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THE SYNTHESIS OF HIGHER OXIDES OF ALKALI AND ALKALINE
EARTH METALS IN AN ELECTRIC DISCHARGE: THEORETICAL
AND EYXPERIMENTAL STUDIES
Pasupati Sadhukhan
Dapartment of Chemical Engineering

University of California
Berkeley, California

ABSTRACT

Potassimm hydroxide when subjected to the products
of an electrical discharge sustained in oxygen produces
both potassium peroxide and superoxide. The coaversion
to higher oxides strongly depends upon the particle
size of KOH, the position of KOH in the discharge zone
and the operating conditions of the discharge, The
maximom conversion of KbH in terms of egquivalent weight
percent KO, is 75%:

similar experiments performed with hydroxides
of 1ithium and calcium do not form superoxides but
instead are converted to peroxides. The yields of
peroxides strongly ‘depend upon the operating conditions
of the discharge. The maximum yields of Ca0, and LiO,
are 82% and 94% by weight respectively.

The absence of superoxides and the presence of

veroxides of lithium and calcium have been'e2plained

[T S
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oy from the congideration of relative thermodynamic
. stability of the oxides of lithium and calcium, - The
thermodynamics of Ca(02)2 have been investigated
theoretically while those of Li0O, were taken from the
literature. Both Ca(0,)y and 1i0, are found to be
Cavw o . » highly unstable,with respect to lower oxides of each - .-
metal,

Although the reaction mechanism for the conversion
of hydroxides to higher oxides can not be explaine&
definitively, some Of effects of discharge operating
conditions on product vield can be interpreted if it

is assumed that atomic oxygen is the primary oxidizing

agent,

£y
N

Finally, it was cobserved that Seybk and Kleinberg's
method, for determining the amounts of superoxide and

peroxide present in a KOz-K, 09 mixture does not give

AUeaEniemel bus wvRecuraterresulbsmsmFor such mixtures. thermegravimetric -

analysis (TCGA) has been shown to provide a more
accurate means for determiming the amount of KO,.

The TGA analysis also served to_reveal a nunber
of interestingfeatures related.to,the decompositiﬁn
of K0;-K,0, mixtures. This decomppsition is believed
to occur by partial decomposition of the szlat
temperatures between 125 and 250°¢, formation.of a.

solid solution between the components betweén 250 and

:
:;
i
:
§
;-
H
i
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'35000, deéompoéitioﬁ of the residual KO, bétween 350%
| 5_'ahdeOOOC;'én& dec6m§ositicn 6f7K202:ébeE 600%.
Interpretation of the features observed oh £he

"fhefmograméwvaé‘éSsiéted by‘différEﬁﬁiél:thérméid

'analyses.'
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CHAPTER 1
INTRODUCTION

Alkali and alkaline earth metals form a variety
of oxides which are shown in Table 1. The oxides in
each coiumn are listed in the order of increasing
proportion of oxygen to metal as one reads down the
table, The oxides other than the monoxide are
collectively called higher oxides, As indicated in
Table 1 not all of the higher oxides have been
synthesized to date. Furthermore the existence of
1ithium and magnesium superoxides are not clearly
established (1) and ozonides of the alkaline earth
metals have not been reported,

There are numerous important applications (1)
for higher oxides of alkali and alkaline earth metals,
In general, these oxides are used as solid source of
elither activated oxygen br molecular oxygen. Peroxides
are widely used for bleaching; the surface treatméﬁﬁ
of metals, the analysis of refractory Qres_and oxides,
the manﬁfactu?e of brganic peroxides, and the |

regeneration of air in enclosed environments.
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| Table "1
oxides Of Alkali And Alkaline”Earthvﬂetalét

Alkali g SR Alkaline;Earth_;

Formula = Member Synthesized ' Formula  Member Synthesized

Momoxide .~ M0 . Li tocs | L0 Mg to Ba
. Peroxide = . My0,  ILi tooCs 10 Mg to Ba

Superoxide MO, | Na to Cs o L(0g); . Ca to Ba

‘Ozonide . MOz Na tocCs = . 1(03)z . none

ST Sy s

1
Al




Qjﬁ o Superoxides react with water (vapor or ligquid)
at ambient temperatures, generating molecular oxygen

and alkaline hydroxides which can absorb CO, according

to the reactions

ArdeoA Eer 2M0, (s) + Hp0:(1) 2ZMOH (s} + 3/2 0z:(g) o {(1-1}

CndeacpastdoC o 2MOH (8)7+° 005 (g) = M3C03 (s) + Hp0o (L) ' (142) o
Overall: - | |
2M0, (s) + COx(g) = MpCOy (s) + 3/20p (g}  (1~3)

Hi
bl
td
'
i

;
i
!

i

1

|

As a result of these reactions a single compound can

be used to supply the 0, necessary for respiration and

ey L LR

€W3 simuitaneously remove the CO, given off as'a product

et

of respiration., Furthermore because of their strong

AR T

oxidizing power the éuperoxides will destroy air-borne

v bacteria and thic_or nqxious=materials»present,invthe
IR breathing atmpsgheref(z,S). As a rsult Sﬁﬁéréxiéés
:a:e:.idealxy sulted for noneregenerative_air_;
revitalization in 1ifé;supbort syétems.usea for manned
space flight and for submarines. It should be noted. ?
v that potassium=8up¢ﬁpxide has been uSed]fofysOmeftime ;

‘as an emergency source Of breathing oxygen for rescue . L
 operations in fires and mine accidents and for military

Cfirst aid,, - T e e e e ]
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Although the ozonides could also be conceived
of as sources of oxygen their extreme chemical and
thermal instability makes them less suitable for this
purpose.

The amount of O released and COz scrubbed per
pound of superoxide is listed in Tablie 2 for a number
of superoxides, ‘The quantity of each superoxide
required to produce 1.87 1bs, of oxygen, which is
necessary for respiration per man per day».iéalso shown
in Table 2. The corresponding quantities for Li,0,
are also included for comparison,

Of the superoxides KO, finds the greatest-.
application because of the relative ease of formation
of this compound. Howvever, it would be highly-desirable
to synthesize other superoxides and in partidular
those of lithium and calcium, It is seen from Table 2
that Li0p, if synthesized, would be by far the best .of
all superoxides in terms of the 0y available and COp
absorbed per pound of superoxide. It would yield 80%
more O, and absorb 81% more COz than KOz. Another
reason for seeking alternative forms of-superoﬁide ig
that KO, suffers from a low percentage of utilization

(about 50%) which imposes a weitht penalty

on its use. The reason for the low utilization

percentqge_is that the_KOH'formed_by the reaction of

- KO, with_water is hygroscopic and absorbs water forming a




L102 
Naop
Koy

.- Rboz{

25 05025

n  CaTOQJZ
Li, 0y

-~ Comparison OFf O

lbs. 0p Released

1b, Sﬁperoxide

0,61

0.43
0,34
0,20
0,15
0.43
0,35

i

Table 2

Released ' And C0q
Different Superoxides

1bsa, Coz.Absorbed.

i 1
'i -
Absarbed Using

1b¢ Superoxide

0.56
0.40
0.31
0,19
0.13
0.42
0.96

02
3,03
4,28
5,53
9,15
12,86

4,03

5.37

ibs., Superoxide to
Generate 1.87 I1bs
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viscous coﬁting around the unused portion of the KOp
pellet, As a result further water penetration is
impeded and the rate of 0, release is reduced, It is
believed that if a nonhygroscoplc hydroxide were formed
thié problem could be avoided, This would certainly
be the case for 'Ca(0;), which would also’give 35% more
0, and absorb;36%‘mbre-CGZ:“lThus Ca {0y )y LE avaiiable;-
would present two advantages -~ a higher content of 0p
and a higher potentiél utilization.

Although a potentially superior material, LiOp
has not been synthesized so far in high purity. Snow
(4) has performed thermodynamip calculations with_

regard to the stability of LiOp. While he conecludes

that LiO; is unstable relative to Li;0 or LizO, this

does not preclude the possibility of LiO; synthesis,

since once formed, LiOz may be stable by wvirtue of the

‘kinetics of decomposition;’ A variety of mdthods (Ly

used to synthesize other superoxides are listed in
Table 3, All of these methods except No., 5 have
persistently failed to form LiO, even in low purity.

This conclusion is surprising considering £hat 0,

pressures as high as 7000 atm. at 200% have been

attempted (1}, It has been reported by Voltnov (1)
that the disproportionation of Liz0,°2H;05 gives only.

7 to 9% by weight of 1iO, in an admixture of Li,0,,




(1)
(2}
(3Y
@)
(5)

3
n _ hY Il
Table 3

' ‘Techuiques:Used For The Synthesis Of Superoxides

Oxidation of metals dissolved_in‘liquid‘ammonia
Diréct oxidation of metal wvapor

oxidation of a lower oxide |

Oxidation of a hydroxide

Disproportionation of peroxide—peroxﬁhydrate MzOZ'XHQOzz
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LiOH and LiOp. It is also claimed by Vol'nov (5) that
~the reaction of Li;0p with Og at lov temperature forms
Li0, identified by EPR measurement. Thus the synthesis
of Lioz so far is not well established,

It is quite interesting to note that while bulk
.1i0y has not been prepared Andrews (6) and Andrevs
~and Pimentel (7) .have demonstrated an interesting
approach for forming LiO; molecules. In their approach
beams of atomic lithium and molecular oxygen vere
simultaneously impinged on a solid argon matrix. The
molecules of LiOy; thus formed were indentified by
infrared spectroscopy. The method while capable of
producing single molecules of LiO, does not appear to
be practical for synthesizing LiO; in bulk form,

Attempts to synthesize Ca(0Oy); in high purity

by the conventional techniques listed in Table 3 have

all been unsuccessiunl-as has been a recent:effort to ' m-

synthesize Ca(03)2 by electrochemical reduction of 0p

to 05 in dimethyl sulfoxide and then mixing CaCl, as

the source of calcium ion (8). The use of 0, pressures.as
high és 3000 - 4000 atm,- at 250°C also does not help to form
high purity calcium superoxide (1). While the

preparation of pure Ca{02)z has not yet been achieved,
several reports have described the formation of this

product in an impure form, Thus,.Vol'nov (1) has

Py
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indicated that vacuum drving of Ca02-2H202 at
relatively low temperatures (~50°c) and low pressures
(~10 torr) yields ca(0z), in 55% purity. The starting
material, Ca0,*2H,0; is formed by reacting Ca0y°8H,0
with Hy05. Petrocelli and Chiarenzelli {(29) have also
reported preparation of calcium superoxide in 60%
purity by the reaction between Ca(OH), and Hy03. This
method has alsc been recently investigated by Wydeven
(10) who obtained maximum purity of 55%. Finally
Bosset and vannerberg (1l1) have described the
preparation of a solid phase containing Ca(02)2 with
23% purity by drying Ca0,:8H,0 at 100 - 250%, These
authors also studied the crystal structure of the
impure material by X-ray diffraction. The X-ray data
did nci reveal the occurence of a separate phase for
Ca(oz)z. Instead, the lattice was found to consist of
a Ca0, phase,- with a CaC, structure, in which some
of 0%"ions were statistically replaced by 05, 02" and

2 ions were also substituted

od” ions. Some of the ca™
by 0; ions. This study suggests that impure
preparations of calcium superoxide, which always

contain Ca(OH)2 and/or Ca0y are not likely to contain

Ca(02)2 as a separate phase, mechanically mixed with Cao0p

and Ca(OH)z. t is quite possible that Ca(oz}z is not

thermodynamically stable in pure form and that it can
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only be stabilized by formation of a solid solution
with the lover oxides and hydroxides of calcium,

Since the attempts to synthesize Li0; and
ca(05); in high purity by the conventional synthesis
techniques have not been successful, an approach
which merits consideration is the use of atomic oxygen
or other activated oxygen species formed 1n an electric
discharge, Vol'now and co-workers (12) have reported
the synthesis of higher oxides of sodium, potassium,
magnesium, calcium and strontium prepared by subjecting
the metal hydroxides to an electric discharge
sustained in oxygen. For this work the reactants
were placed in the positive colum of a direct current
discharge at 0,5 torr and 500 watts of discharge power,
Table 4 shows a summary of the results, indicating the
weight percentages of peroxide and superoxides present
in the product, Of particular interest is the
observation that 2,2% of Ca(oz)z was formed from
ca(OH),. Similar experiments with LiOH were attempﬁed
by Vol'nov but no higher oxides of lithium were
obtained,

Hollahan and Wydeven (13) have demonstrated the
synthesls of the peroxide and superoxide of rubidiumand
cesium by subjecting the hydroxides of these metals to

the products of a radiofrequency discharge sustained in




Table 4

Summary Of Vol'nov's Results Of Experiments With Hydroxides In
A dc Discharge”Of Oxygen

Starting
Material

NaOH
KOH
MQ(UH)Z
ca (0H)p

Sr (OH)p

e AR IR ST

Composition Of Product, Wt%

Peroxide

31.4
none
4,0

47.8
46,0

Superoxide

11.4
80,5
none
2,2
8.0

Hydroxide

57.2
19,5
96,0
50,0
46,0

TT
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oxygen, These authors used a relatively large
diameter {3 in) tubular reactor, the flow of oxygen
being perpendicular to the axis of the reactor. The
reactants were placed directly inside the glow of the
discharge, The maximum content of higher oxides in the
product expressed.in terms of the eguivalent weight
precent superoxide, which is calculated from the total
Oy released from both peroxide and superoxide, was 54%
for the experiments with RbCH and 65% for the
experiments with CsOH. For RbOH the maximum conversion
was obtained under the condition of 0.5 torr, 50 watts
of discharge power and 5 hrs, of reaction time, The
corresponding operating conditions for CsOH were 0,5
torr, 70 watts and 3 hrs of reaction time.

