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ABSTRACT

Manganese dioxtde compounds are preferred curing agents for Polysulphide resins used :
sealants in industry. These are required to have consistent setting characteristics and tl
investigation was initiated to characterise a number of proffered compounds of this type an

to establish criteria by which an informed choice could be made of an optimum curing age;
for a specific set of conditions.

Several different chemical and physical properties were examined and critical paramete
were established.

A compound - sodium birnessite- was identified as a significant agent in the determination ¢

curing properties.It was synthesised and its curing properties alone and in combination wit
other manganese dioxide compounds was evaluated.

In an effort to find a specific reaction which might be used to characterise manganes
dioxide curing agents it was decided to examine the classical reaction between thes
compounds and potassium chlorate. A literature search revealed major contradictions in th
reported conditions under which potassium chlorate undergoes thermal decomposition as
result of which 1t was decided to study the decomposition of potassium chlorate alone and |
the presence of manganese dioxide and other catalysts.

Durnng this investigation a hitherto unreported high temperature structural change |
potassium chlorate at 341° C was identified. The existence of this reversible change w:

confirmed by Powder Diffraction X-Ray analysis and an orthorhombic (near tetragonal)
more open structure was assigned to it.

It 1s suggested that the rapid decomposition of potassium chlorate in the sohd state
presence of catalysts 1s related to this change to a more open structure.
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CHAPTER 1

INTRODUCTION

Polysuide sealants are widely used in the Building, Engineering, Double Glazing and
Aeronautical and Space Industries. The sealant is required to have stable setting time

charactenstics i.e. pot life, work life, tack-free time and cure time controlled within

narrow limits which will vary with the particular application.

Complex " recipes" have been developed in which curing agents are mixed with the basic
Polysulphide resin in the presence of plasticisers, accelerators and retarders to achieve
the desired result for a particular application. There is also a division between "one-part”
and " two- part"products the reaction in the latter only commencing on mixing the
components prior to application. According to the nature of the polysulphide, curing
agents are oxygen-donating matenials and the overall pH of the system is the controlling

factor. Acidic matenals retard, and alkalies accelerate the curing reaction.

Manganese (IV) dioxide is the preferred curing agent for a number of two-part sealing
agents which are required to have a working life of 1 to 3 hours followed by a tack-free

time of several days after which contact may be made with the sealant without damage.

This investigation was undertaken in order to characterise a range of so-called
Manganese Dioxide samples, many of which are offered as curing agents in the
formulation of Polysulphide Sealants. These samples possess widely differing curing
properties and often the same offered material behaves differently under what seem to be
identical conditions. It has been reported that curing agent success rate can be as low as

50% in apparently situations . In some cases users make their own empirical additions to

achieve a desired result! .
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The aims of the present research were to find a rationale for the behaviour of manganese
dioxides, to characterise the differences between commercial curing agent grﬁdes and
the electrolytic and oxidising grades and to establish criteria by which an informed
choice could be made of an optimum curing agent for a specific purpose.To achieve this,
twenty-eight samples of " Manganese Dioxide" were obtained from various
sources.These included natural ore, Battery grades, Oxidising grades and a number of
activated products specifically offered as curing agents for polysulphide sealants.
Chemically pure (99.999%) MnO, was included in the range to establish a datum. The
compounds were submitted to a comprehensive range of tests including chemical
analysis, particle size analysis, rate of curing of a standard polysulphide, and

thermographic analysis. The detailed description of these tests is given in Chapter 2.

What became clear was that few of the so-called manganese dioxide curing agents were
in fact manganese dioxide. The majority of these samples consisted of MnQO, in
combination with the alkali oxides’ Na,O, K; O or Li,O and water in various
proportions. A compound - Synthetic Sodium Birnessite - was identified as a possible
significant agent in the determination of curing properties and was synthesised and

evaluated during this research. The results of this evaluation are recorded in Chapter 5.

In an effort to find an additional parameter by which to characterise these samples, it
was decided to used the classical catalytic effect of manganese dioxide on the thermal
decomposition of potassium chlorate to identify any differences between the samples.
The thermal decomposition of potassium chlorate involves the evolution of oxygen and

has been extensively reported in the literature*. The results reported however contained

contradictions of such magnitude that it became necessary to study the temperature

* bibliography Chapter 3
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products and rate of decomposition of potassium chlorate alone and in the presence of
manganese dioxide and other catalysts. The experimental results which include the

report of the discovery of a structural change in potassium chlorate are recorded in

Chapters 3 & 4 respectively.

The significance of the structural change on the thermal decomposition of pure
potassium chlorate 1s discussed in Chapter 3 and its effect on the reactions of potassium
chlorate with transition metal species including manganese dioxide and other metal salts

and oxides 1s discussed in Chapter 4.




CHAPTER 2

CHARACTERISATION CATALYTIC & CURING PROPERTIES OF

MANGANESE DIOXIDE

2.0 GENERAL OUTLINE OF OBJECTIVES

Although manganese dioxide is used extensively as a curing agent for polysulphide
sealants it 1s known' that not all commercial or laboratory samples function effectively as
curing agents. This field is dominated in Europe by one particular manganese dioxide
product which itself is often modified by some users to achieve satisfactory results. In
general there seems to be no good reason why a particular product produces a good

curing result on one occasion and an indifferent result in an apparently identical mix at

another time.

The first task in the present study was therefore to characterise a range of manganese
dioxide products by submitting them to a number of chemical and physical tests to

determine which test result in a set of test results would provide the best assessment of

potential curing ability. These experiments included comparative curing tests under

L)
e

standard empirical conditions to define those characteristics which give "good" curing

properties.

2.1 CHEMISTRY OF MANGANESE & MANGANESE DIOXIDE

Manganese (Mn) is a metallic element and is one of the first row transition transition
metals of Group VIII of the Periodic Table. Its Atomic Number is 25 and its Atomic
Weight 1s 54.938. TheElectronic Configuration 1s 3d’ 45’ beyond the Argon core.
Manganese forms compounds in a number of different oxidation states wviz:- 0 2+ 3+

4+ 6+ 7+ . The stability of the different states ts shown in Fig. 2 - 1.
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Fig. 2-1 Oxidation state/free energy ( - AG/F = 7E, V) diagram for

manganese after Mackay and Mackay®

The most obvious features of Mn chemistry in Fig. 2-1 are (1) the high stability of the
high-spin Mn> cation which arises from the stability of the d°* electronic configuration
and (2) the strong oxidising properties that must be associated with Manganese VII+
V1I+ compounds.

Manganese is known to form oxides in the II+ (MnO) I+ (Mn:0s ) IV+ (MnO): ) and
V(Mn:0- ) oxidation states .The oxide of particular interest in the present work is the
MnlV oxide (MnQ: ). Although not the most stable oxide of manganese, it 1s by far the
most important commercially. It decomposes to Mn: Os at high temperatures and 1s
reduced to Mn* in hot concentrated sulphuric and hydrochloric acid. The structural '
history of manganese dioxide is complicated and confused due to the fact that
non-stochiometry is prevalent and that it is easily hydrated to give a material which acts
as a cation exchanger. The only stochiometric form is that named # -MnQO: which has the

rutile structure and which is the mineral Pyrolusite. Even in the rutile form however, a
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range of stochiometries from MnQO.s to MnO:« has been reported. Manganese Dioxide

1s known to exist 1n several different forms and Gattow & Glemser ® have tabulated the

principal modifications as follows:-

Type Lattice Structure Mineral
Tetragonal-monoclinic Cryptomelane
Tetragonal Pyrolusite Polianite
Hexagonal Tetragonal Nsutite and other minerals
Hexagonal Tetragonal Birnessite

Ramsdellite MnO, Rhombic Ramsdellite

They also report the existence of 7-MnQO: and ,-MnQ, and describe two 8- , three -7- |
two J- | three »- , and two e- sub groups. All of these modifications of MnQO: convert
into «-Mn. O: at temperatures above 450° C . Fig. 2-2 is reproduced from their paper

(p142) and illustrates diagrammatically the X-Ray patterns of the types of manganese

dioxide that they described.

