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I. INTRODUCTION

Previous to 1200, investigations o} fused salt systems
had been undertaxen mainly because c¢f their novelty. At that
time messurementis were very approximate. Results of & higher
order of accuracy were obtained vetween 1820 and 1850. Cen-
eralizations were made with an sttempt To systematize the
study of fused salt systems. After 1250 work progressed to
determine exact values of the physical properties of fused
electrolytes. Among these properties one might include den-
sity, conduectivity, viscosity, vepor pressure, compressivil-
ity, surface tension, and transport number. Presently there
are rnot uwany good direct methods to investigate the structure
of fused electrolytes, althougn seversl attempts have been
made through x-ray end neutronbdiffraction studies (1), and
spectrophotometric studies (&2). Consequently, the chemist hes
resorted to a study of the various physicel propertiss nren-
tioned zbove in hopes thet correletions =nd relationships
between these properties will be self consistent with a pro-
posed model.

An insight intTo the gtructure of fused salts or fused
electrolytes might elso be geined by studying resctions car-
ried out in this medium. The course of certain charscteristic
reactions 1s determined largely oy the nature of the solvent.
Excluding oxidstion-reduction resctions, the structure of

several nonacgueous solvents hae teen developed by studying



reactions carried out in these solvents (3).

The bensvior of many acid-base reactions has been cher-
scterized 1in other solvents a2s well as in water. The more
familiar solvents are ammonia, ecetic zcid, end hydrogen
fluoride. Using a fused electrolyte as the solvent one can
study the mechanisms of acid-bese reactions beyond the one
hundred degree limit iﬁposed by water. Also, one czn study
these reections in the stsence of hydrolysis snd solvetion by
the solvent, both of which usually introduce seversl complex
reactions into the mechanism.

The increazsing technologicel importance of high tempera-
ture processes has stirred & grezt interest in the field of
reactions of fused electrolytes. The manufacture of glass,
cement, and ceramic products, the formation ol sleg in blest
Turnsces, the use of azmmonium sulfste andéd emmonium fluoride
es Tfluxes in the opening of ores involve reactious 2t high
temperatures between metal oxldes, sulfides, and halides.
The Lewis concept of acids snd beses has been successfully
epplied to these resctions. In 193¢ Lux (4) proposed an
scid-bsse definition waich is actuslly a part of the more
gencrel Lewis theory. According to Lux, an equilitrium,

Bese — Acid + O , exists.
when ean acld reects with a base there 1s s transfer of oxide
ion. The result is the familiar conjugate acid-besc system.

When two ecids are in the presence of a tase there is =
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competition for oxide ion. The predominant reaction will be
vetween the base and the stronger scid, the latter being the
better oxide acceptor. Obviously this definition is limited
because it excludes analogous reactions of sulfides and
halides. However a great many solvent systems in use zre
oxides or involve oxyenions. Flood and Forland (5) compared
acid strengths of oxide systems by comparing veliues of the
equilicrium constant,
_ Bscig #o0°

o Brese

The research that has been done to characterize the
reacticns of fused s&lts has been tae study of the decom-
position of fused oxides and seversl pure salts. Only re-
ceatly nave reactions peen conducted in fused electrolytes
using the tused salt as a solvent. Yamamoto (8) hes compared
the relative aciaity of the oxyanions, dichromete and pyro-
sulfate, and several metal lons in fused alzzli nitrates.
In tnis case, nitrzte pleyed the role of the solvent as
well as the tase. Studies conducted by Duke end Lawrence
(7) indicete that btromste is 2 much stronger base than
nitrete. Dichromste is & very weak acid. Perhaps the resc-
tion tetween dichromete and bromste, as well zs the other hal-
ates, could e studied in fused alkali nitrates. The purpose
of tnls study is to cheracterize the rezctions between the

halates and dichromate in zlkeli nitrastes and to compare the



relative strength and stebility of the halates in the

presence of dichromate.



II. LITERATURE REVIEW

Marlowe Iverson (8) observed the reaction between nitrate
and dichromate when studying lead chloride complexes 1in 2
eutectic mixture of sodium and potassium nitrate. Upon adding
chloride and tromide and varying the concentration of lesd
nitrete, he concluded that the following ecuilibrium exlsted
in fused nitrates:

(1) NO3 == Nog + 077
When dichromate is added, it sccepts the oxide ion from
nitrate and forms chromate.

(2) Crg07” + NO3 += NOg + 20r0g”
The nitryl ion then combines with & nitrate or a halide lon
and decomposes to products of which nitrogen dioxide is &
final product. The above equilibrium lies far to the left and
no reaction is observed unless lead ion is added to precipitate
the chromate. The equilibrium constant for the abtove reaction

0‘14. Even when leed ion is

is very small, approximately 1
added, the concentration of nitryl ion is not large enough
to &llow separation of the equilibrium constant and rate
constant. That 1is, the resction esppears to be first order in
the dlsappeerance of dichromate and not total acid,

(3) Ty = Crg0;” + N0,

Duke and Yamamoto (9) were -ble to seperate these two

constants and evaluate the rate constant for the reaction,

(4) NO3 + NOj —» Products



by edding & stronger acid, pyrosulfate. The same rate deter-
nining step occurs as when dichromate reacts with nitrate.
When one substitutes the rste constant obteained from the pyro-
sulfate reaction, the eguilibrium constent for tne dichromate
reaction can bte determined. The flow rate of the ges for each
rezction must be matched csrefully since it hes been shown that
the reste of decomposition involving nitrzste varies as the flow
rzte of the carrier ges 1s cnanged. Apparently the gaseous
product, nitrogen pentoxidae, is gquite soluble in fused
nitrates end the rate determining step is the rete at which
gzseous nitrogen pentoxide diffuses to the surface of the
melt. By assuming that the same equilibrium exists when metal
ions are used as the acid, Yamamoto (8) evalusted their rela-
Tive acidity. In thls case, he obtained a product oI con-
stents and used the rate constsnt from the pyrosuliate reaction
to determine the ecquiliorium constents for the metel ions.

The relative sirengths of the acités in the order of increas-
ing acid strength sre: CryO0y , Zn, Cu, 5.0, . When Duke

and Lawrence (7) studied the reactions of the same metal ions
with bromeate in fused eikali nitrstes, they found it neces-
sary to postulste & metel-bromste complex formation with sub-
sequent decomposition. Bromete is e much stronger base than
nitrete in fused nitrates, such thet the reaction of tromste
with metal ions tekes place before much, if any, nitrate hss

reacted. Anelysis has shown thet no oxides of nitrogen =sre



present in the geses evolved. The rate of Gecomposition is
highly dependent on the metel ion used, which 1s explained by
a metel-cromste complex formstion. The equilicrium constant
of metal ions with nitrste is not obtazined independently,
therefore the reletive acidity of zirnc end copper ions to
dichromete and pyrosulfate is not established.

