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INTRODUCTION

Literature Survey

In 1832 Dobereiner (1) first reported that potassium
chlorate can be readily decomposed if it is mixed with
pyrolusite. The story of this and other events in
Dobereinerts life are told by Prandt (2).

8ince Dobereiner's discovery many researchers have
reported results of investigations of the decomposition
of potassium chlorate, with and without catalytic agents,
Following is a somewhat chronological account of the
significant studies in the literaturse.

McLeod (3) studied the action of MnOg on the decom-
position of KCl03 and reported that chlorine could be
detected 1n the evelved oxygen. He also observed a pink
color in the mixturé’whan very small amounts of iinOg
were used as catalysts. Finding that KinO4 also has a
catalytic effect on the decomposition, he proposed the
following reactions for the catalysils:

I. 2Mn0g + 2KC1l0z — Kgiinglg + Clg + Og
II. KplinOy+ Cly — 2KCL + MnOy+ O

Brunch (4) disagreed with McLeod's claim that

chlorine could be detected in the oxygen evolved during



the decomposition of KClOz. He ascribed extra oxidlzing
power of the oxygen to a tracs of ozone,

MoelLeod (5) later reported more conclusive evidence
" that ehlorine was liberated with oxygen when potassium
chlorate is decomposed with iin0g. Hodgkinson and Lowndes
(6) also detected chlorine in oxygen liberated from
KClO03 with inOg,

Sodeau (7) studied the decomposition of Ba({Cl0z)o
and of X010y and concluded that when chea decomposes,
it undergoes two reactions: one, into chloride and oxy-
gen; and two, into oxlde, chlorine, and oxygen. Sodeau
(8) also used WnOp as a catalyet and sgreed with HcLeod
that ochlorine was evolved with the oxygen. However, he
did not agree that the liberated chlorine was a part of
the cycle of changes bringing about the decomposition
of the chlorate:. He believed, however, that the catalysis
involved the oxidation of manganese by the chlorate and
| the subsequent breaking up of the higher oxide.

Fowler and Grant (9) studied the effect of a variety
of oxides on the decomposition of potassium chlorate. |
They found that acidic oxldes such sas Vg&g, Uz0g, and WOz
evolved oxygen plus chlorine, and formed the vanadate,
uranate and tungstate, More basic oxides such as FeyUls,

Cog0s, NiO, Cu0, and #nOp ylelded oxygen and no chlorine,



leaving the oxides unchanged, They polnted out that water
of hydration In the oxldes could have an effect on the
sctivities of the catalysts. They proposed a possible
mechanism of the decomposition when #MnGgy was used as a
catalyst, according to the followlng unbalanced equationst

M0g + 0 + Kp0 — KiinO,

Kiin0g —> KghinOy + #n0p + O

KolinOy + €1 — KECl + HnOp

It is significant that KinQ, was a proposed inter-
mediate. However, evidence for it was not cited., No
proposed mechanism for the other oxides was glven. Fowler
and Grant also reported that the additlion of sodium care
bonate to potassium chlorate retarded the normal evolutlon
of oxygen when chlorate was decomposed,.

Deniges (10) found spectroscopic evidence for the
formation of mangansse permanganate in the course of the
decomposition of Way@m with iMnOg. He stated that KinO,
dissolved in molten KCl0g without lmmediate signs of de~
composition at temperatures sbove the decomposition
temperature of miztures of KC10z and inOgy. Though believ-
ing that small amounts of Kin0y4 might be formed in the
catalysis, Denlges assumed that 1t was in(inO4)p which
formed and decomposed according to the following reactions:

I. 9MnOp + 2KC105 — 3Mn(MnOg)y + 2KC1
II. &in(Ma04)p —3 9MnOg + 30g



No concrete evidence was shown for this proposal, however.

Kolhatker and Sent (11) later carried out a comparison
of the catalytic sctivitles of several oxides toward decome
positlon of KCl0gz, They listed in the order of decreasing
activity the following: Cogls, Crglz, MnOp, Feglz, NigOsz,
and Cu0. They compared the sctivities by volumetrically
measuring the rates of oxygen evolubtion,

Brown and co~workers (12,13) showed that when homogenw
eous mixtures of potassium chlorate and inOg or Feglz are
heated rapidly, those mixtures containing falrly large
emounts of catalysts have a characteristic spontaneous
decompogition tempaeraturae,.

Neville (14) showed that FepOs promotes MnOp, and
iinOp promotes FegOz in the catalytic de@ampoaition of
KCl0ge Burrows and Brown (15), however, reported that
the addition of Mnlgp to Feplz as catalyst lowered the
spontanesous decomposition of the ohlorate mixture, not
because of promotor acitlon but simply because inOp ls
a better catalyst than Feglge

MeLaughlin and Brown (16) showed that pressure hes a
definite effect on the ﬁeaampositiaa of potassium chlo-
rate. The decomposition of potassium chlorats in the
presence of manganesgse dloxide was retarded by preasures
of oxygen below 500 atmospheres when mixtures were heated

for periods of several hours at temperatures 400 above
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the normel spontaneous decomposition temperatures of the
mixtures, They also believed thal water had a promotor
effect on the setivity of the catalyst,.

Barlereff (17) reported that water had no definite
effect on heating curves of HnOy - KClOx systems., He
also stated that no definite temperature was found for
the cataelytic action of inOp in the decomposition of
KC1l0ze He further stated that the decomposition tempsra-
ture of potassslium ochlorate without iinOp is much less than
23092809 C,

#Hathers and Alred (18) heated pure potassium chlorate
under various conditions of temperature, tlme of heating,
and slze of sample. They found that the best yleld of
perchlorate in the residues was sbout 55%. Glass, Agg0,
PbsU4, and HgD all lowered the yleld of perchlorate.

Otto and Fry (19,20) carried out kinetic studies on
the thermal decomposition of both pure potassium perchlo=
rate and potassium chlorate., They concluded that decome
position of potsssium ehlorate itself is not almple, but
involves two simultaensous reactionss

I. 2KCl0y —y 2KC1 4+ 30p
II, 4KC10yz — 3KC104 + KC1

At higher btemperatures KCl04 also decomposes:
III. KC104 — EKC1 + 20p
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Otto and Fry further showed that resctions I and III are
unimolecular., The reaction becomes complicated, however,
by the fact that KC1 catalyzes reaction II, It is sige
nificant that 0tto and Pry, working with pure reagents,
found no chlorine liberated with oxygen when potassium
¢hlorate wes decomposed with or without an MnOp catalyst.
They sssumed thet the earlier workers probably observed
¢hlorine which was libersted becsuse of impure chlorate.

Farmer and Firth (21) report results of kinetic
studies which also show that KC1 catalyzes the formation
of KCl04+ Thelr data differ from that of Otto and Fry,
however, They found that KC1l inereased both the rate of
oxygen evolutlion and of perchlorate formation, whereas
Qtto and Fry found thet KC1 decressed the amount of
oxygen evolved In a glven time,

The more recent litersture sheds more light on the
nature of the aacampGSitien of potassium chlorate, ale-
though differences in conclusions are still noted.
Glasner and Weldenfeld (22,23) carried out kinetlc stud-
ies on the thermal decomposition of potassium chlorate
and of potessium perohlorate, including studles on the
effect of addition of chloride eand bromide as catalysta.
They conclude that the maahaﬁi&m of the decomposition

of potassium chlorate involves two eanaaeaﬁiva‘reaatiana
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involving san equilibrium in which oxygen is added to
chlorides
I. KCl03 — KC1 4+ 30
II. KC1 <+ 40 = KCl04

This conclusion is qnite’aantrary to that of Otteo
and FPry (20). DeCoursey (24), by oxidizing chlorate to
perchlorate with potassium bromete, concludes that it
would be more reasonable for the second reaction to ocecur
as follows:

KCl03 + O +—— KC104

While the present study was in progress, Vanden Bosch
and Aten (25) decomposed sodium chlorate in the presence
of sodium chloride containing €194 and €138, fThey found
negligible actlvity in perchlorate from the resldue, thus
also diseredilting the concluslon of Glasner and Weldenfeld,

Bircumsbau and Phillips (26) recently studled the
kinetics of thermal decomposition of KCl04. They tried
to apply the theorles of Prout and Thomkins (27) on kinetics
of decomposition of solids, Thelr reproducibility was so
poor that they concluded that application of theorles dew
rived for decomposition of solids would hardly apply if
melting occurred. Glasner and Weldenfeld (23) found little
change in the kinetics below or above the melting point

when potassium chlorate decomposed.



Polyakov and Nosenko (28) state that the veloclty of
decomposition of KCl0sz with mengenese dioxide depends on
the ratio of catalyst to KClOze They further conclude
that the decomposition of KCl0g is not complete at constant
temperature, but that completensess of the reaction depends
upon the temperature and composition of the mixture.

A very significant recent study by Forkushime, Horibe,
end Titeni (29) has shed further light on the action of
#nOp in the catalytic decomposition of potassium chlorate,
Decomposing KC103 enriched with 018, and using ordinary
MnOg as catalyst, they found less enrichment in the evolved
oxygen than was present in the chlorate, This showed that
some of the oxygen came from the manganese dloxide. Thelr
isotoplc measurements were made by determining densitlies
of water formed from the oxygen. This eaperiment lends
support to the earlier theories that manganese ls oxidized
-and des-oxidlized in some cyclic process during the catalytic
decomposition of potassium chlorate.

In a former study by the author (30) 1t waes shown
that when a small amount of ¥nOg or MnsO0, is used as cata~
lyst In the partlal decomposition of KC1lOyz, aqueous ex-
tracts of the residue exhibit the absorpiion spectrum of
permanganate. Further, when a mixture of K010z and inOp
containing less than .1% MnOp is approximately 30%
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decomposed, as much as 3% of the inOp 1s converted to
permanganate. As much as .4% of the Mnz04 is converted
to permangenate when a mixture of KC1lOz and 20% lns04

is epproximately 30% decomposed. This study lent evidence
in favor of a mechanism involving the formation of per=
mangenate &s a posslble intermediate in the decomposition

of potassium chlorate using #nOp or MnzOg.

Discussion and Ststement of Problen

The literature shows that the decomposition of potase
sium ahla?aﬁé is eamplax'anﬁ that ﬁha‘meehaniém of the
decomposition is iﬁ dQﬁbﬁm Otto and Fry (19) proposed
that the decomposition involves two aimm;tanebaa rﬁaétiana,
the formation of chloride and’éxygam, and the aiayroparn
tionation t0~ah1®rida,and perchlorate., Glasner and Weldene
feld (23) suggested that these reactions are consecutive
rather than azmuztana@ua. Since radicactive tracers are
now avellable, & check on which of these twe proposals
is mnra,faaéibla,aanqraaéily be carried out. In fact,
&ufing the course of this in?aﬁtigatian Vanden Bosch and
Aten (25) reported resulis of such an aﬁparimantkthat
discredit the conclusions of Glasner and %éiﬁenteld¢
Fupther study of this reaction using isotopic tracer

techniques is eppropriate for elucidating more completely
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the mechanism by which pure potassium chlorate itself
decomposos «

Many experiments are reported describing various
catelysts for the decomposition of potassium chlorate;
however, few mechanisms have been shown for the catalysis
involved. Many of the studies lnvolve manganese dioxide
as the catalyst., langano-manganic oxide (Mnz04) has also
been used. The literature search revealed 1lilttle use of
other oxides of mangesnese as catalysis for this reaction,

The type of cation combined with chlorate has & marked
effect on the stability of a particular chlorate compound,
Likewlise, the mode of decomposition of the chlorate is
influenced by the type of cation present. For examplae,
potassium chlorate decomposes to potassium chleoride and
oxygen. Wachter (31) reported that chromium chlorate
decomposes to yleld chlorine,

HManganese chlorate 1s unstable, even in solution,
and has not previously been described, Since manganese
is 8 good catalyst for decompesing chlorate, and since
manganese chlorate ls unstable, 1t might be reasonsble
to guess that mangenese chlorate is involved as an Inter=
mediste in the catalysis when manganese 1s used to de~
compose pobassium chlorste. The preparation and descrip-
tion of the properties of manganese chlorate is slgnificant
for this study. |
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A former study by the asuthor {30) indicated that
permenganate formation accompanies the decomposition of
potassium chlorete when either MnOg or inz04 is used as
catalyst, When reactlion mixtures were asuddenly cooled,
permanganate could be extracted from the residues even
though the temperatures of the mlixtures were far above
the decomposition temperature of potassium permanganate,

A study of the decomposition of potassium chlorate,
using as catalysts a vaerlety of compounds of mangsnese
in different oxidation states (including KinOg), should
8ld in determining if permanganate 1s an essential to the
catalysis., Analysis of any residual oxides should indi-
cate whether the oxidation state of manganese changes
during catslyslis, Determination of the catalyst that
produces the resction with the lowest actlivation energy
might ald in indicating the path of the reaction.

Activation energles for a reacstion can be determined
by carrying out the reaction at two or more temperatures
and solving for E in the Arrhenius equation (32)

Ink = ~ﬁ% + constant
where E is the sctlivation energy, R 1s the ges constant,
T is the absolute temperature, and k ls the speclfic reace-
tlon rate constant. This equation requires that a plot
of log k agalnst % be a strailght line. The k used depends

upon the order of the reaction, which must be determined.
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For kinetic studlies 1t is desirable to have an accurate
and simple method of measuring the rates of the reactions.
In a reaction where & gas 1s evolved, a usual method is
to measure the volume or pressure of ths ges as & function
of times One slso could measure the weight of the resldue
as a functlon of times An instrument with which one could
accurately and automatically plot eh&nges of welght as &
function of time over extended perlods was not formerly
avallable,

In the literature lltile is made of the periodic famlly
relationships between catalysts and their action toward
decomposition of potaessium chlorate. In no place has the
catalytic aectivity of rhenium, in the same family as manw
ganese, been deacribed for this reasction.

It is known that the higher oxlidation states of the
heavier transition elements are more stable than ths higher
oxidation stetses of the lighter transition elements.
‘Perrhenate 18 more stable than permanganate. If oxidation
to permanganate and subseguent reduction Yo a lower oxide
is involved in the catalybic decomposition of potassium
chlorate, one might predict that rhenium oxides as cata-
lysts would undergo the oxldation half of the c¢cycle.
However, due to the stablility of perrhenate, the reduction

half of the c¢ycle might not take place, Thus, one might
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expect rhenium compounds to be poorer catalysts than man-
ganesg compounds for the catalytlie decomposition of
potassium chlorate., 4 later section of this thesis deals
with this hypothsesis.

A check on the hypothesls that manganese is alternately
oxidized and reduced d&ring catalytic decomposition of
potassium chlorate can be made by stable isotope tracer
techniques. If manganese dloxlide were enriched in 0lB
an&'uaad to decompose potassium ehlorate, the evolved
oxygen should contain 018 if this mochanism is correct,
Forkushima et al (29) have recently published results of
such a study in which the 018 enrichment was determined
by density measurements, Similer experiments using the
mass spectrograph for 013 éaﬁaﬁminakiaas are significant
for a check on results of thils study.