Details of the properties reported for the principal modifications are as tfollows:-

___a-MnQ: The material called «- manganese dioxide is a naturally occurring mineral

-Cryptomelane and can be synthesised © by the action of manganese (II) sulphate
dissolved in acetic acid on potassium permanganate. It is clear that this matenal 1s not a
pure manganese dioxide and that it always contains potassium or ammonium ions and
that it 1s better described as a potassium or ammonium manganate(IV). Gattow and

Glemser @ for example reported in 1961 that « with confidence there has as yet been no
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preparation of pure alpha-manganese dioxide. It must always contain either K* or NH;*
ions “ In the reaction described above McKenzie® for example obtained a product
contaming 2.2% K. According to this author there is an upper limit to the K content of
about 7% above which the product is »-MnO: and a lower limit of between 0.25% and
2.2% K . The same author quotes a general formula - K:,Mns: O suggested by
Bystrom & Bystrom’ in which O may be replaced by OH and Mn by lower valence 101S;
y is always approximately unity and z is always small so that this formula gives a K
content of about 5.3%. A tetragonal compound K: Mn: O has been reported®® which
has an identical calculated X-Ray pattern to that of alpha- manganese dioxide and which
1s presumably at the upper range of the general formula given above. There is no
information on the extent to which O> may be replaced by OH- in either the natural or
the synthethised products and therefore the extent to which the water content (if any) is
combined or physisorbed. This mineral exists in both Tetragonal and Monoclinic forms
and there are at least five different sets of X-Ray data recorded for this Cryptomelane
and its analogue Hollandite in which potassium is partially replaced by barium. These

data are shown in Table 2F and serve to show the complications that exist in the

so-called <-manganese dioxide phase.

_ﬁ- MnQ: The natural form of f-manganese dioxide i1s Pyrolusite ( and the probably

identical Polianite)” . The synthetic material is prepared® by gentle heating of
manganese(Il) nitrate. It has been produced to a high degree of purity with consistent
and reproducible analyses and X-Ray Diffraction patterns. A-MnQ: is tetragonal and
crystallises in the Rutile phase.(see Fig. 2-3) Nothing has been found in the literature to

suggest that /~-manganese dioxide contains any combined water. The synthetic product
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has a Mn/O ratio between MnO:» and MnO.s» and samples of natural Pyrolusite have

been reported with ratios between MnO:ws: and MnO1ee ©

A-MnOQ: 1s also reported® to result from heating - 6- 7- and <- manganese dioxides to

350/400°C

—7=MnQ-. This comprises a range of non-stochiometric dioxides the naturally occurring
varieties of which have been named “nsutite” after the abundant deposits at Nsuta,
Ghana. The synthesis of the material was reported by Bricker® who also quoted Dubois
“? ,Glemser® ,and Gattow and Glemser® .The latter proposes the treatment of a
solution of Mn(NO ; ). .4H: O in Nitric acid with a solution of KIMnO. at 20 - 40° C .
The precipitate is dried at 60° C. Other methods are described. Evén though their

composition varied from MnO.» to MnO:ws the products all gave identical X-ray

Diffraction patterns with a monoclinic structure. Bricker prepared two 7-MnQO:
products which had oxidation grades of MnO.«, and MnQO.s respectively .No differences

were observed in the X-Ray structures of the two products. He suggested the following

general formula for ) - manganese dioxide:- Mn,.x Mn, Oz (OH)» indicating a range

of combined water content.
This modification appears to be the principal constituent of battery grade manganese

dioxide, in which an average water content of 4.7% has been found in an analysis of 22

samples®?

~ 5- MnO: This comprises the range of non-stochiometric compounds under the generic
name ‘“Birnessite”. In general they are associated with water and they have a layered

structure. These compounds are dealt with in detail in Chapter 6.

_e - MnQO: This phase 1s described by Gattow & Glemser ® and was prepared by them
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by heating a solution of Mn(NO: ): in a sealed vessel at 150° C for 12 hours. The

X-Ray Diffraction pattern is significantly different from the other MnO: phases. It is

converted to A-MnO: ® when it is heated to 350/400°C and to «-Mn: Os at 500° C -

-manganese dioxide contains 4.4% water which is evolved at 120° C. No structure has

been reported and there is also no report of any natural occurrence of this phase.

Ramsdellite This is a naturally-occurring mineral first reported®” from New Mexico by

Ramsdell. It has an Orthorhombic structure and an Mn/O ratio of 1.973® It evolves
water on heating to about 120° C but no quantitative data could be found. Eérlier papers
report the failure of efforts to produce this modification synthetically. However, a recent
report’® by Roussouw et al gives detailed X-Ray Powder diffraction data for synthetic

ramsdellite which they prepared by the reaction of LiMn, O, or Li,Mn,Q, with sulphuric

acid at 95° C for 24 hours.

Table 2E sets out the X-Ray Powder diffraction data on the phases of MnO: listed

above.

2.2 MANGANESE DIOXIDE AS A CURING AGENT FOR POLYSULPHIDE

RESINS
According to the manufacturers of the synthetic resin, the mechanism of cunng i1s
expressed by the following reaction:-

2 -RSH + 0O:  -—--- > R-S-S-R + H20
where -SH i1s a mercaptan terminal and R 1s a long chain bis-(ethylene oxy) methane
polymer. The oxidation thus converts the mercaptan terminals to disulphide bonds
forming a high molecular weight polymer. When manganese dioxide is the source of

oxygen the reaction is expressed as:-




2 -RSH + WMnO.

However, in view of the observation that different samples of manganese dioxide behave

This subject is dealt with in detail in Chapter 4. Early reports® refer to the fact that
manganese dioxide , although chemically the same after it has taken part in the
decomposition of potassium chlorate, has apparently undergone physical transformation
and the residue i1s much finer than the original . This may indicate that in catalysing the
decomposition of the potassium chlorate i1t has itself undergone a series of changes
culminating 1n the restoration of the original compound. What is not clear is whether the
various forms of manganese dioxide behave in the same way 1n the reaction and whether

the end product exists in the same allotropic form as the starting matenal.

2.3 CHARACTERISATION OF MANGANESE DIOXIDE-CONTAINING PHASES

AS CURING AGENTS AND CATALYSTS As part of the present work, a study was
carried out on the characterisation of material loosely described as manganese dioxide.

The samples used in the study are listed in section 2.3.1 and the methods of

characterisation in section 2.3.2.

2.3.1 SAMPLES INVESTIGATED The following samples were characterised in the

early stages of the investigation:-




SAMPLE

1

2

10

11

12

13

14

15

16

17

19

2-9

SUPPLIER SUPPLIER'S DESCRIPTION

SEDEMA Battery Grade

SEDEMA Battery Grade

SEDEMA New product for Lithium-Manganese rechargeable

battery systems said to contain Li

SHEPHERD Samples 1 or 2 modified to activate curing properties

SHEPHERD Duplicate of 4

SHEPHERD Similar to 4 & 5 but with high moisture to minimise
effect of exothermic curing reaction
SHEPHERD Samples 1 & 2 modified
SEDEMA Oxidation Grade for Organics
SEDEMA Batteries and Oxidation Grade
TWINSTAR Natural Ore
RIEDEL-HAHN Principal Catalytic Curing Agent (HOECHST) used
throughout Europe.
RIEDEL-HAHN As for 11
unnamed Good quality electrolytic grade used as a dry cell polanser.