Extensive studles of tne dichromate resction using tarium
as tThe preclipitating egent have not teen done. It has been
shown that varium works just as successfully es lead in pro-
moting the resction between dichromate and nitrzte. However
the oarium chromatie precipitate does not settle very rapidly,
making 1% difrlcult to extrect and anslyze sazmpnles from the
melt during the course of a reaction. But one cen follow the
appesrance oI gaseous products and relste this to the dis-
epreerance of one of the reactants, namely thst reactant which
is added in limiting concentrstion. If one assumes that
perium does not form complexes with eny of the ions in solu-
Tion, it would be interesting to investigate the féactions

betweer. dichromete and helates in fused hnitretes.



ITI. EXPERIMENTAL INVESTIGATION
A. Materisls and Apparatus

All the chemicsls used 1in this study were A.C.S. Resgent
Grade. They were dried at 110°C in an oven and then stored
in a desiccator until needed. The constant temperature bath
consisted of an insulated ten quart enamel pot filled with a
mixture of molten potessium end sodium nitrate. The primary
heat was supplied by & ten inch Cromalox 1500 watt ring heater
recessed in fire bricks and connected to a 220 volt Varaic.
The auxiliary heater was sn 2lumdum core wrgpped with nichrome
wire and coated with Sauereisen. This heater was connected
to a Brown Electronik Temperature controller which wes mon-
ltored by a chromel-alumel thermocouple. The temperature was
kept well within + 1°C of the desired temperature. A one-hglf
inch trensite cover was fitted on top of the enamel pot to
prevent radlant loss of heat.

The reactions were carried out in a reaction vessel con-
structed so as to continually purge the solution with an inert
carrier gas, to stir the solution, snd to afford eesy sempling
of the solution with & prehested pipet. This vessel was made
of 34 mm. pyrex tubing with a 34/45 standard taper joint.at
one end and closed at the other end. The overall length was
24 cm. The top of the resction vessel wes a standard taper

Joint with a gas inlet and a gas outlet. The inlet extended



to within 1.5 cm. of the bottom of the tube. The outlet was
connected to & manifold equipped to supply six sulfite
scrubbers. The scrubbers were wide mouth erlynmeyer flasks.

A large test tube with a small hole in the bottom was 1inserted
into the mouth of the erlynmeyer flask. This test tube was
filled with small glass beads to afford a lsrge surface area
contact for the halogen gases to be reduced. A schematic
drawing of the apparatus 1s illustrated in Figure 1.

The carrier gas, nitrogen, was dried by passing the ges
through a magnesium perchlorate tower and metered by an ori-
fice meter. The meter was calibrated with a2 'precision' wet
test meter. The flow rate of the cerrier ges was 0.21 liters
per minute for most of the runs; Occasionally, the flow rate
was inecreased to 0.40 liters per minute to see what effect
this increese had on the reaction rate. The reaction rate
was 1independent of the fiow rate for all reactions studied in

this thesis.
B. Procedure

Two methods can{be used to study reaction retes in fused
salts. The concentration of a reactant can be followed with
time by seampling the melt with a prehested pipet snd letting
the sample s80lidify on a cold porcelasin plate thereby quench-
ing the reactién. Or, the disappearance of & reactant can be

measured by following the appearance of one of the product



DRYING ORIFICE REACTION SULFITE
TOWER METER VESSEL ' SCRUBBERS

CONSTANT
TEMPERATURE
BATH

Figure 1. A schematic drewing of the apparatus used to study
- the reactions of the halates with dichromate
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gases, provided the stocichiometry is known. Since the pre-

cipitate of barium chromate is so widely dispersed and does

not settle regpidly, it was found best to use the latter pro-
cedure in this study.

The desired mixture of selts to be used as tThe solvent
was fused and all but one of the reactants were weighed,
placed in the melt and ellowed to mix. This solution was
purged with the inert carrier gaes, nitrogen, for one-half to
one hour to allow complete dissolution of the reactants and
sweep out any water dissolved in the melt. When a run was to
be made, the last constituent was added and halogen geses
were collected in sulfite scrucbers and reduced to halide ion.
The hallde was then titrated with silver nltrate using either
eosin or dichloroflourescein as an indicator, depending on
wnich reaction was being studied (10). An acid solution of
sulfite, prepsred by bubbling sulfur dioxide through water,
was used to collect bromine from the bromete reasction. These
solutions could bte directly titrated with silver nitrzte. In
the chlorate reaction a solution of sodium sulfite was used.
But chloride can not be titrated in 2 neutral solution of sul-
fite because the sulfite bleaches the indicator. Therefore
each solution was acidified end sllowed to steam on a hot
plate to drive off 2ll of the sulfur dioxlide. Base snd sce-
tate were added to neutralize the acid and to keep the solu-

tions at epproximately the same pH. A tlank was run and all



samples were titrated to the same end point. The reactions
were allowed to go to completion and the total amount of
halogen evolved was taken as the initial amount of reactant
added. Each sample was subtracted from this number to obtain
the concentration of reactant st the time recorded for that
sample. At first a2ll the numters were converted to the abso-
lute concentration of bromete or dichromate; however one is
only interested in the slope. Therefore the number of milli-
liters of silver nitrate was plotted directly on semi-log
paper. All oi the values for k' except those for the
dichromate-bromate and the dichromete-nitrate reactions
should be multiplied by the constant, 2.3, because the k'
values reported were octained from a common log plot. This

conversion is not necesszry unless one 1s interested in the

- rate of the reaction. The rate of the reaction is not of

primary interest in tnis study end the rate is independent

of the equilibrium constant. Concentrations zre expressed in
moles per 1000 grams of solvent unless otherwise indicated.

In the chlorate reaction the number of grams of chlorate added
was quite lzrge. Consequently sodium chlorate wes incorporated

as part of the solvent.
C. Solubility Messurements

The solubility of barium chromate was determined in

alkalil nitrates and chlorates. It is necessary to know the



solubility of barium chromate in the solvents used before the
equilibrium constants of the reactions can bte calculated.

The value obtained for the solubility of bearium chromste in

a eutectic mixture of sodlum and potsssium nitrate at 250°C
was reproducible and was in agreement with the value obtained
by Duke and Iverson (11l). However the values obtained in &
50-50 mole percent kaCl0z-KNOz mixture were not precise.
Barium chromste does not settle easily in this mixture.

