltyf
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If the data still falled to fit a linear regression, one would assume
that the response surface was curved and make additional runs so that

the response could be described in terms of a quadratic regression

véguation from which an eéﬁimate-could be made'asfie t@e location of

the Gptimum,conditionSa

It was believed that the second group (runs 61 - 70) was.in a
region of maximum'?iéld, but the additioﬁg}‘rpns t?xsqu this were not
made . This qpnclusion aqut the régiéh ﬁag_based on thé_observation
tﬁaﬁ thé}effect of tine was toy?népease,y;eld,for the lower temperature
but to decrease y%eld at thé upper tempergﬁu;gzlwhiléAthelovérgll effect -
of temperature was peduced from thét of thg pfgvidgs'runs,__;n gerieral ,

higher air raﬁe.ﬁaslbetter for low pressure, but had no effect at high

‘pressure. H{gh'ﬁressure seenms to have been betfer. It was postulated

that a region was béiﬁg'éﬁproécﬁed~such theat tpgyéwwés an optimum time
for a givép temperaiure provided the product;gﬁ air rate and pressure,
which determines the ?ptg%_gggﬁtity of alr, were quﬁgma certain mini-
mum. There<was soma,iﬁdication that it might-be better to use a high
pfessure'and a low air rate. The conclusion was.tpgﬁ_gbove an air
rate and pressure prodﬁct_of 2k, corresponding tq gbout 2.8 standard
cubic feet of air per hour per 150 grams of qafbonaté charge; an
optimum timg existed for a given temperature. An upper limit fpr
temperature or pressure was not indicated. The best yield in the
range studied was. 70.5 pércent oxygen content. Runs to confirm the

above postulate were not mede since it wes more important to investi-
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gate carbonate synthesis and the quality of the manganese dioxide
being produced.
These experiments showed that one msy reasonably _e;cpéjct to prq;
duce mangsnese dioxide having 65 to TO perqe;ﬂ; available oxygen from
carbonate similar to sample ANA-6. ﬁithou‘b further runs, the best

estimate of the proper conditions was

Temperature L75° ¢,
Time T hours
Pressure 3 atmes.
Air Rate 16 £t./min.




-43-

Table VIII

YIELD, DATA

Yield - Percent Oxygen - Runs 61 - 70

Temperature
k25 c. 450° c. 4759 c.
Time Time . Time
{ Air Rate | Pressure 5 -9 1 T 5 9
£t /min. | atmos. '
8 1.0 3 - 19.6
2k ; -- 61.0 S < -—
16 2.0 ' -- 60.3
16 - : 63.0 -- -
8 3.0 =< 60.5 70.5 -
2l 62.3 - == _ 66.5
Yield - Acid Leach - Runs 61 = 70
Temperatu;é |
u2s° ¢, 450° ¢. 5% €.
Time Tima. Time
Air Rate| Pressure 5 - 9 T T 5. 9
£, /min. | atmos, :
8 1.0 40,3 - - 54,5
ol _ - 70.2 - T1.5 - |
16 260 - 65 0’3 . .
16 ‘ 70.5 - .
8 3.0 - 68.2 79.2.  --
2L 67.2 -- - Th b
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Table IX

ANALYSIS OF VARIANCE

PERCENT AVATLABLE OXYGEN - RUNS 61 - 70

Source of
Variation

Due to Regression
Lack of Fit

Error

TOTAL

Estimated standard

3.65 -
2 -

Sum of Degrees of Mesgn.
Squares Freedonm Square
330.85 4 - 82.71
177.80 L 4l b5
3.65 1 3.65
512,30 9

deviation of a regression coefficient =

0.67
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Table X

SUMMARY OF YIELD DATA FROM RUNS 61 - 70

Temperature
Time
Pressure

Air Rate

Center Points

TOTAL

425° ¢.

L5 ¢,

> hrs.

‘9 hrs.

1 atmos.
3 atmos.

8 ft./min.
24 f£t. /mix.

Percent
Oxygen¥

"-57{3T

@

60.7 .
59.5

55.2
65.0

56.5 -

63.6
61.6

60.3

Yield from
Leach

63,7

.=69!9_‘

66.8
66.7

61.3
72.3

61.6
72.0

67:9

66.3

* An estimate of standard error is not included
since it would have to be based on one degree of;

freedom. -
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CARBbNATE RUNS

Du;ing the preliminary runs and rdﬁsl3l = 50, it was -observed that
the carbonate had considerable influence on the résults. Chemicﬁlly
pure carbonate readily reacted #t 300° Cf, whereas noﬁé.ﬁf“ﬁhe—qgrbo-
nates synthesized in the laboratory reacted as well at temperatures
less than 475° C. Also, ANA-1 was much pooreér than the others and a
mixture of batches 2; 3, anﬁ h reacted less readily than a mixture
containing baténes 2 through 6. Samples of C.P., AVA-1, a mixture of
ANA:2 and L, ANA-5, and ANA-6 were given a qualitative spectrographic
exgmingtion to éée if the difference between cgrbonatgs cou;d be de-
tected. The results of these analyses are given in Table XV. In
fairness to the chemicgl maﬁufacturer? it should. be mentioned that
the C,P; manganese carbonate had been balllmilled by a previous
graduate student on this project, which dccounts for the rélatively
high impurities such as silicon. A comparisen of the G.P. caﬁbonate
with the others shdwéd a lover analysis of calcium, magnesium, and
sodium, similar amounts of édpper, lead,énd‘éiﬁc;iaﬁ@uxgﬁér iron than all
but ANA-5. From these analyses a few trends wére suspeciéd. As sodium,
calﬁium, and magnesium anaxyéis wen# 9p, yield Wgnt,downa A;sg) but
léss definite; there wes & tenmdency for yield to go down as iron
analysis went up. The impurities which seemed most interesting to "
study further were ifon and sodium.

To study the‘effect of carbonate synthesis, four additionsl

samples of carbonate were made With varying amounts of impuriﬁiés.
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Ore was leached in the usual.mcnner and iron was removed from half the
manganeSe sulfate. The two sulfate solutions were further divided in
half &nd menganese carbonate precipitated. One batch from each was
filtered without washing and the other washed several times to remove
soéium sulfate. The four samples then represented two with high iron
content and two with high‘sodium content. One sample with high sodium
also had high iron and fhe other sample with high sodium had low iron.
The spectrographic aha;ysis of these carbonates is presented in
Table XV and a quantitative analysis for sodium and iron in Table XIV.
The spectrographic analysis showed\all samples to be fhe same, which
was not unreasonable since the accuracy of such an analysis is gen-
erally con51dered to bé within a factor of 10 and should only be used
for trace elements. The quantitative anaLysis confirmed the general
levels of the impq;ities that were desired. Sodium content reflected
poor washing and indicated the general presence of salts, and iron
cpﬁtent reflected the efficiency of iron removal. Iron removal was
not ss efficient as in the previous batchcs due to the fact that the
stirrer féiled and iron was precipitated without mixing. The differ-
énce in sedium contént between batches was not as 1c#ge as expécted
considering the amount of dilution during the successive.Qecantations;
indicating that sodium salts were occluded with the manganese carbonaﬁé
precipitate. It was also observed that the physical prqperties of
fhese carbonates varied, especially in regard to color and fluidity .-

or fluffiness. A correlation of these physical properties with
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yield was r}gt_‘.za_.‘qiber@tgq, but it is quite ‘1ikely that the main ig’iiffer-‘-l
énce between carbonates was in their gft':_z-uqti;rg .

Six runs were _ma_.d‘e with each of the carboﬁates and with the same
carboﬁgte used in runs 41 - 50 and 61 - 70. Three runs were msde at
400° C., and three &t U50° C., all with 6 hours reaction time; 3 atmos.
pressure, ;nd 18 ft./min. sir rate. The.experiment vas initislly coh;
sidered and a.na.ly_zed ‘as & comple‘be'ly.randomized design with five treat-
ments (ca_rbbﬁate’s )’I.‘and thrée replicates; where the two temperdtures were
considered sepaa_:'a’pe experiments. The results of the runs ‘are'cqptéined
in Table XI and the analysis of the variance in Téble XII. A brief dis;-
cussion of the rationale of this experime@t,is,pontaineé"in the appendix.