TWINSTAR Sample 10 ground to -8«

CARUS - Activated MnO2 Curing Agent
JOHNSON-MATTHEY Reagent Grade 99.999% pure MnO:
SHEPHERD Sample 4/5 sized - oversize

SHEPHERD Sample 4/5 sized - undersize

EAGLE PICHER  Type I Active MnO,  Curing Agent for the

Aerospace Industry




20

21

22

24

25

26

27

28

29

2-10
EAGLE PICHER T'ype Il Active MnO: Curing Agent-

Building& Double-Glazing

EAGLE PICHER T'ype III Synthetic MnO: Oxidising Agent
CHINESE Electrolytic MnQO-
SEDEMA Experimental Curing Agent

SEDEMA/TWINSTAR  Sample 24 sized - fines

SEDEMA/TWINSTAR

Sample 24 sized - middlings
SEDEMA/TWINSTAR  Sample 24 sized - oversize
INDIAN SAMPLE OF CURING AGENT

CHEMATALS U.S.A.  Experimental curing agent

The purpose of the first stage of the characterisation was to seek common factors and

common properties which determine the effectiveness of a particular sample or group of

samples as a curing agent and establish whether a relationship exists between these

characteristics and the effectiveness of a sample or group of samples as a catalyst. For

this purpose the catalytic decomposition of potassium chlorate when it 1s heated with

manganese dioxide was considered to be a suitable characterisation reaction for study.

2.3.2 METHODS OF CHARACTERISATION OF MANGANESE DIOXIDE

The following test methods were used in the first stage of the study of manganese

dioxides-containing phases:-

1 Particle size analysis

2 Residue on 45u test sieve

3 Specific Surface Area

4 pH of water suspension

5 Moisture content at 120 deg C
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6 Mn(IV) content

7/ Thermographic analysis to derive total weight loss to 600 deg
8 Cation impurities by XRF
9 Metal impurities by ICP - AES

10 Structure characterisation of selected samples by powder XRD

11 Electron microscopy

12 Aggregation levels by ultrasonic treatment

13 Cuning of Polysulphide Resin

14 Catalytic performance with Potassium Chlorate using thermographic analysis. This

work 1s described in Chapters 3 and 4.

Details of the test methodology are given in section 2.3.3 Methods 1 to 12 were applied
to the first 9 samples tested. Those methods which did not contribute significantly to the

characterisation were not used on subsequent samples.

2.3.3 CHARACTERISATION TESTS - METHODOLOGIES

a. Particle Size Analysis Samples were sized on a Malvern Instrument Zetasizer 3

particle size analyser after dispersion with a surfactant solution. Results are tabulated 1n

Table 2A

b. Residue on 45u Test Sieve Weighed samples were washed through a 45u standard

test sieve and the residue was dried at 120 deg.C weighed and examined visually at 66x
magnification. Except for the natural ore the residue of which consisted of discrete
mineral particles, the residues consisted almost entirely of aggregates which broke up on

further attrition. Results tabulated in Table 2A, were therefore inconclusive.
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c. Specific Surface Area (SSA) These results were obtained using Single Point BET

surface area by nitrogen absorption. Results are tabulated in Table 2A

d. Alkalinity. pH was measured on a dispersion of a 1 g sample in 10ml of freshly

prepared de-lonised water. Results are shown in Table 2A

e. Water content . This was determined in the course of Thermographic analysis (see par.

2.3.3 g and 3.3.2) for total weight loss. ( By itself this method does not distinguish

between physisorbed water and combined water and, if required, differentiation must be

achieved by other means.) Total weight loss is reported in Table 2A and the weight loss

profile over the temperature range is detailed in Table 2D.

f. Mn(IV) content. This was determined by a volumetric back titration method using a

KMnO, solution on samples dissolved in standard sodium oxalate solution. The results

are shown in Table 2A.

g Total Weight Loss including loss of water from all sources and oxygen arising from

the change of state of the manganese dioxide was determined thermographically (see

2.3.5). Samples were heated to a maximum of about 640 deg. C and the results are

reported in Tables 2A and 2D. The method is described fully in Chapter 3.

h. Cation impurities were determined by XRF standard procedures using a Link XR300

Spectrometer. The data were judged to be of little value and the test was discontinued

after 9 samples were examined. The results are shown in Table 2B.
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1. Cation_impurities were also determined by standard atomic spectroscopy methods

using a Perkins-Elmer Plasma 40 Emission Spectrometer for Li, Na, K, Ca,Mg, Ti, Pb,

and Cu. Atomic Absorption Spectroscopy was used to determine Cobalt. The results are

shown in Table 2C.

J. Speciation Standard XRD procedures were adopted using a Philips Diffractometer

with CuK alpha radiation available in the department. An internal Silicon standard was

used . In view of the importance of this test selected samples were then sent to an

outside laboratory and these results are shown in Table 2G.

k. Electron Microscopy. Electron micrographs were obtained on selected samples on a
JEOL 840A Electron Microscope at magnifications of 300x and 3000x . No material

deductions could be made and no further work was done.

|. Aggregation Samples were sonicated for 5 minutes in a 0.1% detergent solution prior

to microscopic examination. No significant information was obtained.

m. Curing of Polysulphide Resin. In commercial practice when manganese dioxide 1s

used as a curing agent in two-part systems it is mixed with accelerators, retarders and
fillers. The mixture is processed mechanically in three roll dispersion mulls or similar
equipment to achieve maximum uniformity, fineness of grind and reduction of occluded
air. The number of variables inherent in such a procedure,the time required for each test
and the need for equipment which was not immediately available all contnbuted to the
desirability of developing a simple empincal standardised test to make comparative
assessments of curing efficacy. By restricting the test to the reaction between the

oxiding agent and the polymer the complicating effects of accelerators, retarders etc.
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would be avoided and the test would show the actual curing effect of the particular
manganese oxide sample being assessed. It was further decided to limit the test to
representative samples of the various manganese dioxide product groups.

After numerous trials the following standard procedure was adopted:-

150/180g of the polysulphide 1s weighed into a disposable plastic cup. The cup is placed
In a temperature-controlled water bath at 23/25° C located in a fume cupboard for safety
and to maintain reasonably constant ambient conditions.The contents are stirred with a
speed controlled glass spatulate bladed electric stirrer at constant speed for 5/10 minutes.
7.5% by weight of the candidate curing agent is added to the polymer and sturring 1s
continued for precisely 10 minutes. A sample of about 20g is withdrawn into a suitable
plastic boat for subsequent hardness determination. The stirrer 1s replaced by the HA7
spindle of a Brookfield Dial Reading Viscometer and the viscosity of the blend 1is
monitored with respect to time until a practical limit of 12000/14000 poise is reached.
The hardness of the retained 20g sample is monitored over a period of 2/4 weeks using a
hand held Shore A hardness meter. Discussions with users ana reference to trade

literature indicated that a satisfactorily cured two-part sealant should have the following

viscosity and hardness attributes:

Pot life: during which the mixture is capable of being transferred to the site - 20 to 40

minutes by which time the viscosity will be 100/1200 poises.