After one week small amounts of suspended particles were
present in the supernatant liquid. The lower limit of the
values oblained was taken as the solubility. This number,

6

Ksp = 2 x 107

for potassium-sodium nitrate. This 1s apparent because sodium -

, 1s relatively close to the value obtalned

chlorate-potasslium nitrate forms a reciprocsl selt mixture
and the solubility in sodium-potessium nitrate solvent appears
to te independent of the mole frection of the solvent cations.
The chromate concentration was sufficlently low to deter-
mine the solubility colorimetrically. The anelysis wes per-
formed using the diphenylcerbizide method (12;. The solutions
were prepared by fuslng one hundred grams of & mixture of
sodium and potassium nitrate in a test tube and adding an
amount of carium nitrate equivalent to the concentrations used
in & typical run. Exactly 0.10 mole per 1000 gms. of solvent
of potassium chromate was added. The mixtures were stirred

for spproximately thirty minutes and sllowed to settle. The
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mixtures were kept at the desired temperature overnight before
sampling. Samples were withdrawn Irom the supernetant liquid
with & preheeted pipet end allowed to cool. The two to three
gran: samples were weighed and dissolved in 3N HCl. Tne indi-
cator was added and the samples were diluted to 100 mls.

After five minutes the chromate concentration wass measured
with a Juhior Coleman SBpectrophotometer and the concentration
determined Irom & standerd curve. Two different concentrations

of barium nitrate were usec and The solubllity determined from

5 = \{Baf+ Cr0z . Tne cetion ratios were 38/6%, 50/5C, end
60/40 mole percent K/Ne. The temperatures were 24900, 25900,
and 238°C. The results cre shown in Table 1.

The solucility is temperature dependent, erd s plot of
Log (solutility) versus 1/T gives a reasorsbly streight line
(Figure ). Tne solubility seppesrs to e independent of the

mole percent of the cetions in the solvent.

Table 1. Solucilicies of varium chromste &t seversl tempera-
tures in mixtures of sodium 2nd potzssium nitretve®

Temp. °c Solucility product Solukbility
£59° 4.00 x 107° 2.00 x 10-3
£a9° 3.20 x 107° 1.79 x 1073
2 P S -3
z39 .40 x 10 1.55 x 10

&These values are the everasge of values obtained at three
differcnt berium concentrations and using three different mole
percent mixtures cf sodium eand potassium nitrate.



Figure 2. Temperature dependence of the solublility of
BaCrOy in KNOz-NalO; mistures; log (solubility)
versus 1/T )
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The solubility of barium chromzte in NaClO0z-XKNOz mixture
is 0.002m + 0.002m. The results are very close to those
obtained in sodium and potassium nitrate solvent. Iverson
(8) has shown thet other ions present in the melt have little
effect on the solubility of barium chromate. Therefore the
equilibrium constants for all the reactions were evaluated
using the solubllity obtained in sodium-potassium nitrate

mixtures.
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IV. EXPERIMENTAL RESULTS
A. The Bromate Resction

1. The reaction snd mechanism

The reaction between dichromate and bromate wss investi-
gated to see if the bromyl lon, analogous to the nitryli ion,
is formed in the absence of any metal ions which might form
complexes. Barium nitrate was used as the precipitating
agent because it was thought that barium would not likely
form complexes with any of the ions in solution. Dichrométe
was used as the acid. Although dichromate will resct with
nitrate in the presence of berium, it will be shown that the
equilibrium constant for the formation of nitryl ion is &
factor of lO5 times less than the ecuilibrium consteant in-
volving the formation of bromyl ion. Therefore the resction
between bromate and dichromate will be complete before much,
if eny, nitrete has reacted. Lawrence (13) observed the
decomposltion of bromate to btromide 2nd oxygen if bromate was
allowed to sit in fused nitrates for several deys. Shute
(14) has shown that this decomposition is cstzlyzed by
bromide. The solutions used in this investigation were
enaglyzed before and after the reaction &nd no tromide was
found in the melt.

Preliminary runs were conducted. An irmediate precipi-

tate of berium chromete with the evolution of trominrne was



o}
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observed. Analysis of the gases evolved showed no oxides of
nitrogen. The reaction was complete within one-half hour to
two hours depending upon the amount of barium nitrate present.
This dependence of the razte on barium indicates 2 fast equi-
librium between dichromste and tromete. When there was no
detectable odor of tromine the reasctlon wes 2llowed to proceed
for enother hzalf-hour to insure completion of the rezction.
The reaction is first order in the diseppeszrance of total
cromate. A typical pleot is shown in Figure 3.

A mechanism to explsin these observations involves s fast
equllibrium followed by 2 unimolecular decomposition of the

cromyl lon.

= e K -
(5) Cr,0y + BrO; <== Brej + 20r0, fast
(8) BrOE —£ 5 Products slow

Wnen one messures the dissgppesrence of tromate chemicelly,
it is necesssary to consider this measurement ss the loss of
total bromete,

(7) T = BrOz + BrO,

“BrOz = 3 2
1 b ) +
if tThere 1s an apprecisble zmount of nrO2 present. If one
uses the solubility product expression for tarium chromste zné
ecuations 5, 6, and 7, and making the proper substitutions,

‘the rzte expression can be written,

X [or.05][3571%
(8) A= [:d 715282] 7~ 'Broz
kforg05][Bat] % + xZ,
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All concentrations sre made large compared to bromste and sre

assurced to remein constant throughout a run. Thus,

() Rate = k'TBrO5
where the pseudo first order rste constent is,

(10) o xx [or05]) [Ba77) 2

- = + 2 2
K[Cr207J[Ba+J + Ksp :
The reciprocal of k' is,
z
(11) -1 Xen 1
- K! J3

ki [ors05]  [Ba™] %

A plot of 1/k' versus 1/[Ba+f12, as shown in Figure 4, gives
e straight lire with & non-zerc intercept. The ordirate
intercept directly gives the rate constent. With 2 krowledge
of the solubility of berium chromate and the concentretion of
dichromeste, the equilibrium constant csn be obtained from the
abscissa intercept. The solubllity of bsrium chromete and
its tempersture dependence are discussed in Section IIT.

Thne first order dependence in totel bromete implies a
unimolecular decomposition of tromyl ion, BrOZ. The finel
products sre promine and oxygen. There sre no ions avellsble
for promyl to react wlth except the solvent, nitreste. However
en enelysls of the product gases shows no oxides of nitrogen.
Therefore a possible mode of decomposition would be,

(12) Br0p —» Br° + O,
and BrT picks up an electron and eventually forms tromine.