Individual comparisons were also made between ANA’-‘G _l'(th,e standard)
and the others, between 7 and 8 vs. 9 and 10 (high iron vs, 1low iron),

7 and 9 vs. 8 and 10 (high sodium vs. low sodium), and befwe’_ép 7 and

- 10 vs. 8 and 9 (-bh'é interaction for a factorial design). .Note that
this was not strictly a factorial design because the levels of sodium
gnd iron could not be cpntroi:]_'ed. precisely. By the an’a{._:l;ysis’ of vari-
ance it was shown that a significant difference existed for c¢arbonates
and all comparisons &xcept one'... The conclusion that there was a dif-
ference between c'a.fbona.t,e,é can not be questioned, nor that AHA-6 was
_better than the &verage of the others; but note that ANA-8 wes also
a8 good or better than ANA-6, while the others tended to be much
‘poorer. The high value of ANA<8 resilted in the other comparisons

being significant. The apparent conclusion was that high iron was
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better and low sodium was better. These conclusions did not seem
rational. The individual comparisons were ﬁade on an "a priori"
basis assuming that Jjust two levels of iron and sodium~~high and
low;;would be present. The quantitgtive analygis mgdg after this
analysis of variance showed that the assurption of hiéh andglow'levels
was only partially correct. After the iron and sodium analyses were
made and it was spparent that sodium and irom varied considerably,
it was decided to try to correlate yield with the iron and sqﬁium
content. Linear regression eguations were estimaped fo{ yield as a

function of iron and sodium as fellows:

1,000 G.‘ = 82.6 - 1.6 (Fe) - 54.9 (Na)

Y}_l_soo Q. 7006 + 2.3 (Fe) - 29al (N&)

An analysis of variance of these results is presented in Table XIIT
along with the appropriate "F" ratios to test the hypothesis that the
true regression eoefficiepté Wwere zero. It was found that thg hypothe-.
sis could be rejected at the 95 percent confidence level. Thus, a
significant proportion of the variation in yield was associated with
the analysis. of carbonate; godium being thg only variable of importance
for a range éf soditm from O.41 to 0.93 percent. Although the correla~
tion ﬁas significant; it was not exceptiomally good, i.e., ANA=10 had
the poorest yield with a sodium centent in the middle of the range.

A slight extrapolation of the equation at 4L00° C. to a sodium analysis

of 1.5 percent would mean zero yield and extrapolation to Zero sodium




~50-
would give around 80 percent yield.

These equations give an indica&ion of the large effect associated
with spdiﬁm, but would be poor to use for predicting;results. ‘Essen:
tially, it has been shown that poorer yields are associated with
highéf sodiuﬁ analysis and that iron contemt does not have a signifi-
cant effect on yield. Actually it was.uniikely that the presence of
sodium was in itself the prime cause of poor conversion. It is ﬁore
logical to assume thgt sodium was associated with the geheral lgvel
of the salt content of the carbona?e which had An effect on the car-
bonaté such that the faie of reaction was reduced. OSuch an assumption
was supported by the general effect of temperature which was to raise
yield for the poorer carbonates, but not for the better carbensates.

In addition, the effect of temperature noted in these runs was
considered to be further confirmastion of the trend oﬁ;erved during
runs 61 ; 70 in vwhich & leveling off of yield was noted, The yield
for ANA-6 st LOOC C. was 61.8 compared to 58.7 percent for asppropriate
Tuns from.31 - 50, At h50° C. the yield vas 61.6 percent which was

identiéal with that of the center poimts of runs 61 - 70.
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Table XI

YIELD DATA FROM CARBONATE STUDY

Temperature Carbonate Oxygen Analysis Aversge
Replicates
1 2 3
L0o° C. ANA~6 59.6 64.1 63,0 62.2

AWA-7 32,2 38.5 31.6
. . 38.1% 31.2

ANA8  63.3 62.9 63.L
' 63,2

ANA-O 33.5 35.0 35.7
' 3h.7

ANA-10 29.7 264 347
29.1 27.2 37.k

h50° ¢, ANA-6  61.2 63.2 60.5
o 63.2 .

AWA-7  52.8 51.6 56.5
ANA-8  61l.h  61.1  63.0
ANA=9 k1.2 k7.8 k2.6

L0.0

ANA-10 50,1 53.3 k6.0

3,1

63.2

347

307

61.6

53.6

6l¢8

13.8

k9,8

Yield from
Leach

60.5

ha.s5

39.97

37.5

72.2
64.2
7.0
50.0

58:0

* Tower numbers.aré‘duplicaté analytical dﬁterminations,ofAthe

same sample.




- Source of

Variation

Carbonates
Compaxrisons:

6 vs. others
T+8vs. 9+10
':".7 +9vs. 8410
7'+ 10 vs. 84+ 9
Error

TOTAL

Table XII

ANALYSIS OF VARIANCE

EFFECT OF CARBONATE ON YIELD

-Degrees of Mean Squares Expected Mean Squares
Freedom . ' .
40090. h500¢.
, 2 3 -3
4 T78. T% AT7h.5% o 2. Z \
| e AT )R
. .
1 1108.5% 209.8% : -2 - B B -B -8 P
. 5 9 e * ~ Qtﬁl By-Ps=P) 55)
| l [ ] * . 6:“‘* 2 ‘= ; é )— - 2
| 7505 35 %t i (Pt Bs - B, - B)
2 3 , 2
l 811.8'* >..3u9 Gi’ﬁ + }+ (.Bg -+ B5 - 53 - Bj_l_)
lo 4.8 T+0 o
S ap

14

¥ Significant at 95 percent confidence level.

..ag_
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Table XIIT
ANATYSIS OF VARIANCE - REGRESSION EQUATIONS

'EFEECT OF CARBONATE ON YIELD

Source of Sum of Squares - D.F. Mean Squares.
Variation Lhooo ¢. L500 C. - kooo ¢. k500 C.
Due to Regression 1794 508 2 897* 254%
Lack of Fit 1420 282 S 12 118 2
TOTAL 32.h 790 1h

"F" RATTOS

100% ¢, \ . T.6
h50° c. 10.6
F o5(2, 12) © 3.88

% Significemt at 95 percent confidénce level.
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Table XIV

SUMMARY OF YIELDS FROM CARBONATE STUDY

Carbonate Analysis ' Average Oxygen
Iron Sodium Analysis

' : khooec. L50°%C.

ANA-6 0,30 0.51 62.2  61.6
ANA-T 1.90 0.83 3.1 53.6
ANA-8 1.58 0.1 63.2  61.8
ANA-9 . 0.68 ‘0}93 4.7 43.8
ANA-10 9i81 1 0.59 30.7 49.8

Estimeted Standard Deviation of Average Oxygen

Analysis = '1.90




Table XV

QUALITATIVE SPECTROGRAPHIC ANALYSIS OF CARBONATES ~ PERCENT.

. : Carbonate. T
C.P. AWA-1  ANA-2, ANA-5 ANA-6- ANA-T:; ANA-8 ANA-J ANA-10
) — 3, b ' A S
Used in Runs  1,2,3, 4-12,  21-h0 * * #% ®e T % ¥
13, 1 15 '
Caleim 0,010 I 0.500  0.100 0,100 0.100 04100 . 0,100 #9.100
Magnesium | 0.010 I I 0.500 .‘o.;iao 0.500 0.0% I ~o“.5oo
Silicon I I 1,000  1:000 0.500 0.500 0.500 0.500 0.500
. Tron 0,005  0.500.  0.005 0,001 0.050 0.500 0.500 10.5400 + 0.500
Copper 0.005  0.005 0:001 0.001 0:005 0,005 0.005 0.005 0:005
Lead 04005 © 0,001 0,001  0.005 0.005 0.005 0.605 0.005 0005
Zine 0 0,100  0.050 == 0050 6.100 0,100 0.100 0.100 '
Sodium 0 10.500 0,100  0.010 0.100 0.100 0,100 0,500 0.100

Aluminum 0,500, Potassium 0.100,. Nickel 0, Titanium 0.001, Strontium 0.030, Molybdenum O--
for all carbonates.analyzed. . : v .