Thé results of Vol*nov and those of Hollahan and

Wydeven have clearly established the feasibility of

;» using the: products of an oxygen dischargewincthe

synthesis of superoxides., Consegquently it was the
objective of this work to further explore the method
for the synthesis of KOy and the possible synthesis of
Li0y énd Ca{0,),. In each case synthesis from the
pure metal and its hydroxide were considered, As part
of this effort the thermodynamics pertaining to
reactions between lithium and atomic oxygen and calcium

and atomic oxygen were developed., The results were

T N P e
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used to establish the relative stability of the
various metal oxides and to interpret the observed

experimental results.
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CHAPTER 2

THERMODYNAMTICS OF SUPEROXIDES OF LITHIUM
AND CALCIUM AND FOR REACTIONS OF ATOMIC
OXYGEN WITH LITHIUM, LiOH,

CALCIUM AND Ca(0H),
2,1. THERMODYNAMICS OF SUPEROXIDE OF
LITHIUM AND FOR REACTIONS OF ATOMIC

OXYGEN WITH LITHIUM AND LiOH

2.1.1. standard Free Enerqgy Of Formation Of LiO, As

A Function Of Temperature

With only one exception all attempts to synthesize
Tiop have failed (1), Only in one instance has there
been report of successful synthesis of LiQy {7-9% by
weight obtained by vacuum dessication of Lip09+2H30,)
and there is some doubt about the validity of the
report. (1).. In view of these results it is quite
possible that LiOp in its pure form is thermodynamically
unstable and hence it is important to examine the ;
thermodynamics of Li0; and the lower oxides of lithium, g

Since the properties of pure LiO; are not known, the
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thermodynamics must be studied theoretically.

A theoretical study of the thermodynamics of LiOp
has been presented by Snow (4)., Based on the knowledge
of the crystal structures of other alkali metal
(N¥a, X, Rb, Cs) superoxides, he assumed the structure
of 1i0z to be the same as that of NaCl and calculated

Te = e e the- lattice energy using a value of the Mddelung constant
corresponding to a NaCl-structure (face-centered cubic).
The heat of formationxﬁﬁpf, 29g for Li0, was evaluated
using a Born=Haber cycle. To calculate AFOf s T
it was assumed that the specific heat for the superoxide
is the same as that of NaO; and that the standard
il entropy of LiO; can be calculated by Latimer's ion
contribution technique (14). The results of Snow's
computations are shown in Fig. 1. The corresponding
values of‘AFofvT for Lip0, and Lin0 taken from the
literature are included for the sake of comparison.
D*Orazio and Wood (15) have also investigated
the thermodynamics of Lioé but in much less detail than
Snow.. These authors calculated the lattice energies
of the superoxides of cesium, rubidium and potassium
and then plotted the values against some property (not
mentioned) of either the alkali metals or alkali metal
superoxides, The lattice energy for Li0O was estimated

by extrapolation. The standard enthalpy of formation

oy
.’i
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of LiO, was estimated by means of a Born-Haber cycle
which yielded a value of AHO; = -2 £ 10 keal/mole,.
Although the temperature corresponding to the above
value of.Apr was not mentioned, if it is assumed that
the temperature 1is equal to 298° K then it compares well
with Snow's value of -69 kcal/mole at the. same
temperature.

It is observed in Fig.l that AF ; for LiOp in
the temperature range 100° - 1000° K is always negative -
tﬁe magnitude varying from ~60 to -17 kcal/mole,
However, the values of;ﬁFof for Liz0; and Lip0 based
on one mole of Llithium are much more negative than those
for Li0z. Thus thermodynamically speaking the formation
of Li02 is feasible but the substance will be unstable
with respect to the lower oxides of lithium. This
explains the difficulty in synthesizing LiOy in pure

form,

S B

2.1.2, standard Free Energy Changes For Reactions Of

Atomic Oxygen With Lithium And LiOH

| Once the values of &E‘of,T for L10p, 1Li,0, and LijOare
available, the standard free energy changes for the
reactions of atomic oxygen with metallic lithium and
LiOH to give LiOz, Lip0p or Liz0 can be estimated easily.

In calculation of these values, the thermodynamic data

LS P e AT A2 A S £ b S S S L S S e
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for lithium, LiOH and atomic oxygen and H,0 were taken
from standard references (16, 17, 18). For lithium,
Li0H, oxides of lithium and atomic oxygen the standard
states were chosen to be the most stable states of the
subhstances at 1 atm and at the temperature under
consideration.. .. However, for Hp0 the standard state -
was chosen to be_gaseous water at 1 atm at the temperature
in question. This selection was made mainly because
thermodynamic data for this standard state were easily
available.

The results of the calculations indicated are
shown in Fig.2. It is observed that for the reaction
of atomic oxygen with metallic lithium to give LiOp

GT is much more negative than the values for similar

AF
reactions forming Liz0p or Liz0. However, this result

is not surprising, because the former reaction involves

- two. atoms: of oxygen. whereas. the latter reactions only o *‘”f

one or half an atom of oxygen. Since the free energy
of formation of atomic oxygen is highly positive, the
reaction involving two atoms of oxygen gives the most
highly negative value of AFOT.

Figure 2 indicates that the formation of LiOy is
thermodynamically feasible in presence of atomic oxygen.
One recognizes, however, that if LiO; were formed it

would still be unstable relative tn the lower oxides
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of lithium, Hence it may be possible to prepare LiO3
but only if the conversion to the lower oxide is hindered
by Kinetics.

A similar series of calculations were carried out
for LiOH as a starting material and the conclusions
are exactly the same as for lithium, The corresponding

values ofz&FoT are also shown in Fig.2.
2,2, THERMODYNAMICS OF SUPEROXIDE OF
CALCIUM AND FOR REACTIONS OF ATOMIC

OXYGEN WITH CALCIUM AND Ca(OH),

2.2.1, Need For Thermedynamics 0f Ca(05)-

As was discussed in Chapter 1 previous attempts
to synthesize Ca{05); have failed to yield a pure porduct

and ‘ thoseé reports which do indicate the presence of

ca(03)2 in the product relate to a substitutional solid

solution which contains 0, anions in a matrix of lower
oxides. Consequently the thermodynamic properties

of Ca(0;); have not been measured experimentally and they
must be evaluated theoretically, In this instance

there have been no previous investigations, The only
reference to this guestion, appearing in the literature,
is a brief comment by Margrave (19) that Ca(o0p); is

expected to be unstable, No gquantitative support for



i
1

this co

nclusion was presented,
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In view of this a

detailed evaluation of the free energy of formation of

Ca(Oz)z

was wdertaken, The method and results are

described in the following sections,

2.2,.2, . Born-Haber Cycle For Ca(oz}o

Since Ca(0;), is assumed to be an ionic compound,

by analogy with known superoxides, the standard heat

of formation can be determined by use of a. Born~Haber

cycle.

‘AHS

r
ca (g,

The particular cycle chosen is shown below.

ca (s, 298° R) + 207 (g,.298° K)
ub
298° K) _/;:pdT

Cca: (@n
Ip

catt (g

./apdT

f

0° K).  ..20p .(g, O° R)

EA

, .
s 00 K) 205 (g, OO K}

U

ca(03)y (s, 0° K)

P P VN,

LO
AH g, 208

~Ca(0y)y (s, 298° R)

‘ ﬁpdT

ROr- S
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A=

L

The standard heat of formation of Ca(oz)zcan be written
-as the algebraic sum of the energy terms.involved in

the cycle, Thus

O 0

AHOf, 208 = AHgyp + fCPdT + IP + 2 x fcg dT}-I-
C 208 Ca(g) 298 Oz(g

298
2 XFA + U + fcp ar (1)
: 5 “cal(0z)a(s)
wherea&Hsub is the heat of sublimation of calcium at

298°K, C. is the molar heat capacity, IP is the ionization

P
patential of calcium, EA is the electron affinity of
0, and U is the lattice emergy of Ca(0z);.
It should be noted that except for the lattice
- energy and the heat capacity of Ca(0z); all other
quantitiés in egn.l are properties of elemental calcium
and oxygen and as a result are well established, Of

¢ - .. a4 ..the remaining two guantities the lattice energy makes

Lt

a considerably. larger contribution tozkHof, 29g than

does the term containg cp- _ . Consequently, the
CE(OZ)Z

lattice energy must be evaluated accurately.

2,2,3, calculation Of ILattice Energy Of Ca(0s])-

2.2,3,1, Theoretical Consideration

The classical Born-Mayer method can be used to

i
Ny

o
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calculate the lattice energy for ionic solid (20),
According to this technique the lattice energy is

represented as
U = N- ¢ (r) (1a)}

where N is the. Avogadro's number, The potential function
@(r) gives the energy per molecule as a function of the
interionic d’stance r and is expressed as

A
M
$(r) = - =g+ Blx) # g, (2)

¥
where M is the Madelung constant, e is the electronic
charge, ¢ is a constant characteristic of Ca(0z)ps B{r)
is a potential function and §); is the zero-point energy

of Ca(0y)p. The first term on the right hand side of

©- te@n.? gives the Coulombic-er--electrostabic interaction

among ions in the lattice, the second term gives the
van der Waals interaction- energy, the potential function
B(r) gives the repulsive energy between the ions., The
expression given by Iadd and Lee (21) can be used to

represent the repulsive potential B(r)

B(r) = bexp (~z/p). (3)

RS

A g iyt e



vhere b is the intensity parameter and £ is the range

parameter, Thus eqn. 2 can be expressed as

Me? C
dlr) = - — -—= + bexp (~x/p) + q% (4)
r r

< ,To compute ¢{r) we must know all the parameters

...involved in.eqn, 4.. However, we can eliminate some of

them using properties of the function ¢(r), Thus at

the eguilibrium interionic distance r

O’
.‘Edii = © (5)
r. _ A
r=x,
d¢p
icetl - O (6)
dr _
r=xrg

Thus differentiating @(r) in eqn. 4 and using egn. 6,

Me2 6C b ,
2t 7. ?E‘KP (-xo/P) = 0 (7)
¥y r,
Me2 &6C .
bexp (-r_/p) = T p (8)
o Iy

S0, for an equilibrium interionic distance, ros ©qn. 4

can be written as

24
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M92 c ‘Mez 6c
¢(ro)=“'r—*“'?6“‘*‘ r—z‘*';—.? P+ @
o C o o
Me2

n
-6 =1 + ¢, (9)

|
|

6
o’

usually corresponds to 1-3% of the lattice energy (22)

For simple ionic solids the van der Waals term, C/ r

although calculation by D'Orazio and Wood (15) indicates
that this interaction is about 5% of the lattice energy.
However, the term P/r; for Ca(0y);, as we shall see
later, is about 0,13, Thus the term in the second
braces of egqn, 9 is 0,22, Hence, the contribution of
the second term of egqn. 9 will not be more than about
1% of the lattice energy. Furthermore, the zero-point
energy ¢ is about 1% or less of the lattice energy

and this term is opposite in sign to that of the second
term in egn. 9. So, the combined effect of the last
two terms in eqn. 9 is negligibly small compared to the

first term. Equation 9 can then be written as

M92 l- o
¢gro) = ~tc [1-% (10)

The lattice energy thus becom:s
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Me?

Yo

U=NP(rg) = - N 1- B/xy (11)
The application of egn. 11 will permit evaluation of the
lattice energy provided the numerical values of the

parameters M, ¥ and 0 are known,

o
2.2.3.2, Evaluation of Madelung Constant, Radius
of Superoxide Ion And Parameter P,
The Madelung constant is the sum of a series
arising from the expression for the interactions due
to Coulombic attraction and repulsion among the ions in
the crystal lattice, Evaluation of this sum requires
the knowledge of the geometrical arrangement of the ions
and the relative distances among the ions in the lattice,
Thus to estimate M accurately, the crystal structure

must be known. If the crystal structure for which the

. Madelung constant is to be determined is not known, we

may take advantage of the following characteristic of

the Madelung constant, If two ionic solids have identical
crystal structures and *he relative positions of the ions
are the same- in-the two lattices, then both crystals

will have the same Madelung constant (22), Thus if the
crystal structure of the solid we are interested in is
not known experimentally but can be established from

other available information, we can take the Madelung
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constant for the solid to be the same as that of a
crystal which has the same structure.

If the ions in the lattice are spherically
symmetric then the position of the charge can be identified
as being located at the center of the sphere.. For non-
spherical ions, such as the superoxide anion (05}, it
is no longer correct to assume the net charge of the
ions to be concentrated at its center. Accurate
calculation of the Madelung constant in such cases requires
that thecharge distribution on the non-spherical ions be
known or assumed. DfOrazio and Wood (15) have calculated
the Madelung constants for potassium, rubidium, and
cesium superoxides both by assuming the superoxide ion
to be spherical as well as non-spherical, taking a charge
distribution of -%e per oxygen atom. It was found,
however, that the lattice energies calculated from the two
values of the Madelung constant differed only by 2% forgéé
and by less than 2% for Rb02 and CsO,, Based on these

results it was assumed that the O, anion could safely be

.assumed to be spherically symmetric for the present

calculations of the lattice energy.

