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ABSTRACT

Part I

The investigation of the kinetics of the decomposition of
the liquid phase of nitric acid has indicated that the reaction
probably proceeds by way of the unimolecular decomposition of
dinitrogen pentoxide which exists in the pure acid. The effects
of several inorganic additives in suppressing the rate of de-
composition are in agreement with the postulate involving dinitro-
gen pentoxide., The magnitude of the inhibition of the decomposi-
tion by various additives has been found to be insufficient to
prevent the eventual atiainment of high equilibrium pressures
resulting from decomposition when nitric acid is stored in closed
containers, The solubility of oxygen in fuming nitric acid has
been determined for oxygen pressures up to 21 atmospheres in the
temperature range between 35° and 70° C. Under these conditions,
the solubility of oxygen was found to increase with an increase

in temperature,

Part II

The electrolytic conductance of the system nitric acid-—-
nitrogen dioxide--water in the liquid phase was measured at o°c
and a pressure of 1 atmosphere for compositions containing more
than 0.80 weight fraction nitrie acid. The conductance of the

associated binary systems nitric acid--waler and nitric acid=-
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nitrogen dioxide has been measured over the entire range of
compositions from O to 1,00 weight fraction nitric acid. The
conductance measurements offer additional proof of the sell-
ionization of pure nitric acid and of the lonization of nitro-

gen dioxide dissolved in nitric acid,
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Part I. The Kinetics of the Thermal Deccmposition

of Nitric Acid in the Liquid Phase



INTRODUCTION

The thermal decomposition of fuming nitric acid introduces
many problems in the storage and handling of this important
material which 1s used as an oxidant for rocket fuels and as a
nitrating agent in chemical syntheses. It has been the aim of
the experimental studies covered by this report to investigate
as many of the factors involved in the kinetics of this deccmpo-
sition as possible since any knowledge of the basic processes
teking place will help in solving the many problems arising through
the use of concentrated nitric acid.

(1,2,3,4)

The work of many previous investigators has estabe

lished the overall equation for the decomposition to be

A.HNOB - A,NOZ -+ 2H20 + O2 (1)

for both the liquid and gas phase reactions, These producis of de-
composition have been observed over a temperature range from room

temperature to 80° C for the liguid phase reaction®) and to 475° G
for the gas phase reaction(s). At the temperatures encountered in

the present investigation, the formation of nitric oxide by the

* For the sake of brevity, the term nitrogen dioxide, unless other-
wise specified, is used throughout this paper to designate the
equilibrium mixture of nitrogen dioxide and dinitrogen tetroxide.



20y, = 200 + O, (2)

does not occur Lo any appreciable extent since the equilibrium
position lies very far tc the left, Also, the atiainment of this

"

ecuilibrivm is very rapid

[
o
prof
o

these temperatures and nitric oxide

.

formad from any other reaction would be axidized quickly to nitro-

gen dioxide to satlsfy equilibriuvm 2, Reference 5 contains a
swaary of the eguilibrium and rate constanis applyin

to ecquation 2.

o
&
o

Reaction 1 is reversible and nitric acid can be produced by

m~
o]
O

0
o
3
fts

aliowing ni dioxide, wvater, and oxygen to react under favor-
able conditions. This is the reaction involved in the commercial
preparation of funing nitric acid by the Fauser process(é). 1t
will e shown later (cf Results) that this reverse reacition is of
minor importance under the conditions prevailing during the kinetice
studies of the decomposition reactlon,

Because the oxvgen formed in the reaction describsd by equa-
tion 1 is relatively insoluble in liguld nitric acid, a high
equilibrium pressure results if %the acid is stered in a closed
container for a prolonged period of timc, 4 study of the conditione
at chemical and physical equilibrium of the ternary system nitric
acid--nitrozen dioxide-~-water is in propress at this Laboratory, and

3 3 .

iy
a report describing the earlier work of this vroject is available{7>.