In view of the above discussion, the general purpose
of this thesis is to elucidate more fully the catalytic
action of manganese compounds on the decomposition of
potassium chlorate, to determine if rhenium compounds are
also catalysts for this reaction, and to relate the finde
ings for rhenium catalysts to the action of the manganese
catalysts. |

8pecifically, the followlng objectives for this re-

saarch were in mind:
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1. By use of radiochlorine®® tracer to see
which of two proposed mechanisms for the decomposie-
tion of potessium chlorate is possible,

2+« To prepare manganesse chlorate and study its
properties with a view toward determining 1f its
formation is or is not a part of the catalysis when
potassium chlorate is decomposed by mangenese catalysts,

3. Through kinetic studies to determine the
activation snergles for a varlety of manganese and
rhenlum catalysts on the decomposition of potassium
chlorate. |

4, By analysis of residues to determine the
state of the varlous catelysts after use ln decom
position of potassium chlorate.

5« 7o construct an automatic recording balance
designed to carry out the kinetlic measurements.,

6+ To test the catalytic activity of some
rhenium compounds on the decomposition of potassium
chlorate, and to relate the catalytlic activity of
rhenium compounds to that of manganese compounds.

7. By use of oxygeni® isotope tracer techniques
to check the proposal that catalytlc activity of
manganese dioxlide on the decomposition of potassium
chlorate ilnvolves a ¢yclls oxidation and reduction

of the manganesa.



RADIOCHLORINES® A5 A TRACER IN THE
DECOMPOSITION OF KClOg

Introduction

The thermal decomposition of potassium chlorate has
been shown to bg complex, Oxygen is evolved and, depending
upon the conditions, wvarious proportions of perchlorate are
formed, A%t lesst two sets of equations have been proposed
to explain the resctioni Otto and Fry (19) proposed that
potassium chlorate decomposes by two simultaneous raactiann.

As 2EC1O03 — 2KC1 + 30p (I)
4KC103 —-p O3KCLlO4 + KC1  (II)

In a more recent publication Glasner and Weldenfeld
(22,23), on the basis of kinetic data, suggested that re-
actions I and II are not simultaneous. Rather, the pro-

- posed that two consecutive reactions cccur whereby atomic
oxygen adds to chloride.
Be KC10z -y KC1 ¢ 30
KC1 4 40 &= KCl04

aAn experiment was initiated to determine, if poasible,
which type of decomposition is correct, If proposal B is
correct, a mixture of chlorate and radioactive chloride
should yleld radiocactive perchlorate on decomposition.

While this experiment was in progress, Vanden Basch
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and Aten (25) published & note reporting results of a
similar study. ‘E@cakaa they experlenced difficuldy in
recrystallizing potassium perchlorate formed in their
reaction mixtures, they used sodium salts instead of
potagsium salts. They decomposed sodium chlorate in the
presence of sodium chloride containing C134 and C158 and
found negligible activity in the resulting perchlorate,.
Thus, they did not confirm the proposal of Glasner and
Weldenfeld (23).

In this experiment potassium chlorate and potassium
chloride were used., Chlorine® was the radloasctive tracer,
Materials for this and all other experiments throughout
the course of thls investigetion are included under the

liating of meterlels for kinetle studies,

Preliminary Experiments

Preliminary experiments revealed that when a mixture
of 0,2000 g. of KC103 and 0,0250 g of KC1l is heated in a
pyrex tube at 5100 C, for 60 minutes, & gaoé yield of pere
¢hlorate is obtained in the resldue, This 1s in accord
with data repavt&a by Glasner snd Weldenfeld (23). When
analyzed by standard methods (33) the residue from a pre-
liminery experiment was found to contain 0,0725 g. of KC1,
0,0280 g. of KCl0g, and 0,099 g of KC1l04. Further
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preliminary experiments showed that 1t was ﬁnsaibla to
isolate the chloride from esach of ﬁhase compounds.,

Preliminary experiments were also carried out to find
s satisfactory method for enriching KC1 with C1%6 from
HC156, It was proposed to neutralize the HC1l with e slight
excess of KgCOz in the presence of KCl, and to evaporate
to dryness, This would add KCl containing all the activity
originally in the HCl. Eiffi&ulty was experlenced, howevar,
which led to an interesting dilscovery.

One and three-tenths ml., of 0.118 N HCl was added to
0,025 g« KgCO3 in the presencs of 0,03 g. KC1, and the
residue was dried and mixed with 0.2000 g. KC1l0z. This
mixture was heated in a pyrex tube in the furnace at 510°
C. for one hour (treatment exsctly like the treatment of
samples in sbove preliminary experiments). Analysis of
the residue by standard methods showed that the residue
contalned 0,149 g, KC1 and no chlorate. The experiment
was repeated and egain after one hour at 5109 C. the
chlorate had completely decomposed,

The only difference in these and the previous mix-
tures waes the presence of a small amount of KpCOz. FPotas-
sium carbonate, therefore, accelerates the decomposition
of potassium chlorate. This result is contrary to a pre=-

vious finding of Powler and Grant (8) who reported that
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the rate of oxygen evolution during decomposition of
potassium chlorate is retarded when sodium carbonate is
presant. This problem was not further investigated,

Since this method of pvaﬁaring k0158 would destroy
the experiment, an exchange method was tried, A rapid
isotopic exchange occurs between HC1l and EKC1 (34). Further
preliminary experiments revealed the feasibility of this
method of preparation of KC196 and HC196,

Preparation of KC196

The €156 was obtained as 1.4 N HC1%6 with a specific
activity of 0.23 me/g., or 5,1 x 108 disintegrations per
second. One tenth milliliter of this HC1%® was added to
0.0300 go of KC1 in a small pyrex test tube, The tube was
placed in a closed syatem and distilled until the KC1
residue was dry, Lxcess HC156 was recovered, Since a
rapid isotople exchange occurs between HC1l and KCl, the
resulting KC1 contalined considerable activity. A saample
was counted and found %o have & relative activity of 9,296
counts per minute per milligrem of chlorine (Sample 1,

Tables I and I1).
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Procedure

A mixture of 0.,2000 g. of KC1l0z and 0,0182 g. of
KC196 was heated at 5109 C, for 62 minutes in a pyrex test
tubs extending into a vertical electric furnace, The
resldue was dissolved and the chloride was precipitated
with excess silver nitrate. The precipitate was filtered
on a welghed filter paper, washed, dried, and weighed
according to sbtandard methods (35)., Thls precipitate is
Sample 2, Tables I and II.

Ordinary BCl was added to the filtrats and previous
wash waters The chloride was precipitated and welghed
(Sample 3, Tebles I and II), This was done to remove
last traces of chloride®® from the solution. Still a
gecond quantity of ordinary KCl was added %o the filtrate,
precipitated with silver nitrate, and weighed (Sample 4,
Tables I and II).

The filtrate was then evaporated to approximately 60
ml. and tank SO0p was bubbled into the solution to reduce
the chlorate to chloride (33). The resulting chloride was
precipitated with silver nitrate, filtered, washed, and
walghed (Sample 5, Tables I and II).

Another final quantity of wash KCl was added to the
filtrate, precipltated as AgCl, and welghed (Sample 6,
Tables I snd II), Finally, the filtrate, containing only



Table 1
Detalls of Counting

Times
Sample Counted at, Shelf c/m BG

1 8 2 min, S 3356,.3 302
2 1 {calculated)

3 g 30 mine i 294,2 30,2
b 2 30 min. 3 84.3 24,7
4 2 30 min. 1 46,8 24.6
5 2 S0 min, 1 36,2 30.2
& B 30 min. 1 £29.9 30.2
7 3 30 min. 1l 424+5 308

Table II

Results

Wt. AgCl Wt. C1 Shelf ¢/m-BG Spe.Act,
Sample (mg.) Source (Calculated) Factor (shelf 1)(¢/m/mg.)

643 KC196 1.6

1 3.36 14,502, 9,296,
2 108.7 Chloride 27.1 1 155,000+ 5,720
3 104.5 Wash KC1L 2548 1 264 10.1
4 ?6*2 £nd wash 18.8 1 22 1.2
5 14.0 KC10z Be3 1 6 1.8
g 102.8 Wash KC1 25.4 1 - w0

48,2 Kﬁl@ﬁ 12,3 1 15 1.1

lcaloulated value,
2Welghed as KC104,
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and Column 6, the bsckground count for the empty housings

Table II listas the weight of each AgCl sample and the
aource of the chloride. (Sauple 7 was welghed directly as
KC104.) fThe fourth column shows the celoulated weight of
€l in each samples Column 5 lists the shelf factor used
%o celculate the sctivity of the samples to activity on
shelf l. The sixth column shows the activity of the sam~
ples, and the last column lists the calculated specific
activity in counts per minute per milligram of Cl,

Sample 1 showed a specific activity of 9,296 o/m per
milligram of Cl due to the presence of ¢196, Sample 2,
contelining the chloride from the reaction mixture, had so
much activity that 1ts count was cslculated by difference
to contain approximately 155,000 ¢/m, a specific activity
of 5,720 ¢/m per milligram of Cl. Semple 3 contalined a
specific activity of 10.1 ¢/m, an activity that one could
expect to remain from Sample 2 due to the slight solubility
of Agtl, The remaining samples contained relatively small
apucifi§ activities. |

Discussion of Results and Conclusions

The total activity in counts per minute in the original
reaction mixture was obteined by multiplying the specific
sctivity of the KC136 (Sample 1) times the weight of KC156
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" in the chlorate-chloride mixture, This gave an activity
of 9,296 ¢/m X 18,2 mg. = 169,164 ¢/m milligram..

In the original mixture (0.0182 g« KGl 4+ 0.200 g.
KC10g) 13.01% of the total Cl was radioactive. The data
also show that 18,5% of the total Cl ended up as perchlo=-
rate, I perchlorate were formed by the addition of oxygen
to chloride, 13.01% X 18.5% = 2.41% of the metivity could
have been in the perchlorate. 2.41% of 169,164 = 4,177
¢/m, corresponding to & specific activity of 339 ¢/m per
milligram,

The data (Table II, Column 7) shows a specific active
ity of no more than l.1 ¢/m per milligram., Thus, these
results refute the proposal that potassium perchlorate is
formed by the addition of oxygen to ¢hloride during the
decomposition of chlorate,

The data also show (Table II, Column 7) that the
chlorate contained a specific activity of only 1.8 ¢/m
per milligrem of Cl. The relatively small activity in
both the chlorste and perchlorate leads to the further
conclusion that chloride does not appreciasbly undergo

isotopic exchenge with chlorate or perchlorate at 510° C.
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PREPARATION AND SOME PROPERTIES OF
MANGANESE (I1) CHLORATE

Prelinminary Experiments

Hanganese chlorate, prepared in solution, was reported
as early as 1843 (31), The compound itself has not pre=
viously been described. Brown and Woods (36) published
ites preparation and properties.
| In preliminery experiments manganese chlorate solutions
were prepared by reacting equivalent quantities of MnSOg
and Ba(Cl03)g and removing the insoluble BaSO4, Preliminary
experiments on these solutions revesled the following results:

le A dllute solution, on standing in a test tube
two days, decomposed, forming a black precipitate and
yielding an odor resembling chlorine.

2+ Upon concentrating a solution rapidly on s
sbteam plate decomposition increased in vigor to exw
plosiveness, ylelding a yellow~green gas and & black
residu&;

3« VWhen 10 ml. of solution was eveporated in a
vacuum desiccator at room temperaturs, the solution

was concentrated until a dsfinite pink was observed

bafore the solution darkened due to decomposition,

Further concentration st room temperature resulted
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in rapid decomposition., A yellowegreen gas filled

the desiccator and on standing, s colorless, oily

film condensed on the sides of the desiccator, This

elly film ylelded chlorine when treated with concen~
trated Egseé. It exploded when disturbed,

4. Another solutlion was concentrated and 1t
decomposed., The yellow-green gas was condensed in

an acetone-dry ice trap to form an orange-red solid.

On werming this solid to room temperature, esgain a

&olaflaaag olly 1liguid film deposited on the slides

of the vessel. A green gas was formed.

These preliminary experiments confirmed that in(Cl0z)p
is unstable at room temperature. They also revealed that
Cl0p is & product of the decomposition. ClO0p is a yellow-
green gas which freezes to an orange~red solid., It dispro-
portionates to form Clg and Clglp, ClgOy is an explosive,
olly liquid at room temperature, which yields chlorine upon
treatment with concentrated HyS804 (37).

Preparation and Analysis of Compound

Equivalent quantities of MnSO4 end Ba(ClOz)g were
welghed out and mixed. Water was added to the mixture with
stirring. Centrifugation removed the §a$04 and the resulte
ing solution of Mn(ClOz)g was used in the preparation. The
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in(Cl0z)2 was not washed from the BaSO4 since it was
desirable to keep the solutlion as concentrated as possible,
80 that excess water need not later be removed, Instead,
for subsequent experiments mangenese in the Bad0y was de=-
termined and subtracted from the original weight of mangan-
ese, in order to know the toltal welght of Mn(Cl0z)e in the
solution.

Flgure 1 is & dilagram of the apparatus usaed Lo remove
water from the Mn{Cl0z)g solution at low temperaturaes
Three mli., of solution was placed in tube C inside one srm
of U~wtube. This arm extended into a freezing mixture of
lce and brine in vecuum bottle A, The other arm of the
U=tube exbamﬁgﬁ into a colder mixture, acetone-~dry lce,
in vecuum bottle B. Alr was removed from the U-tube by
evacuation through stop~cock DUe Ice from the solution
in tube ¢ c¢condensed in the colder arm of the U-tube., In
three deys the 3 ml. of solution had evaporated to approx-
imately 1 ml. The solution at this point was lliguid at
09 C., but was frozen at ~B80° C,

Then acetone~dry lece was placed in vacuum bottle A
and liquid nitrogen was placed in B. After four more
days the solution had evaporated to approximately 0.2 ml.
Further evaperation would not take place,.

Figure 2 is a dlagram of the apparatus used in
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analyzing the manganese chlorete residue, The product in
tube F was transferred to tube I extending into a véouum
bottle A containing acetone at -80° C. The acetone was
allowed to warm slowly (about 1° per four minutes) until
decomposition of the product was ¢omplete, The temperature
was followed by a thermocouple E and & thermometer G,

Dry niltrogen was used to swesp volatile decomposition
products through the apparatus. The U«tube B contalned
enhydrone, In it water vapor was collected and welghed,
U=tube ¢ was a drying tube which prevented back diffusion
of water vapour. After the dscomposition was complete,
tube I was warmed with a burner to make sure all of the
water was driven into U-tube B,

Bottle D contained an excess of standard KOH solution
to collect and determine the ClOg. The excess KOH was
determlned by titration with standard HCl, One mole of
€l0p reacts with one eguivalent of KOH (37).