I m’cemédiate - concezifration.
% Carbonate batches 2, 3, %, 5, and 6 mixed and used for runs 41 onm.

#% Used for study of carbonate variables.
. \ :
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ﬂﬁﬁAiN TESTS FROM RUNS 31 - 50

The discussion of drain tests, except for the ﬁrelimina;y runs,
has been left until the discussion of yield had been covered. However,
as manganese dioxide was producea, bgtteries ﬁere mede and tested. In
the set of runs 31 - 50, the yields were generally too low for making
a set of batte;ies from each run; coﬁseguently, the product from two
runs was combined to make enough dioxide for batteries. As pointed
out previously, the runs were made in two different blocks‘arranged
as.shown by Table V, where the ‘starred values are fromﬁbloqk two and
the unstarred are from bloék one. -Note that for each starred run an
mwstarred run differsﬁpnly in the air rate. The blocks were set'up in
this mammer since it'was expected that air rate was the least likely
to affect the quality where phase type would be the most important
variable for a given starting material. Thus, product from two runs
differing only in air rate could be combined for méking-batteries.
Drain tests on these batteries gave a coﬁparison-of reaction tempera-
ture, time, and pressure averaged ovér air rate and blocks. Data from
these battery tests are presented in Teble XVI.

Before digéﬁfging these tests, and their shortcomings, there is
one point the author would like to mske. The runs from which these
batteries were masde were designed to study yield and not quality.
Considerable information about quality was learned, but not as much -

as if the runs had been designed to study quality.
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The experiment was analyzed as a 23 factorial of temperature,
pressure, and time with suvbsampling since two batteries were tested
from each set. The analyses of variance for the three different
drain tests are included in Table XVII. Since there was no provision
for replication, an estimate of error (veriation between sets of
batteries with the same treatment) was not available.

Tests of significance are, therefore, not possible. The analysis
of variance éhows, however, that fér all three drain tests (hégh, low,
and delay) the,la;gest source of variation was—attributable to temper-
ature, with lower temperature being an advantage. A consideration of
the data of TabiéMXVI shows one variable that has noet been considered
that may have céﬁtributed to this-fesult._ When making a battery, the
guantity of wefting solution added to the manganese dioxide was arbi-
trary. Note that wetting solution varied from 15.7 ml. to 23.0 ml.
and that the two batteries with poorest drain @ests contained the
most wetting solution. The reaction conditiqns for these"batteries
wiere 400° C., 4 hours, and 2 atmos. pressure, and 400° C., 8 hours,
and 3 atmos. pressure. If wetting solution did contribute to the
poor drain tests then the effect woﬁl@ have been cancelléd,out for
time and pressure, but not for temperature, forcing the variance due
to temperature to increase. Figure -5 was prepared to il;ﬁstrate the
effect of wetting solution on drain tests.

Little correlation between wetting solution and drain tests wés

shown, tending to confirm that the highé; temperature runs produced
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poorer depolarizer. Thg large variation in wetting solution cagts
doubt on the validity of a ﬁexhperature effect, but at the same time
one should not assume that high wetting solution leads to poor battery
drain tésts. Since wetting solution was added until "rreper" tamping
consistency was obtained, it follows as logically that poor manganese
diexide requires more wetting solution as that more wetting solutioh
causes poorer battery drain tests. Uﬁdou‘btedly, an optimum we'ﬁting
solution occurs; for each dioxide.

The results of these drain tests are summarized in Table XVIII.
For all runs, the averagé drains were 6.2 hours high drain, 104 hours
low drain, and 68 hours delayed capacity. The best batteries gave
7+3 hours high drain, 11k hours low drain, and 75 hours delayed capa~-
city and were made from dioxide produced at 375° C. , 6 hours reaction
’ciine, and 2.5 atmos. pressure. Thus; high drain was, in generai, good
but low drainvand delayed capacity were poor.

When the batteries were stoxjed for delay capacity tests, two cells

from each set were stored in the open, as is usually done, and one cell

in a seaié’d;polyethylene bag to prevent loss of meisture. The average

......

drain tests of the two stored in the open and the one sttpréd in poly-

ethylene are shown below.
Ave.

Stored in open 67 75 66 88 81 75 66 65 53 71
Stored in polyethylene 104 101 108 95 1ok o 83. o0 8k 97
With the exception of one battery which corroded out, al:f batteries

stored in polye'ﬁlf&%gge gave better drain tests.
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Table XVI

DRAIN TEST DATA

High Drain Tests - Runs 31 - 50

Temperature
350° G. 375% ¢, 400° C,
Time Time Time .
Pressure I 8 6 6 4 8
atmos.
2.0 T.1 6.5 5,8 5,1
6 @ 9 6 ° 3 5 ° 8 5 ° 3
2.5 7.0 7.l
6.5 7.2
3.0 6.8 7.0 6.0 5.7
6.5 7.0 6.8 L.3 |
TLow Drain Tests - Runs 31 - 50
Temperature
350° G, 375° C. 4oo® ¢.
Time Time Time
Pressure - by 8 6 "~ 6 Lo 8 .
atmos.
2.0 112 11k 102 99
118 120 107 89 -
2.5 110 112
112 116
3.0 113 99 99 85
109 99 112' 93
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Table XVI (cont'd)

DRATN TEST DATA

Delayed Capacity Tests - Runs 31 - 50

Temperature
350° ¢. 375° C. LooC ¢.
Time Time . Time
Pressure 4 8 6 hoo- 8
atmos.
2.0 63 66 53 k9
L 66 78 56
2,5 91 91
7L - 58 |
3.0 80 92 68 67
71 85 63 60

Wetting Solution and Bobbin Weights
Corresponding to Above Tables

17.0
9.0

5.7 19.9

9.1 8.7
19.9
8.7

23.0
8.3

| S

(0228,
o »
(WA RN}
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Pable XVIT
ANATYSIS OF VARTANCE

DRAIN TESTS FRCM RUNS 31 - 50

Source of Degrees of Mean Squares i
Variation Freedom High Low - Delayed
Drain Drain Capacity
Treatments 7 1.19  197.3 215.6
Temperature 1 5.41  600.3 '625.6
Time 1 1.26  342.3 2.3
Pressure 1 0.10  169.0 441.0
T x © Interaction 1 0.77  T2.3 182.2
TxP " 1 0.01 81.0 100.0
Px9 " 4 1 | 0.0L  100.0 155.7

TxexP " 1 0.76 16.0 2.8

Between sets of
batteries (no estimate)

Between batteries
of same set 8 0.18 27.9 58.9

TOTAL 15
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SUMMARY OF RESULTS

DRATN TESTS
All Batteries
- Tempetrature 350° ¢.
400° C.
Time 4 hrs.
8 nrs.
- ‘Bressure’ 2.0 atmos.
3.0 atmos.

~Cenber Point

. Best .Bet

RUNS 31 - 50

High Drain Low Drain Delayed

Average

6.2

° L]

. o .
HHE wVwE ON®

*

= NG\ T ON 1O
o - =
O

.
w

Average
10k

110
99

109
100

108
101

11k

11k

Capacity
Average

68

Th
62

68
68

63
73

78
75
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High drain - ©

140-

120-
0o©

100- 00

Hrs.

o)) LOW DRAIN

60"

Uom

Wetting solution

Figure 5

EFFECT OF WETTING SOLUTION ON DRAIN TESTS

MI .

22
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WETTING SOLUTION

Following the initial dfaiﬁ tests on these batteries from runs
31 - 50, a set of experiments was run to stidy the effect of wétting
solution on dreain tests. Also, the possibility of inéreasing low
drain capacity by using & more concentrated acid leach or a higher
ratio of manganeéeﬂdioxide to acétylene black_(hcpe to increase
bobbin weight) was investigated. The experiment consisted of making
2 kilograms of manganese dioxide in 16 runs axkhoo° C., 3 atmos.
pressure, and an‘aif rate of approximately 18 ft./min, Reaction time
varied between 5 hours and 1& hours as the reactor was run continuously
making thfee batches per day. The Earbongfe'was_the same as used for
the second block of runs 31 - 50 and runs 61 - 70. The product from
these runs was divided and half was leached with 100 g./l. acid for
ené-half hour and the other was leached with 150 g./1. acid. Batteries
were then mede using 15.0, 17.5, and 20.0 ml. of wetting selution per
Lo grams of ﬁanganese‘dioxide and mengenese diokide to carbop ratios
of 10 - 1 and 12 - 1. The basic experiment was thus a 2 x 2 x 3 factor=-
igl. Each treatment combination was used twice and two batteries from
each set were us?d for each drain test. The layout of the experiment
and the results are contained in Teble XIX. The anelysis of the veri-
ance of this data is contained in Teble XX.