The first step. in determining the Madolung
constant for Ca(0;),; is to establish the crystal structure
of the solid., A useful guide for this purpose is the
ratio of anion to cation radii, rp/r_,. The numerical

value of this ratio indicates the possible structure
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the solid might possess (22, 23)., Thus it is necessary
to estimate the radius of the superoxide anion, ry» to
establish the possible structure of Ca(0z)5. A numerical
value of this radius is also necessary to calculate
the lattice energy U from eqgn., 11, since r,, the inter-
ionic distance; is taken to be the sum of the radii of
the cation and anion. This is, of course, tantamount
to the assumption that the ions touch each other and
indeed,.this assumption is part of the model adopted
t0 calculate the ionic radii by Pauling and others

(23, 24).

The radius of the superoxide ion can be estimated
from the consideration of the properties of ﬁaOg in the
following way. In case of Na02,¢sH°f’ 2gg has been
estimated experimentally, So the lattice energy for Nalj
can be calculated using the known value ofg&HofP 298
and .a  Born~Haber cycle. Once the lattice energy is
evaluated application of egn. 11 will vpermit the
evaluation of To provided the Madelung constant and 0
are known, The crystal structure of NaO; has been
determined by x-ray diffraction (25). It has a face-
centered cubic structure which is stable at room
temperature and is represented as NaO, (I). Thus the
Madelung constant for NaO, (I) can be taken to be the

same as that of NaCl which also has a face-centered cubic
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Structure, The parameter P is the only remaining
gquantity which must be estimated before attempt is made
to calculate r, and hence r, for 0.

The range parameter P is usually evaluated from

the experimentally determined bulk modulus of the crystal,

The bulk modulus is defined as

= 1 dy
B.M. = 1/ v ap
—xy 8P
=Y av (12)

where V is the volume of the solid, P is the applied

pressure. From thermodynamics

du TdS - PAV

it

where S is the entropy of the solid. At T=0

du = - padv
a®s.  ap
av- av

Hence eqgqn, 12 may be written as

a2y

B.M, = —— 3
av? (13)
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¢ ) The quantity c’lzr.T/::'lv2 can be related to ¢ by eqgn. la, !
L

so that
2 2 2 2
Uy (8P 9, 0% dr) (14)
av? dr av? dr? \av
At the equilibrium interionic distance r,
do |
—=0 V=Y
dr ' o
and hence
E
dzﬁ dqu dr 2
= T Y=l (15)
i av ) dr® \av/ |, _ r,
- V=V, ‘;
Referring to egn. 13 we see that
av? v
Vv = Vo o l
1
Thus eqn, 14 can be written as ]
a%¢p far\? B. M.
N 5 A\ = —— (17}
dr av v i
— o :
r=xg
iL%
~If the crystal structure of the solid is known, the i
O
- !
. .
i -
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relationship between r and V can be determined easily
and hence dr/dv can be estimated, Since d2¢Vdv2
depends upon £, this parameter can be determined
provided the bulk modulus is known. Fortunately, the
values of P calculated for simpler crystals do not vary
more than 2-3%. Thus P for NrO; (I) as well as for
ca(0y)z éan be assumed to be the same as that of the
alkali halides {(26).

Since the Madelung constant, M, for NaOp (I) and
the parameter P have been evaluated, the ionic radius
of O, can now be estimated from the lattice energy
for NaOy (I). The lattice energy is determined by using
the Born-~Haber cycle shown below together with the

o
measured value of AH £, 298"




B

AHC
9
Na (s, 29801{) + Op {gs 29801{)—" £, 298 »~NaOy (s, 2980K)
'y
Y o
fer
Y a ) Iy
Na (g, O"K) 0, (g, 0°K) : JdeT
1P EA
Y Y-
Na* (g, O°K) 0, (g, O°K)
lu
Nady (s, 0°K)
o o)
Thus U =AH - AH + ¢.dam + IP
£y 298 sub
g zgapNa(g)
L0 .298
+ fcp a7  + Eb 4+ ﬁ:pdcv (18)
283" Og(g) o NaOZ(S}

once U is known r. can be. determined from egn, 11

o)
M82 p |
U= = L - (11
ro ro

The data needed to evaluate U and r, for NaOp (I) are

given in Table 5., The lattice energy for NaO; (I) and
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Table 5. Data Required To Calculate U And r, For NaOz(I)

Propeity Numerical Value Reference

AHg.3, fOr Na 26,3 kcal/mole ' 29
IP for Na _ 118,5 kecal/mole 45
‘ !
EA for 02 -10.1 kcal/mole 45
0
.jépﬁT ~1,5 keal/mole *
Na
Jgg Valg)
o
i{épdw ' 2.1l keal/mole 49
og 02 (g)
298
fcpdrr 3,9 kecal/mole 15, 30
Na02 (s)
o .
AH g, zgg Tor NaOz(I) ~62,5 kecal/mole 49
Madelung const. for 1,747 22, b
!!IELOZ(I]

€€

f—




Gtk
i

I " Table 5 (Continued) . - R
Property Numerical value Reference
o
£ for NaOy” 0.32 A 15, 26
o)
ra for Na'*' 0.95 a 22
* calculated assuming ideal gas value of Cp = 5/2R -
a Ttaken to be the same as that for KOj
b see text :

4>




o
the interionic distance are -197.5 kcal/mole and 2,59 A

respectively., From the determined value of r, it is

- ) o]
possible to conclude that r_ for the O, anion is 1.64 A,

35
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2,2,3.3, Numerical Estimation Of The lattice

Energy Of Ca(oz )2

Once the value of the anion radius, r;, is known
a possible structure for Ca(02)2 can be determined,

Evaluation of the ratio ra/rc for ca{0,), gives

r 1.64

1.69

1

This ratio suggests (22) that Ca(02)2 is likely to
have a rutile crystal lattice in which each cation is
surrounded octahedrally by six anions and euch anion is
surrounded by three cations in a triangular fashion.
From the considerations of the most stable packing of
the ions in the lattice it has been shown that if the

radius ratio, ra/rc, for an AB, type ionic solid lies

‘+between-1.37 -and 2,44, then:the structurdiis likely to

be the same as that of rutile (22).

Based upon the conclusion that the lattice
structure of Ca(0,),; is the same as that for rutile
it may now be concluded further that the Madelung
constant for Ca(0,), is the same as that for rutile. The
Madelung constant for rutile has been determined by a
number of workers (27, 28), For the present work the value

given by Johnson and Templeton (28) wasused to determine
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the lattice energy of Ca{05); by means of eqn. 1l.
The data used in this calculation and their sources are
given in Table 6, The lattice energy for Ca(03)s
obtained from egn., 11 is -532.2 kecal/mole. Introducing

this value of the lattice energy intoeqn. 1 gives

‘ AHO._E, 208 = ~94,4 kcal/mole.
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Table 6, Data Required to Calculate.U and;AHp for Ca(03)9
; £,:298 770 .

Property .

AHgub  for ca at 2989K

IP for Ca Ca++

EA for Oy * !
o

./; ar
Pea(g) . .
298
c,. ar
*/ﬂpoz(g)
298 5q4

deT
Ca(02)2
o
Madelung constant for Ca(0p)o
ra for 02

P for Ca(Oz )2

Numerical value

40,3 kcal/mole
414,5 kcal/mole

-10,1 kcal/mole

~L.5 kcal/molé
-2,1 kcal/mole
8.9 kcal/mole
4,79

o
1.64 2

O
0.32 A

Reference

16
45
45

49

28

15, 26
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Table 6 {Continued)

Property Numer%cal Value: Reference
r, for ca** _ 0.97 A 22
A&Cp for reaction (2-1) 6,0 cal/(oc)(molejﬁ oo b
.
Entropy contribution of each O, 19.4 e,u. 14, b
in ca(0gjg
Entropy contribution of cat™ in 9,3 e,u, 14

ca(oy)z

* caloulated from assumption of ideal gas C = 5/2R

P

a calculated from Dulong and Petit rule and assuming Cp to be constant
over the temp., range

b see text
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2,2.4. Standard Free Energy Of Formation OFf Ca(0z),

As A Fuction Of Temperature

The standard free energy of formation,z&?of, me fOY
ca(0,), at different temperatures can now be estimated
by the following procedure. The reaction under

consideration is

ca (s, T) + 205 (g, T} = Ca(Oy)y (s, T} (2-1) -

For this reaction

T (19)

wherezLpr’ Tﬁis the stendard heat of formation of ca(oz)z
at temperature T”zssof, M is the standard entropy change
for formation of Ca(oz)z at temperature T andxscp is the
difference in heat capacities, Application of eqn. 19
reguires a knowledge of the standard entropy change of
formation of Ca(02)2 at 25°C and the value of:lcp as a
function of temperature. Since ca(02)2 has not been
synthesized in pure form the specific heat and absolute

entropy at standard conditions for this substance must
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be estimated theoretically.
An approximate guide for estimating cP for unknown
solids involving gaseous reactants has been giwvea by

Kubaschewski, Evans and Alcock (29). For a reaction

such as
A.(8) + xBy (g} = ABy, (s) (2-2)
Ac_=¢ - C -Xx -0
P PABzx(s) Pa(s) PBZ (g)
= 3x cal/(°C) (mole). (20)

This method of calculatingz&cy may be contrasted with
the one in which the specific heats of each compoment
are:evalﬁated seperately. Thus, according to Dulong &
Petit*s rule (29) the molar heat capacity of a solid
. element is 6.:cal/(°c)(g. atom) and that-of a solid : ui
compound . is six times the number of atoms in the -
stoichiometric formula of the solid. From the Kinetic
theory of gases the heat capacity of diatomic molecules ;
is known to be 7 cai/(°C)(mole), Thus, the approximate
value ufz&cp for the above reaction should be

Ac (22 + 1) 6 -6 -~ 7x

f

5% (21)
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Tt has been found, however, that the experimentally

detefrmined values ‘of Acp are closer to 3x than to 5% for

many solid reactions involving gaseous reactants, In

the case of Naoz(s) eqn, 20 yields a value of ACP

which is within 20% of the value calculated from
experimentally. deteimined specific heats for NaOy(s), =)
Na(s)s; and Oz(g) at .25%, . For KO, the @lculated value L

of AC differs by 50% from that determined using the

experimental specific heats. The effect of a 50% error .

in Acp is to introduce an error of 8% in the Cp for KOz (s)

if it is calculated from Acp and the Cp of K(s) and

0,(g). It is anticipated that a similar level of error
should hold for Ca(02 }z(s).
As a further assumption AC_

P
to be constant between 160° and 500°K, This assumption

for Ca (qz 32 is considered

is based on the following observations. Over the

- gpecified: temperature range; the specific-heat of oxygen e
varies by only 6% while that for calcium by less than

3%, Thus the variation in the specific heat of Ca(02}2

should be no more than a few percent. Such a conclusion

is found to be valid for NaO, .and KO, .(30), Furthermore
evaluation of the term containing AC,. indicates that it

p
contributes no more than 2 to 3% to the magnitude of

o
AH ¢ 9gge
. O ] o
Calculation of AS"; ,qg requires that S ga(o,),




43

at 2989%, be known. This quantity must also be determined
theoretically., For this purpose latimer's ion .
contribution technique (14) may be used, This procedure
states that for lonic solids the entropy at 298%K can

be evaluated by a summation of the contributions from

the cation and anion. Since the entropies of NaO, and

KOZ at 298°K are knmown from experimentally determined
values of Cp, the contribution for 0; can be calculated
by subtracting the coéntribution due to nNat and gt
respectively, Contributions due to 05 calculated for
these two superoxides differ by 7.5%. An arithmatic

mean of the two values was taken for the calculation of
SOCa(02)2 at 298°K. No further correction was made to
this figure to account for the higher valence of ca®
relative to Nator Kﬁ The entropy contribution of c:a++
was taken from Iatimer's calculation (14) and. the entropies
of Cca(s) and 0,(g)} from standard references (16, 17).

All of the data used to calculate SOCa(OZ)z are given in
Table 6, The final value of AS°g 298 obtained by this
procedure is -58,37 e,u,

Standard free energies of formation for Ca(0,)a,
calculated at different temperatures by the procedure
described above are plotted in Fig. 3. Similar quantities
for Ca0 and CaO, are also plotted in the same figure,

Free energies for these two oxides were taken from the
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literature (16, 31), For Ca0, the standard free energy
of formation was not available for temperatures below -
298,16°K. Below this temperature standard free energy
was linearly exptrapolated (dotted line).

It is observed thatz&FOf, p for Ca(0,); is highly
negative for the entire temperature range considered in
the present work. However, the values sz&Fof’ T for
Ca0 or Ca0p are even more negative than that for Ca(05)p

over the same temperature range, For example at room

o
£, T

negative than the values for CaO or cao,. Corresponding

temperature AF for Ca(oz)z is about 65 kcal less
differences at other temperatures are of similar
magnitude, This means that the thermodynamic driving
force for conversion of Ca(0,), to Ca0 and Cal, is
extremely large. Thus, even if Ca(0,)p were formed it
would decompose to Ca0 or CalOp unless it was kinetically
stable, This observation could explain tHe repeated
failure to synthesize pure Ca{0y), under a variety of

conditions,

2.2.5, gtandard Free Enerqy Change For Reactions OF .