The black residue in tube F was welighed, langanese
was determined in this residue by the bismuthate method (38),

Results and Discussion
The Mn(C1l0z)g product wes a pink solid at -80° C.
Observation of the product as it slowly warmed showsd that
it melted to & viscous, pink liguid at «~18° to ~159 C. At
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«13° C. very slow decomposition begen, At «8° C, decom=
position was rather slow, bubt et 69 C, decomposition ine
creased in vigor. At this point tube I (Flgure 2) was
warmed sllghtly. Increased decomposition resulted which
could bs slowed somewhat by a cold beth at 109 C. On re-
warming to approximately 209 C, the residue exploded with
a sharp report,

Table III shows the results of twa axperiments from
vhich the formula of the manganese ahlérate compound was
caleulated. In the third column for comparison is theow
retical date for 1,0000 g. of Wn(Cl0z)s in manganese (II)
chlorate hexahydrate.

The dats indlcate that menganess chlorate retains
water of hydration that cannot be removed by thls method.
Hesults of the two experiments do not agree precisely on
the number of water molecules of hydration. Experimental
errors were large enough, however, to cause this much
uncertalntys 4An average of the two sets of data lead to
the conelusion that manganese (II) chlorate hexahydrate,
Mn(C10z) 04 6Ho0, is the product. This is reasonable since
it is known that other manganese (II) salts form hexa~
hydrates.

#in{C103)2+6Ha0 18 a pink solid that melts to a viscous
liquid at -15° to -18° C. and decomposes explosively at
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Table III
Results of Experiments

Theoretical for
Expts. 1  Expt. 2 in(Cl03z)p.6Hg0

Wb, of #n{Cl03)g in tube0,2008 g. 0,1690 g, 1.0000 g.

Wt. of residue after

decomposltion 0.0728 0.0777 0.3917
Wt. of Ma in residue 0.0471 0.0549 0.2475
Wte of Clg (from Cl0g) 0.0468  0.0500 0.3196
HpQ from decomposition 0.1027 0.,0771 0,5143

Ratio of HgO to one Mn(ClOz)g (Calculated):
&« From total

Mn(Cl0g)g 643 543 8.0
bs From manganese 6.7 8,3 6,0
6« From chlorine 6.6 546 6.0

Ratio of oxygen atoms to
one manganese atom ;
in residue oxide 1.7 2+9 2.0

P A i R A P WP N T

6° to 102 ¢, Its decomposition correaponds to the fol-
lowing equation:
Hn{C103)2.6Hg0 —y MnOp + 2C10g + 6HQO
When potassium chlorate is catalytically decomposed
with manganese catalysts at high temperatures, oxygen,
not chlorine, is evolved., When manganese chlorate decom-

poses at low temperatures, chlorine dioxide is given off,
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Chlorine dioxlde would decompose to give oxygen and chlorlne
at higher temperatures. Therefore, the absence of c¢chlorine
during catalytic decomposition of potassium chlorate, using
mangenese catalysts, leads to the concluslion that manganese
chlorate ia not involved in the catalysis, or that manganese
chlorate does not decompose at 1;00 Ce by the same mechanism

a8 1t does at 3009«400° C,
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- KINBTIC STUDIES

Apparatus

Design end construction of an sutomatic recording balance

Introduction, PFPrevious workers, in studying the de-
eompasition of potassium chlorate, usu&lly measured the
rate of oxygen evolution volumetrically. Volumes of oxygen
at varlous time intervals were measured, and the rate curve
was obtalned from a successlion of points. For slow reacw
tions menusal volumetric measuremants are tedlious and have
not been carried out over time intervals of more than a
fow hours.

Rates can also be measured by a series of welghings
of the residue at various time intervals during oxygen
evolution, However, this would require alternate cooling
and heating the resction mixtures between welghings, I%
became desirable to have an lnstrument that could accurately
and automatically plot changes in weight due to oxygen
evolution as a funetlon of time, at constant temperature,
over extended perlods.

Grogg and Wintle (38) devissd a glass automatic
electrical sorption balance. Gregg (40) later described
a recording system for this type balance., Eyrand (41)

reported a glass sorption balasnce of a somewhat different
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type. Duval (42) described a thermal balance that auto=
matically records changes in weight on film. Brown, Loomls,
Peabody, and Woods (43) designed and constructed the balance
here described. It was used in the kinetic studies reported
in this thesis.

This instrument consists of three basic unita: the
balance (Fig. 3-b), the electronic control unit (Fige 3=c),
and the recorder (Fig. 3«f). The materials for the cone
struction of these units are standard and easily available
with the exceptlon of the recorder. The design is such,
however, that many types of recorders could be used. Each
basie unit will be described below,

Balence, The balance (Fig. 3-b) is a slightly modified

ordinary analytical balance from which the pan supports
were removed and %2 ineh holes were bored through the bottom
of the pans and balance ¢ase. Pyrex glass rods are sus-
pended from hooks on the balance srms through these holea.
A pyrex tube (6" x .5") reaction vessel hangs from the left
rod into the constant temperature furnace mounted below the
balance, On the right rod is suspended a 1 x 6 cm, Alnico
magnet sealed in a glass tube which hangs within the core
of the colls attached to the electronle control unit. The
details of these hand-wound colls are shown In Table IV.

A small mirror (1 cm. x 1 cm,) is mounted exactly in

the center of the balance beam, The mirror is masked with
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3 . Autometic Recording Balance

Balance in operation.

Balance.

Electronic control unit.

Electronic chassis, upper view.

Electronic chassis, bottom viev.

Recorder,

Rear view of recorder, showing drum potentiometer.



.35

Table IV
Details of Control Coll Windings

N

o " o pineisemeti ’ o o
" e e =

Dlameter Reslig=-
Coll Length Core Wire Used over tance
Winding
Control Coll 5 cme 4 om. 27 B.&S, B.D cm. Approx.
enaneled 115 ohms
Cu,
Damping Coll 5 cms 4 om. 52 B.&S. 6.5 cm. Approx.
{Double Winding) enameled 110 ohms
Cu, (each wind=-
ing)

black paper to leave in 1ts center a circle 2 mm, in diameter.
A light beam is focused from an approximately 459 angle onto
the mirror from a light source mounted sbove the balance
cass {(Fig., 3~b). The light source is a 6-volt Ho. 82 bulb
mounted in a housing, A lens in front of the bulb focuses
the filement image onto the mirror. This image is then re-
flected through & resding glass lens onto a dual photocell
mounted in & housing above the balance (Fig. 3-a & b).
Electronic control unit. The electroniec control unit

(Flg. 4) was designed to provide the maximum reliability
and sensitivity consistent with low cost and ease of conw
struction, Only parts which are readily svailable from

sﬁanﬁard radio supply houses are incorporated in the cire

cuit. Where posslbles, conventional designs for power
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gupplias; amplifiers, etc,, are used. Since no high
frequency ecircults are employed, the construction of this
instrument requires no great skill, and the chassis layout
is not oritical. AbLllity %o use a soldering iron and hand
tools 18 about all that is required of the builder of this
instrument, ‘

For the most part, strict adherence to the spescificae
tions regarding electrical size of componenits (Table V) is
not necessary. 4 person with some knowledge of slectronic
circuits can easily modify the design to facilitate utillie
zation of electronic parts that the bullder uey already
have on hand, Modifications of the circuit will be neces-
sary in the event that it is desired to use a recorder
not of the o0ld mechanical type described in thls paper,

All of the d.c. power supplles are regulated by means
of glow discharge, gas-filled voltage regulator tubaes,
Thia is the simplest type of regulation and 1s suffleient
only 1f the input voltege ls falrly constant., The writers
found 1t expedient to obitain the 110 V, A.C, input from
220 volt line by means of a step~down transformer. 7This
220 volt source was not subject to the extreme voltage
variations found in the 110 volt line, Provided the
frequency of the source does not vary, a constant voltage

transformer of the mesgnetic saturation type may be employed



Table V
Electyronic Parts Listw

cl, Cg, 65, G*; Qg, Qawmlﬁ mifd, aiﬁﬁhrglytiﬁ, 450 V.
Cys Cg=«b mfd, paper, 400 V.
cgy cle“*atl mid, paper, 400 V,

Lys Loy LgewFilter choks, 16 hys., 50 m.a.
ﬂég L *«Bgmping coils,
L@Nuﬁain control coil.

FewFuse, 5 amp.

31“w1$60 @hmﬁ, & wﬁttu

R o R **IQ,GGO thﬁg 10 watt,
Ra-=50,000 ohms, 1 watt.
R5~~5,000 ohms , "1 watt,
Rg~~160,000 ohms, & watt.

7*~226,99@ ohma, 3 wabt.
Egs gu«é magahnx, % watt,
ng, ll’ 15; R14, Blgﬂ"l m&gﬁhn, % watt,.
Rygs El¥-~2B-000 otun, 1 wathe
Rlgs Kig-=1500 ohm, 1 watt.

Rons Rots ~=Potentiometer, linear taper, 500,000 ohms,
ﬁ%ﬁ, «ﬁl 2330 aﬁg\ 1 watt,

Rgﬁ; R ywu 50 ohm, l watt.

Rog«=100,000 ohms, & ohm, 1 watt,

ﬁggwm?atantiamﬁﬁer, iinear taper, 100 ohms.

Bzo~=Drum potentiomster, linear tapsr, linearity tolerance--
0&5% 10,000 ohms,
31**250,000 ahma, 1 watt.
3%*“;3;&6@ tha; 1 watt,.
Rgz=~Potentiometer, linear taper, wire-wound, 500 ohms.

3*”$With, SPS?%, tﬂgglﬁn

T1» Tg=-Powsr transformer, 235«0+~235 volis rms., 40 ma.
Tge~Power transformer, 300-0300 volts rms., 70 ma.
Tg==Fllament transformer, 6.3 volts rms,, 6 amp.

#Symbols refer to Circult Disgram (Fig. 4).



for preliminary stabilization of the s.c. input. The
rectifler and filtering circults used are of conventional
design and have a nominal current carrying capacity of
about 40 ma. The power supplies are all contained in the
main chassis assembly.

The photocell and the first amplifier stages are cone
tained in a separate housing made from a 4" x 5" x 3"
utility cablinet. This cablinet, complete with built-in
chasslis, may be obtalned from almost any radio supply house.

The parts mounted in thia cabinet are the 820 phototube,
the two 6J5 amplifier tubes, reslstors Rg, Ry, Rg, Hg, Ryp,
and K11, and the potentiometers Rpp and Rpj.

An externsl mounting plate and hood for the phototube
was constructed from light-weight sheet metal and fastened
to the cabinet with self-tapplng screws. 7The cablnet was
fitted with a brass rod for mounting ln an ordinsry ring=~
stand clampe. This chassis is connected with the maln
chassls assembly by means of a sevenwconductor shielded
¢able with an eight-contact multiwire cable connector
mounted in the main chassis assembly.

The 920 phototube smployed is a twin-unit gas~filled
type with maximum sensitivity in the range of 800 to 1000
ma. This 18 the best spectral sensitivity for use when
an ordinary incandescent bulb is the light source. The

6J5 triodes whiech constitute the first stage of amplification
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of the photocell current ate mounted close to the phototube
to provide short leads for the extremely small currents
from the phototube. The apparent sensitivity of each half
of the phataaall can be varied independently by means of
the potentiometers (Rpp and Bpy, Figs. 4) which control

the grid blas voltage of the amplifier tubes.

The output of the photocell amplifiers is applled to
the recorder termlnals through a bridge clrcult (Rpg.py)
and also to the damping circuit described bslow, 4 100
ohm variable resistor (Rgg) shunted across the recorder
terminals provides for adjustment of the recorder response,.

Attached to the shaft of the recordser pen mechanism
i1s a 10,000 ohm precision linear potentiometer Rzg. This
potentiometer supplies to the cathode follower amplifier
tube a grid volitage which varies with the motion of the
recorder pen. The plate (and cathods) current of this
tube is in direct and linear proportion to the grid volt-
age applied and hence is directly dependent on the position
of the recorder pen., A portion of this aurrapt ls fed to
the main control coll Lg thus supplying a magnetlc field
which is controlled in & linesr manner by the recorder
pen mechanism. This megnetic field surrounding the Alnico
m&gnaﬁ suspended from the balance beam controls the position
of the beam. The fraction of the totel cathode follower

current thet is applied to the control coll may be varied
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by the 500 ohm potentiometer (353) in the cathode supply.
This provides a means for adjusting the range (number of
chart paper divisions per milligram) of the balence,

A time lag between s change in the msgnetic fleld of
the control coll and the response of the balance beam alw
ways exists due to inertia of the beam. This results in
a continual over-corrsction whenever there 1s a change in
welght of the sample. If no provision werec made for this
over-correction, the balance would then remaln in continual
osclllations The operation of the damping circuit incore
porated in this instrument to eliminate this difficulty
may be described as follows:

Conslder the light beam from the mirror on the balsnce
beain to be sweeping onto the top cathode of the 920 photow
tube in Fig. 4+ The rate at which this occurs depends
upon the natural period of oscillation of the balance,

As the illuminatlion incresses, the current through that
half of the phototube increases and causes the following
series of events:

1. The voltage drop across Ryj resulting from
the increased current through Ryj makes the grid of
the top 6J5 more positlve.

2+ Raising the grid potential increases the
plate current and lowers the potential at the plate
due to a larger IR drop in the resistora Hp4 and Rpg.
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5« 7This reduces the current through the coupling
condenser Cs and resistor Ryp lowering the grid poten-
tial of that half of the first 68N7 amplifier tubs,

No differentiation of the voltage across C7 and Rig
occurs because the time constant Ryp x Cp (20 sec,)
is long compared with the period of the balance.

4, The plate current in that half of the second
68N7 decreases causing a reduction in the IR drop
across Ryge The potential at the plate and hence at
the top of the condenser Cg increases.

b. Cg and Ry, constitute a simple differentiating
circuit since the time constant Cg x Ry4 1s small (0,1
sec,) compared with the time regquired for the light
beam to swing completely onto the phototube (i.e., the
period of the balance), Thus as the voltage applied
to Cg increases, an instantaneous voltage ls produced
across Rjq which is proportional to the differential
with respect to time of the voltage appllied across
Co and Rigqe

6. This voltage across R14 makes the grid poten-
tiel of that half of the 68N7 more positive causing a
current to flow in the damping coil Lg. The overall
result is that the current flowing in Lg is proportional
to the rate at which the light beam 1s moving onto the
phototube which is also the rate at which the balance
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beam 1s swinging. 8Since this tube is blased below

cut=off by means of the damping control potentiometer,

Ropy no current flows in the damping coil unless the

illuminatibn of the phototube 1s incressing. An

exactly parallel operation occurs when the beam swings
in the opposite direetieﬂ; The current which flows

in the damping colls in either case is such that the

magnetic fleld which 1s set up tends to oppose the

motlon of the magnet, restoring the beam to the
equlilibrium position.