Work cn the salts of Br+ has been reviewed by Kleinbterg (15)



Figure 4. Plot of reciprocal rate data versus 1/{Ba*t*]® at 250°C
and 260°C to determine the equilibrium snd rate constants
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Table 2. Variation of the gseudo rate constant with barium
ion at 230°C, 250°C, 260°C

Cro0p = 0.10m Br0z = 0.0l m

£30°¢C 250°C 260°C
Bat" 1/x' minutes 1/k! 1/k!
0.10 10.52 -- 2.2 *0.1
0.07 - 5.13 +0.01 --
0.05 - 5.65 2 0.30 -
0.03 -- 12.7 20.30 8.6 20.5
0.025 50.85 B ¢ 1 9.12
0.02 76 23 t3 14 +2

in & chapter of his ©took on unusuel valence states. BrO% hss
been proposed as an intermediate in the mechsnisms of several
reactions. It is most often found in the reactions of inor-
ganic oxyanlions catalyzed by hydrogen ions and is called the
electron ecceptor. The order of these reactions varied from
three to five. "The trend in the interpretatlon of rate laws
greater than two has been to formulate the mechanisms of these
resctions as & serles of uni- bi- end ter-molecular steps.®
(16). Thus, the mecnanism proposed for the oxidation of
iodide by cromate (17) is,

(13) H® + BrOz w= HBro; fast

(14) HBrOz + H' == HyBroj fast
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(15) I” + HgBrOz —» IBrd, + Hy0 slow

(16) IBr0y, —> Products fest
and involves tae "super-acid" ion HyBrO3 or the anhydrous
form BrOE. This species is stable in en acid solution of
bromste, and iodlde 1s needed to reduce bromyl to bromirne, a
product of this reaction. It is interesting to find that in
fused nitfates egn oxide acceptor in the presence of bromate
will produce the anhydrous form of this "super-acid" ion which

decomposes unimolecularly to bromine at this high temperature.

Tabtle 3. Rate constants and equilibrium constents for
dichromate-bromate reaction - nltrogen flow rate
0.21 liters per minute

+3 1

Temp - °c K 10" “mole ~ k minutes
£30° 1.05 0.13
250° | 3.5 0.33
260° 4.8 0.58

E, = 26 kecsl AH = 28 keal

a

2. Temperature dependence

The reection was studied at two other temperatures to
determine the temperature dependence of both constants
(Figures 4 2nd 5). Not much separation of the intercepts was

obteined at these temperatures. The limits of the temperature



range are restricted btecause the reaction is too fast to
follow gbove 26000 and the eutectic mixture of sodium =znd
potassium nitrste freezes btelow 23000- From these datz the
activation energy and hest of reection can be calculeted.
The activation energy for the decomposition of bromyl ion
wes obtained from the slope of the Arrhenius plot shown in
Figure 6.

Thermodynamic guantities such zs entropy of activation,
free energy of activation, and etc. can be calculated from
Boltzman's constent, Planck's constent, the rete constant end

the corresponding temperature. The reletionshin,

(17) K= —X

used for these calculztions is defined ty Frost and Fearson
(18). However, the more recent custom is to list the sctiva-
tion energy and the pre-exponentisl term, A, defined by the
Arrhenius ecuation,

(18) k= ne e/
The only direct information one cen ottein from the active-
tlon energy is the temperature dependence of the rate con-
stant. The pre-exponentisl term, A, gives a qualitative pic-
ture of the megnitude of the entropy of sctivation. A large
value of A indicates 2 large positive entropny snd smsll value
indicates a negative entropy. Seversl theories of reaction

kinetics have been propcsed and in most ceses only one or

two resctions fit the theory guantitatively. However the
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theoreticel values and experimentsl velues of A have been
compared for many reactlons and arguments nave been proposed
to explain tne devistions. The theoreticsl value of A pre-
dicted by coliision theory for reactions csesrried out in

Oll. This velue is considered to

agueous solutions is 1
be the norm (18). Table 4 lists celculsted experimentsal
values of A for the reactions studied in fused salts. The
pre-exponential term calculeted from Duke end Yamamoto's

(¢) data is extremely low. This is due to the small

Tacle 4. Pre-exponentiel terms cslculated Trom activetion
energies and rzte constents reported by the
authors cilted

Reference Eg cel. k T %% A
Schlegel® 26,000  0.13 min~t 503 1010.8
Schlegel® £6,000  £.95 min tmole™t 503 10t
Shute (14) 43,000  0.0%2 min~tmole ! 643 10124
Yememoto (9) 12,000  0.038 min~tmole~l 508 10°-8

®For the dichromate-brocate and dichromste-chlorste
resctions respectively.

sctivation energy. A smell gctivetion energy is relzted to
e small temperature dependence of the rste of resction. If
tne rate measured is the rete of diffusicn of gaseous EoCq

to the surface of tne melt, this rste of diffusion would have
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& very small temperature dependence and would give rise to
a small activation energy. The other velues lie close to the
norm stated above. The activation energy for the dichromate-
tromate reacticn wes celculeted to be 268 kcal. The héat of
reaction for the decomposition of dichromete was determined
from, |

(19) a(1/T)y © T R

The vslue for AX wes found to ce 28 kesl.

3. PSolvent effects

The mole retic of the cations was vsried to see if there
were any solvent effects on the resction rete. The solvent
effect nas been measured in several reactiorns cerried out in
elkeli nitretes. In most cases en effect has been observed.
Shute (14) found thet a change in the cstion rstio of sodium-
potassium nitrste solvent changed the rete of oxidetion of

bromide by cromete. Other observstions included are:

(o]
)]
H
=
'._h
ct
[

(1) The reaction is zutoceteliytic end first or
respect to both cromete 2nd browide.

(Z) The reasction products csre treride snd oxygen in
sodlum-potassium nitrete mixtures; butl 2re cromine
gas end lithium oxide in lithium nitreste.

The rete of tnls reacticn increassed z2s the concentration of

sodium ion was increased. Shute (14) ettricuted this observa-

tion to & larger polarizing power of the sodium ion on
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bromeste. The polarizing effect facilitates the spprosch of
the two negetive lons, bromate and bromide, to form the acti-

vated complex. Therefore the postulated mechanism is,

(20) " + Br0z —» 1 BrOg

(21) ¥'Broz + Br~ - M'BrOzBr~

(22) ¥'BrozBr~ — ¥’ + BrOj + BrO~
(23) BrO; —» Products

(24) 2Br0~ -—» Br~ + BroOg

or 3Br0- —» Br  + 2Brog

Table 5. Effects due to cation ration of sodium and
potassium nitrste at 250°C

K/Na I leO’smole'l 1/k minutes
60/40 330 3.2 3.4
50/50C 352 3.8 3.0
58/62 520 4.8 2.7

Both the equilibrium constant and rate constant for the
dichromate~-brcmate reaction is increased ss the solvent be-
comes richer in sodium ion. The increasse in the equilibrium
constant could be explained by postulating thet the oxide ion
transfer from cromate to dichromate proceeds vie the solvent
cations, or that the more polarizing solvent cation polarizes

the bromete ion and thus reduces the apperent charge seen by
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the dichromate ion shifting the equilibrium to the right.
Polarizing the btromyl ion to favor its decompositioh could
explein the increase in the rate constent. It is interest-
ing to note that Lawrence (13) observed no change in the

rate upon using different mixtures of the elkall nitrstes.

It is difficult to offer any reasonscble exvlanations for these
effects. In all cases, if an effect were observed, this
effect was To enhsnce the reactiviiy of the ions participsting
in tTae reaction zs tne concentration of the smaller 2lkeli

cations wes increased.
B. The Chlorate Reazction

1. The recsction snd mechanism

Results of the reaction tetween tromate end dichromate
hes shown the presence of cromyl lon 2s en intermedicte which
Tthen decouposes to cromine and oxygen. It was thought thet
perneps chlorate znd zlso iodate might behave in 2 similer
manner. If they are stronger vases than nitreste, one could
follow tzelr cenagvior with dichromste in fused nitrates.