[

Atomic Oxvgen With Calcium And ca(0H),

Once &.Fof’ for ca(ozjz are kKnown AFg for reactions

T
of atomic oxygen with elemental calcium and Ca(oH)2

leading to Ca(02)2 can easily be undertaken, Values
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ofiaFg for such reactions are shown in Fig, 4. For
completeness the values ofszg for similar reactions
leading to Ca0y and Cal are also included in Fig. 4.

in these calculations the thermodynamic data for calcium,
Ca(UH)z,CaO, Calsy, atomic oxygen and H,0 were taken from
standard réferences (16, 17, 31), For calcium, oxides -
of calcium, Ca(OH)2 and atomic oxygen the standard
states were chosen to be the most stable states of the
substances at 1 atm, and at the temperature under
consideration, However, for H,0 the standard state was
chosen to be gaseous water at 1 atm. independent of the
temperature, This selection was made mainly because
thermodynamic data with this standard state were easily
available., It is seen that of three reactions between
solid calcium and atomic oxXygen the one leading to

Ca (02}, has the largest negative standard free energy

.change., However, this 1s not surprising since the -

stoichiometry of the reaction leading to Ca(0p)z from

so0lid Ca requires feur atoms of oxygen, which are =
d

associated with a large positive free energy change

relative to molecular oxygen., For the same reason the

O
T

much more negative than that for the reaction leading

AF® for the reaction giving Ca0, from solid calcium is

to CaQ, BAlthough these reactions indicate that formation :

of Ca(02)2 is thermodynamically possible inthe presence of
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atomic oxygen, the instability of Ca(0,)z with respect
to the lower oxides, shown in Fig. 3, still holds there
and one is led to the conclusion that vhile it may be
possible to form Ca(0,}, it would not be stable unless
its rate of conversion to the lower oxides were gquite
low. -~Similar conclusions can be drawn with regard to s
using Ca{0H); as the source. of calcium as shown by the ‘_;
results in Fig, 4.
A further result which can be deduced from the
thermodynamics presented here is as follows, Inspection
of Fig. 3 reveals that the free energies of formation
of Ca0p and CaQ are nearly the same, the former being
slightly larger above 300°K and the latter siightly
larger below 300°K., Because of the small driving force
for conversion of Cal0y to Ca0 it is expected that CaOy
should be a relatively stable product. As will be .’

discussed in Chapter-4-€a0,-can in fact be prepared from e

Ca(0H), subjected to discharged oxygen,

o
ol
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CHAPTER 3

EXPERIMENTAL APPARATUS AND PROCEDURE

3.1. APPARATUS AND PROCEDURE FOR EXPERIMENTS

WITH ELEMENTAL POTASSIUM,LITHIUM AND CALCIUM

3.1.1. Apparatus For Experiments With Elemental

Potassium, Lithium And Calcium

The apparatus used for investigating the reactions
of elemental potassium, lithium, and calcium with
discharged oxygen is shown in Fig. 5. The discharge
reactor consists of a quartz tube (14" long x 1%" i.d.)
with a side tube (6" long) at its center, The ends of
the discharge tube are made of pyrex glass and are joined
to the central quartz section by graded seals.

A minlature furnace introduced through the side
tube was used to generate ﬁetal vapor, The furnace
consists of a cylindrical block heated by a 70W cartridge
heater (Superwatit, model Hotwatt 2126} which was fitted
into a hole (1%" long x %" dia.) drilled in the block.
The insulated lead wires from the heater are

taken out through a stainless steel tube welded
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+0 the nickel block, A hole at the top of the block
holds a monel cup (5/16" long x 1/4» dia.) containing the
metal to be evaporated, The contents of the cup could

be blanketed with helium fed through a 1/16" passage

driiled into the nickel block, The temperature of the

- block is measured with a sheathed chromelsazalumel r -

thermocouple {Thermo~Electric ISA -~ K) connected to a wd
potentioneter,
The nickel block is welded to a stainless steel tube
of the same diameter which acts as a support for the
block, Three concentric stainless steel radiation
shields mounted on a grooved collar are used to reduce
heat iosses from the furnace. A grooved 1lid was used
to cover the top of the radiation shields., The radiation
shields were plated with gold to reduce their emissivity

for radiation. However, most of the gold evaporated

‘after heating the furnace’'to a high temperature a few~ =~ =~ -%F

times. With the radiation shields in place the furnace
was capable of attaining 750-%C,

The discharge tube is connected at one end to a

Flow system which supplies oxygen and at the other end SRR}

to a mechanical vacuum pump. Oxygen from a cylinder is
first dried by passage through a silica gel dryer and
then reduced in pressure to slightly above 1 atm by a

low delivery pressure regulator (Conoflow, Hammel Dahl,
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H 10XT, 0-5), The flow is then metered into the
evacuated reactor through a fine metering valve (Whitey
88, 22RS4). The flow rate of oxygen is measured by 2
microrotameter, Pressure within the reactor is determined
by an absolute pressure gauge {Wallace and Tiernan

Fx 160 ~-PP12780) ‘or by a Mclecd gauge (Gilmont C-333).
The power to the discharge is supplied through three
ring-shaped copper electrodes mounted on the outside

of the discharge tube, The electrodes are coupled to

a radiofrequency generator (Tracerlab RFG-600) wvia an
impedance matching network (Tracerlab PAl1-600). The
generator operates at a frequency of 13,56 MHZ and can
deliver up to 350 watts, The power dissipated in the
discharge is measured by a power meter located within

the generator.

3.1.2, Procedure-For Experiments With Elemental

Potassium, Lithium And Calcium

The experimental procedure used in the experiments
with metallic potassium, lithium and calcium was
essentially the same. Pieces of the metal usually stored
under a light oil were transferred to a glass trough filled
with hexane., In the case of potassium small chips of the
metal were cut from a bigger stick under hexane using
a sharp knife. The lithium and calcium were available

in the form of small beads. In all three cases the
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small pieces of the metal were transferred under hexane
to the monel cup. The cup now containing the metal

and hexane was placed into the nickel block of the furnace,
As soon as the furnace was in place the discharge tube
was evacuated, Once the hexane was pumped off, the
furnace was turned on and allowed to approach the desired
temperature, When the temperature wasclose to the
desired‘value a small flow (a2 few ml/min) of helium

was intreduced into the furnace chamber, At this point
the oxygen f£low was initiated and the pressure set to
the desired level., The discharge was then initiated

by turning on the generator.

3.2, APPARATUS AND PROCEDULLE FOR

EXPERIMENTS WITH METAL HYDROXIDES

3.2.1, Apparatus For Experiments With Metal Hvdroxides.

The discharge tube used for the reactions between
metal hydroxides and discharged oxygen is shown is Fig 6.
This tube is of the same size as that used for the
studies with metal vapors and is made up of two halves
commected by a standard ground glass joint., Stopcocks
located at the ends of th: tube allow it to be isolated
from the flow and vacuum systems and transferred

without contamination with the atmosphere.
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3.2.2, Procedure For Experiments With KOH, LiOH

And ca(OH)>

For the experiments in which a2 metal hydroxide

was used as the starting material it was found highly
desirable to use the hydroxide in the form of a very
fine powder, In the cases of KOH and LiOH this was
achieved by grinding large particles of these reagents
in a mortar and pestle. This operation was carried out
in a dry box purged with nitrogen., A half hour of
grinding was required for KOH but only 15 minutes for
LiOoH, cCa(OH), was obtained in the form of a very fine
powder so that further size reduction was not required,
At the start of each experiment a portion of
the finely divided hydroxide was measured using a small
ceramic spoon and spread out on the bottom of a fiat
glass boat (3 3/16"x1 1/16") in as thin & layer as
possible, The boat-was then inserted into the discharge
tube and isolated by turning the stopcocks to their
closed position, At this point the tube was taken
from the dry box, connected to the flow system, and
evacuated., A flow of oxygen was then established and

the run initiated,
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3.3. PRINCIPLE, APPARAYTIS AND PROCEDURE
FOR CHEMICAL ANALYSIS OF A MIXTURE

OF HIGHER OXIDES

3.3.1, Principle Of Analysis Of A Mixture Of Superoxide

And Peroxide

As mentioned in Chapter 1, superoxides react with
water according to reaction (l-1). However, the reaction

{(1-1) takes place in two steps as follows.

I

2M02 + 2H,0 = 2MOH + Hp0, + 03 (3-1)

H202 H20 + 5202 {3-2)

The amount of superoxide can thus be determined by
measuring the volume of 0y evolved after complete
decomposition of MO, according to reactions (3~1) and
(3-2). However, it should be noted that superoxides
usually contain a certain proportion of peroxides and
that the peroxides will also liberate H,07 due to reaction

with water via reaction (3-3)
Mp02 + 2H20 = H;05 + 2MOH (3~3)

The H,0, thus formed alsc decomposes according to

reaction (3-2), Although reaction {3-2) is much slower

than reaction (3-1) the decomposition of Hy0p must be
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suppressed in order to obtain an accurate measure of
the quantity of superoxide present in a sample containing
both superoxide and peroxide,

A technique to suppress reaction (3-2) was first
suggested by Seyb and Kleinberg (32) and their method
was followed for the work presented here., According to
this technique acetic acid diluted with an inert
organic solvent reacts with the superoxide liberating

02.
2M02 + 2dAC = 2MAD 4 HZOZ ¥ 02 {3~-4)

The peroxide, if present, forms HpO, by the reaction
M,05 + 2HAC = ZMAC + H20, (3-5)

By carrying out the reactions at 0P C the decomposition

of H,05 is found to be negligible(33), After measuring

the amount of O; released by the acetic acid the Hp0, v
is decomposed by adding a FeCly solution which acts as

a catalyst in the decomposition:

FEElB

H,09 HyO + %02 (3~6)

The amount of Oy evolved by reaction (3~4) corresponds
to the amount of superoxide present in the sample being
analysed, while the O, released by reaction (3~6) %

corresponds to the total amount of Hp0p present in the
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solution, The Hy0, generated from superoxide is
determined by the stoichiometry of reaction (3-4),
Hence, the peroxide originally present in the sample can

be calculated by difference from the total,.

— —— Mt ———————rt S —

And Peroxide

The apparatus used for analysis of a superoxide -
peroxide mixture is shown in Fig, 7. It consists of a
small (~40 ml) conical glass reactor which is attached
to the system by a ground glass joint. A small
graduated buret is attached at the top of the reactor and
is used to introduce measured quantities of the solutions
required for analysis. A second buret connected to the
reactor using a capillary tube is used to measure the
volume of 0, evolved. A mercury reservoir attached to
this buret permits adjustment of the gas-pressure inside- v Liaa
the reactor tothe desired level, A small diameter tube is
also connected to the second buriet to facilitate the
comparison of the inside pressure with that of the

atmosphere,
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3.3.3, Procedure For Analysis Of A Mixture Of Superoxide

And Peroxlide

To analyze a sample the following procedure was
used, The discharge tube containing the reaction
product in the boat was opened in a dry box purged
'continuously with Ny, a portion of the product was
scraped from the boat and mixed thoroughlyin a mortar and
pestle, In the case of experiments with KOH only the
yellowest portion of the product was taken for analysis.
The material or a portion (10~100 mg) thereof was placed
into the clean reactor vhich was previously weighed with
a ground glass l1lid on it. The reactor was then closed
using the same 1id and weighed again. Next the 1lid
was removed and the reactor was quickly attached to the
balance of the apparatus.

To determine accurately the volume of the Op
.evolved it is necessary to take into account the changes
of the enclosed gas volume due to changes of the ambient
temperature during the analysis, The gas volume enclosed
after attaching the reactor could be easily estimated
provided the inside volume upto the beginning of the
graduation of the buret was known. 'To measure this
volume the nercury column was first adjusted to equalize
the inside pressure to that of the atmosphere and the

height of the mercury column was recorded, The inside
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pressure vas then reduced by a few centimeters of mercury
and the volume at the reduced pressure wvasmeasured,

From these two measurements the enclosed volume up to

the beginning of the graduation of the buret wascalculated.
The volume of the enclosed gas at a particular pressure
after attaching.the reactor wasthe sum of -the above

volume and the buret reading at that pressure.

After the above measurement, a measured quantity (~L.5ml)
of diethyl phthalate was introduced into.the reactor from the
buret, and the reaction was cooled down to 0° C using
an ice-water bath. A measured quantity (1.5 - 2 ml})
of acetic acid diluted with diethyl phthalate (4:1 V/V)
was then slowly added into the reactor. If any
superoxide was present in the sample a slow release of
02 was observed, The completion of the reaction usually
took about 1l-2 hours depending upon the amount of
superoxide present., After the reaction was completed
the ice~water bath was removed and the system was
allowed to warm up to room temperature and the volume of
the gas inside the apparatus was measured, At this
point a known quantity (2 -~ 3 ml) of a solution 3M in.
FeCly and 1 in HCl was added to the reactor. The
decomposition of H,0, could be observed in the form of
evolution of tiny bubbles, The decomposition was usually

slow and hence was allowed to continue overnight,
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After the completion of the reaction, the volume
of the gas inside the apparatus was measured to . .
estimate the 0, evolved during the second step. Each
measurement of the gas volume inside the apparatus
was conducted after equalizing the inside pressure to
that of the atmosphere., Also, during each measurement
the ambient temperature was recorded to take into
account the change in gas volume due to a change in
the ambient temperature.