Recorder, The recorder(Fig. 3«f) is an old revamped
Leeds and HNorthrop temperature recorder. A constant speed
motor, the speed of which can be controlled by an adjustable
governor, turns a roller for the chart paper. A cammed
drive sheft operates a drum pen mechanism., The pen mechan=
ism is controlled by a galvanometer which is deflected to
and fro in responsse to swings of the balance beam.

Attached directly to the shaflt of the pen mechanlsm
is a 10,000 ohm linear drum potentiometer (Fig. 3~g) which
turns with the pen mechanism a number of degrees propor=
tional to the deflection of the galvanometer needle., This
potentiometer varies the amount of current flowing in the
control colls in such a sense as to tend to restore the

balance to a null position.
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Operatlon of instrument, The instrument operates on

110 wvolts A.C, Several controls are used in its operation,
Two photocell potentiometers are mounted on the photocell
housing (Fig. 3~b}. These vary the sensitivity of the
photocells and are set to zero the galvanomebter nsedle of
the recorder when the balance is at its zero point, Other
controls are mounted on the panel of the electronic control
unit, These will be deseribed from left to right as shown
in Figure 35~c, First is a sensltivity control which is
used to determine the extent of deflection of the recorder
~ galvanometer needle for a given deflection of the balance
beam, Next 1s a fuse box, then the master switch for the
electronic control unit and light source, The next two
controls are used to adjust the smount of damping required.
They operate in parallel, each controlling one damping cire
cuit, At the right side of the panel 1s the range control
which determines the number of lines on the chart paper
that corresponds to a glven change in welght.

After a warm up perliod the balance beam 1s locked
and the recorder gslvanometer needle is zerosd by the photos
¢all potentiometers. The balance beam is unlocked and tares
are added to one balance pan until the recorder drives the
pen to the desired position on the chart paper. The damp-
ing controls are turned cloockwlse in parallel until suffi-

clent damping is observed, Once the proper damping ls
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ls needed, The range is found by setting the range control
and observing the plot made when a given weight 1s added

to one balance pan. Turning the range control in e clock-
wise direction decreases the range. The chart paper speed
can be thanged by e screw adjustment on the governor of the
recorder motor,

Finally a weighed load is introduced into the reaction
vessel and tared by an equal weight placed on the right pan
of the belance, The instrument then auvtomatically plots
any changes in welght of the load as & function of time.

The range of this iInstrument is adjustable by the range
control from 100 milligrams to 25 milligrams per chart-paper
width. This range could be further increased by a small
modification in the electronic cilrcuit. Changes in weight
are recorded with an accuracy of 0.5%. The instrument is
reproducible to 0,1 milligrams, Over extended periods
of time the uncertainty is £0,2 millligrams. Although the
- electronic control unit contains voltage regulators, exces-
sive fluctuations of line voltage cen result in lncreased
uncertainty. By using a 220 volt sourcs, which is usually
more constant, and a transformer for converting to 110

volte, this uncertainty can be decreased.
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Constant temperaturs furnace

The furnace used in these experiments (Fig. 3~b) was
made by wrapping a resistance wire heating coil esround an
insulated 1" x 12" iron tube., Another auxiliary control
colil of resistance wire was wrapped around the insulated
heating c¢oll, The tube was then inserted through holes
in the ends of a 5" x 10" tin can which wes stuffed with
powdered asbestos. The whole furnace was then covered by
several layers of asbestos paper.

The heating coll was connected through a variac to a
110 volt source, A thermoregulator was mounted in the
bottom of the iron tube. This thermoregulator, connected
to & sensitive Fisher type relay, controlled current in
the control coll which recelved current from a variac
source in series with the relay. A control on the thermo-
regulator allowed adjustment to a desired temperature.

The tempersture of the furnace was messured by a
chromel-alumel thermocouple inserted into a hole in the
slde of the furnace, extending into & hole in the center
of the iron tube., Potentlal difference was read in milli-
volts from a Leeds mnd Northrup potentlometer and calculated
to temperature on the centigrade scale.

The whole furnace was encased in an agbaataawlined,
wooden box mounted below the sutometic recording balance,

The pyrex glass rod from the left arm of the balance besm
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extended through a small hole in the top of the box. 4
hook on the end of the rod suspended the reaction tubes
in the iron tube of the furnece.

This furnace would maintain a constant temperature

within £2° C., over extended periods of time.

Resction tubes

The reaction tubes used for the kinetic studlies were
11=-12 mm. pyrex tubes, 15 cm, long. At opposite sides of
the open ends were small glass projections. A nichrome
wire ball with hooks was used for suspending these tubes
by the glass projections to the pyrex glass rod from the
balance beam. A small glass cap was fitted loosely in
the top of the tube to catch any solids that might be
mechanically carried from the reaction tube,

For studles using rhenium catalysts, similar but

longer reaction tubes were used (1l~12 mm. x 22 om.).
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Materials

Catalysts used

Following 1s a list of compounds used as catalysts
for this study. The 1list includes the source of each
compound, or the method of its preparation, and in most
cases the results of a chemical analysis,

Manganese was determined in the manganese oxides by
the bismuthate method (38). Rhenin& oxldes were analyzed
by dissolving 1n superoxal, boiling off the excess Hy0p,
and tltrating the resulting HReO4 with standard KOH, as
described by Fait and Donhart (44) end by iaun (45). The
potassium perrhenate was analyzed by the method of Willard
and Smith (48) in which ReO4 is preciplitated with tetra-
phenyl arsonium chloride,.

(1) Manganese metal, Mnt Baker and Adamson.

(98.8% in by analysis)

(2) Manganous oxide, MnO: Prepared by heating 3 grams
of Baker and Adamson reagent grade MnlOgp in an
stmosphere of hydrogen at 550° C. for 8 hours,
(74.1% Mn, corresponds to Mn0Oy o)

(3) Mangano-manganic oxlde, inz04: Prepsred accord-
ing to Myers and Kanters (47) by heating Baker
and Adamson reagent grade iin0Og in & platinum



-3+ PN

crucible in an electric furnace for 27 hours

at approximately 1000° C, The product appeared
reddish brown in color as described in the
literature,

(66.1% iin, corresponds to MnOjy q)

(4) Manganese trioxide, MngOz: Prepared according
to Myers and Kanters (47) by heating Baker and
Adamson reagent grade iin0Og in a porcelain crucible
in an electric furnace for 20 hours at 7009 C,
The product appeared purple~brown in color.
(69.59% Mn, corresponds to MnOj ss)

(6) Manganese dloxlide, WMnOg: Baker and Adamson
reagent grade,

(63.9% Mn, corresponds to inOp 1)

(6) Menganese dioxide, MnOg: Specially prepared
catalyst by Fisher Scientific Company (48).
(53.6% Mn, corresponds %o inOg g or MnOp.Hg0)

(7) Manganese dloxide, HnOg: Specially prepared as
follows: Approximately 6 grams of Baker and
Adamson, reagent grade, KMnO4 was dissolved in
200 ml, of water. 100 ml, of methyl alcochol
was a&ﬁe&, stirred, and allowed to stand 10
hours., A red~brown preciplitate resulted. 7The
precipitate was flltered on a sintered glass

filter, washed three times with methyl alcohol,



(8)

(9)

(10)

(11)

S0

and was dried at 110° €, for 24 hours. The
oxide was red~brown in color,

(55.9% Mn, corresponds to MnOg.g or MnOg«Hp0)
Potassium permangenate, KinO4: Baker and Adamson,
reagent grade,

Bhenium metel, He: From Clty Chemical Corporation,
(98.6% Re)

Ehenlum dioxide, ReOgt Prepared by heating
approximately 0.5 g« of Re0z in an evacuated
tube at 450° G, for 16 hours (37). The ReOgy
disproportionated into ReOp and KegOy. The
RegOny sublimed to the cool end of the tube and
left the RaOg behind. Cutting the tube in two
separated the RelOp from the Reygly. The Relp
was black as described in the literature.

(72.7% Re, corresponds to 85,3% ReOp)

Rhenlum trioxide, ReOz: Prepared according teo
Maun (45) and according to Nechamkin, et al (49)
by treating approximately 0.5 g. of RegOy with
dleoxane which had héem freshly dlstilled over
sodium to dry it. A gray-white precipitate
formed, having a melting point of 90°9-100° C,
This corresponded to the melting point of the
sams compound, rhenium diaxanata, described by

Nechamkin, et al (49)., The gray-white precipitate
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(13)

Reagents and chei
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was dried at room temperature and then was placed
in a furnace at 145° ¢, for one hour, A burnt
sugar odor was observed. A red, crystalline
material resulted.

(72.64 Re, corresponds to 91.3% ReOz)

Rhenium heptaoxide RepgOy: Prepared by oxldation
of 0.5 ge of rhenium metal in an atmosphere of
oxygen at 4509 C, for 8 hours, A canary ysllow
materisl sublimed to the cool pertian‘af the
reaction tube,

(Not analyzed, but assumed to be pure since 1t
was sublimed.)

Potassium perrhenate, KReOg: Prepared by reacting
ReglOy with water, titrating the resultlng HReOg
with KOH, and evaporating to &ryneaa,

(87.5% KfeOy)

The following list of chemicals include those used

(1)

(2)

throughout the course of this study and the other studles
in this thesis, The 1llst does not include chemicals used
incidentally, such as indicators for titrations.

Acetone, (033)366: Baker and &&amaan, resagent

grade,
Barium Chlorate, Ba(Cl0z)g: Baker and Adamson,

reagent grade,



(3)

(4)

{5)

(8)

(7)

(8)

(8)
(10)

(11)
(12)

(13)

(14)

(15)
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Calcium Carbonate, CaC0Oz: Baker and Adamson,
reagent grade. Chloride <0.001%.

Ceric Sulfate, Ce(HS04)ot G. Frederick Smith
Chemicsal Company, Columbus, Ohio. GFS reagent.

Chlorine36 Enriched HCl: Ames Laboratory, A.E.C.,
1.4 N HC136, specific Activity, 0.23 mc/g.

Dioxane, (CHp)gOp: Merck and Co., Inc. Dried
by diatiilaﬁian over sodlum,.

Ferrous Ammonium Sulfabte, Fe(NH4)o(804)p: Baker
and Adamson, resgent grade.

Hydrochloric Aeid, HCl: Baker end Adamson, resgent
grade, Concentrated,

Hydrogen Gas, Hpt Balback Co., Omaha, Nebraska,

Hydrogen Peroxide, Superoxal, HpOsn: Merck and
Go., Inc. 30% HgOg.

‘Mang@nsaa Metal, Mn: Baker and Adamson, 95%

Mangenese Chloride, MnClg: Baker and Adamson,
resgent grade.

Menganese Dioxide, #nCp: Beker and Adamson,
reagent grade.

Manganese Sulfate, inS804.Hp0t Baker and Adamson,
reagent grade.

Hethanol, CHzOH: Merck and Co., Inc.



{18)
(17)
(18)
(19)
{20)
(21)

(22)

(23)
(24)

(25)
(26)

{27)
(28)

(29)
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Nitric Acid, HNOz: Baker and Adamson, reagent
grade, Concentrated.

Oxygen Gas, Og: Balback Co., Omeha, Nebraska.

Oxygent® Enriched HgO: Ames Laboratory, A.E.C.

Potasalum Chlorate, KUC1l0z: Baker and Adamson,
reagent grade.

Potassium Chleride, KCl: Baker and Adamson,
reagent grades

Potesslium Perchlorate, KClO4t: Baker and Adamson,
reagent grade,

Potassium Permanganate, KiMnO4: Baker and Adamson,
resgent grade,

Rhenlum Metal, Re; City Chemlecal Corp., New York.

Silver Nitrate, AgNOz! Baker and Adamson,
reagent grade.

Sodium Carbonate, NaCOz: Baker and Adamson,
reagent grade.

Sodium Bismuthate, NaBiOz: Baker and Adamson,
reagent grade.

Sulfur Dioxlde CGas, S0g: Sargent Co., Chicago.

Sulfurlic Aclid, HpS04: Baker and Adamson, resgent
grade, Concentrated,

Tetraphenylarsonium Chloride, (CgHg)gAsCl: Haok

Chemical Co., Ames, Iowa,
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Procedure

Preparation of mixtures

For measurement of reaction rates resction samples
were used of such size that each contalned exactly one
gram of KC10z, This sample size was chosen to make cone
venlent the calculations of rate constents, Also, one
gram samples were easy to prepare and weigh out, Further,
the decomposition of & one gram sample of potassium chlo-
rate could be accurately and easily plotted by the autoe-
matie recording balance,

In order that catalytic asctivities of the varlous
cetalysts could be compered, each resction sample was made
to contain the same mole percent of manganese or rhenium,
A composition of 1.4 mole percent manganese or rhenium was
chosen., This composition corresponds to 1% manganess
dloxide by weight, a type of mixture previously used when
manganese Gloxide was studled as & catalyst in the decom-
position of potassium chlaraté;

Resctlon mixtures of potassium chlorate with manganese
catalysts were prepared in batches contalning 98.6 mole
percent potassium chlorate and enough uahalyét to econtain
1.4 mole percent manganese, The potassium chlorate was
ground in an agate mortar to pass a 100 mesh screen and
was dried st 110° ¢, The catalysts were ground in an agate

mortar to pass a 200 mesh screen,
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Then 10,000 grams of the potassium chlorate and enough
catalyst to contain 0,00115 moles of manganese were mixed
and ground togethser in én agate mortar. The mixture was
placed in a ground glass stoppered weighing bottle and
shaken thoroughly. Later samples large enough to contain
1.,0000 grams of KClO0sz were weighed out of these prepared
batches, ,

Samples were weighed in a specially designed 1.5" x
0.5" funnel-shaped pyrex glass weighing boat, This welgh-
ing boat was convenlent for pouring a sample into the re-
action tube on the balance. A camel halr brush served to
brush all the sample into the reaction tubse,

Since the supply for rhenium catalysts was limlited, a
somewhat different procedure wes employed iIn the preparation
of mixtures using rhenium catalysts. In this case an indi=-
vidusl sample for each run was prepared. A4 1.,0000 gram sam-
ple of KC10z was weighed out. Then enough rhenium catalyst
to contain 0,00115 moles of rhenlum was weighed out and mlixed
with the potassium chlorate by grinding together In an agate
mortar, These ssmples were used as they were prepared.