From the analysis of veriance, certain factors were seen to have

hed significent effects (starred mean squares) as follows:
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1. WETTING SOLUTION: Had a significant‘effection low drain and
delayed caﬁacity, but not on high drain. From the sumﬁary (Table XXT)
it was apPArent that the lewer quantity of wetting solution was better
with the possibility of an optimum at 17.5 ml. for low drain. A
glight increaseﬁn high dréin was noted as wetting sélution decreased.

2. LEACHING: Had significant effect §n1y on, high drain and the
100 gi/l. acid concentrat{on was supgrior.

3. CAﬁBON RATIO: Had an effect on high drain and.low d;ain with
the 10 - 1 ratio being superior. -

W,  INTERACTIONS: Two interactions weﬁevimportant;vnamEIy, LxK
for high drain and W x L forideiayed capacity. These inferactions %ere
illustrated by Figure 6 snd.Figure 7.

From Figure 6 it was observed that the effect of wetting solution
depended on the acid 1eéching, i.e., the shape of “the cﬁrve for 150
é./l. leach was different from the shape of the curve for 100 g./l.
For comparison the low drain results were élso plotted as aﬁ example
of insignificant interaction. Figure T is self-explanatory.

The best qsnditions were af the lower level of wetting solution,
© 100 g./1. leach and i@v- 1 carbon ratio. Wgtting,solation did not
seem to be as importént in fhis range as wes anticipated vhen the ex~
periment was designed. The two best sets of batteries occurred at
15.0 mi. wetting solutiong ;Oo'g./l, leach, and 10 - 1 carbon rdﬁio,
Their average drain tests were:

y o,
L 3
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High drain T 60 + 0.5. hours
Low drain 118 t 4.0 hours
Delayed Capacity . 11k + 6.0 hours

The estimates of'error that could be made from this experiment
were also of interest. As shown in the summary, the estimate of
standard deviation for batteries of the same set was 0.1l hours,
3¢26:hours, and T7.92 hours for hiéh, low and delayed tests, respec-
tively. Table XXV gives a summary of the estimates of variance be-
tween batteries of the same set from all experiments in this report.
The variances were relativelf homogeneous with a higher variance for
delsyed capacity than for low drains. 'This expériment gave the only
good estimate for the variance of different sets of batteries from
the same manganese dioxide, as shewn in Table:XX. If this was a good
estimate of variance for all cases, it could be used to test for
significance in the eother experiments. This estimate did not apply
to other experiments, however, because it was for batteries very
much alike, i.e., made from the same maenganese dioxide and havgng
the same quantity of wetting so;utiqn,.whereas the othér exﬁeriments
compared batteries made from mangasnese Qioxide that wes only mede in
the same way and did not necessarily have the same wetting solution.
For instance, in the drain tests from funs 31 - 50, the "error" would
be mede up of differences betﬁeén batteries of the same set, differ-
ences between sets of batteries‘made'f#om the same manganese dioxide,
and differences between sets. of batteries made from mangenese dioxide

that was made similarly. The experiment itself contained an estimate
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of variance from the first source, the experiment on ﬁetting solution
gave an estimate of the variance from the second source but no esti-

mate was available for the third source of variation.
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Table XIX

DRAIN TEST DATA-

EFFECT OF WETTING SOLUTION, CARBON RATIO, AND ACID LEACHING

Leach Carbon Wetting Bobbin High

Conc, Ratio Solution Weight _Drain
g./1. ' o oml. go hrs.
100 10-1. 20.0 8.6 7.1 7.3

17.5 8.7 7.4 7.k
15'00 8‘07 703 7’3
20.0 8.7 7.3 7.3
17. 8.8 T-1 7.1
15.0 8.4 8.0 7.8
12-1 20.0 8.6 6.5 5.8
17.5 8.9 7.6 7.8
~15‘00 902 5_q8 508
20.0 8.7 T.T 7.5
1h.5 8.8 7.0 7.2
15.0 8.8 -T.7T 7.8
150  10-1 20.0 8.6 7.3 T.
- 17.5 8.7  T.5 Te
15.0 8.5  T.2 T
20.0 8.4 6.7 6.
17'5 ‘809 .6«{3 6a
‘ .1500 8w7 7."" 79
121 20.0 . 8.6 4,3 3.
17.5 - 8.8 6.6 6.
15.0 8.9 6;; 54
20.0 8.7 2.0 L.
17.5. 9.0 k.5 g
9.0 6.5 6.

15.0

oV O H oo OOy WU O

Lo
Drain
hrs..

110
125

115

110

11

120

106
110
11k
103
125
125

122

© 120
120

115

126,
11k

12k
103
100
11k
110

108
126
117

117
108
120

106
106
11k
103
122
119

122
118
120
122
117

116

102
12L

115

100

11k
116

Délayed
Capacity
hrs.

89
110
119

ok
Th
111

100

oh
113

92
100

106

105

. 89

82

.-9h

c 95
b

100

96
160

93
97
160

80

101

118

95
90
116

90
101

110

83

99
112

105
86
96

99
9L
105

68
Ok
9%

118
81
100
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Table XX

ANATYSIS OF VARIANCE

EFFECT OF WETTING SOLUTION, CARBON RATTO,

AND LEACHING ON BATTERY DRAIN TESTS

Source of Degrees of Mean SQuares

Variation Freedom High Low Delayed
‘ B Drain Drain Oapadity
Wéé%?ng Solution 2 2.9 390.1% 6&9,8*
Leaching ‘ 1 15.8% 1,3J' 266.0
Carbon Ratio 1 a7 687 0.5
W X L.InteQaption - ‘ 1.7“ i 51{6‘ ‘570{3*
Wxk 2 1.6 ., 183.3 el
L xK i 1 8.8% 140.2 - 60.8
;W,#IQJXLK'_J a2 1.5, 56.3 89.6

Between sets of ,
batteries 12 1.2 6h.1 121.6

Between cells .
from samé set - 2l 0.1 . 10.6 62.8

¥ Significant at 95 percent confidence level.
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Table XXT
SUMMARY OF RESULTS

EFFECT OF WETTING SOLUTION, CARBON RATIO, AND LEACEING

High Drain Low Drain Delayed

.. Capacity
Average Average Average
A1l Batteries | . 6.62 llh,é 97.5
Wetting Solution 20.0 ml. 6.1k 108.8% ol 1%
15 ml. 6.80 118.1% 93.6%
15.0 ml. 6,91 116.1% 10k, 9%
Leach 100 g./l. T7.19% ~ilh;2" 99.9'
' 150 g./1. 6. 0k¥ 11h.5 95.1
Carbon Ratio 10-1 7.20% ~117.5% 7.4
12-1 6.02% 111.2% 97.6

ESTIMATES OF STANDARD DEVIATION
High Drain . Low Drain Delayed
Cepacity
Batteries of same set 0.11h hrs. 3.26 hrs. 7.92 hrs.
Sets ofzbatteries based on

. . L.
average of two batteries 0.78 hrs. 5.66 hrs. 7.80 hrs.
from same set g

¥ Compérisons that were shown to be stgtistigally significant.
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120 1
Low Drain
100 - Delayed
Capacity
Leach
Leach

L x W Interaction significant
for delayed capacity

10.0 20,0

Wetting Solution - Ml

Figure 6

EFFECT OF WETTING SOLUTION



High drain - hrs

8.0

4.0
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10-1 Carbon Ratio
12-1 Carbon Ratio

K Interaction significant

Leach acid concentration - g./1

Figure 7

CARBON RATIO - LEACH INTERACTION
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DRAIN TESTS FROM CARBONATE STUDY
A set’ of batteries was made from each batch of manganese dioxide
made during the study of the effect of carbonate composition on yield.
The.  results of drain tests on these betteries are presented in Tabié
XXII. The results were analyzed by estimating a linear regression

equation correlating iron and scdium analysis with drain tests.