Work Life: the period during which the curing mixture 1s capable of being re-worked on

site after being applied to a substrate - minimum 1 to 2 hours and maximum 4/5 hours by

which time viscosity will have reached a value of 12000/ 14000 poises.

Tack-free time: at which the applied sealant is sufficiently robust to withstand damage by

contact or handling. - 1 to 2 days.
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Cure Time: empirically defined as the end point at which the desired hardness and tensile

strength 1s achieved - 1/2 weeks and Shore A hardness of 30 to 40

Using this test and the criteria set out above a number of samples were evaluated and
thereafter mixtures of different proportions of commercially promusing samples were
examined. It became clear that a prime objective was to secure by blending with slower

agents a “slowing down" of the very effective but rapid curing agents to comply with the

cniteria . The results are shown in Tables 2H 2J 2K and illustrated in Figs. 2-3 & 2-4.

n. Catalytic Performance. Preliminary results obtained v:fhen using the manganese
dioxide/potassium chlorate reaction as a means of characterising the catalytic properties
of MnQO, were sufficiently encouraging to suggest that a more detailled study was
required both of potassium chlorate decomposition and of the effect of manganese

dioxide catalysis on that reaction. The results of these studies are given in Chaps 3 & 4.

2.4 RESULTS

The results of all the characterisation tests are given in Tables 2A through to 2K.

2.5 DISCUSSION OF RESULTS

The results of the following tests either showed no discernible relationship between test

parameters and curing properties or were incapable of interpretation at this stage:-
Particle size

Residue on 45u

Specific Surtace Area

Electron Microscopy

Aggregation Levels
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The remaining tests were carried out on all samples except where there was duplication

of samples or suppliers data were made available

Inspection of the data in Tables 2A 2C and 2D showed differences in properties

between samples with relatively low alkali content ( < 1% total alkali oxides) and- those

with higher alkali content. The former group includes the natural ore, pure manganese

dioxide, and most of the oxides manufactured for battery electrolytic and oxidising agent

applications; the "high" alkali group were all supplied as curing agents ( with the

exception of sample 3 described as a component of a rechargeable battery system and

sample 21 said to be an oxidising agent).

The thermal decomposition profiles in Table 2D show ‘water and total weight loss of the
low alkali group as distinctly different from those of the high alkali group there being
substantial weight loss at temperatures below 400° C for the high alkali group. This
weight loss combined with the relatively lower MnQO, content of this group suggests a
high content of combined water. Fig. 2-5 illustrates the comparative weight loss during
heating in three samples with nil ,Jow and high alkal contents .

The groups are also differentiated by pH. The high alkah samples have pH values
between 9 and 12 (again with the exception of samples 3 and 21 with values of 4.7 and

4.6 respectively) and the low alkali group having pH values between 4.4 and 6.3. The

high pH samples are, without exception, curing agents.
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oo by
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E Sample 16
lél Sample 3
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& Sample 12
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o 4
LLJ
o

400 450
TEMPERATURE IN DEG.C

Sample 16 nil total alkalies
Sample 3 3.1% total alkalies

Sample 12  7.5% total alkalies

When the curing properties of selected samples are examined (see Table 2H) the
distinction between the low and high alkali types becomes clearer. Samples 12 20 and 24
all achieve tackfree endpoints within an acceptable, albeit different, time frame whereas

the low alkali samples 14 and 16 are still not tack-free after 3 months. Sample 14 does

not even achieve a satisfactory work life endpoint until some 160 hours have elapsed

while the pure ﬁ-MnOz - Sample 16 - achieves a viscosity of 12000 poises (the endpoint

of its work life) after 160 minutes but remains tacky even after 3 months indicating that
full curing has not been effected. This lack of complete curing when pure manganese
dioxide is used confirms the comment made in par. 2.2 that the provision of oxygen to
convert mercaptans to disulphides is probably an oversimplification of the explanation of

the total curing process. This complexity is confirmed in a paper'’ by Coates et al and in
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a private discussion with Dr.Coates (who is on the staff of one of the manufacturers of

the polysulphide resins).

X-Ray Powder Diffraction analyses of a number of selected samples. (Table 2G )

the Rutile 5-MnO. phase (pyrolusite); Samples 20 and 24 also show the presence of
Sodium Birnessite with, in the case of 20 , Potassium Bir;lessite and possibly Lithium
Birnessite. Both contain pyrolusite. On the other hand samples with poor curing
properties e.g. Sample 16 which 1s chemically pure Manganese Dioxide -is shown to
consist entirely of s-manganese dioxide and Sample 14 - the natural ore - contains

Pyrolusite as well as a small quantity of Sodium Birnessite. The Sodium Birnessite in the
ore is a natural product and in contrast to the freshly prepared precipitated synthetic

product must have its cation exchange capacity fully saturated. In samples 11 12 and 20

the Sodium Birnessite is synthetic and differs from the Sodium Birnessite in the ore in -

that it has a high cation exchange capacity. This ion exchange capacity may be a

significant factor in curing ability. The general type difference between the curing agents

and, in particular, samples 14 and 16 is clearly shown by the X-Ray Powder Diffraction

diagrams attached as Appendix 2.

The results of the characterisation of the manganese dioxide-containing phases suggest

that the active curing agent (s) are the hydrated alkali compounds of /A — Manganese

Dioxide and, in particular, Synthetic Sodium or Potassium Birnessite with high active

cation exchange capacity and high pH values .The final cure 1.e. the disappearance of
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tackiness and the development of an acceptable level of hardness appears to be

related to the pH and total alkali content. In contrast those phases with indifferent

curing properties consist substantially of ﬂ- or other phases of manganese dioxides with
or without combined water, with lower or nil alkali content but, in all cases studied, with

acid pH values. This interpretation is supported by the assertion of the manufacturers of

the polysulphide that “ the overall pH of the system is a controlling factor (in the curing

process) 1n that acid materials retard the cure and alkali materials accelerate the cure”
The question that then arises is whether mixtures of the inactive sample 14 with the

active sample 12 or 24 and more specifically with synthetic Sodium Birnessite should be
satisfactory curing agents with moderated curing times. This has been confirmed with a
series of experiments ( Tabies 2H 2] 2K and 5D) the results of which confirm the
hypothesis and demonstrate that rapid reaction curing agents such as 12 or Sodium
Birnessite itself can be modulated in a controlled way by the addition of natural ore.

The synthesis of the Sodium Birnessite used in these experiments and further discussion

of its curing properties and their modulation with natural ore 1s described in Chapter 5.