After each complete analysis the amounts of

superoxide and peroxide in the sample analyzed were

calculated using the following expressions

T Msxle 100

Percent superoxide'in the sample = —
22,4 x 107 XXy xm

Mp X sz 100

22,4 x 103 x Xy x m

Percent peroxide in the sample =

where M, and M, are the molecular weights of the *

p
superoxide and peroxide respectively, X; is the number
of moles of O, available due to decomposition of

superoxide to peroxide, Xy is the number of moles of 0,
available due to decomposition of peroxide to monoxide

or hydroxide, V; and V, are the volumes of 0Op at STP

released during the first and second stepsof analysis




respectively, and m is the mass of the sample taken for

analysis.
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3.4, THERMAL ANALYSIS OF MIXTURE OF

SUPERCXIDE AND PEROXIDE OF POTASSIUM

3.4.7, Introduction

During the course of the present work it was
observed that Seyb and Kleinberg's wet chemical
technique of determining superoxide in a superoxide-
peroxide mixture was not always reliable. A similar
conclusion has also been reported by Hollahan and
Wydeven (13), As a result it was decided to investigate
the possibility of using thermogravimetric analysis
(TGA) as a means for determining the amount of KO,
present in a KOp ~ K, 05 mixture, It was anticipated
that this type of analysis would reveal the thermal
behavior of the oxides of potassium and the nature of

the chemical interactions among these oxides,

3.4.2. Apparatus And Procedure For Thermal Analysis Of

A Mixture Of Superoxide And Peroxide Of Potassium

Thermogravimetric analyses of KO, samples
prepared commercially and the samples prepared in the
course of the present work were performed by a
commercial service (Wext Coast Technical Service Inc,,

Cerritos, CA.). The first analysis, TGA 1, of the
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commercial sample was carried out in a thermogravimetric
analyzer (voland and Sons, N. Y. ) in which the furnace
was continuously purged by flowing helium at a rate of
; 2-3 cu, ft./hr. at 1 atm. The heating rate was
4-6°c/min. The second analysis, TGA 2, of the same
batch of commercial KO, and the analyses TGA 3 and 4,
of the samples prepared in the present work were
performed in an argon atmosphere using a DuPont 950 TG
Analyzer, The flow rate of argon was maintained at

3_ 0.7 cu, ft./hr and the heating rate was 15°C/min for
TGA 2 and 7.50C/min for TGA 3 and 4., Maintenance of

an inert environment during the thermal analyses was
very important because of hygroscopicity of KO,. The
first analysis TGA 1 was conducted up to 700°% while
the last three analyses, TGA 2 to 4, up to 1100%,

The differential thermal analyses {(DTA) of the
commercial sample and the sample used in TGA 4 was
performed using a DuPont 900 DT Analyzer. Alumina
was chosen as the reference material, The heating rate
of the furnace was maintained at about 10-15°C/min,
while argon was used to maintain an inert environment

in the furnace.
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CHAPTER 4
OBSERVATIONS, RESULTS AND DISCUSSION
4,1, OBSERVATIONS AND RESULTS FOR
EXPERIMENTS WITH ELEMENTAL POTASSIUM,

LITHIUM AND CAICIUM

4.1.1. Experiments With Elemental Potassium

For the experiments with potassium the furnace
temperature was maintained at 350°C. At this temperature
the vapor pressure of the metal is 0,3 torr, Under
these conditions & rich, blue~-brown deposit of potassium
was observed on the glass wall immediately above the
top of the furnace, In some experiments this deposit
guickly disappeared, while in others it turned to a
vellow~vhite color as the discharge continued., At some
spots on the deposit the color was distinctly yellow,

In one experiment a fairly intense yellow color was
observed on the 1id covering the top of the radiation
shields, In yvet another experiment the pieces of
potassium metal inside the cup turned to an intense,

almost canary yellow color,
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To get a qualitative indication of the chemical
nature of the deposit, it was allowed to react with a
small amount of water. This reaction led to the release
of a gas. Since any unreacted potassium would have
been oxidized rapldly upon exposure of the reactor
contents to the atmosphere, it is believed that the
observed reaction was that.between water and potassium
superoxide, Thus the release of gas upon reaction with
water and the presence of a yellow product suggest thata
small amount ©of potassium superoxide is formed when
potassium vapor reacts with the products of an oxygen

discharge.

4.1.2, Experiments With Elemental Lithium

For the experiment with metalilic 1lithium the
furnace temperature was set at 720% to produce a lithium
vapor pressure Of 1 torr, ‘A deposit similar to that
produced by potassium was observed with lithium,
However, the color of the deposit was brown, and turned
white as the discharge continued, No yellow color was
observed, The deposit was allowed to react with water,
but no effervescence was observed, Based on this evidence
it would appear that no significant amount of superoxide

was formed,
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4,1.3, Experiments With Elemental Calcium

In case of calcium the furnace was operated at
720°%. At this temperature the vapor pressure of the
metal is 0,22 torr. No deposit of so0lid product was

observed on the tube wall, possibly because of the low

vapor pressure of calcium., Consequently, to provide more

direct contact of elemental calcium and discharged oxygen
several pieces of calcium metal were placed in the
horizontal section of the discharge tube but to the left of
the heater. No change in color of the pleces was

observed while the discharge was on, The metal pieces
were then placed very close to the center electrade,

The pieces immediately adjacent to the electrode turned
black, On continuing the discharge for about 25 minutes
the black color changed to brown-white, Immediately

after the discharge was turned off the brown-white color
turned light yellow.in about 5~6 seconds.- Some of the
pieces located a short distance from the central electrode
were completely white.

The reacted pieces of metal were allowed to react
with distilled water. An initially slow reaction was
followed by a rapid reaction between unreacted calcium
and water, From these cbservation no conclusion could
be drawn about the possible formation of calcium

superoxide,
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4.Z2. RESULTS AND DISCUSSION FOR EXPERIMENTS

WITH METAL HYDROXIDES

4,2.), Exiperiments With KOH

In the parly experiments with KOH the discharge
electrodes were so positioned that the boat was completely
ingide the glow of the discharge, Within about 5 minutes
or even less the material appeared to *melt', the
pressure rose by 20-30% and then the "molten" material
solidified gradually forming a thin crust at the top.
This crust slowly, but not uniformly, became vellow in
color, During this phase of the reaction blister -like
formations were observed at the top of the crust,

Working in a dry box, a portion of the crust was scraped
of £ with é knife and subjected to analysis. These
results show that the product contained only 5~12% of
KO, by weight...No definite pattern of change in yield
with changes in the operating variables was observed
for these experiments, This was partly because while
scraping out the top layver it was difficult to avoid
some unconverted material from the bottom also being
scraped and mixed with the sample taken for analysis.
The low yield of KO, together with the observation that
only the crust at the top of the KOH "melt®” was

characterized by a yellow color suggest that the reaction
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of KOH is limited by the formation of the crust which
acts as a diffusion barrier,

In the next series of experiments the electrodes
were positioned in such a fashion that half of the boat
vas inside the glow of the discharge and half outside.
This arrangement allowed only thematerial which was
. inside the glow region to "melt”, However, a gradual ‘ E f
spread of the "melted” zone was observed so that it k
finally covered 2/3 of the boat. The entire "moltenv
zone slowly Solidified and formed a thin crust
as described above, The particles of KOH, which were

closest to the "molten®" zone became yellow and the yellow

zone slowly moved downstream from the glow region.

In the course of the initial runs it was observed
that the particles of KOH were not uniform in size and
that the coarser particles in the region outside the
- glow were not as strongly yvellow in color as the small ’
ones. To examine the effects of particle size another
series of experiments was performed using more finely
ground KOH. The effect of the particle size on the
conversion of KOH to higher oxides is indicated in Table TR
7. The total available O, and the weight percent of
superoxide obtained with the finer particles are about
3 times greater than those obtained with relatively

course particles., Although the reaction time for the

R Rl ; g e,
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Table 7

Effect Of Particle Size On The Conversion
Of KOH To Higher Oxides

Serial Particle Pressure Flowrate Of O, Reaction Power Total 0y Wt,.% KO, Equivalent Wt.%
No, Size {(terr) (ml(STP)/min) Time {(watt) Released From Based On KO; Based On
{hr) Product 0y Released Total O
(ml(STP)/gm) At First
Step
Coarse
2, Powder 0.95 2,78 3 70 66,0 19,7 27.9
3. Powder 0,96 2,78 4 70 56,7 22,2 23.9

TL
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experiment No, 3 in Table 7 is longer it has been
observed both in this work and by Hollahan and Wydeven
(13) that the effect of time on conversion is marginal
after about 3 hrs., Thus the increased yields for
experiment No, 2 and 3 compared to that in No. 1 can be
attributed to smaller particle size,

Although a higher yield of product could be
obtained through the use of fine particles, it was
suspected that only the outer crust of these particles
had reacted., To test this hypothesis the next series of
experiments was carried out in two steps. The particles
of KOH were first subjected to the action of the discharge
for 3 hrs following the procedure dezcribed above,

The yellow portion of the material in the boat was then
scraped out, reground, spread on half of the boat, and
the reaction started again, keeping the material outside
the glow. During this second step the materizl turned
more yellow in most of the experiments, indicating a
higher conversion to K0,. The results of such two-step
experiments are shown in Fig. 8, The total reaction
time for all these reactions was 6 hours - 3 hours for
each of the two steps.

Both the pressure and the oxygen £f£low rate have
a strong influence on the conversion of KOH to higher

oxides as shown in Fig, 8. At a given flow rate of Oy
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the total amount of 0, available from the product
increases with pressure, passes through a maximum and
then decreases with further increase in the discharge
pressure. At a lower flow rate the conversion increases
in most of the experiments. For both the flow rates
shown in Fig. 8. the maximum conversion takes place
between 0.75 to 1100 torr., Since the equivalent weight
percent of KO, has been calculated from the total
available O, the shapes of the two curves for any given
flow rate are very similar,

The effect of pouwer on the conversion of KOH to
higher oxides is shown in Fig. 9, The total available
oxygen and hence the equivalent weight percent of KO,
increases with increasing power, passes through a
maxium and then decreases with further increase of .- .. .
discharge power., For the experiment at 90W almost all
the material in the boat,appeared to "melt* and form a
thin crust which, as discussed above, is not favorable
for high conversion, The reaction time for the experiment
carried out at 700 and represented in Fig. 9 is half of
that for the experiment with similar operating conditions
represented in Fig. 8. The conversion in the former
experiment is about 20% higher than that in the latter.
It should be noted, however, that the starting material

for the two series of experiments, of which these two
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are members was not taken from the same batch of powdered
KOH., As a result the average particlé size for the two
experiments may not have been the same. This difference
undoubtedly contributes to part of the observed
disagreement.

It should be observed that in Figs. 8 and 9 the
weight percent of KO, equivalent to the total 0, released
by the product has been calculated instead of the
absolute weight  percent of KOy which is a more desirable
guantity. The reason for doing this is as follows. The
total 0, available from the product includes all the
oxygen from KO, as well as that from the K,0;, which is
usually present in the product, The absolute welght percent
R0, can be calculated from the amount of O; evolved at
the first step of chemical analysis as represented by
the stoichiometry of reaction (3~1). This calculation
assumes negligible decomposition of H,0, released fromthe
superoxide or the metal peroxide. If no Ky0, is
present and no decomposition of the Hy0, occurs at the first

stage, the volume of 0p; at the second step would be

exactly half of that at the first stage. The presence

of freeiK,0y would make the volume of O, evolved at the
second step more than half of that at the first step.
The comparison of the relative amounts of 0z evolved in

the two steps for some analyses indicates decomposition
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of HpOn during the first steps. In such cases
accurate estimate of the absolute amount of KO, in the
product is not possible, However, there isan indication
(33) that decomposition of H,0, at the first step of
analysis may not be considerable., Thus an approximate
estimate of the weight percent of KO, can bel ocbtained
by calculating the quantity based on 0, evolved at
the first step, provided the decomposition of H50, is
not considerable. In such cases the difference between
the weight percent of KO, and the equivalent weight
percent of KOp is a rough measure of the amount of K503
present in the product. Thus for the experiment No., 3
in Table 7 this difference is about 9%, indicating a
relatively small amount of K,0, in the product. This
behaviorAis also apparent from the observation of the
relative amount of 0p evolved at the two steps of the
analysis. (see Table A~1, Appendix A)}. It was observed
that for all the experiments corresponding to the
higher flow rate of 0, shown on Fig. & the equivalent
weight percent of KO; and the absolute weight percent
of X0, are within 2% of each other, an indication of
a negligible amount of K705 in the product.

The explanation for the observations mentioned
above is that the conversion to a higher oxide takes

place only with the material on the surface of the KOH
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%) particles., Under the conditions of this series of
experiments with relatively long reaction time (6 hrs,)
all the KOH on the surface was converted to KO, which is
thermodynamically speaking, the most stable oxide of
potassium. The material below the surface layer remains
in completely converted to Kp0p which is possibly the
intermediate in the formation of KO from KOH. This
trend has also been observed for most of the experiments
with lower. flow .rates as well as for experiments with
discharge power as the independent variable but to a

lesser extent, :

f; ) 4.2.2., Experiments With LiQH
During the experiments with LiOH no vmelting” or
increase of pressure was observed and the product for

analysis was taken from the portion of the material

which was inside the glow. Also since the particles of

LiOH appeared to be finer than those of RKOH the effect

ot wiann el 3R R e e W R e T

of intermediate grinding on the conversion was not

investigated,

T

Fig. 10 shows the results from the experiments

with LiOH., As mentioned previously, for LiQH there

LT INC DI LT

is no formation of LiOp, although Lijz0; is Formed in

large concentration, This observation can be explained in

terms of the thermodynamic properties of the oxides of

i bt K
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1ithimm,. It has been shown by the calculation of
standard free energies of formations that although the
formation of IiOp is thermodynamically feasible the
compound ié thermodyndmically unstable with respect to
the lower oxides of lithium by about 15 kcal at room
temperature, The formation of LiO; by subjecting LiOH
to the discharge is also shown to be feasible, However,
due to thermodynamic unstability Lios, if formed, would
decompose to lower oxides unless the decomposition
process is retarded by kinetic stability. Furthermore,
below 400°K Liy0p is slightly more stable and above 400°K
it is slightly less stable than Li,0. Hence the formation
of Liy0y can be anticipated under discharge conditions.
The discharge pressure is found to have a similar
effect, as in case of KOH, on the extent of conversion of
LiOH to Lij0p - the conversion passing through a maximum
with increasing pressure. The maximum conversion for
both the flow rates considered takes place at about 0,7
to 0.8 torr, This is approximately the same range Of
pressure for which the maximum conversion for KOH is
found to occur. Theflowrate of Oy also has a very
significant effect on the conversion of LiOH to Liy0,.
The formation of Lip0y increases with increasing .
flow rate in contrast to the case of KOH for which

conversion decreases with increasing flow rate.
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The maximum content of Lig0, corresponds to 82% by weight,

which occurs at about 0,80 torr and 1.29 ml (STP}/min.