Yhigh ,"'000 Co = 7.07 + 1.60 (Na) "0081 (F‘e)*

Yyden 4soo ¢, = T-8L - 0.8L (Va) - 0.26 (Fe)
Yiow koo ¢, = 146.0 = 5.6 (Wa) - 23.5 (Fe)*
Tiow 4500 ¢, = 1407 - 33.2 (Ne) - 6.2 (Fe)*
Ydelay 400° ¢. = 126.1 - 25.2 (Na) - 8.8 (Fe)

Y 128.0 - 31.2 (Na)

delay 450° ¢. T 16.8 (Fe)%

Drain tests are in hours and iron and sodium in percent.

The analysis of variance of the results is presented in Table
XXTIIT along with the'appropriate‘“F" ratio to test whether the vari-
ation due to iinéar‘effects was significant in relation tq the inter-
actions and error. For the low drain tests a significant proportion
of the varia$ibn in drain tests could be correlated with“the iron
and sodium content of the carbonate used to Qake the mﬁnganeSe di-

oxide. For delayed capacity the effect of iron and sodium was about

#* Regression equations that were found to be significant.
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the seme as with low drain, however, the correlation was not as good
since only one of the regressipn equations was significant. High drain
was affected léss by the quality of the carbonate with an increase in
iron also tending to rgduee drain capaéity. ;The,éffect of sodium
varied showing a positive effect for the dioxide nm@é at Loo° ¢C. ;nd
a negative éffect for thet made at 450° C.

Whether these impurities were the'direcf caﬁse of the poor drain
tests was, of course, not established but it was shown that poof drain
tests were associated with high iron ana sodium analysis éf the carbo-
nate sand were thus to be avoided. Averaged over these cafboﬁaieg high
drain was 7.1 hours with a range of 6.5 to 8.3 hours, low drain was
115 hours with a rangé of 98 to 146 hours and delayed capacity was 95
hours with a range of 68 to 117 héurs. - The best set of batteries had
7.7 hours high drain, 146 hours low drain and 117 hours delayed capa~-

city.

§
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EFFECT OF CARBONATE ON DRAIN TESTS

Carbonate Analysis Wetting

Iron Sodium Solution
ANA-6  .0.30% 0.51% 12.8  15.0
ama-7 L. 0.83  15.7 16.2
AA-8 1.58 0.1 15.8 148
-AHAe9 _ 0.63 0.93 16.5  13.0
AB-10 0.8 0.59 il 1T.6

AVERAGE

hgggg,D?iggbc.
T-T*  T0
6.6 6.5
6.9 7.1
8.3 6.9
6.8 7.5
T3 7.0

Low Drain
hoo%c. 450°C.
16 13
98 110
12 1M
129 99
103 108
118

Dela,yed Capacity

kooCc.
117
85

1

113
T2

100

L50°C.
105
68
%

& 8

¥ High drain and low drain test gverages were for three batteries, delayed capac:x.ty *test

averages were for two babteries.
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Table XXIII

ANALYSTS OF VARIANCE - REGRESSION EQUATIONS

EFFECT OF CARBONATES ON DRAIN TESTS

* Significant

Source of Varigtion Degrees of
' Freedom
High Drain Due to Regression 2
Lacksof Fit 12
Low Drain ‘Due to Regression 2
Lack of Fit 12
Delayed Gaﬁacity Due to Regression 2
Lack of Fit ‘ T
" "F" Ratios
High Drain hoo° C. 5:T7
k500 C. 2.25
Low Drain Loo° C. 5.23
k500 C. 4.38
Delayed Cepacity Loo° c. 0.37k
k500 ¢, 10.9
FHOS(E, 12) = 3.88
F°05(2, 7) = L.7h

at 95 percent confidende level.

Mean Squares

Loo°C.

2.30%
O‘o ’-I-O~

1h82%
283.
277
74O

L500C. -

0.40
0.18

Ll 5%
101

T29%
67.
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’ DRATN TESTS FROM RUNS 61 - 70
With the higher yields of runs 61 - 70, it was possible to make

a set of batteries for each run. The results of these drain tests are

shown in Table XXIV. Two sets of batteries from runs 69 and 70 are

missing due to, it is believed, an error in weighing the quantity of
acetylene black and ammonium chloride mixed with the manganese dioxide.
The error was first suspected:while making batteries when the bobbin
weights were abnormally high. Drain tests showed zero life. " Because
of these missing observetions statistical analysis of the daté was not
attempted. In general, the battery quality Wﬁs superior to that found

in runs 31 - 50 and in the experiment on wetting solution. It seemed

to follow the general tendency for good yield to result in good de=-

‘polarizer. There was no evidence that high temperature was harmful

to battery quality. All the batteries met Signal Corps high drain
specification and all except two came within five hours of the low
drain specification. Delayed cspacity was fair, being on the average
T9 pércent of initial iéw drain capacity.

The average drain teéts‘weré 7.3 hours high drain, 125 heuré low
drain; and 99 hours delayedlcapacity with a high set of 7.4t hours high
drain, 133 hours ldw drain, and 112 hours delayed capacity after three
months storage in the open. The runs 6l -~ 70 were considered the
closest to being'typiéal of the overall results to be expecied. The

manganese carbonate, although the best made, was a mixture of five
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large batches made before it was evident thet carbonate purity was so
critical and the reaction conditions were in the range expected to

contain an optimum. yield of mangenese dioxide.
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Table XXIV

DRAIN TEST DATA RUNS 61 -~ 70

Temper- Time Pres- Air Wet‘bing' Bobbin High Low Delayed
ature sure Rate Solution Weight Drain Drain Capacity
Average -Average Average

W25 5 1 8 20.0 8.9 6.7 112 --
Wo5 5 3 oL 16,2 9.2 7.3 130 ol
hos 9 1 2h 15.0 9.0 7.6 125 108
L25 9 .3 8 15.0 9.2 7.4 129 - 117
450 T 2 16 15.0 2.1 7.h 133 112
450 - T 2 16 16.2 9.3 7.2 128 Th
75 5 1 2L 13.8 9.3 7.6 128 88
L75 5 3. 8 - -- -— - -
W75 9 1 8 16.6 9.2 6.9 119 106
L75 9 -3 ek - - - - -

AVERAGE _ 7.3 125 99




Experiment

Runs 31 - 50
Wetting Solution
Carbornate

Runs 611- 70
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Table XXV

SUMMARY OF VARIANCE ESTIMATES

Sample Variance Between Batteries
Size . of Same Set
High Low Delayed
Drain Drain - Capacity
10 sets - 0.18 27.9 . 58.9
2 per set .
2l sets 0,10 . 10.6 62.8
2 per set .
" 10 sets - 0.19 89.9 174.2
3 per set _
8 sets 0.03 3.8 112.1

2 per set’
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BLENDING

Part of the mangénese dioxide made.fromzchemically pure carbqnate
in the quartz reactor during the preliminary runs was used for blends.
with a sample of Philipsburg ore. Batteries were made from mixtures
of the leached and unleached synthetic manganese diéxide and natural
ore and mixtures of leached synthetié and leached natural ore (Table‘
XKXVI). Sample Pnl was Philipsburg ore’ball milled to minus 100 mesh,
PL-2 and PL-3 were samples leached with sulfuric acid with PL-3 also
being ball milled before leaching as well as after leaching. Table
XXVIT contains the results of drain tests with thesé samples and with
& sample of ore from the Gold Coast. From these tests it was apparent
that leaching helped high drain of the Philipsburg ore, but did not
affect low drain or delayed capacity to any extent. From the data
on mixtures of these ores it was observed that a small qnaﬁtitj of
a superior érade of depolarizer had a teﬁdency to upgrade the high
and low drain capacity of the batteries ﬁore than would be expected
from a linear addition of their inéividual drain cepacities. Delayed

capacity, however, was depressed.