It is significant to note that as the Re, HeOp, aﬁd
RegO7 were belng ground with the KC1l0g, a faint chlorine=-
like odor was observed. The KeOz and RegOy mixtures took
up moisture while grinding and caused the powdered KClOg

to pack somewhat.
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The rate of decomposition of potassium chlorate in
each ssample was measured at constant temperature by placing
the sample in a resction tube suspended in the constant
temperature furnace by the pyrex glass rod hanging from
the beam of the automatie recording balsnce. Before each
run the furnace was adjusted to the proper temperature.
The balance was adjusted with a weighed reaction tube and
looss fitting cap in place in the furnace., The balance
beam was tared to place the recorder pen at the left of
the chart paper and then was locked,

The sample was‘weighad in the weighing boat on an
analytiaalﬂbalﬁncaa Weights corresponding to the exact
walght of the sample were then placed on the right pan of
the recording balance. 7The ¢ap was raised from the reac-
tion tube, the semple was brushed into the tube, and the
cap wes replsced, The balance was then unlocked., Zero
tine was merked on the c¢chart paper. The recorder then
plotted the loss In weight, due to oxygen evolution, as
a function of time,

For these experiments the range of the recorder was
set at 50 milligrams per ¢hart paper width., Whenever 50
milligrams of oxygen had evolved, 1% was only necessary to

place a 50 milligram welght on the left pan of the balance.
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The pen would cross the paper and record until asnother
50 milligrams of oxygen had evolved,

Runs that were Intended to go to completion were
recorded until no more than 1 milligram of oxygen was
liberated per hour., In some cases, however, the recorder
was allowed to run a conslderable time after thls rate
had been reached. This was to observe changes later that
mipght ococur in the composition of the residue after evolu-
tlon of oxygen practically ceased, The reaction tube was
then removed from the furnsee, cooled, and weighed, The
difference in weight of the tube before and after the re-
action served as s check on the totel weight of oxygen
liberated as shown on the chart paper. Agreement within
2% was usual.

Reaction rates for wmixtures of each catalyst were
measured in this meanner at two or more temperatures. Sam=
ples from all mixtures were run at 3400 C, and at 368° C.
Several samples of mixtures were slso run at other tempera-
tures, The decomposition rate for pure potassium chlorste
was necessarily measured at higher temperatures: 366° C.,
4559 C,, 503° C,, and 527° C. Lower temperatures were used
for the Fisher inOp mixture: 366° C., 3400 C., 312° C.,
284° ¢,, and 231° ¢,

In order to obtain aspecific reaction rate constants

for the reactions, it was necessary %o know or assume the
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order of the reactions. Tests for first and for second
order kinetics were made on runs for the decomposition of
pure potassium chlorate, and on runs for the decomposition
of potassium chlorate with B.&A. mangenese dioxlide catalyst,

Pirst order kinetles require a straight lins for a
rlot of ¢ vs log §f§ according to the first order rate law

kt 8 2.303 log ;%5
where k is the specific rate constant, t is the time, a
is ﬁhe original concentration of the reactant, and x is the
moles 0of product formed a% time t. Since k is dimensionless,
the units for a and x are not important. In these calcula-
tions a was 392 milligrams, the total welght of oxygen in
1.000 go KC1lOz« x was the milligrams of oxygen evolved
at any time t.

The various t's and x's were resd directly from the
chart peper records from the sutomstic recording balance.

A oalibrated T square and drawing board were used to faclilie
tate messuring the reactlon rurves to obtain the various
t's and x's.

Samples of first order plots of t vs log 4% for the
decomposition of pure KC10sz and for KC10z with B,&A., cata=
lyst are shown in Figure 5, curves 1 and 3, The curves in
Figure 5 are not all drawn to the same scale but are included

on one plot for comparing the linearity of the linss,



(Curves 2 & 4)

X
a\a = X

Log

- (Curves 1 & 3),

8 - X

—— 1 KCl03 + B™A InO, 366°, 1'st ordér
- vess 2 KC103 + B&A MnOp, 366°, 2'nd T
— = 3 KC103  pure, 503°, 1l'st opdér

—— - 4K0103, pure, 503°, 2'ngfbrder/

Time (%)

Figure § . First and Second Order Rate Plots



wB0m

Second order kims tics require a straight line for a

plot of & vs ;T§:§7 sccarding to the second order rate law
mam

where t is the tlme, a is the concentration of the reacs
tant, snd x 1s the concentration of product farmed at time
ts For this test a was %ﬁ%ﬁﬁ; the moles of KCl0g. The x
waa«% x‘ﬁﬁ&mﬂgéﬁﬁxﬁﬁa, the moles of KC10g decomposed to
yield a given weight of oxygen at time %, as messured on
the clhart paper. Ssmples of second order plots of ¢ va
3T§:§y sre shown in Figure 5, curves 2 and 4,

Comparigon of the two sets of curves (Figure 5) shows
that for the {irst part of the reaction the first order
rate law gives the best straight lines, Other such plots,
using other rate laws, gave no battar straight linaes.
Therefore, foar purposes of obtaining apparent activation
enargles, specific reactlion rate consbants were obtalned
from first order ploits of the various decomposition reace-
~tions. Actlvation ensergles for each reaction were calou-
lated from the rate constants oblained at two tamparaﬁaras,
using the Arrhenius equations In cases where runs for a
single mixture were made at thres or mare temperatures,
the activation energy wes obbained from the slope of the
plot of log k ve ém In these cases E ® 2,303 = 1,987 x

T
slopas
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The residues from most of the reactions were snalyzed
for chloride, chlorate, and perchlorate by standard methods
(33)+ Samples contalning manganese were analyzed for pers-
manganate in the soluble portion and for manganese in the
insoluble portion. Samples containing rhenium, with few
exceptlons, contalned no ilnsoluble @aﬁ«weaa. In the absence
of a method for precipltating or determining perrhenate in
the presence of chlorate or perchlorate, rhenium was not
detsrmined. However, sbsorptlon spectira ww the ultraviolet
were taken of these solutlions to prove the presence of
perrhenate in each case,

The first several samples were treated by a method
which wes slightly modified for later samples to 1Increase
the accuracy of the anslyses. The first method will be
described in detall and later modificatlons will be pointed
out,

The residue of a sample was scraped from the resction
tube and ground in an egate mortar, A weighed sample of
the residue wes dissolved and diluted to a measured volume.
Chloride in a 10 ml, sliguot was then titrated with standard
silver nitrate by the Fajan {50) method. Into another 10
ml. aliquot 50g maw was bubbled for at lesst two minutes,
This reduced any QSMGWQWQ present to chloride without re~
ducing perchlorate (33). The solutlon was then bolled to
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remove excess S0g. On cooling, excess chloride-free calcium
carbonate was added, and the chloride was titrated, 8S%t11l
another 10 ml. allquot was evaporated to dryness and fused
with excess sodlum carbonate in a platinum erucible. The
fusion decomposes both chlorate and perchlorate (51). The
fusion product was then dissolved in water with dilute
nitric acid, the excsss nltric acid was neutralized with
excess ehiariéﬁmfree calcium carbonate, Total chloride
wag then titrated. From data obtalned chloride, chlorate,
and perchlorate were calculated, The fusion was omitted

in some instences in which cases perchlorate was obtalned
by differsnce,

For samples in which mangenese cabtalysts were used,
another welghed portlon of the residue was treated with
water and filtered in welghed, sintered glass flltering
crucibles., The residue was washed with water and the
washing added to the filtrate.

Permanganate in a pink filtrate was determined color=
imetrically with & Beckman D, U, spectrophotometer by
measw ing percentage transmittancy of the solution at 520
mMe Permangsnate in parts per million was determined by
using & standard permanganate reference curve. Paris per
million of permengeanste was calculated to percentage of

total manganese. Complete absorption spectra in the vlisible
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residue was calculated, From the weight of manganese and
the welghit of the resldual oxlde, the ratio of maaganuaé
atoms to oxygen atoms was ﬁaleulataé.

Following is & sample of the data and caleulations
obtained from the analysis of a residue from a reaction
using a menganese cabalyst:

Data: Mixture G, Run 23 (1.000 g. KC10z+ 0.0081 g. MngOz).

Temperature of TUN o o o s o « » o o o o 3400 C.

Total wte of oXygen 6VOlved. « s « s « » 0.025 go

Whe Of P@BAAUG o « o o v s » o s o + + « 0.0833 g,

Volume of solution of soluble part
of residueg. . P "I TR T S « o « 5D mle

Volume of 0.1001 N AgROg to titrate
10 mle 8liqQuote « v « & v o « & & » 130 mle

Volume to titrate 10 ml. aliguotb
after BOg treatment « « o « o + 4 o 14.89 ml,.

Volume to titrate 10 ml, aliquot ‘
for total Cle o o ¢ o 2 = o ¢ & » « 14,52 ml.

Percentage transmittancy for
permangansba@e o« o o ¢ 2 2 6 0 & o+ @ 95'2%

Parts per million of permangansie. « « s L5 pepems

Wte of inmoluble part of reaiﬁge s » » » 0,0072 g

Volume of 0.1232 K Fe(NHg)p(804)2. . 4,00 ml.

Volume of 0,1024 N Co(S04)ps o o o » o o 0,40 ml.
Calculations:

£ 3
&
L 3

Wb, of KC1 % 1.30 x 0.1001 x Sgi, x 39 = 0.0483 g.
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Wt of KC10z = [(14.89 x 0.,1001)=-(1.30 x 0,1001)] =
§6348s = 28 = 0.834 ¢.

Whe Of KC104 o o o o s s o v o » o o o » 0.0 ge

Wt. of KCl04, by difference = 50104 |1.000 x C1

‘ KO KC10gy
§Q§2§E$ - 0.843 ;x.';l%] = 0.,0583
W, of Kiin0y = 22§ 100 =z 3.5 5 104 g,
Percantage of tovel Mn in ¥nO4 = "‘;0593.0% x ’i&fﬁ'ﬁg"ﬁ; x

#n08 = o,

2in 8%

Wt. of Mn in insoluble part of residue = [(4.00 x
0.1232) = (0.40 x 0.,1024)] x =H&. = 0.0049 g,

[ E - M = L4
Ratlo of Mn to O = £1.0% to ~&i§«§ L

Following is a sample of the data and caleulatlons
obtained from the analysis of a residus from a reaction
using a rhenium cabtalysts
Data: FRun 29 (1,000 g. KC10z + 0.0267 g. ReOg).

Tomperature of PUN « « » » ¢ » » s &+ « ¢ 340° C.

Total wt. of oxygen evolved. « + ¢« » « « 04118 g

Whe Of Po81AUE & « 5 4 o o s s o » & s o 0,9094 g,

Volume of solution of soluble part
of residues P T B B 50 mlnl

-

Wie of insoluble part of reslidue + « 0.00 ge

Volume of 0,100l N AgNOz to titrate
10 mle 8liquote o s o o o o« ¢« & o & 4,86 ml,
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Data, continued:

Volume to titrate 10 ml, aliquot
after S50g treatment <« « « « o +» » » 15.52 ml,

Volume to titrate 10 ml. aliquot
f&rta’balﬁl»uwg&.*ﬁ.\gvglﬁ.&aml‘

(Ultraviolet absorption spectrum was run
on solution to ascertain presence of ReOg.)

Caleulations:
Wte of KC1 = 4.86 x 0.1001 x % x %% 20,1795 g.
Wk, of KC105 = [(15.52 x 0.1001) - 4.86 x 0,1001)] x

K195 x §§ = 0.655 &

Wt. of KC104 = [(15.53 x 0,1001) - (15,52 x 0.1001)] =

KCl04 _ 50 . ;
000 * 30 © %907 & KC10 000 x C1
Wt. of KC1lO4, by difference & »¥4V4 - Ekﬁﬁﬁﬁfﬁ"”" o
) 4+ BY T 105

(0653 x C1) nary o
(—KCT03 )] z 0,0567 g.

Wt. of oxygen, calculated from wt, of KC1 = 0,1795 x

502 =
Da Es
Bwor © 016 8

Results and Discussion

Decomposition of pure KC1Os

Figure 6 shows the rate of decomposition of pure KClOz
at various temperatures. Milligrams of oxygen from the
recorder chart paper have been converted to percentage of
oxygen evolved. The two broken curves are from data of

Glasner and Weldenfeld (22) for comparison, Although the
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Figure G . Decomposition of Pure KCl03 at Various Temperatures

Broken curves are from Glasner and Weidenfeld,
J. Am. Chem. Soc., 74, 2465 (1952), Fig. 2.)
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general shapes of the curves are similar, &t 527° ¢, and
at 503° C. the rates are faster than those of Clasner and
Weldenfeld,

First order rate plots of the first parts of the de~
compositions at the four temperatures are shown in Figure
7. BSpecific reaction rate constants for the warious tempera-
tures were determined from slopes of these curves. They

a&a gunmarized in Table VI,

Table VI

Specific Resction Rate Constants for Decomposition of
EC105 at Various Temperatures

Specific Reactlion

Temperature ‘ Rate Constants
366° 1.38 x 10~5
45569 2,13 x 10~4
503° 5.53 x 103

527° 1.33 x 10~2

The Arrhenius squation plot (log k vs %J for the
decomposition of KC10gz is shown in Figure 11, curve l.
Calculation from the slope of the Arrhenius equation plot
yields an apparent sctivation energy of 54 kecal. per mole,

Glasner and Weidenfeld (22), by comparing the tises
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5 end 6, Figure 8) and KMnO, (curves 5 and 6, Figure 9)
are also good catalysts, but the effect of temperature on
thelr activities ls greatly different. The lng04 catalyst
(curves 1 and 2, Figure 9) is the lesst amctive, It is
observed that not sll reactions liberated all the oxygen
(392 milligrams) at a given temperaturse. This is in accord-
ance with observations of previous workers (18,19).

The prepared inOg {(curve 7, Figure 9) was only run
at one temperature, 318°% C, At 318° ¢, its activity was
greater than the mctivity of the B.&A, MnOp at 366° C,
Its activity was greater than that of KiinOg4 at 319° C., but
less than that of the Fisher MnOy at 2849 C.

The manganese catalysts, in order ¢f deareaging activ-
1%y at 366° C, ave: Fisher MnOp, KilnOg4, Mn, MnO, B.kA,
#nOg, #nglz, and MnzOgs At 340° C. the order is changed
slightly, the paaitiana of ¥n and ¥MnO being reversed,

First order rate plots were made from the decomposi~
tion curves. A sample of %these plots is shown in Figure 10,
The curves are for KClO0z 4+ B.&A. iMnOg at three temperatures.
Mixtures with Fisher lnOg catalyst were run at five tem-
peratures. Mixtures with KinO4 were also run at five
temperatures. All other mixtures were run at only two
temperatures., The flrst order specific reaction rate
‘constants for the various reactions with menganese cata-

lysts are summarized in Table VII.
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Table VII

Speclific Reactlon Kate Constants for Decomposition
of KC10g with iin Catalysts

_ Temperature Reaction Rate
Catalyst Used co Constant
MnOg, B.&A. 366 1.56 x 10°9

340 1.69 x 10~5

328 2,04 x 10~5

lin0g, Fisher 366 2.04 x 10°
340 6.25 x 10~

312 4,98 x 10*2
284 1.79 x 10~3

251 1.72 x 104

KMnOg4 377 1.19 x 102
366 4,77 x 105

340 2,93 x 10"3

329 8,92 x 10~4

319 9.82 x 10-9

Mn 366 7.45 x 10=3
340 4.35 x 104

MnO 366 7.88 x 104
340 1.45 x 10~4

ling0z ' 366 1.62 x 10~4
340 £2.30 x 10+5

Nn304 366 5.98 x 109
340 1,76 x 10=9

Figure 1l 1s the result of plotting the logarithm of

the reaction rate constants versus the reciprocal of the
temperatures on the absolute scale., Curve 1 is the Arrhenius

plot for pure KCl0z referred ﬁa sarller, Curves 2, 3, and
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4 are for runs with B.&A. #nOg, KMnO4, and Fisher inOg,
respectively. The Fisher inOp mixture and the B.&A.