4,2,3, Experiments With Ca(OH)z

The obgervations during the experiments with
ca(0H), were very similar to those with LiOH. No
smelting" or increase of pressure was observed during
the reaction. Since no "melting® took place, the final
product taken for analysis was from the portion of the
boat, which was inside the glow of the discharge. Also,
the effect of regrinding of the material on the
conversion was not investigated since the Ca(OH), was
avallable in the f£oim of very £ine particles,

The results of the experiments with ca(0OH), are
shown in Figs. 1land 12, In Fig. ilthe amount of 0y
available from the product has been plotied as a
function of discharge pressure. Fig. 12 shows the weight
percent of CaQ, which has been calculmted from the total
Oy represented in Fig. 11. Thus, no Formaticn of
Ca(oz)z was observed - all the 0, coming from Caljp.

As in case of LiO,, caliculations indicate that although
the formation of Ca(05); is thermodynamically feasible
the compound is unstable with respect to the lower

oxides of calcium by about 60 kcal at room temperature.

Hence, either Ca(cz)z_will not form at all or, if .
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formed, it will decompose to the lower oxides unless
the superoxide is kinetically stable, Furthermore, as
has been mentioned in Chapter 2, below 300°Kk Caoy is
slightly more stable than Ca0 and above 300°K it is
siightly less stable than CaO. Conseqguently, Ca0Op
is a relatively stable compound, It may thus be
concluded that the formation of Ca0, and the absence of
Ca(oz}z are not unexpected since these re=ults are
consistent with what one might expect from
thermodynamics,

It is observed in Figs. 11 and 12 that the effect
of.discharge pressure on the conversion of Ca{OH),
to caly is very pronounced, The conversion fa;ls
continually with increasing pressure in contrast to
the observations in cases of KOH and LiOH for Which'
the conversion passes through a maximum with increasing
pressure, In contrast to observations for experiments
with KOH and LiOH the flow rate of Oy does not seem to
have any significant effect on the conversion of Ca(OH},
to Ca0,. The maximum content of CaoQ, is 88% which is
obtained at the lowest experimental pressure of about

0.25 torr.
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4,3, KINETICS AND REACTION MECHANISM

An electric discharge sustained in gaseous

oxygen produces atomic oxygen and excited state (aLAg,
bl Zﬁ) molecular oxygen commonly known. as signlet
oxygen and represented as 05. These are the two active
species present in predominant concentration and both
are known to have strong oxidizing capabalities. The
rate constant for the dissociation of 0, to atomic
oxygen has been calculated by Bell (34) and is found to

11

be 6.2x 107" cm3/sec at an average electron energy of

2 reV., Similar calculation for.the formation of 03
gives the corresponding rate constant to be 2,1x 10~1?
cm3/sec. at the same average electron energy. Although
the rate constants for the formation of 0; is an order
of « magnitude lower than that for atomic oxygen, the
life-time of 0; -"”particularly that in the all4g state is
known to be much longer than that for atomic oxygen
(35,36), Thus the concentrations of both the species
may have comparable magnitude. The typical total
concentration of these two species is 20 - 40% of the
plasma(34, 35).

It has been indicated by Hollahan and Wydeven

(13) from a limited number of experiments that both

atomic and excited state molecular oxygen can oxidize

T
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alkali hydroxides to higher oxides. The effect of

each of these species on the conversion processes has
not been investigated separately. During the formation
of superoxides from alkali hydroxides in a discharge

it is likely that the formation of peroxides occur in
the first step followed by a subsequent conversion of
the peroxides to superoxides., Either atomic 0 or 0; could
serve as the active species for each of these stages,
While Hollahan and Wydeven (13) have suggested a
reaction mechanism for the conversion of hydroxide to
peroxide and superoxide based only on the atomic oxygen,
a plausible reaction mechanism based on the excited

state molecular oxygen can also be suggested as shown

below,
2MOH + 05 = My0, + OH (4-1)
20H = Hy0 + %0, (4-2)
M,0, + Oy = 2MO, (4-3)

In support of this mechanism is the observation that

KO, has been synthesized (37) in 20% yield by oxidizing
KOH with 0, at 1 atm, and 210%, The vield increases

to 34% at 510°% (38). Also according to Kazarnovskii (39)

the transition of peroxide to superoxide takes place
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via the reaction:
M, (O - 0*7) + 0, = 2M (0~ Q7) (4-4)

Thus molecular oxygen can oxidize both KOH and K509
to RO2., In view of this, similar reactions should take
place with O;‘and should proceed at a higher rate,

The mechanisms for soliid-gas reastions in a
discharge environment are probably more complex than
those suggested on the basis of either ato-ic oxygen
or excited state moledular oxygen. As evidence for
this we can compare the present observations with those of
vol'nov and co~workers (i2), 1In their work a de discharge
was used to obtain higher oxides of alkali and alkaline
earth metals. The yield of KO, was 80% by weight.

Use of Ca(OH), produced 4% of Ca0O; in 30 minutes,

whereas LiOH did not produce any Liz0, at all., In

these experiments the material was placed in the

positive column of the de discharge, For such an
arrangement the concentrations of the active species

are known to vary with the position in the discharge tube.
Thus, experiments for synthesis of NH3 in dc .discharge
indicate that the rate of formation of NHz in the é
negative column is much greater than in the positive i

column (40),
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If atomic oxygen is taken to be responsible for
the reactions, then the effect of pressure on the
conversion can be explained, It has been shown by Bell
and Kwong (41) that for a RF discharge in oxygen the
concentration of atomic oxygen increases with pressure,
passes through a maximum and then decreases slowly with
further increase of pressure, In the case of the
experiments with KOH and LiOH the variation of the
conversion to higher oxides behave in a manner similar
to that of atomic oxygen concentration, It is further
observed that the maxima for the higher oxides from
both the hydroxides and for the concentration of atomic
oxygen occur in the same range of pressure, namely
0,6 - 1.1 torr, However, in case of experiments with
Ca(OH)z no maximum for CaO; was observed, the conversion
falling continually from the starting pressure of
0.25 torr. While it is possible, that a maximum might
occur at a pressure below 0.25 torr, this seems
unlikely,

The effect of flowrate on the conversion of KOH
+o higher oxides can be interpreted in terms of the
effects of flow rate on the concentration of atomic
oxygen., Bell and Kwong (41) have shown that concentration
of atomic oxygen decreases with increasing flow rate

of O due to reduction of the residence time in the
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discharge. This trend could explain the lower
conversion to higher oxides of potassium with increased
flow rate of O,, However, in case of LiOH the
conversion increases with increasing flow rate and this
effect is difficult to explain simply from the
consideration of atomic oxygen., The conversion in case
of exXperiments with Ca(OH)z appears to be independent
of the flow rate of 05 .

As seen in Fig. 9 the coaversion of KOH to the
higher oxides increases with increasing discharge
power,; passes through a maximum and then decreases with
further increase of power., This observation could bhe
interpreted as follows, Bell and Kwong (41} has shown
that the concentration of atomic oxygen increases with
increasing discharge power., Thus, if atomic oxygen is
responsible for the formation of the higher oxides then
the conversion should increase continually. However,
with increasing power the spread of the ®melting" of
potassium hydroxide also increases and at relatively
high.discharge power almost all the material in the
boat appears to "melt». As mentioned previously, the
melting causes the formation of a thin crust which is
not favorable for high conversion, The "melting" and
the subsequent format’on of the crust are believed to

more than offset the effect of increase of concentration
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of atomic oxygen with discharge power. As a result the
conversion of KOH to the higher oxides will tend to
decrease-: with increasing power.

The rapid "melting" of the potassium hydroxide
observed during the experiments is also believed to
be associated with the interaction of atomic oxygen
and other activated species with the potassium
hydroxide on the boat, The potassium hydroxide used in
the present work contained about 5% water which forms
a double compound having the general formula KOH*XHO0.
The energy evolved due to the recombination cf the
atomic oxygen and the deactivation of other active
species on the surface of the solid hydroxide is
utilised to decompose +the double compound, The water
released by this process dissolves KOH and the solution
of KOH appears as a "molten" material on the boat.
Although water is formed during the conversion of the
KCH to the higher oxides as shown in egn, (4-2), the
rate of formation éf water is likely to be slow. In
view of this it appears that the water formed during §
the reaction (4-2) does not contribute to the "melting"
process which was observed to be wvery rapid,

Although the gas temperature in the discharge
has not been measured in the present work, application i

of the correlation developed by Brown and Bell (42)
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has shown that the gas temperature is about 90—10000,
which is much lower than the melting point (360°c) of
KOH, Hence, actual melting of KOH dces not occur, . -
instead the water released from the double compound
dissolves the KOH as explained in the preceding
paragraph.

Although some of the effects of reaction conditions
on conversion of metai hydroxides to higher oxides

have been explained by considering the variation of

atomic oxygen concentration with the discharge . . .

o1

parameters, it is believed that the effects of bbth,=;~.u.

atomic oxygen and excited state molecular oxygen must
be taken into account. Elucidation of the role of each
of these epecies in the reactions and the measurement
of the concentrations of the excited state molecular
oxygen in addition to that of atomic oxygen might
explai:n more convincingly the changes in the conversion

with changes in the operating variables,

L e ) T
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4.4, RESULTS AND DISCUSSION OF THE THERMAL
ANALYSIS OF A MIXTURE OF HIGHER OXIDES OF
POTASSIUM

4.4.1, Thermogravimetric Analysis

The thermogravimetric analyses (TGA)} of the
commercial samples of KO and the product obtained by
subjecting KOH to discharged oxygen are shown in Figs.
13 and 14. As seen from the figures, two
thermogravimetric analyses, TGA 1 and 2 of the same
batch of the commercial sample were performed, Two
additional analyses, TGA 3 and 4, of the materials
produced at 50 and 70 watts of discharge power were
also performed., As mentioned previously, the first
analysis, TGA 1, was conducted up to 700%, while the
remaining thermograms shown for TGA 2,3, and 4 in Figs.
13 and 14 have only been illustrated up to 775-850°C,
This was done because it was observed that from about
700°c upwards the weight loss occured continuously
without any additional features characteristic of the
onset of a new process until 90% or more of the
material had been lost at 1100°c,

It is cobserved from Figs. 13 and 14 that except
for minor deviation in TGA 4 the weight loss of the

materials as a function of terperature follows the
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same pattern in all cases, Thus, for TGA 1, 2, and 3
the significant weinht loss takes place in three
temperature ranges, 125 to ESOOC, 350 to SOOOC, and 600
to 1100°%C. The weight loss in the first and second
temperature range is followed by the occurence of a
plateau during which little or no weight loss takes -
place, For TGA 4 the first plateau is not as prominent
as in the remaining three, Similarly, the weight loss
in the second temperature range for this analysis is
not quite as sharp. It is further observed that up

to about 325°C, the welght loss for the commercial
sample in TGA 1 and 2 is about 6% whereas for the
samples prepared by the discharge method the
corresponding weight loss is about 4%,

Fig. 13 indicates that except for the end of the
first plateau the weight loss for TGA 1 is always higher
than that for TGA 2, This effect 1s more proncunced
for temperatures above 600%c, If the weight loss is
limited by the diffusion of gaseous oxygen from the
boundary of the samples then the above difference can
be attributed to the difference in flowrate of the
inert gases during the two analyses, The flow rate
during TGA 1 was 2-3 cu,ft./hr., whereas for TGA 2 only
0.7 cu.ft./hr, Higher fiow rate would enhance the

transport of 0, from the surface of the material,
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It is apparent from Fig., 14 that the thermograms
for the two samples prepared by the discharge
technique are not identical. In thig instance.;
however, the flow rate of the inert gas is the same
and hence the differences must be ascribed to the
differences in the composition of the samples, As we
shall see later the two samples contain different
amounts of KO, .

The weight loss in the different temperature
ranges and the occurence of the plateaus can be
explained as follows., The weight loss for all four

analysesy; TGA 1 to 4, starts at about .125%. It is
believed that this weight loss is due to the .

decomposition of KO by the reaction.

2K0p (s) = Ky0, (s) + Oy (g) (4-5)
This view is supported by the observation of Rode (43)
who reported that decomposition of KO, starts at 145%,
Although the temperature at which the decomposition of
KO, is observed to start in the present work is
somewhat lower than Rode's value, differences of
similar magnitude are not uncommon in thermal analyses,
In any event, the decomposition continues up to about
250°% after which the first plateau begins its

appearance,
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During the occurence of the first plateau
between about 250 to 350°C little or no decomposition
takes place, One possible explanation for this is
that K,0, formed helow 250% as well as any Kp05
present in the original sample forms a solid solution
with the remaining KO, and hence makes the material
thermally stable., Such a stabilization would retard
the weight loss until a much higher temperature was
reached to decompose the solid solution and hence
the KO,. The formation of a solid solution between
KO, and K,0, has been indicated by Vvol*nov (1).
Furthermore, the formation Df a solid soluntion between
analogous compounds such as Nao, and Nap0, at about
260°C has been reported by Marriott, Capotosto and
Petrocelli(44).