Table XXVIL

BLENDS OF PHILIPSBURG ORE AND CHEMICALLY SYNTHESIZED MANGANESE DIOXIDE

Mixture Wetting - Bobbin High brain Low Drain Delayed Capacity

Solution Weight
Percent Percent ml. - Hours Percent Hours Percent Hours Percent
Gain Gain Gain
P-1 AOL
100 0 143 9.6 3.7 80 ‘ . 6 ,
X 10 11.8 9.5 4.0 +3.8 %2  +2.1 50 -26.k
80 20 12.1 9.8 k.0 -1.0 95 +8.9 60 -12.8
‘50 50 1.0 9.2 L.3 =3.9 lol + 80 62 =11.9
0 100 20.0 9.k 5.2 107 76
P-1 AOL-T,
100 0 1h.3 9.6 3.7 ‘ - 8 67
9% 10 12.7 9.7. k.1 =1.2 95  +10.0 60 . -17.8
8 20 12,1 . 9.7 L5  42.3 ok +18.2 58 -26.6
‘50O 50 iy 9.3 5.0 -8.3 108 4 5.4 58 =40,2
0 100 i7.1 9.6 7.2 : 125 : 127 ,
PL-3  AOk-L -
100 0 12k 9.9 k.9 88 ‘ 67
P 10 12,3 9.8 5.6 49,2 ok + 2.5 60 -17.8
8 20 ik k 9.7 5.5 +2.6 o4 - 0 70 -11.6
50 50 15.h 9.5 5.5 ~9:1 108+ 1.k 64 -34.0
0 100 . 9.6 7.2 125 127

-38-




DRAIN TESTS OF PHILIPSBURG AND GOLD COAST ORES

Sample
P-1
PL-2
PL-3

Gold Coast

Wetting
Solutien

1%.3
12.5

13.1

12.4
12.5

13.5
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Bobbin
Weight

Table XXVII

High
Drain

3.7
3.6

4.8
k.9
iy
k.2

Low
Drain

80
85

92

88

82

Delayed
Capacity

67
50

76

67
60

65
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SUMMARY

Battery active manganese dioxide was synthesized from rhodochroé
site ore b& a process of 1ea§hing the ore with sulfuri¢ acid, removing
ifon, repreci@itating the manganese as carbonate, drying, oxidiéing the
carbonate with air at elevated temperatures, and ieaching tﬁe oxidized
product with dilute sulfuric acid at the boiling point to remove lower
oxides of manganese. Technical grade chemicals were used in the pro-
cess and the oxi&gtion reaction was accomplished in a steel reactor.

For a manganese carbonate having apprqximately 41.0 percent manga-
nese, 0.30 percent iron; 0.51 percent sodium, and minor q_uani:itiés of
copper, lead, and zinc, the percent conversion to mangenese dioxide as
measured by available oxygen analysis was found, on the basis-of twenty

runs, to be adequately described by the regression equation

- 6 P -2,
Y = 522+8h3\: 2275:[+178‘_ ]+, [ 5]
} 096[A - 15
vhere T = Reaction temperature in the range 375 + 250 @,
© = Reaction time in the range 6 + 2 hours.
P = Reaction pressure in the range 2.5 + .5 atmospheres

pressure at the elevation of Montana State- College
(12.5 pounds per square inch absolute).

A = Linear air rate in the range 15 + 3 feet per minute.
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The preceding equation accounted for a significant proportion of the
variation in the yields. The stendard deviation of the regression
coefficients was estimated to be 1.20.

Drain tests on batteries made from the.manganese dioxide produced -
under the above conditions had an average high drain of 6.2 hours,. aver-
age low drain of 104 hours, and average three months delayed capacity
of 68 hours; with the best set having.a high drain of 7.3 hours, low
drain of 11k hours, and three months delayed capscity of 75 hours. Due
to the lack of replication, inferences regarding the effect of the re-
action variables of time, temperaturg, pressure, and air raté could
not be maﬁeo |

With the same carbonate, but in the range:

Temperature = 450° + 259 ¢,

Time = 7 + 2 hours

Pressure = 2.0 + 1.0 atmospheres
Air Rate = 16 + 8 feet per minute

the estimated regression equation for percent available oxygen content

on the basis of ten runs was

T - 450 0 - P -2
Y 60.3 + 2.78 -'"-2-5—2—]- ,35[ 27]+ h,58[ T ]

A = 16 |
+3.55 | =5 | -

—_

7/

This equation, however, did not account for a significant proportion
of the veriation in yields. It was believed that a region of maximum

yield had been approached. The maximum yield observed was 70.5 percent
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available oxygen requiring spproximately 20 percent recycle and
occurred at reaction conditions of 475° C.; 5 hours, 3 atmospheres,
and 8 feet per minute air rate.

Drain tests of batterles made from manganese dioxide produced
under the above conditions had a mean high draln of 7.3 hours, low
drain of 125 hours, and three months delayed capacity of 99 hours;
with the best se£ having'a high drain of T.k4 hours, low drain of 133
hours, and delayed capacity of 112 hours. Again, inferences regarding
an effeét, or lack of effect, of reaction varisbles could not be made.

On the basis. of five carbonates analyzed for iron anélsedium,
the percent available oxygen for runs at 400 or 450° C., 6 hours
reaction time, 3 atmospheres ﬁfessure, and i8 feet per ﬁinute air

rate was found to be correlated with iron and sodium as

82.61 - 1.59 (Fe) - 54.98 (Na) and

Yu00° c.

Yy50° ¢, = 70.58 + 2.33 (Fe) - 29.05 (va) for' sodium

analysis between 0.51 and 0.93 percent and iron analysis between 0.30
and 1.90'percent.

‘ Draiﬁttests'for:batteries made. from the manganése dioxide pfodiced
From the above cérbonateé were analyzed by estimating linear regression
eqpations; It was found that an increase in iron content reduced drain
capacity in all cases and that an increase in sodium content reduced
low and delayed capacity. The effect of sodium on high drain was posi-

tive in one case (400° C.) and negative in the other (1450° C.). For
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batteries made from the lowest level of iron (same cafbonate‘as used
previously) average drain tests were 7.3 hours high drain, 140 hours
low drain, and 111 hours delayed capacity. |

Although a correlation between sodium analysis of the carbonate.
and yield and drain tesﬁs‘was shown, it was suspected that sodium was
not in itself detrimentél but was onlyla symptom of the real cause of
the poor results; The true cause may be more closely‘relaxéd to other
properties of the carbonate such as crystal structure.

The effect of the variables of wetting solution, carbon ratio,
and acid concentration during leaching were étudied in the range

Wetting solution = 15.0? 17.5, gnq.20.0 milliliters

per 40 grams ofumahgaﬁése dioxide,

Carbon ratioc = 10 - 1 and 12 - 1 manganese dioxide to
carbon,
Leaching = 100 and 150‘grams per liter acié concen=
tration.

A significant effect of wetting solution was found on low drsain and
Gelsyed capacity with the lower quantity of wefting solution being
better. A leach concentration of 100 grams per liter acid was found
o bhe significaﬁtly better for high drain tests. A carbon ratio of
10 - 1 was significantly better for high and low drain. Interaction
between leaching ;ﬁd carbon ratio was found for high drain and between
leaching and wetting solution for low drain. The better conditions

were 150 ml, wétting solution, 10 - 1 carbon ratio, and 100 g./1.
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léach acid concentréiion. At these conditions for an average of two
sets of batteries high drain was 7.60 + .55 hours, low drain 118 + k.0
hours, and delayed capacity 116 + 5.5 hours.

Mixtures of menganese dioxide made from C.P. carbonate and & good
grede of natural ore from Philipsburg, Montana, showed iﬁ general that
adding a small percentage of synthetic manganese dioxide ?esulted in
an upgrading of high and low drain tests, but depreéssion of delayed
capacity'from what wogld Bé anticipated by a linear addition of their
individuel capacities. High drain capacity was ‘increased for tpe'-
natural ore by an acid leaching but little improvement in low or delayed
capacity was noted.