It is concluded that effective manganese dioxide curing agents may be characterised as
layered hydrated alkali manganese dioxides with high pH of the birnessite type
(delta-manganese dioxide) with unsatisfied cation exchange capacity and that their curing
rate may be modified by the inclusion of less active or inactive manganese dioxides with

acid pH either with satisfied cation exchange capacity ( e.g.natural birnessite) or with no

cation exchange capacity (e.g.pyrolusite).
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TABLE 2A

MANGANESE DIOXIDE SAMPLES PHYSICAL AMD PRINCIPAL CHEMICAL RESULTS

L.O.W. L.O.W. L.O.W.
THEOR. EXPTL MOISTURE HIGHM "EMP TOTAL
PARTICLE RESIDUE MN (IV) MN02  LOSS OF TOTAL +LOW TEMP WA SR + WATER +
SAMPLE ~ SIZE +45u SSA pH % % WEIGHT LOSS OF COMBINED EXPTL  EXPTL
NUMBER ne X (02)  WEIGHT WATER @  LOSS LCsS
{20deg C
1 243 5.6 79.5 4.4 57. 1 90, 4 8.3 12.0 1.8 1.9 3.7
2 195 18.3 77.5 4.4 9.8 94.8 8.7 12.0 2.2 1.1 3.3
3 210 8.3 31.0 4.7 58. 4 92,4 8.5 11.4 1.0 1.9 2.9
4 295 0.1 67.8 9.3 54.7  86.8 8.0 14.0 1.9 4.1 8.0
5 253 0.1 78.8 9.4 55, 1 87.2 8.0 12.0 2.0 2.0 4.0
8 224 0.0 81.5 9.2 55,5 87.8 8.1 12.3 2.2 2.0 4.2
. 204 0.1 79.9 8.8 55.8 88.3 8.1 12. 1 2.4 1.6 4.0
8 156 13.9 91.3 4.3 57.3 90. 7 8.3 12.0 1.1 2.8 3.7
9 180 17.6 81.6 4.0 56,7 89.7 8.3 12.6 2.3 2.0 4.3
10 820 0.8 2.9 5.1 57.9 91.6 8.4 8.5 0.0 0.1 0.1
11 480 0.0 18.9 8.5 49.4 78.2 7.2 11.5 0.8 3.5 4.3
12 755 0.1 20.5 9.2 49,2 77.9 7.2 12.9 1.8 3.8 5.7
13 268 32.5 30.0 5.8 57.6 91.2 8.4 12.2 0.8 3.0 3.8
14 ND ND 3.7 6.3 55, 1 87.2 8.0 9.2 0.0 1.2 1.2
15 491 NO 104.5 4.6 43.7 89.2 6.4 13.0 2.7 3.9 8.8
18 MND ND 35.9 42 63,2 100.0 9.2 10.0 0.3 0.5 0.8
17 331 ND 72.3 ND ND ND - 13.9 1.7 ND ND
18 267 ND 69. 4 ND ND D 17.0 1.5 ND HD
19 592 ND 117.7 10/12 46.9 74.2 6.8 10.7 3.5 0.4 3.9
20 524 ND 30.9  8/11 45.0 71.2 6.6 10.3 1.0 2.7 3.7
2 287 'ND 143.6 4/8 46.3 73.3 8.7 18.0 6.0 5.3 11.3
22 ND ND  "31.6 5.7 ND ND 12.7 1.8 ND 1.8
24 292 ND 27.7 11.2 51,2 81.0 7.5 14.0 1.6 4.9 8.5
25 (24u ND 24.5 10. 3 50.0 79. 1 7.3 18.5 6.4 4.8 11.2
26 <39u ND 25.9 10.5 49.8 78.8 7.3 17.6 6.4 3.8 10.3
27 (77u ND 24.6 10. 3 50.0 79. 1 7.3 18.2 4.5 ‘.4 8.9
28 ND ND 43.9 89.5 6.4  18.2 4.8 7.2 11.8
29 ND ND 50. 79.3 7.3 15. 1 0. 1 7.7 7.8
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TABLE 2B

XRr DETERMINATION OF CATIONS PRESENT

W ~3O N WioH

Note: Values shown are relative heights of major peaks and have
no other gquantitative significance.
SAMPLE Al K Ca Ti Cu
0 2.2 0 3.5 2.9 i.0
0.4 0.7 2.1 1.9 J.2 0.5
0.6 1.4 3.8 2.3 2.4 0.4
0.2 0.6 1.7 3.8 2.6 1.8
0.3 1.2 1.8 5.5 2.7 0.9
0.5 1.5 1.7 3.0 2.7 0.8
0.7 2.2 2.2 4.0 10.8 2.1
0.8 2.2 2.9 3.6 2.4 0.5
0.6 1.8 2.9 4.2 3.4 0.7
The test was of very limited value and no further samples were

submitted to it.

TABLE 2C

MANGANESE DIJOXIDE SAMPLES -

SAMPLE LiZ20

1*
2%

OO -JOM W
*

gx
10
11%
12%
13
14
15
16%
17
18
19
20
21
22
24%*
25
26
27

Ve

Naz20

%

0.1

0.16
1.19
1.71
2.52
1.93
1.25
0.13
0.16
0.03
7.46
7.38
0.28
0.11
0.36

tr

1.81
1.98
3J.65
4.10
0.58
0.04
8.56

K20
%

0.05
nd
1.92
nd
0.10
nd
nd
0.06
nd
0.17
0.11
0.13
0.05
0.69
4.29
nd
0.10
0.12
3.65
0.58
2 .32
0.04
0.04

CalQ

%

0.0

6

ANIONS PRESENT

MgO

»

0.07
nd
nd
nd

0.03
nd
nd

0.01
nd

0.39

0.58

0.58

0.02
nd
nd
tr
nd
nd
nd
nd

T1
PPl

nd
nd
5
nd
5
nd
nd
nd
nd
Q7
164
172
84
80
nd
nil
1
12
124
644
20
114
nd

Cu
ppm

15
nd
17
nd
nd

nd
1600
1422
1276

1450

Co

pph

6
5
5
nd
nd
nd

nd
98
64
60

110
nd
nil
12

12
62
12
<5
12

Pb
Ppm

1
2
50
nd
nd

nd

nd
674

1241
1544

1662
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+ABLE 2D
THERMAL ANALYTICAL DATA FOR ALL SAMFLES

PRCFILE OF CUMULATIVE PERCENTAGE LOSS OF .EIGHT AGAINST TEMPERATURE

IAMPLE CNSET T E M P E R A T U R E in ¢og. C ACTUAL
MUMBER OF LOSS 120 200 300 400 500 550 §00 625 650 EMD PT
OF WT. OF LCSS
deg.C P E R C E N T A G E L 0 8 8 0O F W E I G H T OF WT.
1 37 1.8 3.0 3.8 4.6 6.2 9.0 12.0 575
2 35 2.0 3.4 4.4 5.3 6.9 12.7 546
2 49 2.5 3.5 4.5 5.7 g, 4 11.3 527
3 . 1.0 2.0 3.2 4.2 7.2 11.8 525
3 88 0.7 1.4 2.0 3.0 3.4 4.5 11.0 584
3 r.t. 1.2 2.1 2.8 3.4 4.1 5.0 11.5 557
‘4 32 1.9 2.9 3.8 5.2 9.0 11.2 14.0 614
5 58 2.0 3.3 4.1 5.1 8.7 9.0 12.0 541
8 r.t. 2.2 3.2 4.3 5.5 8.8 9.0 12.3 837
7 28 2.4 3.8 4.5 5.8 7.0 9.2 12. 1 511
8 61 1.1 2.1 3.2 4.3 5.8 8.8 12.0 531
9 32 2.3 3.5 4.6 5.8 7.8 9.8 12.6 £73
10 458 0.0 0.0 0.0 0.0 0.2 0.5 1.1 7.2 8.5 650
10 584 0.0 0.0 0.0 0.0 0.0 6.0 0.6 3.4 8.0 657
10 293 0.0 0.0 0.1 0.9 1.1 1.9 4.0 7.3 3.0 845
11 110 0.4 2.0 4.1 5.9 8.0 8.6 3.3 12.0 854
11 95 1.2 2.0 3.9 5.2 7.8 8.2 3.3 11.0 - 853
12 80 1.4 2.8 4.0 6.0 8.0 8.3 9.4 11.0 854
12 83 2.4 7.5 8.8 10.0 12.2 12.9 13.9 14,8 837
12 91 1.8 5.0 8.4 8.0 9.9 10.2 11.2 12.8 B4S
13 51 0.8 1.7 3.2 5.0 7.2 11.0 12.2 852
14 428 0.0 0.0 0.0 0.0 0.4 1.0 2.7 8.7 9,2 634
15 30 2.9 ‘5.4 8.0 5.9 10.5 13.0 550
15 64 2.5 4.2 8.6 10.0 11.0 14.0 550
16 143 0.0 0.5 0.7 1.1 3.7 '10.0 530
16 70 0.5 0.8 1.1 1.6 3.9 10. 6 540
18 80 0.4 0.7 1.0 1.5 3.0 10.0 580
17 37 1.7 2.5 3.6 5.0 8.3 10.8 13.3 832
18 45 1.5 2.8 4.0 8.2 10.0 13.0 17.0 8186
19 r.t. 4.5 8.5 7.7 8.4 9.2 9.7 10.0 10.7 830
20 87 1.0 3.5 4.5 5.4 8.6 7.4 B.7 10.0 628
20 30 1.1 3.5 4.7 5.7 7.2 8.1 9.6 0.5 630
29 25 6.0 9.9 12.2 13.7 15.3 17.5 18.0 §00
22 r.t. 1.6 2.8 ‘.3 5.6 8.8 11.5 12.7 580
24 75 1.8 7.0 8.6 10.2 11.7 12.5 13.0 14.0 647
25 35 8.4 11.5 13.3 15.0 16. 4 17. 1 18.0 18.5 832
26 r.t 8.4 10. 8 12.1 14.0 15.3 16.9 18.9 17.68 B42
27 r.t. 4.5 8.7 10.2 12.2 13.7 14,4 15. 4 16.2 B45
28 51 4.0 10.9 13.3 14.8 16.3 17. 1 17.8 18.0 18.2 621
29 63 0.1 5.0 8.3 8.0 9.8 12.1 14.6 15.0 15.1 637