Preliminaﬁy studlies with chlorste showed that no
ocservacle reactlon occurs unless the concentrstion of
cnlorate is guite lerge, 2.0m to 5.0m. Therefore runs were
conducted using ri1fty gresms of potessium nitrste znd rifty
grams of sodium chlorete. This mixture is close to 50-50

mole percent sodium-potassium, snd the corncentretion of



Figure 8. Plot of reciprocal rate constant versus 1/[Ba++]2 at

several chlorste constents; initial chloride 1s zero;
the rate constants were obtalned from plots on semi- 1og
peper snd therefore should be multiplied by 2.3
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chlorate is almost 5.0m. When the concentration of chlorate
was lowered, an appropriste smount of sodium nitrete was
added to keep the mole retio of sodium and potassium 50-50.
The =ddition of dichromste causes en immedizte precipitete of
barium chromeste followed by the evolution of chlorine or
oxides of chlorine. The halogen gas was reduced with G.33M
sodium sulfite. Chloride wes determined using the technlque
descrited in Section IITI B. It wes found that no chloride
was lost by the evaporation of HC1l while the semples steamed
on a hot plate. The samples were neutrslized and titrsted
with silver nitrste. The end point is not very clesr, however
e blank was run and 21l ssmples were titrated to the same

end point. W¥ith practice, reproducitvle resulits were ottained
using this method. Dichromste is the only reactant whose
concenireticn can te limited snd followed with Time.
Dicaromate was added and the reazction wes allowed to go To
completion. The rezction is complete when the precipitate

is a2 very lemon yellow and there is no odor of halogen

geses.

In all preliminery runs, two grem equivelent weighvts of
chlorine were recovered for every gram equlivslent welght of
dichromate. Therefore the disappezrance of dichromate cen
te calculated by following the appesrance of chlorine. At
tnls time 1t was zesumed thet the rate determiring step was,

(z5) €103 + C10; — Products

because of the observed stoichiometry. The rate would be,
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xx [o105 }[Ber]
~xfor05][eer] # + xE)

where (28), T, = Cro0y + ClOE. The reaction was first

(26)

order in dichromate after a rather long induction periocd.
This induction period was ignored because reproducible
results Wwere ovtained within a reasonsble experimentsl

error. Also, 1/k' plotted szgainst l/[?a*f]z gave a good
streight line. The dsta are recorded in Table 6 @and =2 graph-
ical representation is presented in Figure 8. Different con-
centrations of chlorate were used and the results gave an

order less than one in chlorete instead of sn expected second

Tacle 6. Varistion of the pseudo first order rete constant
with barium ion 2t diiferent chlorete concentre-
tions (temperature is 250°C)

1/k! 1/ 8
€103 3att min. mole 103 Ba**  min. mole
4.70m U.30m 10.5 + 1.3 £.36m 0.40m 19
Q.U 20 + 3 0.30m 27 + 4
0.15 22t & 0.20 54 + 8
0.10 &5 .15 £8

5.3um 0.40 13.4 1-41m 0.4u 43
0.30 19 C.30 3 + 3
0.20 34 + 5 C.20 96 + 8
0.15 85 + 1
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order. The tvemperature was lowered by twenty degrees and a
much longer induction period was observed, too long to be

ignored.

Z. The chloride effect

Frost and Pearson (18) staie that & long induction period
indicates the presence of & more complex mecnanism. Perhsps
chlorate is cdecomposing. The reaction wss allowed To go to
completion and wes anslyzed for chioride. A considerstle
emount of cnloride was found in the solution. Therefore the
cnloride content was determined at diiferent concentrations
of reactsnis, and the following observations were mede:

(1) Chloride is produced in trze melt only when all

of the reactants zre present; thet is, when the
reaction evolving chlorine zud oxygen tzkes place.

(z) The esmount of chloride found in the melt after

completicn of tne resction is mainly dependent

on chlorete, dlichromste, end tne iniiisl smount
of chloride 2dded, snd is not dependent on barium.
Chloride added to the melt before starting tﬁe
resction will be celled initiel chloride.

(3) One millimole oi Gichromste produces epproximstely

6.8 millimoles of chloride, which we shell call

excess chloride. ¥When chloride is added initielly,
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less excess chloride is produced. See Table 7.
(4) A smell amount of initial chloride decreases the
induction period to a negligible amount. See
Figure 9.
(5) A low order in chloride at low concentrations of
initial chloride is observed. See Figure 9.
(6) A positive test for perchlorate is observed using
methylene blue as an indicator (12).
Observations (1) and (5) indicate the disﬁroportionation of
chlorete to perchlorate and chloride. The disproportionation
is possibly induced by the chloryl ion. This sort of decom-
position has been observed by Hsrvey (19), Bosch and Aten
(20), and Glssner and Weidenfeld (21), when they studied the
thermal decomposition of perchlorste and chlorate. Observa-
tions (1) ard (3) indicate thet chloride is needed for the
chlorate-dichromate reaction to proceed. The rate determining
step vecomes,
(27) ClOE + C17 — Products
at high concentrations of chloride. A plot of log C1 versus
log k' gives 2 slope of 0.77 at high concentrations of chlor-
ide. If the chloride concentration found in the melt at the
end of the reasction is used in this plot, the slope is true
for all chloride concentrations. The point at which the
curve deviates from a straight line is where the initisl

chloride equsels 0.08m. This concentretion is not far from



Table 7. Chloride concentrstion at different concentrations of reactents and
the observed rete constants
C10% Batt Cro0n L™, c1” c1” 1/k! K!

m S m lﬁ 7 inltlal final ©XCe88 min.mole min-lmole-1
4.70 0.20 0.01 0.04 0.082 0.042 17.4 0.0675
4.70 0.20 0.01 0.08 0.108 0,028 14.0 0.0714
4.70 0.20 0.01 0.0z 0.071 0.051 18.5 0.08640
4.70 0.20 0.0g 0.00 0.087 0,087 20.0 0.,0500
4 .70 0.0 0.015 0.00 0.078 0.078 18.0 0.055686
4.70 0.20 0.01 0.00 0.0656 0.0865 20.0 0.0600
4 .70 0.20 0.01 0.30 0.298 0.002 6.0 0.1667
4.70 0.20 0.01 0.20 0,202 0.0C0 8.3 0.12056
4.70 0.20 0.01 0.15 0.16 0.01 8.5 0.1177
4.70 0.20 0.01 0.08%2 0.111 0.029 12.5 0.0800
4.70 0.20 0.01 0.08 0.108 0.028 14.0 0.0714
4.70 0.20 0.01 0,056 0.086 0.036 15.0 0.06867
4.70 0.20 0.0l 0.10 - - 13.0 0.0770
4.70 0.10 0.01 0.30 - - 18.2 0.0550
4,70 0.15 0.01 0.30 - - 8.3 0.12056
4,70 0.12 0.01 0.30 - —_— 12.0 0.0833
4 .70 0.30 0.01 0.30 —_ - 3.7 0.2700
1.414 Q.20 0.01 0.00 0.039 0.039 - -
4.70 0. 30 0.01 0.00 0.061 0.061 - -
4.70 0.15 0.01 0.00 0.068 0.068 - -
4.70 0,20 0.01 0.40 0.40 0.000 4.6 0.2170
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Figure 10. Plot to determine order in chloride; both
initizl chloride and chloride analyzed in the
solution are plotted; rate constants obtalned
from seml-log plots and should te multiplied
by 2.3
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the concentration of chloride found in the melt &t the end of
a reaction whicn contained no initial chloride. This observe-
tion would partielly Jjustify the extrapolstion procedure used
to evaluate the pseudo rate constant when & long induction