Of the 59 sets of batteries made during this investigation, the
average capacities were 6.6 hours high drain, 113 hours low drain and
91 hours delayed capacity. The best single set had 7.7 hours high
drain, 146 hours low drain and 117 hours delayed capacity. For a series
of eight sets mede from the better carbonate and under reaction condi-
tions in the region of anticipated optimum yield of menganese dioxide
(runs 61 - 70) the average high drain was 7.3 hours, low drain 125
hours and delayed capacity of 99 hours. A commercial process is pre-
dicted to be able to ﬁroduce manganese dioxide of at least the above

guality,
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APPENDTX
_ ATTAINMENT OF OPTIMUM CONDITIONS (%) =
The following is a simplified diseussion of the ideas underlying
‘the Box method as used in this report to find the maximm yield of
monganese Qiexide; _;_I’o’, was assumed that the yield could be}' expressed

as a function of the rea.c%:}bp ya;pia‘bles;

Y = f(.;cT, Xy Xpo XA )

Vhere‘_‘xm,-xgg' Xpp and X, are levels of temperature, btime, pressure and
alr rate. It was also assumed that the levels of theja\.z:j@"bles‘cguld
be controlled "ex;actly_z‘a,t any selected value within the experimental
1_°¢gign and ti;a:b ‘;he observed values for a given se‘;c of conditions
would be normally distributed.

~ The problem of optimization was > With the smellest number of
e};periments s to locate a point in the regiog for whi_ch yield was
:pa;cimum, -The method of proc\:ed}.zre chosen rgquired ‘qhat ’phe. error be-
s;ngll in comparison tq the eff;;—:-ct of the various- factors and that the
re.*sul‘g_s_ of one se‘c.‘ of runs could Pe eva,lx;.atéd befo;e a second set of
runs was madg., ) The response to vai'ying sej:s of reactjjon ~conditions

was visuglize,d as defini_.ng ‘some fqype of :cesponse-_surface. - In the sur-

face considered for this experiment s five dimensional space was neces-

Sarye _ ) i ) ) - ) ) B

To visualize five dimensions is impossible; therefore, the experi-

ment will be discussed in terms of a three dimensional space, the con-




-
cepts of which can be‘..gerferali_zed to more dimgnsionsf In parbticular,
the experiment y‘ill be discue;sed in terms of a mountain. -The problem
of finding a maximum yi_eld is thg same 'pro'blem as trying to find’ the
top of a mounj:ain by measuring _al”ci'budes at different points. One
procedure would be to I_nieasﬁre the gltitude at a number of points and
select the highest to be the mountain peak. If enough points were
taken over a wide enough area; the enswer would be close.

Another method, aqa}lpgous _to the one used in t]:_nfs report, woulgl be
tq lay out a grid of_ equa;l;l.y _gpaceq points aJ.or_lg nqri;h-south and_»gast-
v_rest lines ‘c'overingman area large enough that it is 'sure to contain fqhe
t:rhole mountain. Now the altitud_es of four corners pf.‘ one of the squares
are measured. -_It is ur;_likely that th_e_peak occurs at any one of these
points; hewever, one can tell from these points the direction in which
“the hill is stgepesi_:, ;‘.._e. s going north the rise_ might be 50 :E‘eei? for a
_g:i.ven~ horizo._qtalﬁ ‘distan__ce and goq':ng ea_.si; the _J::ise_‘might be lOO feet for
a given horizontal distaﬁce ’ _tI:ms » the steepest part o:’:’~ the _se'ctior;
wpu}@ be in a direction _somewhat east of no.xjth east. Natura;l.ly- the
mou_nj:ain _is not smqo_th g:r_ld :@t is only necessary that the lc‘»ea.l' Ijgughness
((—;) be sing.ll in comparison with the general slope (effect of a factor).
]éefore measuring the_a.]?t;?.ttlzdejs"\ of anothe;:' set 9f p_é;;nts s one would move
in the direction of steépest ascent for a distance Vhigh_~i§ believed
reasonable in the light of the rate of .clim'b.and the expected height

of the mountain. " A new set of four points is selected and the analysis

repeateds
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Eventqally this method defeats itself when a section is reached
where it is impossible to tell which direetion is up. This would
occur, presumably, near the top where the points ére‘straddling the
ridge.or vhere the mountain starps to flétten out. Whgtever'the shape
Of the summit, it is presumed that the cbserved heights will, cease 0
indicate a rising _planfe_o This methoq“does not exclude the‘ppssibility
of plidbing a false peak, but the possibility of,a_double"peak is not
too great for a chem:i?cal'p::pcess° _Also, it is possible that the pesk
lies outside the §xperimental region so that yi;1§ éqntigue§ to.in— |
crease up to the experimental limit of -a particular variable. Near
the summit the size of the section observed could be reduced or more
points could be taken go”that the shape could be deterﬁined with_qore
preeisiona The mgin merit of this methed is that it.is syg?ematic and.
will guarantee ﬁith_a predetermined probability the eyen#uai location
of the maximum within a regign ef'arbimrary smal} sige prqviggdfa
sgfficient number of experiments are made and the.expefjmental error
is sufficiently smali.
_ ’The adaptatién of these ideas o gn,actual experiment consists of
selecting an gxpgrimenfal region and meking enough runs in ﬁhiskfegion
tﬁat an estimate can be made of the coeffiéientsiof a'lingar‘regression

equabtion of the btype

Y = Bo+51{‘T+52Xé+B5}CPfﬁuXA+€-
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B. = regression coefficients

level of temperature

o]
=
]

&
!

level of time

Xp = level of pressure
£, = level of air rate
e = a normally distributed random variable having a mean

of O and variance 02, All €'s are assumed to be
mutuall’y_ independent.

Two levels of each factor were se;ectéd and all possible combina;
joions of these levels were run--a 2'lL ﬂfactorial-:-givi‘ng more points than
a.'b_solutely' necessary for”estimafuing a linear regre_ssi_qn eguatiqn, but
it was expected that experi&nen’ca:l error would be large thereby making
extra_‘pein’cs necessary for increased aceuracy . Cne set _c'>f conditions_
Typical of the center _point of the e_xperimental region was run several
times so that an estimate could be made of the experimental error.

From ‘the obéeryed yj.eld,s 5 a r_egr:_es’sior_l equation was estimated using the
method of least squares. By an»anaflysis of variance the vali@ity of
_gssuming. a iin_ear _reg‘res’sion, was tested. If thg re;gression equation

. accouﬁtedifor a. significant propgrtion of the varia‘ci_on‘ in the observed
r_esulfss s it wonld be concluded that the ;‘egion _investig’a’ced did not con-
tgi_r; a 'ma}_c:?.m_um. From fhe ?ggr_es‘sipp equation ‘the pa,th o_f steepest

ascent was ca;lcuia.ted-., This path was given by the gradient

-> g T ‘ e
del ¥ = Bl?{T + ﬁexg + BEXP + ﬁth




-95-
where _5’:',1, represents a unit vectox_' in the direction of increasing tem-
perature. Another set of runs was then made with the center along the
path of steepest ascent. |

As pointed out 1n 1_:he’ gppur;’qam analog_y, thi_s approach eventually
failed When a region'wasls- reac]ged :Ln which a linear model would ‘no
.‘!.qnger adequa.tely @escribe ﬁhe resultys. When thi_s 'oe_cur_red, additional
points were to be selected and runs made so that a quadratie eqguation .

of the type

. . 2 - :
Y = By o+ By ¥ Byy¥y + BpRg + BagRg + Bio¥eXy + BaKp + Bre
, 2 -

T Pygipkp * Pogio¥p + By * Bk ¥ ByXeky + PoyXeXy

L) ﬁELI-XPXA 4+ €
could be estimated. From this equation the maximum could be determined
by the ca.lcu;l;_us technique of solving for the points where the partial .
derivatives are Zero. In ad.dii_:ion, -the guadratic rggression equation

could be used to describe the shape of the response surface in the

region near the svmmit.