Other experiments(B’A) have shown that the rate of decompo-
sition of niiric acid in the vapor phase by either a photochemical
or a thermal mechanism, or by a combination of both, is not
sufficient to account for the rates of pressure rise observed
under actual storage conditions with both liquid and gas phases
present, Therefore, a study of the kinetiecs of the liguid phase
decomposition was undertaken,

The data of Reference 7 indicate that the high equilibrium
pressure of pure nitric acid can be substantially reduced by the
addition of nitrogen dioxide and water. It is also conceivable
that the high pressures encountered under storage conditions might
be eliminated if some substance could be found which, when added
to the acid, oo reduced the rate of decomposition that chemical
equilibrium was never attained during the sitorage period. In
Table I are shown the initial rates of decomposition of nitric acid
samples to which various compounds, present to the extent of about
0.1 mole fraction, have been added, The rates are expressed as
the pressure rise based on a 24~hour day, that would be observed
if the acid were stored at 25% ullage.* The magnitude of the
reduction in rate eaused by these additives is not sufficiently
large to insure that high equilibrium pressures would not be attained

during prolonged storage.

* Ullage is a term used to describe the volume distribution in a
gas—liquid system., Thus, 25% ullage means that the gas phase
occupies 25% of the total volume of the system.



In order to interpret the kinetic data, it was necessary to
know the solubility of oxygen in nitric acid, The solubility of
oxygen in fuming nitric acids” of various compositions has been
measured at oxygen pressures up to 21 atmospheres and over a
temperature range from 35° to 70° C. Under these conditions the

solubility was found to possess a positive temperature coefficient.,

DESCRIPTION OF EQUIPMENT, METHODS, AND MATERIALS

The usual method of following the course of a chemical reac-
tion is to observe the change in concentration of one of the
products or reactants as the reaction proceeds. It is frequently
more convenient, although not always feasible, to observe some
physical property of the system which is related to the concen-
tration of one of the species, In the present system, either
electrolytic conductance or optical absorbance could have been
observed, since they have been shown to very with the composition
of the acid(s’g). However, their use as analytical tools would
have required lengthy calibration procedures and for this reason
they were not utilized.

The increase in pressure resulting from the formation of oxygen
offered a more easily interpreted measure of the rate at which the
reaction was occurring, A schematic diagram of the apparatus

employed for followlng the course of Lhe reaction by thls method
¥ The term "foming nitric acid® is used throughout this report to

describe systems which contain more than 0,80 weight fraction
nitric acid.



is shown in Figure l. A sample of nitric acid was confined in
a 3-mn I,D, precisilon~bore glass capillary tube by an inert
fluorinated hydrocarbon liquid,* the density of which exceeded
that of the liquid acid. The liquid and gas phase volumes of
the sample were determined by locating the gas--liquid and
liquide-liquid interfaces with a cathetometer which could be
positioned with an error of less than = 0,005 em, Surrounding
ths capillary tube was a vacuum=-jacketed oil bath whose temper-
ature could be controlled to within * 0,05° C of any desired
value between 35° and 90° C, Agitation was produced within the
liquid phase and at the gas—-liquid interface of the sample by a
magnetically-driven iron pellet encased in glass., The agitator
moved back and forth through the entire length of the liquid
phase once during each second.

The pressure within the capillary tube was tranomitted from
the confining fluid through a mercury U-~tube to an oil-filled
pressure balance which was capable of measuring pressure with a
precision of = 0,005 atmospheres up to a total pressure of 22
atmospheres, This balance had been calibrated against the labora=-
tory standard balance which was periodically checked against the
vapor pressure of solid carbon dloxlde.

In the kinetic measurements, a volume of liquid sample of

about one milliliter was maintained at approximately 25% ullage

Niagara Falls, H. Y.



and the pressure required to keep the total volume constant was
recorded, The rate of pressure change with time could then be
related to the rate at which niiric acid was decomposing. The
Appendix contains the relationships and assumptions employed in
Interpreting the kinellc data,

In the measurements of the solubility of oxygen, it was
introduced into the capillary tube with the acid sample. The
volume was then regulated so as to ralse the pressuwrs to aboub
40 atmospheres and the liquid phase was agitated until it was
almost saturated with oxygen. The pressure was next lowered,
with agitation, to about 22 almospheres and the evolution of gas
bubbles during this process was taken as an indication that the
liquid was saturated with oxygen at the lower pressure, The gas
phase volume and pressure were recorded and the pressure was again
lowered to about 8 atmospheres with agitation and the new gas
phase volume and pressure were measured afier gas bubbles ceased
to appear in the liquid phase. The time involved in the last step
of the procedure was kept as small as possible to minimize the

correction made necessary by the evolubion of oxygen resulting

from the decomposition of the acid, The volume of the liquid
phase, which remained constant within the precision of the measure-
ments, was alsc recorded. The method used to interpret the data
is presented 1n the AppendixXe.