period was present.

3. A new mechanism

Chloride remains constant throughout & run when the
initizsl chloride concentration is 0.30m. Therefore pseudo
rate constants were obteined at three barium concentrations
with 0.30m initisl chloride. The results are plotted in
Figure 11. The ebscissa intercept is the same as that obtain-
ed earlier wnen no initisl chloride wes sdded. It appesars
thet the equilicrium constant is unaffected by the amount of

chloride present in the melt. A mechanism would then be,

- _ K =
(28)  CrgOp + Cl0; += C103 + 2010y fast
(z8) 40103 —» C1™ + 3010 fast
(30) €103 + C1” £ Products slow

Equation 28 is Jjust a way of representing the production of
chloride from chlorate. There is a suspicion that chloryl
ion promotes the decomposition of.chlorate to chloride. How-
ever thne decomposition of chlorate to chloride takes place
‘quite Iast compared to reaction 30 and consequently, reaction
28 does not appear in the rate expression at high concentra-

tions of chloride. Thus,
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aT
cte = i + -1 - &
(51) Rete = K[Cloz] [Cl] = .‘" a—t——
where,
(32) Ty = Or O + C1OL .

From the equllibrium expression and the solubility product

of berium chromste,

- 2
(53)  Jorgo7] = fsp -7 -
k[c103][B2*] < + XS,

Differenticte with tipe,

aforz05) _ K2, ar
at kfcroz][se]% + k2, %
and substitute (31) into tais expressicn to octair,
lr] o]
¢ z [p107][Bet ]2 + Z

Sucstitute for ICIOEJ

QT'CI‘K’O’?] zK [ClO"J[“lJ [Ba {_L,r 0,7] k! [Cr O.—~

at k[c105][Ba*] 2 + KE)

The reciprocel oI k' is,
-2
1 Ksp

) L1 .
k‘.Cl"] * kK[ClO};][cl‘J ‘_Ba“‘]z

If one sets 1/k' eguzl to zero, Tne equilicrium constant

r|-

(5¢)

is releted to the zkscissa intercept, I, by,

A
(35) ¥ = =SB ____

[e205]
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It was found that the production of chloride, that 1s, the
chloride found in the melt at the end of a run, is nearly
independent of the barium concentration. The relationship
(35) shows that the intercept is directly proportional to the

concentration of chlorate,

K K
(36) 5§ =5 = constant
[c10z] o

This was observed in Figure 8. The value obtained for the
equilibtrium constant wes 8x10‘llmole‘l. The ordinete inter-
cept 1is related to the rate constant and the chloride concen-
tration. Analysis of the melt shoﬁs that the chloride con-
centration produced is not in direct proportion to the amount
of chloreste present. When the chlorste concentration was
decreased by more then one-third, the chloride found in the
melt was only decressed by one-sixth. This informetion in
addition to equation 34 would explain the small change in the
ordinste intercept in Figure 8. The low order in chloride at
small concentrations of initiel chloride suggesis that there
1s some decomposition teking place which 1s independent of
cnloride, or, k' = ki + ky{617]. To check tiie, k' wes
plotted agsinst [Cli], Figure 12. A straight line can be
drawn through these points and ki = .046 and kb = 1.15. The
predominant rate step is the one involving éhloride. However

at low initial chloride the other rste step would be notice-

able.
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The mechanism of the dichromate-chlorate reaction hsas
been established well enough to determine the constant of the
first equiliorium involving the formation of chloryl lon.
Subsequent steps which finally lesd to barium chromzte,
chloride, chlorine, and oxygen are not so well understood.
However the data indicste the predominant slow step to be,

(37) €10, + C1~ —> Products
In agueous solution studies of the chlorste-chloride reaction,
the nucleus of ell the rate laws is the compléx 01202, whose

concentretion is given by the expression,
(38) [c100)= xlero;]ler T2

A discrepancy in the order of reasctents is found when the
studies of Sand (22), Hirade (23), and Luther snd MacDougall
(24, «5) are compared. Sand (22) and Hirede (23) observed

the rate law,

(39) R = ko105 101715,
wnile Luther and hacDougall (24) found,
(40) R = K@10512L01"12[H+]4

In the presence of lodide ion and tromide ion respectively,
sreg (26) and Hirade (23) observed the equation,

(41) T oa- k[c103][c17][A"] 2
Edwards (18) points out that the reaction of chlorste with
water tzkes piace through the equilibrium,

(42) 0107 + 2H == HyC105 == C103 + Ho0

With chloride present the equilibrium expression becomes,



(43) €17 + C103 + 25" = 01,0, + Hy0
It appears that the complex 01202 decoiposes ©y collision
with a nucleophilic particle. This complex could be in
equilibrium with ClO; end C1° in fused nitretes, however the
rete should decrease as tne chloride concentretion is in-

creased. The opposite effect in fact wes observed.

4, Tepperature daependence

t was mentioned eariier that the dichromete-cnlorsate
reaction wes followed 2t & lower temperature of 25OOC. How-
ever tnese date were obtzained when no initiszl chloride was
added. Three points, wnich gsve a straight line, were ob-
Teined at 4.70m chlorate, end two points were otvtained &t o
lower cnlorate concentrstion. If one assumes that a2 tempers-
Ture change does not affect the croduction of chloride, these
dats can be used to evaluate an approximete zctivation energy
for tne dichromate-chlorzte rezction. The concentrstion of
chloride was essumed to bte 0.u85m et 4.70m chlorete snd 0.4C0m
for 1.414nx chlorate and the rztie constants were determined
from the ordinete intercevnt. A value of 26 keal. weas found
using the dete froi 4.70m chlorate and 31 kcel. from 1.414m
chlorate. UNore pbints were otktteined for the d=ta 2t 4.70m
chlorate, therefore tae zctivstlion energy 28 kcsl. is used to
celculate the pre-exponential term recorded in Tstle 4. It

was shown tnet the equilitrium consteant of the zbscissa
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intercept is independent of chloride. Therefore this observa-
tion was &ssumed to e true at 250°C and the heat of rezction
was determined. This value, 27 kcal., is very close to the

heat of reaction for the daichromate-bromsate reactiorn.
C. The Iodate Regction

1. Preliminsry studies

The bromate reaction has been characterized quite thor-
oughly. No halide lon is needed to catalyze this reaction so
thet 1t may be followed. However chloride is necessary for
the chlorzte reaction to proceed 2t a measursble rste. In
Tact, it is impossible to study the chlorste reaction in the
absence of chloride beczuse chloride 1s & product of this
reaction. Intultively one would expect the cnlorate ion to
be the wesker base. But one would also expect the lodate ion
to be the strongest base and the reaction between iodate and
dichromate to take place at a more rapid rate.