alpha-MnoO2
CRYPTOMELANE
SYNTHETIC
42-1345%
MAIN dA

6.94
.89

3.09

.44

Z.38

e.13
2.14

1.92

1,82

1.63

14
14

61

25

100

19
81

19

90

33

POWDER DIFFRACTION X-RAY DATA

beta-MnoO2
PYROLUSITE
SYNTHETIC
24-0735

[/lo MAIN dA

J.34

2.41

2.20

2.11

1.97

1.62

1.56

1.44

1.39

1,31

1.31

1.20

1.06
1.00

ON THE DIFFERENT FORMS OF MANCANESE

67

11

22

100

2T

16
17

45
45

11

gdamma-Mn02
NSUTITE
MINERAL SAMPLE
17-0510

[/Io MAIN da

4.00

2.58

2.42

2.28

2.21
2.13

2.07

1.90

1.64

1.60

1.48
1.43

1.37
1.34

1.30
1.26
1.21
1.17

TABLE 2E

delta-Mn02

SYNTHETIC
18-802

I/Io MAIN da

39b

13b

44

49b

35

12b

100

46b

28b
16

48b
15b

25b

16

7.20

.75

Z.44

2,12

1.67

1.42

1I27
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DIOXIDEtexcludine values of 1/1o0 <5

eta-Mn02

BEANSDELLITE
SYNTHETIC SYNTHETIC
12-141 44-0142

[/Io MAIN dA I1/Io MAIN dA

80

90

100

$0b

10b

80b

10b

4.49

3.89
3.71

2.83
2.69

2.43

2.37

2.26

2.12

2.05

1.94

1.80
1I 67

70

80
100

70

80

80

10

90

20

10

10
55

4.04

2.56
Z.44

2.35

2.33

2.23

2.14

2.08

1.91

1'65
1.62

1.47
1.43

1/1o

100

16
49

18
30

34

11

13

J1

22
20




2-25

TABLE 2F

POWDER DIFFRACTION X-RAY DATA ON DIFFERENT SAMPLES OF alpnha-Mn02

CRYPTOMELANE CRYPTOMELANE CRYPTOMELANE K2Mn8016 HOLLANDITE
SYNTHETIC MINERAL MINERAL CALCULATED MINERAL
SPECIMEN SPECIMEN PATTERN SPECIMEN
42-1348 34-0168 20-908 29-1020 34-174
MAIN dA I/Io MAIN dA I/Io MAIN dA I/Io MAIN dA I/Ic MAIN dA I1/1o
7.01 27 |
.94 14 6.90 29 .90 S0 6.94 26
) 4.98 3s
¢.89 22 4.86 46 4.50 80 ‘.91 32
3.51 10 3.52 35
‘ 3.45 11 3.45 10 3.47 11 3,46 35
3.16 a3 3.18 58
: 3.13 77 3.14 100
3.09 61 3.10 79 3.10 80 3.10 88 3.10 98
3.07 3s 3.07 58
2.46 24 2.76 11
2.44 25 2.43 22 2. 41 73
2.42 54
2. 41 100
2.38 100 2. 40 78 2.39 100 2.39 100
2.34 10 2.24 11
2.19 19 2.20 22 2.19 20 2.20 25
2.18 32
2.17 3¢ 2.17 24
2.14 81 .15 6o 2.15 18 2.15% 29
192 19 1.97 14
1.86 18
1.82 90 : 1.83 80 1.83 12 1.82 24
1.67 21
1.83 33 1.64 30 1.64 12 1.62 20
1.81% 13
1.55 23
1.54 80 1.54 20
1.42 40
1.35 50
1.29 20
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TABLE 2G

XRD ANALYSIS OF SCELECTED SAMPLES

SAMPLE P H A 3 E S I
NUMBER

PYROLUSITE OTHER PHASES NOT YET IDENTIFIED

NSUTITE OTHER PHASES NOT YET IDENTIFIED
NOT YET IDENTIFIED

1

3

4

8 NOT YET IOENTIFIED

9 BIRNESSITE OTHER PHASES NOT YET IDENTIFIED
2

1 PYROLUSITE ,30DIUM BIRNESSITE,POTASSIUM BIRNESSITE,KMNnO2,

13 NOT YET IDENTIFIED
" 14 PYROLUSITE ,SODIUM BIRNESSITE,K3(MnO4)2 ,QUARTZ
16 PYROLUSITE |
19 BIRNESSITE OTHER PHASES NOT YET IDENTIFIED
20 PYROLUSITE ,KMN80O16 ,probably SOODIUM BIRNESSITE,NazMnso16
21 NOT YET IDENTIFIED
22 NOT YET IDENTIFIED
24 PYROLUSITE Mn7013.5H20 possibly K2Mn408

28 SODIUM BIRNESSITE MNn7013.35H20 small amounts (Na,K)Mn8016.xHZ0
SOOIUM BIRNESSITE 300IUM BIRNESSITE,trace phase MnO3

NAB2 | SODIUM BIRNESSITE, small amounts Mn304 and/or Mn203
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TABLE <H