Al]l samples were prepared by mixing weighed quantities of the

desired constituents., To prevent decomposition, samples were stored



at =-30° € until used. Liquide were transferred by means of glass
syringes fitted with stainless steel hypodermic tubing,

Witric acid was prepared by vacuum distillation at 400 C
from a mixture of potessium nitrate and sulfuric acid. The product
was condensed ab =79° C and subsequently stored wnder refrigeration
at =30° C. The acid thus prepared was analyzed for water by acid-
imetric titration with sodium hydroxide and was always found to
contain less than 0,001 weight fraction water., FPrevious experlence
with optical absorbance(9) has shown that guantities of nitrogen
dioxide too minute to be determined easily by chemical analysis
were sufficient to impart a definite yellow color to nitric acid
at 0° C. Therefore, no specific test for nitrogen dioxide was made,
but the acid was considered to be free of this species if a test
portion remained colorless when warmed to room temperature. Commer-
cial nitrogen dioxide was fractionated and dried over phosphorous
pentoxide., Distilled water was obtained from the available labora-
tory supplye.

Materials used as additives in the kinetic studies were ob-
tained from various socurces. Anhydrous ammonium nitrate, potassium
nitrate, and potassium bisulfate of C.P. quality were carefully
dried under vacuum to remove any traces of adsorbed moisture. Nitro-
gonium bisulfate was prepared from nitrogen dioxide and concentrated
sulfuric acid in accordance with a method tested by Elliott et al(lg).

Dinitrogen pentoxide, containing about 0.05 weight fraction of a



mixture of nitric acld and nitrogen dioxide, was obtained by dise=
tilling nitric acid to which an excese of phosphorous pentoxide
had been added. Because this material was used only to indicate
the qualitative effect of dinitrogen pentoxide on the rate of
decomposition of nitrie acid, no further purification was attempted.
Anhydrous sulfuric acid was prepared by mixing concentrated
sulfuric acid and oleum until an acidimetric titration indicated
that an excess of 0,005 weight fraetion sulfur itrioxide existed.
Commercial, concentrated perchloric acid, containing 0.30 weight
fraction water, waes mixed with an excess of sulfuric acid and dis-
tilled to yield a product which contained less than 0,006 weight

fraction water as indicated by titration with sodium hydroxidee.

RESULTS

To determine the practicability and limits of the method
chosen to follow the course of the reaction, several preliminary
experiments were performed. For example, since oxygen was belng
produced within the liquid phase, it became necessary to know if
any supersaturation of the liguid phase by oxygen occurred. In
Figure 2 are shown two pressure vs time curves for identical
samples of nitriec acid at 71.1° C. The data taken without agita-
tion of the liquid phase are erratic and of little value for
measuring the rate of decomposition of nitric acid while those ob-

tained with agitation lie on a smooth curve. For this reason,



all kinetic data were obtained under similar conditions of
agitation, This rate of agitation, in which the glasp-encased
iron pellet moved back and forth through the liquid phase once
during each second, was assumed to be sufficient to maintain
physical equililriuvm between the gas and liquid phases. At
87.8° C, the supersaturation of the liquid phase by oxygen was
less noticeable than it was at 71.1° C. Curve A of Figure 3,
which was obtalined without agltation, is rélatively smooth and
corresponds fairly well with curve B which was obtained with
agitation,

To show whether or not the liquid phase reaction was a heter-
ogeneous one, the acid-glass interfacial area was increased tenfold
by adding glass wool to the liguid phase, The presence of the
glass wool prevented agitation and thus permitted supersaturation
of the liquid phase by oxygen. This effect was minimized, however,
by conducting the experiment at 37.8° C where the lack of agitation
was shown to have a small effect. The data obtained when the glass
wool was present are showm in Figure 3 to agree very closely with
curve A, which was obtained for similar conditions without the
presence of glass wool, This agreement indicates that the reaction
which occurred in the liquid phase was homogeneous and therefore
no "scale-effect” was inherent in the apparatus,

It is known that nitric acid can decompose under the influence
of 1ight(1’4’11). However, Reynolds and Taylor(é) have shown that
light acts only on the gas phase and that the rate of the photo-

chemical reaction is of an entirely different order of magnitude



from that of the liguid vhase thermal reaction being studied,
To deternine tnal the rete of the nholtochemical reaction was

negligible under the conditions encountered in the present work,

n & 250~ce spherical flask was subljected to

B

nitric acid vapor
light from the same type of source and of the sane
intensity as existed in tae kinetic studies., The constancy of
oressure with time for this system at 80° C, ss shown in Figure 4,
indicated that no avpreciable deccmposition had osceurred.