Preliminary runs have shown that no reasction occurs at
low concentrstions of lodate. This reaction cennot be studied
gt very high concentrations of 1odéte because of its limited
solubility in Ifused nitrates. Therefore sodium tromide was
edded to increase the rate of resction using low concentra-
tions of lodate. The following concentrations were used:
0.10m Crp0%, 0.0lm IOz, 0.10m Br . At these concentrations

of resctants, nitraete z2l1so oxidized bromide and thus inter-
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Tered with the iodete resction. Therefore tne oxidation of
cromide ©ty nitrete and dichromste wes studied in the stsence

of lodete.

Z. The nitrete rezction

The reaction between dichromste end = base can be repre-

sented in some cezses &8s,
Cr 05 + BOz &= BOg + £0r0y

If the intermedicte, BOE, formed in the equilibrium, is s
strong enougnh acld compered to the zcid reactant, Cr20;, a plot
of 1/k' versus 1/[53?*]2 will give 2 straight line theat lies
so close to tae origin thet it is impossible to evaluate an
intercept. Such 1s the csse when Duke 2nd Iverson (27)
studied the decomcosition of dicnromate in & fused alkall
nitrate mixture. They obtained values for the vproduct of the
equilibrium constant and the rete constent cut were unatle to
seperate the two cquentities. However they used lezd ion as
the precipliteting agent whicn Tforms complexes with dicaromate
and possibly cromide. This complexing phenomenor decreases
the egctivity of the dichromate snd the cromide, 2nd glso
decrezses tne activity of the leed ion which drives the equi-
librium. IT one uses verium in place of lead znd follows the
appesrance ol cromine with time, it ie possiktle to separste
tne equilicrium end rate constants.

A smell amount of dicnromste wzs used and its concentra-



tion wes followed by observing the appearance of bromine gas.
Duke ond Iverson (27) had found this resction to be first
order in tromide. At high concentrstions of barium one grsam
equivalent weight of bromine was recovered for every gram
equivelent weight of dichromate; this indicates that the rate
is first order in bromide. At low concentrations of berium
the rete was too slow to allow the resction to go to comple-
tion. Therefore it was assumed thet the initisl concentration
of dichromate, 0.0lm, was the amount sdéed to the melt.
Barium nitrate wes veried from 0.10m to 0.30m. The date are
listed in Takle 8 snd an approprizte plot is shown in Figure
13.

Table 8. Variation of the pseudo first order rate constant
with barium lon in the dichromate-nitrate reaction

at 250°C
Crg0n = 0.0lm Br = 0.10m
Ba Tm 1/k' min.mole
0.15 340
0.17 202
0.20 213
0.25 141

0.30 114




Flgure 13. Variation in pseudo firset order rate constant with
barium for the dichromate-nitrate reaction
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3. The mechanism

The oxidation of bromide by dichromate and nitrate pro-
ceeds at a mezsuratle rate if a large concentraztion of barium
is added. This reaction is eassily suppressed by keeping the
concentrations of berium and dichromate low. A very small
emount of iodste increases this rate considerasbly. There-
fore the following concentrations were used: 0.0lm Crg0p,
0.10m IOz, 0.10m Br . Dichromate is the limiting concentra-
tion. Iodate reacts completely with dichromste before any
observerble amount of nitrste does. These conditions meke it
possible to follow trhe reaction to completion because no
reection occurs after all the dichromste has reacted. The
gases formed irom the reaction contain both iodine and bro-
mine. For every gram equivalent weight of dichromate two

rem equlvelent weights of helogen were recovered. The rezsc-

e

tion is first order in the dissppesrance of totzl acid. The
concentrations of varium and bromide were varied znd the re-
gults ere listed in Takle . The temperaturé was 25000 for
all runs. A plot of log Br versus log k' is shown in Figure
14. The slope of this line indicstes a first order dependence
in tromide. The simplest mechasnism to explain these observs-
tions would be,

Cry05 + 105 =10, + 20r0y fast

IOE + Br —» Products slow
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Figure 14. Plot of log Br~ versus log k' to determine order in Br~;
[Ba*™*] = 0.20m (the rate constants should be multiplied by 2.3)
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Tatle 9. Veriation of the pseudo first order rate constant
with concentrations of reactants

Ba*™ 103 Crs0p Br~ 1/

o m i m min.mole
0.10 0.10 0.01 0.10 63
0.08 0.10 0.01 0.10 90
.07 0.10 0.01 0.10 116
0.10 0.10 0.01 0.15 38
0.10 0.10 0.01 0.20 26
0.10 0.20 0.01 0.10 70
0.10 0.10 0.C2 0.10 64

K = 2.2x10~0 mole >

0.870 min'lmole"l

Py
i

The rate expression,

ar,  ex[ro3]fes1% B )

" glroz][pa"12 - k5 AT

wnere Ty = Crzo; + 102,15 analogous to the other reactions

Rate = -

KTy

that were studied. The reciprocsl of the pseudo first order

rzte constant becomes,

Ké
1 1 + sp . 1

R k[Br][roz]  [ze™]2

A plot of k/kI versus l/LBefflz is shown in Figure 15.