VISCOSITY & CURING DATA ON SELECTED
MANGANESE DIOXIDE SAMPLES

C U B I N G D A T A

SAMPLE

pH

CURING

ABILITY

POT WORK TACK-FREE CURE
NUMBER LIFE LIFE TINE TIME
ains minsg davs
1 4.4 NIL - - - -
3 $.7 NIL - - . -
4 9.3 VERY RAPID 20 20/25 50 »50
7 8.8  VEBY RAPID 35 nd >7 nd
9 4.0 NIL - - - -
12 9.2  RAPID 80/180 80/200  1/14 14/30
14 6.3 POOR. NO FPINAL CURE » 8000 » 3000 »90 -
15 4.6 NIL - - - -
16 4.1 POOR. NO FINAL CURE 20 170 » 90 -
19 10/12  VERY RAPID | <10 <10 nd nd
20 9/11 VERY RAPID K20 25 (14 <14 .
21 1/6° POOR 160 - . nd
24 11.2 RAPID INITIAL.V.SLOW FINAL 50 65 42 49
29 nd POOR. NO FINAL CURE 120 - - -
SYN. Na 10.0 VERY RAPID ' <10 <10 1 -

BIRNESSITE
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TABLE 24

VISCOSITY OF MIXTURES OF 3AMPLE 12 (RIEDEL-HAHMN) AND 14 (MATURAL CRE)

SAMPLE SAMPLE
NUMBER 12 1205 1210 1220 1275 1280 1285 1230 1295 14 HUMBER
X12 100 95 90 80 25 20 15 10 5 0 %12
X14 0 5 10 20 15 80 85 90 9§ 100 X14
ELAPSED ELAPSED
TIME TIME
v I c S T Y I N P 0 I 9 E S
10 mins 1812 10 mins
20 507 859 896 55860 1035 1012 894 588 270 20
30 579 672 4000 14240 2582 1830 1360 738 266 30
40 801 869 768 12320 7215 3034 1900 B&2 269 40
50 864 744 838 31000 16792 4992 2568 938 2758 50
80 720 821 792 7408 3154 1072 278 60
70 761 872 890 10018 4182 1320 279 70
80 807 9509 3000 132586 4618 1272 281 80
30 1415 18560 21504 5674 1428 284 90
100 1603 30400 6338 1480 284 100
110 1965 7200 281 110
120 2190 8198 1680 280 120
120 2671 9466 1752 281 130
140 3271 10970 1880 281 140
150 4211 i 12372 1960 280 150
180 5753 2060 552 160
170 7490 2088 514 170
180 9490 2212 630 180
3n 10 12088 2280 600 - 3h 10
3h 20 16848 2344 570 3n 20
3h 30 2420 3h 30
3h 40 2504 3h 40
5h 2944 £80 5h
8 cays 1480 6 days
! week 3168 1 week
POT LIFE 105 70 70 25 15 20 - 20 32 150 >8600 1 week
WORK LIFE 210 85 85 40 <30 50 90 165 n.d. > 9000
TACK FREE | minutes
TIME (2¥WKS < 1WK <1WK C1WK <1 DAY <(<4DAYS  <(<BDAYS 1 DAY >4DAYS >OWKS minutes
~ ‘URE TIME < 1MWK < 1K CIWK <3 DAYS 4DAYS BDAYS 1 DAY >4DAYS > 9WKS
~ HARDNESS 32 40 40 3s 42 43 38 38 HARDNESS
SHORE A SHORE A
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TABLE 2K

VISCOSITY OF MIXTURES OF SAMPLE 24 (SEDEMA EXPERIMENTAL) WITH MNATURAL ORE

SAMPLE SAMPLE
NUMBER 24 2420 2440 2440(2) 2450 2450(2) 2460 2480 2430 14 NUMBER
24 100 80 60 80 50 50 40 20 10 0 X24
X14 o 20 40 40 50 50 80 80 90 100 %14
ELAPSED ELAPSED
. TIME TIME
v I 8 € 0 8 I T Y 4n P O I 8 E 18
20 . 1253 10486 792 539 762 768 8627 547 456 270 20
30 2952 1832 1344 864 1144 1186 909 691 526 * 266 30
40 6880 3208 2212 1600 . 17Me 1772 1227 792 594 269 40
50 15384 5296 3380 4008 2400 2564 1672 939 332 275 50
80 22048 8400 5024 8880 3460 3620 1960 1059 6568 278 80
70 12432 8960 19552 4480 5112 2384 1174 875 279 70
80 18400 9600 | 6040 6928 2864 1278 899 281 80
90 12912 8000 9280 3760 1480 723 284 90
100 17120 10432 12080 4376 1628 752 284 100
/ 110 13800 18160 5192 1748 779 281 110
120 16032 6000 1800 808 280 120
130 7200 1908 838 281 130
140 8640 1964 864 281 140
150 10480 2060 872 280 150
180 12370 910 552 160
170 14688 614 170
3h 10 800 3n 10
an 20 570 3h 20
5h 560 5h
8 days 1480 © days
1 week 3168 1 week
POT LIFE 25 30 35 35 30 30 80 120 >160 860 POT LIFE
WORK LIFE 20 75 95 85 110 105 170 >150 > 180 »9000 WORK LIFE
TACKX FREE TACK FREE
TIME 3nKS > 1WK 2WKS »2 WKS >5 DAYS 3 DAYS > 2WK3 > 2WKS YZNKS >3 MTHS  TIME
JURE TIME 3WKS > 1WK y2WKS >2 WKS 8 DAYS 6 DAYS  >2wKS  >2WKS  >2WKS >3 MTHS CURE TIME
“ HARDNESS 38 38 33 n.d. 38 39 n.d. n.d. n.d. n.d. HARDNESS
SHORE A SHORE A
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CHAPTER 3

THERMAL DECOMPOSITION OF POTASSIUM CHLORATE

3.1 In order to use the catalytic decomposition of potassium chlorate as a test for manganese

dioxide activity it was necessary to understand fully the nature of the decomposition of

potassium chlorate. This chapter describes the work carried out in the present study on the

decomposition of potassium chlorate.

Potassium Chlorate, KCIO; , has a molecular mass of 122.55 and a density of 2.33g/cc. The
room temperature crystals are monoclinic and a transformation to an orthorhombic phase at
250°C has been reported. ' The material melts at 357°C and decomposes at temperatures
above this V . There is, however,no general agreement on the exact nature of the

decomposition reactions. In the presence of manganese dioxide this decomposition occurs

at a much lower temperature.

Potassium Chlorate is used in the manufacture of safety matches, weedkillers and fireworks

and generally as an oxidising agent.

3.2 Literature Survey

There are a number of reports on the study of the thermal decomposition of potassium
chlorate in the literature. Brown et al ¢ ** found that there was practically no decomposition
of pure KCIO; at temperatures up to 400°C using what they describe as "the best KCIO;

commercially available".
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Farmer & Firth®reported 85/90% decomposition between 480 and 540°C the percentage

varying with the composition of the reaction vessel.

Otto & Fry'® described the thermal decomposition in terms of three reactions: -

4KClQ; --—----> 3KCIO, + KCI (1)
2KCIO; -—-—> 2KCl + 30, (ii)
KClOy -—-> KClI + 202 (iii)

They suggested that (ii1) takes place at higher temperatures and that KClis a catalyst

for reaction (1). For KCIOs to which no KCl is added they obtained the following data:-

25% KCIlOs 1s decomposed after 24 hours at 409° C
52% KClO: 1s decomposed after 6 hours at 460° C
76% KCIlO: 1s decomposed after 1.75 hours at 492° C
78% KCIO: 1s decomposed after 1.5 hours at 506° C

Details of their results in the presence of KCl are given in par.4.0 of Chapter 4.