Analysis of Variance

The analyses of variance used in several parts of the report all
have a very similar conceptual background. Some aspects of the basie
type (Table XII), "charac’_ceri,ze_d by that used in the _exi)ez_:_'imgr_l_’p for

analyzing the differences between caxbonates, will be discussed briefly.
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In the earbonabe experiment runs were made with five different carbo-
nates and the yields for these runs were used to eom;pare the carbonstes.
For this experiment a population or set of yieldé Was assumed which
would, represent the results of all possiblé_ runs. Gexl'tain parameters
of this population were defined and the éxperimen’c was ‘thought teo 'b_é

.a method of est:fma.ting these parvameters. The population was defined

as having
v = the mean or average yield of the population..
—3;,‘3 = the mean of all possible runs with a given carbenate.
Yop = one particular yield associated with the ‘A't;x“ rn

with the "B" carbonate.

@ = gubscript denoting the pa:rtieulg:c ran-with a given
carbonate @ = 1, . ¢ s, P where P is assumed to Dbe
infinitely large.

P = subscript denoting the particular carbonate
B=1l, « « o5 B =75 (five carbonates were all that

were of interest).

The following identity relating the above quantities -
Yop = T+ Gug = T) + (yop - Top)

shows that yield zﬁay be considered Lo be equal to the population mean
plus an average efféct of the "p" carbonate (mean of all runs with that
carbonate minus population mean) plus a random variation due to the

deviation of an Individual run with "B" carbonate from the average of




=T

all runs with the "B" carbonate. -The sbove relation may also be written

where BB = carbonate effect.
eaB-—- a random variable assumed to be normally distributed.

with-a mean of 0 gnd variance of o2 €

s 043 are NsIL:D.
(0, 955) »

The population was further characterized in terms of sums of squares

by rewriting the equatien as
(Yaa -y) = ?:Y',-B = y)+ (yaB - y,,s)

and squaring both sildes and summing over all P rums,for each "B" carbo-

nate giving
‘ —\2 , —2 | -2
Z fyaﬁ - y) = PZ(V,B - ¥) +,z (ym{3 Yop)
op _ B : op

where the;__cross.product term from sqlia,r.ing can be shown'to' be equal to
zero. The total sum of squares (left side) was equal to the sum of
squares of deviations of the mean yield for a glven carbonate from
population mean plus a éum of squares of deviations of indivié.ual
yields .from the average yleld with that carbonate. These sums are

referred to as LHotal sum of squares; sum of squares due to.carbonates,

and error sum 9£ sguares.
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Variance components of the population are defined to be

= 1 = 2
OLB — m;%:gyaﬁ - y’ﬁ)

1 2
B(P - 1) Z(eaﬁ)
- op

- -2

Note that G:!ﬁ may be fhought_ of. as . the variance of a ﬁorrhal population
while Og is defined as ‘the sum of squares of the effects associated
with the carbonates.

With the assumed population defined, the experiment was then
visualized as & method of sampling a given number. of elements from the
population such thatup = 3 of the P elements from each of the b = 5
car'boéxates were o'bserveé.. The observed value, ’;i 39 corresponding to

h

The ith rvn with the jt carbonate was one of the _ya‘3 Ppopulation

elc_aments ‘where i corresponds to & and j corresponds to B. There were
b X p = 15 observed values randomly selected from the B x P (+ =)
assumed population values y 0B’ A sample model was defined as

Xi;j = X < (X’j - X) + (Xij -‘x‘j)
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from which the following sums of squares may be calculated.
) -2 - j - 2
), Gy -5 = 5) (e -8R e) Gy R
1dJ J ij

This ability to partition sums of squares is basic in .analysis ‘'of vari-
ance and is analogous to the problem in mechanics of finding moments of
inertia using the parallel axis theorem. The next step, and the criti-
cal one, is to relate the observed results to the assumedj popuiation
model. Tﬁe re;Lations vary with, the model. For the carbonate experi-

ment it can be shown that

X estimates ¥,
5 ? T Z (-IEJ - §)2 estimates 025 + —Z— Z Bg s
J- R
and that |
1 = 2 : 2
m‘ Z (_'xij - X.5) estimates 6055

Thése results are best sumazrized in an analysis of v_a:c'if_’ance.’ca'ble
showin_g sums of Squares, degrees of freedom, and.mean squares abtribu-
table to each of the different sources of" -variation. Mean squares are
the sum of S(iuarés divided by @egrees of freedom, where the degrees of
freedom are such that the mean square is an unbiased estimate of the
population variance component given in “the column for expected mean

squares. In general, the analysis of variance is used for testing
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hypotheses regarding the population and estimating variance components
. of the population. The most common hypothesis is that the treatment

(carbonate) effects are zero.

which is the same as the hypothesis

assuming Gg is zero, then the mean square attributable to carbonates
and mean square for error are both estimates of UZB (Table _XII). The
ratio of the two estimates of 025 is distributed as ’;F" and bounds on
the probability of any given "F" ratio may be determined from availsble
tables from whieh a decision may be made as to whether to reject or
fail to reject that og ‘is zero--p decision as to whether there is or
is not an effect due to carbonate In propertion teo ex1;:er:i.merrcé»,:!.',ex'rcu:'°
From the estimabtes of variance components, ‘the standard errors may be
estimated, of which the most useful is the standard error of a treat-
ment mean (S.E. = ‘\/‘—’gﬁ / n) vhere n is the number of cbservations
making up ’;,he me_éru .'

The differences between various experiments and the resulting
analyses of variance is due to the p'o.pula,tion model assumed. -The basgsic
processes of defining the model, partitioning the sums of squares, and
using the observed values to estimate population parameters remain the

same .
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Ind;i.vi_.aual Comlaarisons
Individual comparisoné » sueh as done for carbonates, depénd on a
furthér- partitioning of the sums of .squares .of‘ the treatments. For the
particular case of the carbonates it ean_.'be shown ‘aiige'bi'.a‘,ically that

the sum of squares attributable to carbonates

| _2 -2 2 2 2 2 o
32 (7. - ¥) ="'BZ (Bg) = 3 | By + By + B+ By + B
Lo L

2
= 20[45 +B3+Bh+f5)] [BQ+B3 Bh-ﬁs]

3 B - 3 e - g2
u[ﬁa*.ﬁh P5 -'35.] A SRR

where the q&_antities on the right represent meaningful comparisons. For

example, the qu_anjbity

| ' 2
[hBl "Byt By By + ‘35)]
is the square of the difference between the effect Bl and the avefage

of the other effects. For the observed effeets Bl’ o o ey B it is -

possiblé to show that

2
[11-]31 -t €B2 + ?Bj +Bh- -!'-.‘35 )] estimates

25 20 [h'ﬁl + (32 + 53 + By ¥ 55)]
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Thus, an assumption that

B, + B+ By, +B
2" "3RS
)+.

Br1 =

would mean that the mean 'squa.re for this comparison and ﬁea;_n sguare

for errér are both estimates of Ggﬁ and tests of the hypotﬁeses follow

exactly as before.

Fa.ctorig.l . ﬁesigns

A factoif-ial experim_ent.is essentlia.lly the same as the completely
randomized design except that the "tregtmerits" are ma,cie up of different
combina,tions_ of the levels of the factors. For example, in the experi-
ment on wetting solution there ‘were the three factors 6f' iwetting solu-
tion, carbon ratioy, and leach acid concentration with three levels of
wetting solution and two ievels of the others--a 3x 2 x 2 f’ac_torial
giving 12 ’Grea,ﬁnenfc combinations. Each treatment was replicated once
and two ba’cteries: were tested from each set. The population model

was assumed to be
’ I

= ¥4+ W, + + (WxK - + Wx L
I e K@é-l,F, g h“r?a ot -X%rx3

(X x L) + (WxKxL) + e + 8
_ o T i B 1 e R o
wher_e

€ is a random variation due to differences between sets of

batteries.
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3 is a random variation due to' differences between batteries of
the same set.
W, K; L, are the first order effects of the varisbles.

(W x K), ete. are interaction effects.

ozl=l,'2,or3

O ,='J'_or2 )
~c:l,3=lc>r2.

B‘=" 1, « o oy P

¥ '=. 1, « o oy S

Variance components are defined for each source of variation such as

A S— Z (5)° (variance associated with ©)
S  12p(s -1) .' '
ala2a3ﬁ1r

2 _ 1 \2
T nE-1) ) @
0 025P

From the experimental data estimates are made of each of the population

parameters.
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