MnOg mixture are represented by the Arrhenius law exactly,
over the range of temperatures used. The polnts, for the
pure KC10z curve and for KC1lOz with KinOy4, do not all fall
exactly on the straight line, but the serlies of points
approach straight lines., This close accord with the
Arrhenius law also supports the use of first order kinetics
in obtaining reaction rate constants,

Activation energles for all other mixtures were obw-
tained by calculation from the rate constants at two»temﬁ
peratures. Observatlon of curves 1 and 3, Pigure 11,
shows that activation energles obtained from pairs of
points are not always the same, FProbably plots of polnts
8t several temperatures are more asccurate, Therefore,
values obtained are called only apparent activation
anérgiaa.

A summsry of the apparent sctivation energles for the
decomposition of KCl03 with the various manganese cata-
lysts is given in Table VIII.

It ia interesting that decomposlitions with Mn, oxida-
tion state 0, and with KiinO4, oxidaetion state 7, exhibit
the highest activation energles. Both of these catalysts
are quite active as was shown in Figures 8 and 9. On the
other hand, Mnz04, the least active catalyst, exhibits the
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Table VIII

Summary of Apparent Activetion Energies for
Reactions with HManganese Catalysts

Humber of

Temperatures Oxlidation  Apparent Activation

Catalyst Used Run State of ¥n Energy (keal./molse)
in 2 0 85
#n0 2 2 50
linz04 2 2-2/3 37
MnaOg 2 3 58
MnOg, Fisher 5 4 45
MnOg, BedkA. 3 " 52
KiinOy 5 7 77
None (pure KC1l0z) 5 ——— 54

lowest activatlion energy. Fisher MnlOg, the most active
catalyst, howaver, exhibits a low activabion energy.
Activation energles for decomposition of KC1lOz with
mangenese catalysts were lower for those catalysts with
manganese in an intermediate oxidation state than for cata-
lysts with menganese in very high or very low valences.
In Mny04 manganese exists in more than one oxldation state,
2 and 4, and possible 2 and 3, according %o Hyers and
Kanters (47)., The fact that the decomposition rate was
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slowest for this catalyst, in spite of the low activation
energy, is probably due to the high temperature (10000 C,)
employed in preparation of tha MnzO4+ High temperature
often results in & sintering of the surfaces of catalyst
particles (52).

Fate of the manganese catalysts. %ablﬁ'XX is a summary
of the results of analyses for manganese and for parmane
ganate 1in the residues from the dscomposition of K0163 with
manganese ¢atalysts, The catalysts used, temperstures of
the runs, and the btotal times of heating are in the first
three columns, The percentage of oxygen evolved shows how
far each reaction progressed before slowing to approximately
1 milligram of oxygen per hour, The fifth column shows the
ratlo of oxygen atoms to manganese atoms in the insoluble
portions of the residues, The last coluan shows the frace
tion of the manganese that was extracied from the residues
as permangsnate,

Absorption spectra of some of the slightly pink solu-
tions were run to reconfirm that the pink solutions from
the residues actuelly did contain permangsnate, Flgure 12
contains samples of absorption spectra of these solutions,
Curve 1 is the absorptlion spectrum of a solution of KiinOy
of approximabtely ths same conceniration as the other solu=

tions. Curves 2, 3, and 4 are absorptlon spectra of
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solutions containing the soluble portions of resction
resldues from KC1lOz decomposition with imOg, MnzO4, and
with a mixture of ReOz HnOg, respectively. The fact

that all the curves exhlbit the three characteristic minims
at 505 myu , 525 mye, and 548 mpar leaves no doubt that all

contain permenganate,.

Table IX

Analysis of Decomposition Residues, Showing
Fate of Manganese Catalysts

ANt oo oo s T B 2 A et 7 5865 AL 1 e B I o LRSIl A AR TR S

Temperaturs Time % Oxygen Formula of % Mn in
Catalyst of Run (min.} Evolved Resldue Oxide KilnO4

Nn 3669 1000 83.4 MnOj , o 0.4

HnO 3669 2622 76.5 Mn0y .8 Trace
3400 1478 19.2 M0y 7 0.1
ing0x 3669 2620 21.0 in0y 7 0,3
3400° 276 1.7 Mn0y . g 0.2
3400 2835 7.7 Mn0y .6 . 0.8
MnOp,B.&A. 366° 4440 27,0 Mn0y .7 0.1
366° 2400 25,0 - 0.3
3400 1311 4.1 MnQOg , o 0.0
in0g, Fisher366° 75 99,0 MnO1,.53 Trace
3400 o2 29,0 Hﬁﬁl,@ 0.0
KinOy4 3669 180 42.2 in0y .5 13.0
366° 1518 67.8 MnOy .7 14.0

3400 1265 0.8 iin0g . o 24,0

#Anslyzed by bismuthste method and colorimetrically.
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Inspection of column 4, Table IX, reveals a series
of oxides with menganese to oxygen ratios from in0y o to
#nOy o+ The wethod of analysis of these small samples was
not accurate enough to make a clear dlstinction between the
small differences in ratios. However, the column as a
whole indicates that most of the manganese, regaerdless of
its oxidation state at the start, ends up with an inter-
medlate oxidatlon state of 3 to 4. Henganese metal and
MnO were oxldized. KiMnO, was reduced,

The lest column, Table IX, indicates that in most
cases a detectable or messurable fraction of ths manganese
could be extracted from the residues ss permanganate, Perw
manganate was found in the residues in spite of the fact
that KiinO4 decomposes at 240° C,., whereas these reactions
werae carried out at 340° and 366° C, It is significant
that when KiinOg was used as cabalyst, as much as 14% of
the manganese c¢ould be extracted from the residue, even
after heating for 21 hours at a temperature 126° C, above
the decomposition point of KMnO4e From the residues from
the Fisher MnOp reactlons, 1ittle or no permanganate could
be extracted. However, when this tabtalyst was used, the
decomposition of &h&ﬂraﬁé was completse, and any permans-
ganate present may have decomposed before the reactions

wore stopped. When a mixture with Fisher in0Og was heated
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only 3 minutes, the waler extract of the residue con~
tained permanganate.

The reaction mixtures usually appeared light grey-
brown with a pink tint. They usually were partially
melted at 3669 C, At 340° C. they remained unmslted but
always appeared to have sintered. Occasionally a residuse
appeared to have a green tint., This possibly indlcated
the presence of a trace of manganate, although the de=
| composition temperature of manganate is only 190° C,

When weter was added to any green tinted residue, pink
solutions resulted, showing that any manganate present
underwent disproportionation to yleld KinOyg in solution.

These results show that the oxldation stete of man-
genese changes during the catalytic decomposition of
EC10s. The presence of permanganate in the resldues
makes 1t probable that the caetalyblc ection involves
oxidation of the mangenese to a high oxidation state
with a subsequent decomposition of the Intermediate %o
yield oxygen.

Table X is a summary of the results of analyszing the
residues of some mixtures for chlorate, perchlorate, and
chloride from runs at a glven temperature, but carried out
over different periods of time. Thls indicates aaﬁathing
of the raete at which the composition of the reactlion mixe

tures was changing during oxygen evolutlion. The tlme,
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column 2, refers to total time the reaction mixtures were
heated. The % Op is the total fraction of the 392 mg. of
oxygen liberated from the 1.000 g. samples of KClOz.

Chlorate, perchlorate, and chloride are reported as the'

percentage of total Cl ending up in KC1lO0g, KC104, and KC1,

Table X

Analyels of Various Decomposition Residues, Showlng Rates
of Varlatlon in Compositlon at Constant Temperature

(With inOp catalyst, 3669 C,)

1 28,2 28,0 19,3 35,1 398
2 74,0 2740 2642 3644 3644
3t 67.8 26,0 4.3 65 8% 29.8
(With MnO catalyst, 3669 C,)
4 2.1 5.5 88,8 1.4 1.1
5 5.9 20.9 737 1.3 11,6
6 43,7 76.5 546 15,7 92.8
(With KMnOg catalyst, 366° C,)
7 340 42,2 34.7 19,0% 46,3
8 5.2 67.8 10.5 15.0% 4.8
A (With Mn metal catalyst, 3669 C,)
9 2.1 56.8 17.1 41,2 41.7
10 16.7 8544 4.5 32.8 62.7
(With HMngO catalyst, 3400 C.)
11 4.6 1.7 31 4.1 2.1

12 39,8 547 83.4 5,13 9.5

*Interrupted run.

#ialeulated by difference,
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When MnOp was the catelyst at 366° (runs 1 and 2), s
28 hour run and a 74 hour run produced residues with similar
percentages of perchlorate. {(Run 3 received special treate
ment, as is explalned later.) When iin0 (runs 4 and 5) was
used as catalyst at 366° C,, resldues from a 2 hour run and
8 ﬁihaur run contained nearly the same percentages of pers
chlorate, although a greater fraction of the KC1l0z was
decomposed in the 5 hour runs However, a 40 hour run {run
8) yielded an increase in perchlorate with a corresponding
decrease in chlorate,

Wihen KiinO4 was used as catalyst at 366% C. (runs 7
and 8}, a 3 hour and & 25 hour run produced residues with
similar percentasges of perchlorate. Residues from runs
with mangenese metal {runs 9 and 10} also ylelded residues
with similar ye&éhkurata concantration after 2 hours and
16 houre, respectivelys. With lMngOs as catelyst at 340° C,
{(runs 11 aund 18), residues from runs for 5 hours and for
40 hours also showed a somewhat consbtant perchlorate
concentration,

These results indicate that a somewhat constant perw
centaze of perchlorate remeins for considerable periods
of time in a glven resction mixture at a glven temperature
during the decomposition of KC1lOz. In all these cases

some chlorate remsined in the reactlon mixbtures even though



8w

the oxygen evolution wes practlcally stopped when the
reaction tubes were tekeun from the furnace. Not enough
date is avallable for complete interpretation of these
resulis, but the complexzity of the decomposition of
potassium chlorate is further illustrated.

Hesults of some special experiments with MnOp., Some

special experiments were carried out on the decomposition
of KClO0z with B.&A. ln0p as catelyst, A mixture was de=
composed at 3660 C, until no more than 1 milligram of
oxygen was liberated per hour, The balance recorder was
stopped and the reaction tube was taken from the furnecs
and cooled. The residue was then carefully ground in an
sgate morter and repleced in the reaction tube. The re-
corder was egain bturned on.

¥igure 13, curve 3, 1s the decomposition curve in
questions The point marked x 18 the polint of interruption
of the run. Curve 2 1s uninterrupted, but otherwise
treated In exactly the same manner. The two curves indie
cate the reproducibility of similar runs, Curve 1 is the
decomposition of pure KC103 at 366° C. for comparisons

It is observed that no more oxygen was evolved after
the interruption for grinding the residue. However, the
anglysis of the residues from the two runs shows a gquite

different composition. The analysis for these two runs
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was included in Table X, runs 2 and 3. It is observed
that the residue from the interrupted run conteined 66%
ECl04. However, residues from runs 1 and 2, both unine
terrupted, contained asbout 36% KC1l04. This experiment
indicates that the physical state of the sollid reaction
mixtures influenced the rate of perchlorate formation,
The grinding of the resldue evidently broke down barriers
that allowed a resction to continue, even though no more
oxygen was evolved.

One decomposition curve for KC10g with inOy was run
in & platinum lined reaction tube since Mathers and Alred
{(18) reported that glass surfaces affect the deaamposition«
The result of this decomposition is shown iIn Figure 13,
curve 4. It 1s observed that in a pletinua liner the de-
composition was faster than that In a pyrex glass tube.
The rate of oxygen evolubion fell off more abruptly when
the platinum liner was used, however. The results of
this experiment prove that in this case a glass surface

did not cause as rapld decomposition of KClOz as did a

platinum surface,

14 and 15 show the rates of decomposlition of KC1lO0z with
the various rhenium catalysts at 3400 C. and 366° C.
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The curves were reproduced on a smaller scale directly
from chart paper recording from the automatic recording
balance, All the curves are of a similar type. They
exhibit & rapld evolution of oxygen for s few minutes,
Then %hé reactions abruptly slow to from O to a few millie
gramg of oxygen per hours In all cases inocreased tempera-
ture caused a greater total welght of oxygen to be liberated.
iiixtures conteining Relgz (curves 3 and 4, Figurs 14) are
the only exceptlons They exhibit a continued slow catalysis
after the bresk in oxygen evolutlon.,

Curves 2 and 4 (Figure 15) are parts of curves for
the decomposition of KC1l0z with B.&A. inOg, included for
anmparisan; The slopes of the iin0p curves show a much
more gradusl oxygen evolution from the start of the reacw~
tionss The complete mangenese curves shown elsewhere
(Figure 8) revealed that the manganese catelysts malntained
catalytic activity over extended poriods of time with an
over all higher yileld of oxygen at the sane temperatures.

The nature of the tharate‘éaaamyaaiﬁian curves with
rhenium cstalysts made 1t difficult to obtain specifie
reaction rate apgaﬁaata for the beginning of the reactions,
The recording balsnce could not accurately plot the rapld
rates of the first fow minutes of the éaéampesitiena;

Little contrast in slopes of the decomposition curves
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occurred during the comperatively few minutes of oxygen
evolution. The similarity of curves obtained from decomw
positions of the seme mixbtures at two temperatures indlcated
low activation energles for all the reactlons that occurred,

In splte of the ineccurscles involved, first order rate
plots were made for decompositions of KC1l0z with the rhenium
catalysts,. Rabte consbants were then obtained from the
slopes of these curves. Flgure 16 1s & sample of the first
order plots, The curves are for the decompositions of
KC10z with Re and with ReOp catalysts, respectively. The
tomperaturse of the runs were 3402 and 366° C. The broken
lines indicate the slopes used for obteining rate constants
for the first parts of the reactions. 4 slight error in
these slopes affects the values of the rate constants appre-
ciably, Therefore, rate constants and activation energles
caleulated for decomposition of KCLOz with rhenlum catalysis
are not considered tc be very sccurate.