Over the temperature range of the first plateau
there is also_the possibility of formation of a solid
solution involving KOH in addition to KO; and Ky03.
This possibility is suggested from analogy of the
formation of a solid solution involving NaO,, Na,0,
and NaCH as indicated by Volnov (1). The presence of
KOH in the samples analysed in the present work could
easily be justified., For example, a small quantity of
the unreacted KOH is likely to be present in the product
synthesized in the discharge. In case of the commercial

sample which is prepared from metallic potassium -
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the presence of a trace quantity of water could explain
the occurence of KOH,

After the first plateau further weight loss
occurs at about 325~350°C, indicating the decomposition
of the solid solution and hence the decomposition of the
residual KO, released from the solid solution..  This
decomposition continues up to about 475-500% according to
the reaction indicated previously., For the commercial
sample the weight loss in this temperature range is
more than in the first temperature range mentioned
before,

At the end of the second temperature range the
seccud plateau begins to appear. The plateau extends
from about 475°%C to 600°, In this temperature range
no weighﬂ.loss has been cbserved for any of the
thermogravimetric analyses., Over this temperature
range Kp0, which melts at 450% (45) is thermally
stable, Calculations show that decomposition pressures
of K50, are 0,08 and 0,29 torr at 565°C and 627°C
respectively. Thus, it is obvious that no significant
weight loss should be observed until about 600°%, =
conclusion validated by the observations of all four

analyses,

SR L

Above 600°%C K50, decomposes rapidly according to

the reaction
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K50y (1)} = K30 (s) + %03 : (4-6)

The weight loss is rapid in this temperature range.

At still higher temperatures K,0 starts decomposing,

the decomposition pressure being 600 torr at BBIOC.
Since the weight loss up to 600°C is due to the

decomposition of KO, according to the reaction

This quantity can be used to determine the amount of
KO, present in the samples. The same samples have
been analyzed by the method of Seyb and Kleinberg as
described previously. However; the amount 6f KOy
determined on the basis of 0, evolved in the first step

of analysis is not reliable because of the reason

‘stated before. Nevertheless, valuable information

would be generated by comparing the equivalent weight
percent KO, calculated Ffrom the total oxygen evolved
in that method with the absolute weight percent KO,
calculated from the TGA results.

Table 8 shows that the absolute amount of KOp
determined by the thermal analyses is consistently
lower than the equivalent weight perecnt of KO,

determined by the wet chemical method of Seyb and

9%
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Table 8

Compairison Of Results Of Analyses Of Mixture Of Higher Oxides
Of . Potassium By Thermal And Wet Chemical Method

Sample - Equivalent Weight Weight Percent

Percent ROy By KO, By TGA
- Wet Chemical Method
Commercial (TGA 1) , | - 75.5
82ﬂ0 ’
Commercial (TGA 2) ' 71.0
Prepared (TGA 3) 60.9 7 44,4
Prepared (TGA 4) 69.3 31.0
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Kleinberg (32), since the equivalent weight percent
of KO, has been calculated from the total oxygen
released from KO, as well as K,0, the absolute weight
percent of KO, must be lower than the former quantity.
The results of the thermal analyses are in comformity
with this behavior. Furthermore, although the percent
purity of the commercial sample with respcet to K50,
was not known this quantity is never more than a few
percent (46}, Hence; the weight percent of KOp in
the commercial sample would be less than but close to
82%. Both the thermal analyses of the commercial
sample are consistent with this expectation. And
these cbservations lead to the conclusion that the
thermogravimetric technique is a superior method for

determining the amount of KO, in a mixture of higher

oxides of potassium,

Before the conclusion of the discussion of the
TEA results, attention may be drawn to the fact that
thermal behavior of K05 has been reported by a number
of workers but without any agreement concerning the
results. Thus Blumenthal (47 ) reports the melting
point, presumably: without decomposition, of KO, to be
380°%. The corresponding value reported by de Forcrand
(48 ) is 440°c. considering the persistent beginning

of decomposition at about 125°C in all the analyses in
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the present work and the comparable value of 14500
reported by Rode (43) the values reported by Blumenthal

and de rorcrand are difficult to justify.

4,4.2, Differential Thermal Analysis

To gain insight into the thermal behavior of
the oxides of potassium and to verify the occurence
of wvarious thermal changes during the thermogravimetric
analyses complementary differential thermal analyses
were performed. One DTA each of the commercial
sample and the sample prepared at 704 is presented
in PFig. 15.

It is observed from Fig, 15 tha£ up to about
225°% the DTA for both samples show very similar
features, However, beyond 2259 the DTA for the
commercial sample shows more pronounced features.
Nevertheless, the curve for the sample prepared by the
discharge method is qualitatively similar to that for
the commercial sample.

Fig. 15 shows two exothermic peaks in the first
temperature range (125 -~ 250%), over which significant
weight loss of the materials takes place (see Figs. 13
and 14), The first of these two peaks is believed to
be associated with the decomposition of KO, as well as

phase transformation of KO, , which occurs from the

e R
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BY DISCHARGE

Figure 15, Differential Thermal Analysis of the Commercial Sample

of Potassium Supercxide and the Mixture of Higher Oxides

of Potassium Prepared by the Discharge Method
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dto the B form. The d-KO, is stable between -75and
100°C, whereas above lOODCtJ—KOZ transforms tothe B8 form.
The second peak is associated only with KO,
decomposition,

During the discussion of the TGA results it was
mentioned that -formation of a solid solution takes r
place over the temperature range of the first plateaun
(250 -~ 350°%). Since the formation of a solid solution
is an exothermic process this view is supported by the
appearance of a wvery pronounced exotherm at about
324°%, 1In addition to this exotherm a second exotherm
also seems to appear at about 356°%. This could
conceivably . result from the heat effect
associated with the formation of a solid solution,

As in the discussion of TGA results an analogy can be
drawn from the corresponding behavior of the oxides

of sodium, Thus, formation of an exotherm in the
vieinity of 2609C where solid solution formation occurs
has been observed by Marriot, Capotosto and Petrocelli
(44 ) during the study of the thermal behavior of Nao,.

Tt is further observed that above 368°C both the
DTA curves indicate, in general, that a very strong
endothermic process is taking place, This could be
attributed to the sharp decomposition of the superoxide
which starts after the cccurence of the first plateau

ochserved in the TGA results,
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CHAPTER 5
CONCLUSION

Potassium hydroxide when subjected to electrically
discharged oxygen produces both potassium peroxide
and potassium superoxide., The extent of conversion to
the higher oxide strongly depends upon the particle
size of the KOH, the relative position of KOH in the
discharge zone and the operating conditions of the
discharge i.e, the power, pressure, and flow rate of
oxygen. The maximum conversion of KOH expressed in
terms of the egunivalent weight percent of KO, is 75%
which cccurs at a pressure of 0,95 torr, a discharge
power of 70 watts, and an oxygen flow rate of 1,29
ml(STP)/min, The reaction time for maximum conversion
is 3 hrs.,

Hydroxides of lithium and calcium do not form
superoxides in the presence of an oxygen discharge but
instead are converted to peroxides., The percentage of
Li202 and Cal, in the products strongly depends upon
the operating variables of the discharge, In the case
of experiments with LiOH the maximum content of Lij0,
in the product is 82% by weight, which occurs at 0,9
torr, a discharge power of 70 watts, and an oxygen

flowrate of 1.29 ml(STP)/min, The reaction time for
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this conversion is 4 hrs., For the experiments with
Ca(0H), the maximum extent of CaO, is about 94% by
weight, which occurs at 0.25 torr +the lowest
experimental pressure) and a flow rate of 0,34
ml{STP)/min, The reaction time and the discharge
power are the same as for the maximum yield of Li202.

The absence of 1Li0, and the formation of Lij0,
can be expiained from the thermodynamic properties
of the oxides of lithium, Lithium superoxide is known to
to be thermodynamically unstable with respect to the
lower oxides. Below 400°K Li;0, is more stable than
1i,0, while akove 400°K Liz0 is more stable than Li;O0,.
Thus one must conclude that if LiO, is formed then it
rapidly decomposes to Lip0, unless the temperature is
significantly above 400°k. Alternmatively, it is also
possible that Li,0p is formed directly but does not
undergo further oxidation to LiO,.

To explain the absence of Ca(0,); in the
corresponding product obtained from Ca(OH)}, the standard
free energy of formation of Ca(0z), was determined
theoretically. For this purpose the enthalpy of
formation was evaluated using a Born-Haber cycle,

As a part of this computation the lattice energy of

ca(0z), was calculated using the Born-Mayer method,
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The other important quantities involved in the Born-
Haber cycle were taken from the literature. The
standard entropy change was determined using the
latimer's ion contribution technicue.

From these calculations it was concluded that
Ca(Oz)z is highly unstable with respect to the lower
oxides of calcium. Below 300°K calOz is slightly more
stable than Ca0 and above 300°K slightly less stable
thén Ca0. These observations suggest that Ca(0p)y, if
formed, is likely to decompose to the lower oxides.

If the temperature is not significantly above 300°Kk
Ca(02)2 would decompose to CalO,. The absence of any
.Ca(oz)z from the experimental results led to the
conclusion that either Ca(oz)z does not form at all or
£hat its decomposition is very rapid., In the event that
ca(oz)z does not form at all the formation of Ca0jp

iakes place directly from Ca(OH)Z.

While it has not been possible to define & mechanism
for the synthesis of the products found in this work, the
dependence of the yields of KO, upen oxygen i
pressure and flow rgte can be explained., The observation
of a maximum in product yield near 1 torr and the deécline

in yield with increased flow rate support the conclusion

o
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that atomic oxygen is the primary discharge product
involved in the oxidation of the starting hydroxide.
This conclusion is based on the cobservation that a
maximum in the concentration of atomic oxygen is known
to occur near 1 torr and the fact that an
increase in fiow rate produce a reduction in the
concentration of atomic oxygen. The behavior of Ca(OH),
is substantially different form that of KOH or LiOH.

In this instance the only product formed is CaO,. The
yield of this product declines with increasing pressure
but does not pass through a maximum over the pressure
range studied, No definite effect of flow rate could be
observed on yield of CaO,. These differences in the
effects of pressure and flow rate can not be explained
at presen£ and may be associated in part with
differences in the‘chemistry which alkali and alkaline
earthmetal hydroxides undergo in a discharge.

Finally it was noted in the course of the present
work that the analytical method developed by Seyb and
Kleinberg for the determination of the amount of
superoxide present in product could give inaccurate
results if both peroxide and superoxide anions were
present in the product., Thus while the method does give
an accurate measure of the total amount of oxygen which can

be released from the product, the superoxide content
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is usually over estimated. An alternative method based
upon thermogravimetric analysis was investigated for the
case of the products produced from KOH, Interpretation
of the TGA results showed that the total weight loss
occcurring between 125% and 500° could be associated
with KOy alone, since KZOZ does not decompose below
500%¢,

The fact that KO, can be synthesized in an oxygen
discharge is encouraging and should be investigated
further in order to determine whether this product can
be made in high purity. The present process for KO,
manufécture uses molten potassium metal which is
atomized into a chamber filled with oxygen at 1,2 atm
and 300°C, The principal disadvantage of this system
is the requirement of metallic potassium which is
expensive and difficult to handle, The present approach
which starts with the hydroxide, which is cheaper than
the metal, could offer a possible alternative if the
product could be obtained in good yield and with only
modest consumption of electricity.

The use of a discharge to synthesize Li,0, and Ca0j
may also have some attraction, Both of these materials
are presently made by reacting the metal hydroxide with
H,05., Particularly in the synthesis of Lij0,, the Hy0,

must be used in high concentration and the product must be




"

dried using an elaborate arrangement., By contrast
the discharge approach appears to be capable of

providing the product in dry form by a one step process,
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APPENDIX ~ A

EXPERIMENTAL DATA

The data obtained in the experiments with KOH are
given in Tables A ~ 1 to A - 4, The results calculated
from these data are represented in Figs, 8 and 9 and in
Table 7. The data from the experiments with LiOH and
ca (OH)» are shown in Tables A - 5 to A - 9 and the

corresponding results are represented in Figs. 10to 12.
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Serial
No.