Glasner & Weidenfeld” measured the decomposition of KClO; in terms of the oxygen

evolved as a function of time at various temperatures and found:-

2.9% decomposition after 200 minutes at 455° C

29% after 200 minutes at 506° C

59% after 200 minutes at 527° C
65% after 70 minutes at 552° C
95% after 40 minutes at 575° C

They concluded that :-
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(1) the reactions were :- 2KClIO; -----—--> 2KCl + 30, (1v)

4KClO; ------- > 3KClO,+ KCl (v)

and (2) they occurred consecutively rather than simultaneously.

Markowitz et al® studied reagent grade KClIO; dried at 110° C by following its
decomposition thermographically under dry Argon with temperature increasing at 4° per
min. They found the melting point of the pure chlorate to be 357° C; the onset of
decomposition to be 472° C and the decomposition to take place in two exothermic steps at

about 560 and 600° C.

When they heated the chlorate i1sothermally at 370° C for 2 days under dry Argon they

obtained only 0.44% decomposition.

Rudloff & Freeman® used 99.5% reagent grade KClO; and found no significant differences
in their results when the material had been recrystallised or between crushed and uncrushed
material. They reported results of investigations carried out under air, unpurified oxygen,
oxygen purified over a molecular sieve, oxygen purified over a molecular sieve and then
moistened, unpurified nitrogen, and nitrogen purified over a molecular sieve. Although DTA

peak heights varied under the different conditions their positions did not change significantly.

They found that with uniform heating at 10 deg/min pure KCIO; starts to decompose at 500°
C in a two step decomposition with the first step completed at 565° C and giving 15%
decomposition measured by weight loss and the second step completed at 650°C

The results they obtained with isothermal heating were:-

-33% decomposition after 90 minutes at 480° C

50% after 35 minutes at 560° C



65% decomposition after 50 minutes at 560° C
20% after 10 minutes at 590° C
90% after 30 minutes at 590° C
Their conclusions were :-
1. that the decomposition reactions are urreversible with respect to O,
2. that KCIO; decomposes in at least two steps, the first involving disproportionation with
an oxygen transfer from one ClOs anion to a neighbouning anion. They suggested that the

products of this transfer will be KClO, . which is relatively stable and a hypothetical

intermediate KClO, which is very unstable and decomposes to form KCl and O, thus:-

2KCl0; ——--> slow KClO, + KCIO, (vi)
KClO; -------- > fast KCl + O, (vii)
giving

KClO, + KClI + O; (vin)

They reported that at higher temperatures the intermediate KC1O, seemed to decompose m

two ways:-

2KCIO; + O, (1x)
2KClO; ----—-> 2KCl + 30 (Xx) giving
KCIO; ---—-—-- > KCl + 20, (x1)

Rudloff and Freeman® give the following thermal data obtained from studies with pure
KClO; -

Melting Point 360° C

Initial decompostition 515°C

25% decomposition 580° C



20% decomposition 595°C

Final decomposition 622° C

Solymosi'”  studied the decomposition of chlorates generally and stated that "a
characteristic of alkali metal chlorates is the great temperature difference between their
Melting Points and the initial temperature of their decomposition” . He quoted from
Markowitz et al® that a sample taken just before the first exotherm at 566° C gave KCIO;
0.9% ; KCl 33.9% and KClO, 65.5% from which he deduced that 12.1% of the sample is

KCl and 87.9% 1s KClO, . He assumed from this that the first exotherm found on a DTA

trace 1s due to two simultaneously occurring reactions: -

2KClO; —~——a> 2KCl + 30, (xn)

JKCIO, + KCl  (xiii)

and he asserted that the second exotherm represents the decomposition of the perchlorate

formed in reaction (xiit).

In 1994 Cannon and Zhang'” claimed that the onset temperature of the decomposition of
KCI1O: is difficult to determine unambigously; they therefore used the 50% decomposition

temperature for comparing sets of experimental results and they reported that the 50%

decomposition temperature for KClIO; was 600°C.
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In 1995 Shimada™ investigated the thermal decomposition of potassium chlorate by
simultaneous Thermosonimetric- Differential ’fhermal Analytical(TS-DTA) measurements
and high temperature microscopic observations. "Thermo- sonimetry" is the analysis of
acoustic emissions resulting from chemical reactions. Shimada used a system that permitted
the simultaneous measurement of thermosonic emissions and DTA while heating KClO;
through its melting and decomposition stages. At the same time changes in the sample were
observed using a high temperature optical microscope. Although Shimada reported that
melting was seen to commence "around 340° C " the peak of the DTA curve in his paper

occurs at about 368°C. He concluded that TS evidence points to the onset of decomposition

at about 380°C in contrast to his own DTA value of 530°C and 500°C from TG data.

3.2.1 RESUME OF PUBLISHED WORK

Although a mumber of studies have been carried out on the thermal decomposition of KCIO;
there 1s no general agreement on the specifics of the decompbsition parameters. The
temperatures at which 25% decomposition occurs have been reported to have various values
in the range 409 - 606° C with the reported values for 50% decomposition in the range 460
- 622°C. There is also no consistency in the data reported for isothermal decomposition
studies. It was therefore clear that, if the thermal decomposition of KCIO; was to have any

value in assessing the effectiveness of catalysts such MnQ;, a better understanding of its

thermal behaviour was required.

3.3 OUTLINE OF THE WORK ON THE THERMAL DECOMPOSITION OF KCIO

3.3.1 RAW MATERIAL
Three grades of potassium chlorate were used in the present study viz:- (1) a 98% minimum

grade supplied by ALDRICH,; (2) a 99.5% grade supplied by FLUKA, and (3) a 99%
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product supplied by ALFA (Johnson & Matthey). Three sources were chosen to reduce the

possibility that any experimental results were sample specific. ~Analytical data for the

samples provided by the suppliers were as follows:-

ALDRICH 'FLUKA ALFA

DESIGNATED AS:- 98% PURE M

& SPECIFIED AS:-

not less than 98% 99.5% 99%  KCIO,
and containing:-

Total N < 0.0005%

Bromate <0.010%

Chlonde <0.001% < 0.05%
Sulphate <0.02%

As < 0.00005%

Ca < 0.002%

Cd < 0.0005%

Co < 0.0005%

Cu < 0.0005%

Fe < 0.005% < 0.005%
Mg <0.001%

Na <0.01%

Ni < 0.0005%

Pb < 0.0005% < 0.005%

< (0.0005%
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3.3.2 TECHNIQUES USED

All the initial investigations were carried out using the technique of Dynamic

Thermogravimetry ( TG and DTG ) and Differential Thermal Analysis ( DTA ) described
below. However when a thus far unrecorded structural change was identified the

Investigation was extended to include Differential Scanning Calorimetry and High

Temperature X-Ray Powder Diffraction .

Thermal Analysis

This term is used to describe the analysis of the dynamic behaviour of a mafen'al submitted
to controlled heating or cooling during which chemical and physical changes in the material
resulting from such heating (or cooling) are examined. The changes may include loss of
physisorbed or combined water, phase changes and chemical decomposition. The procedure
allows for the measurement of parameters such as weight loss, rate of weight loss and
enthalpy changes which are constantly measured and recorded as functions of temperature
and time. l

The techniques of measuring weight loss and rate of weight loss are known as
Thermogravimetry (TG) and Differential Thermogravimetry (DTG) respectively and are
usefully employed to assess the progress of decomposition of a material during heating. Thus
includes loss of physisorbed water, water of hydration, breakdown of hydroxides, and
decomposition of the substance with evolution of gaseous products. A typical TG - DTG
trace 1s shown 1n Fig 3.1

The assessment of enthalpy changes is achieved by measurement of the temperature of the

sample being investigated and a reference sample of a material which is inert at the



3-9
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