Table XI 1s a summary of the specific reesctlion rate
constents for the decomposition of KC1lO0g with the varlous
rhenium catalysts at two temperatures.

Prom the constants &t the two temperatures shown in
Table XI spparent activation energies for the reaction were
caloulated by the Arrhenius equatlions The resulis of these

caleulations are summarized in Table XII.
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Figure 16. First Order Plots for Decomposition of K(l].03
With Re Catalyst and With ReOs Catalyst
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Table XI

Spevific Heaction Rate Constants for Decomposition
of KC103 with Rhenium Catalysts

Catalyst Used Temperaturs C° Reactlon Hate Constants
Re 366 2.6 x 10™2
340 1.9 x lo~2
ReOg 366 1.2 x 10~4
340 9.5 x 10~5
ReOg 366 2,7 x 104
340 1.2 x 10~4
Eﬁ G? %6 > -
2 340 —
KReOg 366 3.2 x 10°3
340 541 x 10=4%

Table XII

Summary of Ay@arant Activation for Heactlons
with Rhenium Catalysts

O R S T I A S

i VA AD 4 A A S A EIN

Apparent Activation
Catalyst Used Oxidation State IEnerzy (keal./mole)

Re O
ReOg 4
ReQ3 6 25
RegOy 7 -
KieOy 7 54

(Pure KC103) ——— 54
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As was stated eariler, the activation energles in
Table X1II cannot be considered very accurate. That the
values are much lower than the corresponding values with
mangenese catalysts can be concluded with confidence,
however. As with the manganese catalysts, the lowest
value occurs for decompositions with rhenium in an inter-
mediate oxidation state. It ie observed that the decom-
position of KC10s with KReOy has the same activation
energy as pure KC10s, itself, This compound exhiblted
the least cabtalytic activity of any of the rhenium cataw

lysts, as was shown in Figure 15.

Fate of rhenium catalysts

Table XIII is a summery of the results of analyses

. of residues from the decomposition of KC1l0z with rhenium
catalystss The effect of temperature and total time of
haating.ia shown, In genersl, the 366° C, temperature
produced the highest yleld of KC1l04 in the reaction resi-
dues. Runs with FeOyz as catalysts are exceptions, however.
In this case the 340° €, run gave the highest yleld of
KC10ge It should be noted that this was the only 340° C.
run csrried out for s longsr pericd of time than & correse
ponding 366° run, Thus, the time of heating affects the
composition of the residues in a way not completely measured

by the rate of oxygen evolution.
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Table XIII

Analysis of Verious Besldues, After Decomposition
of KC10z with Rhenium Catalysts

O e e N AR B ol

Wtﬁ Qg Wtq; Qﬁ
{(from (cale, from
chart) chloride)

Tempera= Time 4% of Tota)
Run ture 0° (min.) KC10a — ROLC

{with Re metal catalyst)

L 366 1080 83,7 403 12.2 435 mg. 46 mge

2 340 188 91.1 1.2 6.2 25 24
(With ReOp catalyst)

3 366 1820 61.3 Bu6 27.3 107 107

4 340 936 79,7 7.3 17,1 69 67
(With ReOg catalyst)

B 366 2740 14.1 = 14.3  71.8 2ve 280

6 368 1680 45,28  14.6 7.2 185 162

7 340 2760 65.3  29.4 6.1 1ls8 116
{(With RegO7 catalyset)

8 366 892 £6.7 11.4 8.1, 60 35
9 340 178 88,7 4.7 9,4t 50 30
{With KReDs catalyst)

10 366 1000 77.7 7.9 1445 29 26

11 340 350 96.1 3.7 0 7 14

#he03 contained trace of in.

tcaleulated by difference.

Rhenium heptoxlde has a melting point of 280° C, end
sublimes at 450° C. The comparatively low sublimation
point for this oxide made it luperative to insure that the
welght loss recorded by the automatic recording balance

was, indeed, due to oxygen evolutlon only and not due %o
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loss of catalyst by vaporization, Therefore, all KC103
mixtures with rhenium catalysts were run in long resction
tubes, extending several centimeters above the furnace.

In no case was any deposit of any rhenium compound observed
to condense on the ccoler portion of the tubes.

The analyses of residues gave s further check on
whether or not rhenium catalysts were lost by vaporization
during the resetions. In each cese the weight of oxypgen,
corraesponding to the smount of chloride formed in the ree
action, was celculated, This welght of oxygen was compared
with the welight read from the automatle record. The las%t
two volumns (Table XIII) show the results of this check.
There 1z close sgreement in all cssesa except for runs 8
and 2, the RegOy runs. In thess runs signiflcantly more
walght loss was recorded than was accounted for by the
amount of chloride in the residues, In spite of the fact
that no deposit was seen to collect on the cooler portion
of the reaction tubes, it was necessary te conclude that
part of the Rﬂgﬁy ¢atalyst escaped during the resctions,
Por all other runs with other rhenlum catalysts there weas
no welight lose except thaet of oxygen,

It was stated esrlier that during the grinding of the
Re, Rel3z, and Reply catalysts with KC10g, a faint chlorine-

1ike odor was observed., A check was made to see 1f chlorine
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the Re, impurities from the rhenium dloxanate intermediate,
and lmpurities from the Helz would be left in this oxide,
Thet the grey insoluble portion left after water extraciion
contained no rhenium was proved by the fact that it would
not dissolve in 30% NpOs as all rheniwm oxides do (53).

Of the catalysts used only RegOy and KReQy are soluble in
water, All the otharkaatnlyata were c¢onvarted to a soluble
form during the decomposition resctlons,

Absorptlon apectra in the uliraviolet were determined
with & Beckman D.U. spectrophotomeber on the solutions of
the residuss that contalned rhenium. Table XIV is a sume
mary of the sources of the solutions for which absorption
spectra were I

The absorption spectra for solutions of Table XIV
are shown in Figure 17. HNumbers of the curves refer to
solution numbers in Table XIV. Curve 1 is the ultraviolet
abgsorption spectrum of 0.001l7 M standard pesrrhenate.

Curve 9 18 a 00,0845 ¥ perrhenate curve reproduced from
data of Maun (45), The shapes of curves 1 and 9 are simiw
lar, There 1s only a small shift in position for a 100
fold change in contentration, Therefore, quantitative
determinations for perrhenate were nobt possible.

- Curve 2 is an absorption spectrum of a prepared solu-

tion of a chloride, chlorate, and perchlorate mixture.
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Table XIV

Sources of Solutions for Perrhenate
Absorption Spectra®

Solution® Source
1 Standerd HReOg, 0,0017 H
2 Osd go ECL <+ %ﬁl g« BCLOz 4+ 0.1 ge KCLO4
in 50 mls HgO

3 Residue from KClUz 4 ReOp, 3660
4 Residue fram,%alag + Re, 5669
] Residue from KC1l0g + Reﬂa, 366
6 Residus from KC1l03 + RQQ&; 366°% (repeat)
7 Residue from KCGl0z 4+ ReO &aﬂ ; 3669
8 Residue from Kﬁlﬂg * Kﬁ@84;

- 9° 0,0245 M HReOy |

10 Residue from KClOz + ReOp, 340°

11 Residue from KClOg + ReOg, B340°

ig Residue from Kﬁlﬂg + Kﬁag 340°

13 Residue from KClOz +-Rw39?; 3669

e Resldue from Kﬁl@& +-Eeﬁaq, 3400

“ahaaryticn apectra shown in Figura 17.

 §&aluﬁian number same &8 curve mumber in Figure 17.

®prom Maun, "Investigations in Chemistry of Rhenium,"
Prhi. Ds Thesis, Celifornis Institute of Technology, 1949.
{Unclassified A.E.C. Report, NP 1378).
The position of absorption proves that these salts do not
inuerfers with the perrhenate absorption band, ZEach of
the water solutions of the residues from the decomposition
of KC10gz with rhenium cata&ys%a‘axh&biﬁa the perrhenate

sbsorptlion spectrum. Since all the rhenium {rom each run
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was soluble, the conclusion can be made that all the rhenium
1@ converted to perrhenate during decomposition of KC10z
regardless of its oxldation state at the beginning of the
reactlion.

It was shown that rhenium oxldes readily decompose
KC10g for only a few minutes and then the catalytic asctlive
ity stops. It weas shown that all the rheniwm was in the
form of perrhenate st the end of each resction. Evidently
the catalytic sctivity is assocliated with the changing of
the oxidation state of the rheniums These facts have a
significant bearing on the interpretation of the catalytle
activity of mangenese or the decompositlion of KC1Oz.

)s with rhenium and nenganese mixtures

An gbnormal rate of KC10z decomposition was observed

for one run in which ReOy was used as catalyst at 366° C.
The decomposition curve for this run is curve 1, Figure 18,
Curve 2 represents the normal decomposition with this
catalyst. It was noted that the KC10gz-ReOz mixture had
been ground in a mortar in which manganese metal had Jjuat
been ground, The abnormel decomposlition was, therefore,
dué to contamination with manganeses bHxperlments were
then carried out to see if mangsnese acts as a promotor

on rhenium catalysts.
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comparing 3 and 4, Thuas, 1t is proved that Iin these cases

iin0g déas not promote the Relz catalytic activity; 1nstsaﬁ;
the total aetivity is the sum of the esctivities of both
catalysts present. The experiment might more fully have
answered the question concerning the abnormal decomposition
shown in curve l, Figure 18, had i¥n metal been used in
trace amount rather than MnOg,

The result of the snalysis of & residue from the de-
composition of KClOz with ReOz plus a trace of manganese
metal was included in previous data. FRhenium from the
Re0O3 becams perrhenate as shown in Figure 17, curve 7.
Bome of the trace of menganese ended up as pormangenate
as shown in Pigure 18, curve 4. The small amount of
insoluble manganese residue was not analyged, Table XIII,
run B, includes the percentages of chloride, chlorate,
and perchlorate in the reslidue from this run. Further
studies on the gffect of mixtures of rhenlum and mane
ganese catalysts on the decomposition of KC10z were not

carried outs
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OXYGEN'® AS TRACER IN THE CATALYTIC
DECOMPOSITION OF KC1Og

Introduction

There ils evidence that the catalyiic actlon of
mangenese on the decomposition of potassium chlorate
invoilves an slternate oxidation and reductlion of the
manganese., This evidence can be tested by enriching
the oxygen of the catalyst with oxygeni8 isotope. Oxy-
gen liberated from chlorate decomposition with an en-
riched eatalyst should contain oxygend8,

Recently Forkushima et al (29) carried out a similar
experiment, They enriched potassium chlorate with oxy-
gen'® and decomposed 1t with MnOg.HgO containing ordinary
oxygen. Water was formed from successive portions of the
liberated oxygen. The density of this water was less
then the density of water prepered from oxygen liberated
from KC10z without a catalyst. They concluded that some
unstable compound is formed betwesn KClOz and %a@g; and
that oxygen is liberated from this compound. They further
concluded that only a limited portion of the catalyst is
used in the resciion.

In the present experiment mangsnese dloxide was en-
riched with oxygeni®, Isotopic ratios of liberated oxygen
were debermined directly by use of a mass spectrograph.
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Preparation of Oxygen*® Enriched
Mangenese Oxlde

Water enriched with oxygenl® was obtained. It was
thought to electrolyze the water and resact the resulting
oxygen with powdered menganese metal to prepare the
%5¢mwm» Preliminary experiments, however, revealed that
ﬁﬁaagw was the highest oxide obtalnable by thls method,

Tompkins (54) prepared manganese dioxide by rescting
mangenase cohloride with potassium permanganate sccording
to the following reaction: |

| un'* 4 2007 4 2HgO —p 5MOp 4 4B

According to the mechanism of this resction, as proposed
by Tompkins, a part of the oxygen in the resulting MnOgy
comes from the water, Therefore, exﬁmaawm enriched mane
ganese dioxide was prepared according to this reaction,
by carrying out the precipitation in water enriched with
oﬁﬁmgsvm;
Equivalent quantitlies of anhydrous HnClp and KiMnOy4
(0.7550 go and 0.6322 g., respectively) were mixed and
stirred into 3.0 ml. of water enriched with ax%mauvm,
A brown precipitate formed which was filtered and washed
with two 1 mls portions of mm@w@. The wash water con-
tained no permanganate,

The precipliste was dried in g desiccetor connected
to & vacuum pump for % hour. Then the evacuated desiccator



was pleced in an oven at 115° C. for 15 hours. At the
end of this time the desiccator was sgain connected to
a vacuum pump for & hour,

Analysils by the bilsmuthate method showed 0.,1000 g,
of the oxide to contain 0.056P9 g, of Mn. This corresponds
Yo the farmulay, inOp, g, or nearly MnOg.HgO. That the
oxlde obtalned was not exactly inOp is not surprising,
slnce Sakul et el (55) prepared manganese dloxide by eight

methods and obtained eight formulas verying from MnOj, og
o mmﬁ,@H I

A 0,2098 g. sample of the oxygenl® enriched catalyst
was placaed Iln the end of a 12 mms x 10 ¢m, pyrex glass
tube sxtending into a smaell electric furnace. The other
end of the tube was connected by ground glass joints to
a gas sampling tube, which in turn was connected to a
high vacuum system, The gas sampling tube was a 12 mm. X
8 cms pyrex glass tube with s high vacuum stopoock ab
each end, and with ground gless jolnts for connecting
into the system. An acetone~dry ice trap was in the syse
tem to ¢ollect any moisture that might be liberated from

the catalyst., A E@ﬁaﬁwwewu connected to the vacuum system,
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provided a measurs of the pressure. The total volume
of the vacuum system was approximately 60 ml.

The system wag evacuated and the furnace was sst at
360° C, HNo axygen wes liberated from the catalyst at this
temperature as was noted by the manometer. The temperature
"was then reised to approximately 600° €, At this temperae
ture the oxlde decomposed enough to yleld an oxygen pressure
of 12,5 ems The stopecocks on the sampling tube were closed
and the sampling tube of oxygen was removed from the system
to be analyged (Sampls 1, Table XV). A trace of frost
formed in the acetone~dry lce trap while collecting the
sample.

A mixture of 042450 gs KClO0z and 0.2450 g. of enriched
catalyst was pleced in a reasction tube extending into
another electric furnace. The reactlon tube was connected
by ground glass joints to & ¥ tube leading to two parallel
gas sampling tubes. The other ends of the sampling bulbs
were connected to a ¥ tube leading to & vacuum system with
& manometer. The volume of the vacuum system was approxi-
mately 150 ml,.