The oxidation of 1odide by iodzte has been studled in

aqueous solutions. The fifth order rste law,



Figure 15. Variation of pseudo first order rate constent with
barium for the dichromate-lodate reaction (the rate
conatants should be multiplied by 2.3)
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R = ky{105][1 712 &] 2
wes observed by Abel and Stadler (28), Dushman (22), and
Skrebel and Zahorke (30). Abel and Hilferding (31) found a
fourth-order law which is probsbly related to the others with
water gs the nucleophilic perticle. Connick and Hugus (32)
repeated the work of Abel and Hilferding (31) using s differ-
ent procedure. 1In perchlorate medium of constent ionic
strength they founé,

R = kfroz]lr [E]®

An article on the lodate-iodide resction introduces & mechen-
ism involving the intermediste IOE and & complex (32). The

postulsated complex of the fourth order rzte law wes
’I‘ ———
I~
end that for the fifth order lew (with & second-order depend-
ence on ilodide concentration) wes similer, with one iodide

L o
ion on esch oxygen of IOE'
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V. COLCLUSIOLS AND SUMMARY

The reactions of nitrste and ell three helates with
dichromste have been studied in Tused alkeli nitrates. It
appears that the haletes behave similarly insoier 2s 2an ecul-
licrivm is esteblished vefore decomposition occurs. However
the path of decompesition of XOE to products wes different
for escn intermediate, XOE. Wnen one represents the hszlate
ion isu general as X0z,

Cry07 + X035 &= X0, + 20r0g

is the generesl ecuilibrium expression. The equilibrium con-
stants Tfor the csbove resction would serve zs z measure of the
relative scidity of XOE. Equilicrium constants were obteined
for 211 four scids 2at 25000. These constants are tatulsted.
A problem srises wihen tne equilibrium constant was eveluated
for nitrate and cnlorate vecasuse toth of tnese lons were in-
corporeted as 21l or pert of the solvent. In the case of
nitrate, nitrate is tne solvent and therefore its concentrs-
tion Goes not appear in the egquilibrium expression. In the.
cezse ol chlorste, chlorzte served =s hzlf of the solvent.

All concentrations are expressed &s moles of reactent per
1000 grams of solvent. Instesd of reporting the chlorete
concentration &s 4.7 wmoles per 1000 grams of solvent, ard
steting that the cnlorste is pert oflthe solvent, one should

report this ¢g 4.7 moles per 50C grams of nitrste solvens.
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Perhaps 2 better way of representing the equilibrium constents
.of chlorate and nitrete would te by mole fraction of the
halate and nitrate. The mole frection of chlorate corre-
sponding to 4.7 moles per 1000 grams of solvent is 0.488, and
the mole fraction of nitrate in a sodium-potassium nitrate
mixture is one. The eguilitrium end rate constants for these

reactions &t 250°C zre recorded in Table 10.

Table 10. The equilibrium constants and rate_constants for
cll of the_reactions studied, Cg 05 + X03
XOE + 20r0, (temperature is 50 &

+
X0} X K
Broy 0.33 min~t 3.5x10"C mole~t
c10 5.68 min ‘mole t 4.0x10"11
NOj, 0.312 min~tmole~t 4.5x10° 1t
10, £.00 min~tmolet 2.2x10"2 mo1le~t

The equilibrium constant obteined for the dichromste-

nitrate reaction is lower than the value, 8.5x10'14

, calcu-
lated by Duke and Yamamoto (9). However several assumptions
were made by Duke and Yamsmoto to obtain this value.
(1) The product of constants obtained from Duke and
Iverson's (11) studies which Duke and Yemamoto used

to determine the equiliorium constant d4id not include

the complexing of dicnromeste by lead.



(2) The rate step for the dichromate-nitrate reaction
was the same as the rete step for the pyrosulfete-
nitrate reaction.

(3) The temperature dependence was sssumed to be linear
and the rete constants were extrapolated to the
desired tempersture. The rate constants for the
pyrosulfete-nitrate reaction were determined at
two Temperatures only.

The first assumption would introduce & sizesble error, and
would explain why Duke and Yamamoto's equilicrium constant
is less then the vealue obteined in this study.

The equilibrium constants for nitrzte a2nd chlorate zare
neerly the same. The explenation of the chloraste reaction
ceiug cerried out without interference of the nitrate resction
1s that different halide ions were used to reduce the inter-
wedliate To gsses. Tae nitryl ion coes not resct with chloride
Tto any measurable extent during the dichromaste-chlorate
reaction.

From the data in Table 10, one can arrange the relative
gcicity of the intermediste zcid ions es BrOE < IOE £ Clo*éz

1ot

Z, going from wegkest to strongest. The stacility of these

intermedietes can only be roughly compsred. Bromyl decomposSes
unimoleculerly 2t & sizeable rate, therefore 1t would be the
least stacle- A nucleophilic perticle is needed to messure

the decomposition of the other intermediates. Iodyl and
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nitryl can be compsred because the same nucleophilic ion,
oromide, is used to follow their reaction rates. The rate
constants indicate that lodyl is less steble than nitryl.
Chloryl has the lergest rate constant. However this ion
cannot ve compared to the others because chloride is the
nucleophilic ion and chloride is much more difficult t&
oxidize than bromide.

The intermediaté acid ions, XOE, which sre postulated
in this thesis have slso been postulated zs participating in
the mechanism of oxidation-reduction reactions conducted in
aqueous systeus (6, 32, 34). Duke (35) proposed a hypothesis
which expleins the general pattern emerging from the studies
of oxidstion~-reduction reactions carried out in aqueous
systems. Stated simply, the hypothesis is this: "An oxida-
tlon reduction reaction 1s preceded by, or is simultaneous
with a generallzed acid-base reaction." An example is the
reaction between the anions bromide and tromate, which pro-

ceeds only in acid solution (34),

+

o *+ OH™

(1) H" + Broz = Bro
(2) H + OH” &= Hy0
(3) BrOy + Br~ —» Bry0,
leny authors cited in this thesis comtine the equilibrium
steps 1 and < and write BrOE in the hycreted form to exemplify

the second order dependence in hydrogen lon. & similar equi-

licrium occurs in the dichromate-nitrzte rezction carried out
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in fused nitrates. Shute (14) observed totally different
products in lithium nitrate than irn sodium-potassium nitrete
solvent when she studied the oxldation of bromide by bromate
in fused nitrates. The products in lithium nitrate solvent
were lithium oxide and bromine. Lithium ion is very polariz-
ing and is the only ion thet approaches a polarizing power
equivalent to hydrogen. It would be interesting to study this
reaction varylng the lithium concentration to see 1f a2 second
order dependence occurs 3s found in the snalogous resction
carried out in water and acid.

The elkeli nitrates are the only solvents in which
acid-bsse reactions have been studied. There are three out-
standing reasons why the alkali nitrates were chosen 2s a
solvent.

(1) Mixtures of alkeli nitrztes melt 2t 2 low tempera-

ture and asre easily thermostated.

(2} They are quite stable thermally.

(3) The conjugate zc¢id of nitrate, NOE, is stronger -
than the conjugste acid of other bsses which makes
it possible to study the reaction of these other
beses with several acids.

The reactions of nitrate with Lewis acids have been studied
at high concentrations of nitrate simply because nitrate was
the solvent. Chemicel observations of perchlorate indicate

That i1ts conjugate acid 1s much stronger than ﬁogi The slow



reaction of aqueous perchlorate ion as an oxidant is & good
example. Therefore lithium perchlorate could be used as a
solvent to study the reaction of meny aclds with & limited
concentration of nitrate. Also, the gaseous product, N205,
formed in the dichromete-nitrate and pyrosulfate-nitrate
reactions, may not be soluble in lithium perchlorzste and a
meaningful rate constant for the decomposition of nitryl ion

could e evaliuated.
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