Particle Flowrate Of O

Size

Coarse
Grit

Powder

Powder

(ml (STP)/min)

2.78

2.78
2,78

Table A -~ 1

Experiment With KOH

Pressure  Power Reaction ~ Mass Of STP Volume STP Volume

{torr) {(watt ) Time Product Of Oy Of 02
(hr) Taken For . Released Relesased
Analysis ..At first At Second
(mg ) Step OF Step OFf
Analysis Analysis
(ml) (ml)
0.595 70 3 187.0 2,08 2,06
0,95 70 3 72,7 2,26 2,54
0.95 70 3 72,9 2,55 1,58

rANN
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Tabie A -2

Experiment With KOH

Serial Particle Flowrate Of O, Pressure Power Reaction -+ Mass Of STp Volume STP Volume
No. Size (m1(STP)/min) (torr) (vatts) Time Product 0f Op 0f 09
(hr) Taken For Released Releasad
Analysis At First At Second
(mg) Step Of Step OFf
Analysis Analysis
Y {ml) {(ml.)
1. Fine 1.29 0,54 70 6 37,9 2,06 1,03
Powder .
2, Fine 1.29 0.73 70 6 N, 48,3 4,04 1,88
Povwder AN
3. Fine 1,29 0,95 70 6 38,9 3,70 1,88
Powder N
4, Fine 1,29 1.24 70 6 30,5 2,13 1,04
Powder ~

e
.
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Tabie A - 3

Experiment With KOH

Serial Particle Flowrate Of O Pregsure .Power Reaction . Mass. Of STP Volume STP Volume
No, Size (m1(STP)/min) (Jorr); (Watts) Time Product Of 02 of O
(hx) Taken For Released Released
Analysis At First At Second

(mg) Step Of Step Of
Analysis Analysis
(ml) (ml)
1. Fine 0.67 0.30 70 6 18,1 1.63 0,53
Powder
2. Fine 0,67 0.60 70 6 21,7 2.53 0.71
Powdexr
3. Fine 0.67 1,10 70 6 35.1 1,06 4,21
Powder
4, F'ne 0.67 1.45 70 6 27,7 1.79 2,04
Powder

L aea s By Le e
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Table A -~ 4

Experiment With KOH

B LR

Serial Particle Flowrate OFf Op Pressure Power Reaction Mass OFf STP volume STP Volume
No, Size {ml (STP)/min) (tory) (watt) . Time Product 0f 02 of O
(hr) Taken For  Released Released
Analysis At First At Second
(mg) Step OFf Step Of
Analysis Analysis
(ml) (ml)
i. Fine 1.29 0.95 50 3 16,0 1,68 0.62
Powder
2. Fine 1,29 0,95 70 3 10,9 1,19 0,76
Powder
3. Fine 1.29 0,95 a0 3 20.8 2.35 0.71
Povder

- GTT




Serial
No.

4,

5.

Particle Flowrate Of O

Size

Fine
Powder

Fine
Powdexr

Fine
Powder

Fine
Powder

Fine
Powder

(m1(STP)/min}

0.67

0.67

0.67

0.67

0.67

P

Table A - 5

Experiment With LiOH

Pressure
(.orr)

0,21
0.51
0.74
0.96

1,50

Pover
( att

70

70

70

70

70

Reaction

Time
(hr)

LY

~Mass Of
Product
Taken For
Analysis
(mg )

4.0

12.5

9.7

9,9

10.5

"y

STP volume

Of 02
Released
At Second
Step OF
Analysis

(ml1)

1,92

1,96

1,73

1.32

1.42
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Serial
No,

1.

3.

4,

Particle
Size

Fine
Powder

Fine
Powder

Fine
Powder

Fine
Powder

Flowratg 0of O
(m1({sSTP)/min)

1,29

1,29

1,29

Table A - 6

Experiment With LiOH

Pressure
{(torr}

0.60

0.85

1.20

1,50

T A e

Power
(watt)

70

70

70

70

Reaction Mass Of

Time Product
{hr) Taken For
Analysis

(mg)

4 13,2

4 15,3

4 15,2

4 Q9,8

STP Volume

Of O
Released
At Second
Step Of
Analysis

(ml)

2'51

3.03

2,70

1,50

ez
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Serial

No,

1.

3,

4,

S

Particle

Size

Fine
Powder
Fine
Powder
Fine
Pouwder
Fine
Powder

VFine
Powder

Experiment With Ca(0H),

Flowrate OFf O

{ml (STP)}/min)

0,57

0,57

0,57

0.57

0,57

Tfable B = 7

Pregsure

{(torr)

0,30

0.60

0,80

1320

1.55

Power
(watt) .

70

70

70

70

70

B =

Reaction  Mass Of STP Volume

Time Product Of Oy
{hr) Taken For Released
Analysis At Second
(mg ) Step 0Of
Analysis
(m1}
4 8.8 1,22
4 8.3 1,02
4 8,2 C.84
4 8.5 0.59
4 e.7 6,50

T -

S g g

e

8TT



Serial
No,

1.

Particle
Size

Fine

" Powder

Fine
Powder

Fine
Powder

Fine
Powder

Experiment With ca{OH),

Flowrate Of O
(m1 (8TP)/min)

0,34

0,34

6,34

0.34

Table A -~ 8

Pregsure
{Torr)

0,23

0,50

0.75

G.40

Power.
(Watts)

70

70

70

70

Reaction
Time
{hr}

12

Mass Of
Product
Taken For
Analysis
(mgr)

7.9

7.7

B.6

STP Volume
Of O
Réleased
At Second
Step Of
Analysis
(ml)

1.16
C.99

0.89

0,58

6TT




Serial Particle
No. Size
1. Fine

Powdexr
2, Fine
Powder
3, Fine
Powder

Experiment With Ca(OH),

Flowrate Of Op
(m1(STP}/min)

Table A - @

Pregssuxre Power
(Torr) (Watts)
0,50 70
0,75 70
1,40 70~

Reaction
Time
(hr)

Mass Of
Product
Taken For
Analysis
{mg)

8.80

10,06

8,90

STP Volume

Of O
Released
At Second
Step Of
Analysis

{(ml)

1,04

1,03

0.53

0T
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APPENDIX ~ B

SAMPLE CALCULATIONS

The sequence of calculations used to determine
the amounts of superoxide and peroxide in the products
obtaineﬁ from experiments with KOH, LiOH and Ca(O0H)j
are described below., In case of the analyses with the
products from exXperiments with LiOH and ca(OH); the
volume changes of the gas inside the apparatus after
adding diethyl phthalate and acetic acid diethyl

(o phthalate mixture are always negligible and hence they

were not taken into account,

(1} sample calculation for the determination of the
amount of superoxide and peraoxide in the product

obtained from experiments with KOH,

Discharge Pressure = 0,92 torr

Flow rate of O, 1.29 ml(STP)/min

70 wvatts

Discharge power
Reaction time = 6 hrs (2 steps):

Mass of product taken for analysis = 38,9 mg

\»
o
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Gas buret reading at the ambient temperature
(27%) after attaching the reactor and
ad justment of the inside pressure to 1 atm

= 1,120 ml

volume of the inside of the apparatus up to the zero-
mark of the buret = 38,43 ml
Total gas volume at 1 atm. after attaching the

reactor = 38.43 + 1,12 = 39,55 ml at 27.0°%

Volume of diethyl phthalate added = 1,40 ml
volume of acetic acid diethyl phthalate solution

added = 1,95 ml

The buret reading at the ambient temperature
(25°CJ after completion of the first step of
decomposition and adjustment of the inside pressure

to 1 atm = 8,20 ml

Gas volume after first step decomposition
= (38,43 + 8,20} ~ (1.40 + 1,95)
= 46,55 - 3,35
= 43,20 ml at 25%
= 43,54 mi at 27°%

Volume of O, evolved at the first step

1t

43.54 - 39,55
= 3,99 ml at 27°%C

= 3,63 ml at STP
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Weight percent of KO, in the sample analyzed:
142 x3,63 x 100

22.4 x10° x 0,0389
= 59,24%

Volume of FeClg solution added = 2,00 ml

Gas buret reading at the ambient temperature
(2600) after completion of the second step of
decomposition and adjustment of the inside pressure
to 1 atm = 12.47 ml
Gas volume after the second step of decomposition
= (38.43 + 12,47) -~ {3.35 + 2.00)
= 50,90 ~ 5,35
= 45,55 ml at 26°C
= 45.68 ml at 27°C
Volume of 0, evolved at the second step
= 45,68 - 43,54 = 2,14 ml at 27°¢
= 1,95 ml at STP
Total Oy évolved
= (3.63 + 1,95)/0. 0389
= 143,31 ml (STP)/gnm

Equivalent weight percent of KOz in the sample
142 x 143,31x 100

analyzed = -
22,4%103x 1,5

Hi

59.68%




i

(2)

Sample calculation for the determination of the
amount of peroxide in the product obtained from

experiments with LiOH.

Discharge pressure 0,85 torr

1.29 ml(STP)/min

Flowrate of 02

Discharge power 70 watts
Reaction time = 4 hrs,

Mass of product taken for analysis = 15.3 mg

Gas buret reading at the ambient temperature
(24,1%) after attaching the reactor and ad justment

of the inside pressure to 1 atm =-0.75 ml

Volume of the inside of the apparatus up to the

zero-mark of the buret = 38,43 ml

Total gas volume at 1 atm after attaching the
reactor = 38.43 +.0775

39.18 mi at 24.1%

Ii

Volume of diethyl phthalate added
= 1.55. ml
Volume of acetic acid-diethyl phthalate mixture
added = 1.50 ml
Volume of FeCly solution added

= 2,80 ml
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- Gas Buret reading at the ambient temperature
(22.0%) after evolution of 0, and ad justment of

the inside pressure to 1 atm = 9,65 ml

Gas volume after evolution of 0p
= (38.43 + 9,65) ~ (1.55 + 1,50 + 2,80)
= 48,08 ~ 5.85
= 42,23 ac 22,0%
= 42,51 at 24,1%
Volume of 0, evolved

42¢ 51 hand 39;18

3,33 ml at 24.1%%

= 3,03 ml at sTP

3.,03/0.0153

i

198,19 ml (STP)/gm product

Weight percent of Lip0, in the product

.45,88 198,19
= 3 100
22,4 10 0.5

= B81,39%

. (;;:3,!

e
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sample calculation for the determination of the
peroxide in the product obtained from experiments

with Ca(OH)z

Discharge pressure = 0,30 torr

Flowrate of Op 0.57 ml1(STP)/min
Discharge power = 70 watts
Reaction time = 4 hrs

Product taken for analysis

= 8,80 mg

Gas buret reading at the ambient temperature

(21.200) after attaching the reactor and adjustment

of the inside pressure to 1 atm = 1,20 ml

Volume'bf the inside of fhé éppafatus up-%o the sero

mark of the buret = 38.43 ml

Total gas volume at 1 atum after attaching the
reactor = 38,43 + 1,20

39,63 ml at 21.2%

volume of diethyl phthalate added
= 1.60 ml
volume of acetic acid-dithyl phthalate mixture
added = 1,45 ml
Volume of FeCl, solution added

= 3,00 ml




e
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i Gas buret reading at the ambient temperature (20,9°¢C)

after evelution of 0p and adjustment of the inside

Pressure to 1 atm,= 8.55 ml

Gas volume after evolution of O

(38.43 + 8,55) - (1.60 + 1.45 + 3,00)
46,98 - 6,05

40,93 ml at 20.9%

40,95 at 21,2%

Volume of 07 evolved

=

Weight percent of

—
-—

1

40,95 - 39,63
1.32 ml at 21,2%
1,22 ml at STP
1,22/0,0088

138,77 ml(STP)/am

Calg
72.08 138,77

100
22.4 10° 0.5

87.97%
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A(s)

B.M.
Bz (g)
B(r)

pAis)‘

C
P8, (g)

C
PABox (s)

c
Pea(g)

c
Pra(g)
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NOMENCLATURE

An arbitrary element in its solid form
Intensity parameter_in the expression for
B(r),; kcal . .
Bulk modulus, lbs/in2

A diatomic element in its gaseocus form
Potential function for repulsive interaction
in the lattice; kecal

van der Waals interaction constant,
(kcal).(cm)6

Heat capacity, cal/(9C)(mole)

Difference of heat capacities of products
and reactants, cal/(°C)(mole)

Heat capacity of A in its solid form,

cal/(®c) (mole)

Heat capacity of gaseous B, cal/(°c}{(mole)

Heat capacity of AB,, in its solid form,
cal/(%c) (mole)

Heat capacity of calcium vapor, cal/(oc)(mole)

Heat capacity of sodium vapor, cal/(°c)(mole)



g

C
pNaoz(S)

“Po, (g)

EA

AF g, 298

£, 298

g2 = o=

=
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Heat capacity of sodium superoxide,
cal/(°cy (mole)

Heat capacity of gaseous oxygen,

cal/{°c) (mole)

Electron affinity, kcal

Charge of an electron, 1.6 X 107° coulomb
Standard free energy of formation at
temperature T, kcal/mole

standard free energy of formation at 2089,

kcal/mole

Flovrate of oxygen ml{STP)/min

Sstandard heat of formation at temperature
7T, kcal/mole

Standard heat of formation at 298°K, kcal/mole
standard heat of reaction at temperature T
latent heat of sublimation, kecal/mole

Tonization potential, kcal/mole
Madelung constant

Mass of sample taken for analysis, gram
Molecular weight of superoxide
Molecular weight of peroxide
Avogadro's number

Pressure, lbs/in2

. . . O
Interionlic distance, A




£, 298
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o
Radius of anion, A

. . o
Radius of cation A

o
Equilibrium interionic distance, A

Standard entropy of calcium superoxide

Standard entropy of formation at temperature
T

Standard entropy of formation at 298°K
Temperature, 0K

Iattice énergy, kcal/mole

volume of solid cm3/mole

Volume of oxygen at STP released during the
first step of wet chemical analysis of
superoxide, ml

Volume of oxygen at STP released during the
second step of wet chemical analysis of
superoxide, ml.

Equilibrium volume of solid, cma/mole
Number of moles of oxygen available due to
decomposition of superoxide to peroxide
Number of moles of oxXygen available due to
c=composition of peroxide to monoxide or

hydroxide

s




p

B
T

Greek Symbols

p

¢(r)

b

Range parameter in the repulsive potential
o)

B(r), A

Potential function for the lattice energy

Zero-point energy of the lattice, kcal
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