The system was evacuated through a stopcock to a
vacuum pump line., Then one sampling tube was closesd off
and the other was left open. Thse furnace was set at 340°

Cs When the pressure of the system rose to 14,0 cm. Hgay
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the first sempling tube was closed off and the second was
opened. With the reaction astill in progress the pressurs
of the system was pumped down to a few mm. Hge. The wvacuum
punp was closed off until the pressure rosse to B cm. Hge,
and again was turned on to pump the pressure to & few mm,
Hg., Finelly the pump was agein shut off and the reaction
continued until no more oxygen could be liberated at 3660
Ces The oxygen pressure was 9.5 om. in the system, The
second sampling tube was then closed off. The sampling
tubes of oxygen were then removed to be analyzed on the
mass spectrograph. They furnished samples 2 and 3,
Table XV. The collecting of samples 2 and 3 required
approximately 10 minutes.

The residue was heabted to 450° C. to be sure that
all the KC1l0z was decomposed. Then the residue was heated
to approximately 650° €, in an evacuated system contalning
another gas sampling tube., An oxypen pressure of 8 cm,
developed from the decompositlon of the resldue manganese
oxide. The sampling tube was shut off and the sample of
oxygen was analyzed by the mass spectrograph (Sample 4,
Table XV).

For determination of the normal 0+32,0«34 ratio in
oxygen, & sample of ordinary tank oxygen was analyszed

(Sample 5, Table XV). For correcting for air leaks into
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For these experiments interest was centered on mass
numbers 32 and 34, corresponding to 016.016 ang 016.018
molecules, Since the ratio of 016 to 038 in ordinary oxy-
gen is only about 1 to 500 (37), 018.018 combinations ave
rare, Pealis for mess number 36, therefore, did not occur,.

Comparisons of the amount of oxygenl® enrichment were
made by compering the %E%% ratlo of sach sample to that of
ordinary oxygen. Since ratios were used for values, the
units employed were not critiecal, Therefore, the ratios
ars retios of millivolts readings from the callbrated
peaks on the recorded chart paper.

Corrections were made for tramces of alr that leaked

into the oxygen semples. In ordinary alir the ratio

§ T g%%%?krg:gg-i&~g%§g¢ Assunming that any nitrogen

present was proportionsl to the amount of air in the

samples, one could solve for the 0-32 in the air in a
sample and subiract 1% from the 0«32 voltage resd from
the chart. A similer correction for the 0-34 can be
applied, Howsver, thia correction proved to be prac-

tiecally negligible and was not applied in these results,

Results and Discussion

The results of these experiments are shown in Table XV.

Sample 5 was ordinary tank oxygen, glving the normal ratio
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ar~§§§§ to be 380. The factor times normsl column was
obtained by dividing the %f%% ratios of other samples
into 380.

Sample 6 was & sample of alr, confirming the correc-

tion factor T ~ S0 be 5.85.

Sample 1 contained 3,3 times the normel 2 ﬁﬁgﬁ ratio,
gshowing that the method of enriching the manganese oxide
with 08 was successful.

Sample 2, the firat of the oxygen liberated from the
mixture of KC10z and manganese oxide, was enriched in
oxygent® by a fector of 1,2 times normal. This showed
that some of the oxygen libersted came from the catalyst.

Sample 3, the last part of the oxygen liberated dure
ing the cetalytic decomposition of the KC1l0z, was enriched
in oxygen*8® by a factor of l.4 times normal. Sample 4,
obtalned by decomposing the residue oxide, showed that the
oxygen*® content of the catalyst decreased during the
reactlon,

Sample 7 shows no axygan@g enrichment of the 60 ml.
of tenk oxygen that was in contact with 0.200 ge of the
oxygent® enriched manganese oxide for 1 hour at 340° C,
This is evidence that the oxygeni® liberated during the
10 minutes of potassium chlorate decomposition was not

just a resulv of lsotoplie exchange between oxygen liberated
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Table XV
Results of Oxygenl® Tracer Experiment

0-32 0-34  N-28 N-29 0-32 Factor x

Sample {mv.) (v, ) R-30 O34 Normal
{mv.)

1 3.187 0.063 0.0255 5047 643
2 3.4482 0.,013%  0.,0247 263 1.2
3 34570 0.0153  0,0256 235 1.4
4 3.410 0.0527  0.0304 64.7 4.9
5t 54654 0.,0112  0.0318 320 1,00
¢t 1.439 0.0067 8443 o o
7 . B.722 0.0109  0.0387 341 0,97
8 3.129 0.0109  0.3963 224 1ed

#Tank oxygen.
tsample of air,

from the chlorate and oxygen in the catalyst. However,
sample 8 does show that some lsotople exchange had occurred
after oxygen had been in contact with the catalyst for a
15 hour periocd at 340° C. Whether or not the water of hy-
dration, probably present in the manganese oxide, was ine
volved in this exchange was not determined.

These results prove that some of the manganese loses

oxygen and then regains oxygen from the chlorate during
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catalytic decomposition of KClOg. Hot all the mangensese
atoms present, however, are involved in the caetalysis vhen
such lerge amountz of catelyst are present,

It appears that the manganese is undergoing a cyclic
oxidation end reduction process. Once an oxygenl® atom
is set free from the manganese, it is replaced by an
oxygenl® from the chlorate. The next cycle involving
this mangenese atom, therefore, liberates ordinary oxygens
Oxygenl® enrichment of the liberated oxygen did not decrease
during the decomposition; in faoct, 1t increased slightly.
This can be sxplalined by the fact that only & part of the
catalyst tekes part in the resetlon. 4s the reactlon cone
tinues, the tiny particles of catalysts are broken into
smeller particles, thus exposing more new manganese atoms
at the surfaces. This accounts for the continued enrichw
ment of the llberated oxygen.

The originael catalyst was enriched with oxyganlﬁ by
a factor of 6.5 times normel. The residusl oxide stlill
contained 4.9 times the normal enrichment. This further
indicates that only about 20% of the manganese was in-
volved in the decomposition of 50 mole percent KC1Oz.

These resulis are in agreement with the work of

Forkushima et al (29).
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DISCUSSION AND CONCLUBIONS

Practically no radicactivity was found in perchlorate
formed during the decomposition of KC103 in the presence
of KC1 enriched with C136, Nelther was appreciable activity
found in undscomposed chlorate in the resldus. These facts
prove that perchlorate is not formed by the addition of
oxygen to chloride as was proposed by Glasner and Weldene
feld (23). Therefore, the machanism of Otto and Fry
(18,20), proposing that perchlorate formation is a reace
tion simultaneous with decomposition of chlorate to chlo-
ride, is still ressonable, The results also prove that
no appreciable ilsotopic exchange occurs between chloride
and perchlorate, or chloride and chlorate, under conditions
of this experiment. These results and concluslons are in
agreems nt with those of Vanden Bosch and Aten (25), who
carried out a similar experiment using NaClOz in the pre-
sence of NaCl enriched with C1%4 ana ¢138,

During preliminary experiments on the preparation of
the KC1%6 for the above experiment, 1t was discovered that
the presence of a smsll gquantity of KgCOz mccelerates the
dacomposition of KCl0z while hindering perchlorate forma=
tione This finding is contrary to results reported by
Fowler and Grant (8). The effect of carbonate on the

decomposition of chlorate was not further explored.
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Manganese chlorate was prepared and found to decomw
pose explosively at 6° to 10° C. The lnstablility of this
compound led to & questlon of its involvement as & posgible
intermediate durling the catalytic decomposition of KC10z
with manganese catalysts. However, proof that the decomw
position of manganese chlorate liverates chlorine oxide
rather than oxygen discredits the possibility of this come
pound being an intermediste in the catalysis. It éhauld
be pointed out, however, that the temperature of the KC1l0z
decompositions in this study and the decomposition tempe-
erature of the prepared in{Cl03)o.6Hg0 are widely different.
Whether or not temperature affects the type of manganese
chlorate decomposition was not determined.

Results from the analysis of residues from the many
potessium chlorate decomposltions with the various cataw
lysts reveal significant facts. For the manganess cata~
lysts, regardless of the oxidation state of the mangeansse
at the beglinning of a reaction, at the end of the reasction
the manganese existed in a mixture of states. Most of the
manganese ended with an oxidation state of +3 to +4, but
part of it ended in a porition extractaeble in water as per-
manganate. For the rhenlum catalysts, regardless of the
oxidation state of the rhenium at the beglnning of & reace
tion, at the end of the reaction all of the rhenium existed

only as a water soluble compound glving the perrhenate
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absorption spectrum. All the manganese catalysts exhibited
a continued catalysis, whereas the rhenium catalysts gave
catalytic action for a short time only.

The above facts can be explalned by the theory that
catalytlec decomposition of KC1l0z occurs only durling a
change in oxldation state of the mangenese or rhenlum.
Potassium perrhenate can be distilled at 1,370° C. without
decomposition (58). Since perrhenate is so stable, catale
ysls stops with the rhenium catalysts as soon as the rhesn=
lum is oxidized to perrhenate, Since permanganate (or
manganate) ls relatively unstable, it decomposes as formed,
snd & c¢yclic oxidation and reduction of the active man-
ganese atoms resulis so that a continued catalysis occurs.

Apparent sctivetion energles for the decomposition of
KC10z with the various catalysts were determined., For com=
puting the activation energies 1t was assumed that the
same reaction, decomposition of chlorate to chlorlde and
OXygen, acsurre@ during the first part of the reactions.
Otto and Fry (20) report this resction to be unimolecular.
First order rate plots gave falrly siraight lines over
the first part of each reaction. Further, Arrhenius law
plots, for four amlxtures which wers run at three or more
temperatures, gave falrly straight lines, The apparent
ectivation energy of 54 keal. per mole for the decomposie

tion of pure KC1l03 agrees with the value reported by



w«llGw

Glasner and Waiééaralﬁ (22)s These facts lend justification
for the aasumption that was wmade,

For the manganese catalysts, those with mangsnese in
an intarmed1ats oxldation state gave ﬁecampasitiana of
KC10z with the lowest apperent sctivation energles. For
thavrhanium catalysts, slso, the one with rhenium in an
intermediate state (Re0p) exhibited the lowest activation
energy. The catalysls involved during the oxidatlion to
perrhenate of the rhenium in all the various rhenium catae
lysts required only & low ensrgy of activatlon,

The fact that ling04, the catalyst exhibiting the
lowest activation energy, was one of the poorer catalysts
indicates that catalytic activity of a given catalyst
depends upon the avallability of manganese atoms for axin
datiqn by the chlorate, The ammount of surface and the
condition of the surfsces of the catalyst particles are
determining factors in the activity. The nature and
structure of the compound also affects the activity of
a catalyst. As was mentioned earllier, Sakui et al (55)
prepared menganese dioxide by nine different methods for
which anelyses revealed nine slightly different manganese-
oxygen ratlios in the emperical formuls, DeBroglie (59)
reports that the structure of so~called manganese dioxide

18 quite complex and that the compounds of manganese
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oxldes are exiremely numerous gnd frequently inconsistent
within themselves, Amiel, Brenet and Kodier (60,61) report
that nine different samples of MnOp gave widely different
rates of decomposition of Hglg.

If one assumes, however, that the same number of manw
ganasﬁ atoms are avallable for catalysis for a given
catalyst at more than one temperature, then sctivation
snergies serve aa some measure of the activity of & cata-
lyst. If it were possible to prepare catalysts with
manganess in different oxidahian states, but with simllar
surfaces and particle sizes, one might find that the catae
1lyst glving s resction with the lowest activation energy
would be the best catalyst.

The fact tﬁaﬁ gome fairly good catalysts for the de~
composition of KC10g (in and KinOg) gave reactions with
higher activation energies than that of pure KClOg,
itself, is not explalned., The Arrhenius equation, written
in sxponentiasl form,

| k= A e “E/RT
contains the constant, A, called the frequency factor.
This constant is generally interpreted for higher order
reactions as being equal to the frequency of collisions
between reaction molecules (32)., For reactions in whleh
this factor is lamportant, the activation energy derived

f#cm first order kinetics would not be relisble, Whether
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or not the frequency factor was significant during the
firat part of thsae reactions was not ascertained,

A coneclusive check was carried out on the proposal
that the catalytic activity of manganese on the decomposiw
tion of KC1l0gz depends upon the oxidation and reduction
of the manganese, Oxygen, liberated from a mixture of
KC103 with #nOg enriched in oxygenl®, contained oxygenl®,
Not all the manganese stoms were lnvolved in the catale
ysis, however, as shown by the axygan;e remaining in the
catalyst after the reaction had occcurred., These results
agree with those of Forkushima et al (29) who reported
results of a similar experiment while this work was in
progress,

The results of the cxygenla isotople tracer experi-
ment lead to the same conelusion reached from results of
the analyaaé of residues; nemely, that the acti#e manganess
atoms undergo alternate oxldation and reduction during
the catalytic dscomposition of Kﬁl@a. That the change
in oxidation state is necessary for the catalysls is
proven by the fact that catalytic action with rhenium
ceasad when the rhenlum was oxlidized to stable perrhenate.
Broughton and Wentworth (62) report that during the cata~
lytic decomposition of HpglOg manganese also undergoes a

series of alternate oxldations and reductions of the manganese.
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SUMMARY

Little or no radlosctivity was found in perchlorate
formed during decomposition of KC1l0z with KC1 en-
riched in €196, fnerefore, perchlorate is not formed
by addition of oxygen to chloride during decomposi-
tion of KC1Ogz.

Hanganese (II) chlorate (in(Cl0z)p.8Hp0) was prepared
and described, It decomposes to yiaeld chlorine
dioxide at 6° to 10° C.

The design, construction, and operation of an auto-
matic recording balance is described. The balance
will automatically plot changes in welght as a

function of time with an uncertainty of 20.2 milll~

grams over extended perlods of time.

Decompositions of KClOz with a variety of manganese
catalysts were carried out, HRegardless of the
oxidation gtate of the manganese at the beginning

of the reaction, it ended in a mixture ol states
wlith most of the manganese ln a +3 to +4 state and
some of the manganese in a form extractsabls in water

as permanganate.
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Decomposition of KC1l0z with a variety of rhenium
catelyests wers carried out. Regardless of the oxi-
datlon state of the rhenium at the beginning of the

reaction, 1t all ended up as perrhenate.

All mangsnese catslysts used exhibited a continued
catalytic action, depending upon the temperature,
All rhenium catalysts exhiblted catalytlc action only

while belng oxidized to perrhenate,.

Apparent activation energises for decomposition of
KC1l03 with the various catalysis were determined,

The lowest sctivation energy for reactions with man~
geanese catalysts was shown by inzOg4. Rhenium dioxlde
gave the reaction with the lowest activation energy
for rhenium catalysts. Decompositions of KC1lO0z with
rheniun catalysts take place with lower activation

energlea than decompositions with manganese catalysts.

Oxygenl® appeared in the oxygen liberated when KC103

was decomposed by the ald of mengsnese oxide containing

oxyganla. Some oxygenl8 remained in the residus catslyst.

Results of these experiments lead to the conclusion
that the catelytic decomposition of KC1l0z with man-
genese catalysts involves a succession of alternate
oxldations and reductions of the sotive maﬁganese

atoms.,
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