Data obtained by Johnston et al(B) for the gas phase thermal
reaction indicate that it is heterogeneous in nature and probably

slow when compared to the licuid phase reaction at the temperatures

o

investigated in the present work., The lowest temperature to which
1. - 3- L . 3 0 2] 1 %

Jolmston et al carried their work was about 130 C, Although there

was considerable scatter in the data, an extrapolation of the

highest values of the reported rate constants to 87.8° G yvields

; . . -5 . .

the maximum possible value of 2 x 107~ moles/literesec for the

rate of disappearance of nitric acid in the gas phese, Thus at

25% ullage, an upper limit on the amount of nitric acid decomposing

. . . . a s -’
;a8 phase above one liter of pure nitrie acid is 0,7 x 107~

o &

[u)
o]
Pw;'
o
]

o

noles/sec as compared tc 140 x 10™7 moles/sec decomposing in the
liguid vhase, This comparison ig subject to considerable error,
however, since the uncertainty in the gas phzse data preveanls an
unambiguous extrapolation to lower temperatures and alsc since
nitrogen dioxide, and water in the vapor phase were observed by

Jobnston et al to have a marked inhibiting effect on the heterogeneous
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reaction, The comparison does, nevertheless, indicate the maximum
possible effect of any gas phase reaction. The gas phase reaction
at these lower temperatures is undoubtedly complex and an evalus
ation of the rate and the various factors influencing it must

aweit a thorough experimental investigation. The energy of activa-
tion of the heterogenecus gas phase reaction is about 5 keal/mole
while the experimental energy of activation measured in the present
work is of the order of 32 ta 37 keal/mole. The large temperature
dependence shown by the systems described by this report in vwhich

both liguid and gas phases are present indicates that the rate of

Since no specific information on the heterogeneous gas phase
reaction is available, it has been assumed that its rate is neg-
ligible and no corrections for it have been applied to the results
in Table II.

Water and nitric acid are immiscible with "Fluorolube S" but
nitrogen dioxide appears to be soluble in all proportions. There
is also some doubt that "Fluorolube S" is completely inert toward
nitric acid at elevated temperatures., For these reasons, the
method employed here might be open to question if used to follow
the course of the reaction over extended periods of time, or if
used as & means of measuring conditions at chemical equilibrium,
In a reaction, such as has been studied here, in which the products
of decomposition have a marked effect on the rate of the reaction

and in which the reverse reaction also exerits an influence as the



products increase in concentration, it is the initial rate which
is of primary interest. For the kinetic data reported in Table II,
the initial rates were established adequately in experiments
which did not exceed an hour in duration, lNo attack of the
tPluorolube S" by nitric acid was ever observed and the loss of
nitrogen dioxide from the system by diffusion was visibly insignif-
icant. The methed was capable of reproducing kinetic rates to
within ¥ 1%.

The qualitative effects of a few additives on the pressure
vs time relationship of nitric acid decomposing at 87.8° ¢ (190.00 F)
are shown in Figure 5. These data have all been corrected to 25%
ullage go that comparisons may be properly made, The method of
correction of the observed data from the experimental ullage to
a common ullage is included in the Appendix. The increase in rate
resulting from the addition of ammonium nitrate, contrasted with
the marked decrease caused by added potassium nitrate, is attributed
to the presence of the noncondensible gases nitrogen and nitrous
oxide formed by the decomposition of ammonium nitrate or as a
result of its reaction with nitric acid. The rates of decomposition
of nitric acid and nitric acid-additive systems, with the exception
of the nitric acid--water system, were too great at 87.,8° G to
permit accurate determination of the inivial values, For this
reason, the majority of the kinetic studies were conducted at a

temperature of 71.1° ¢ (160.0° F).
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Since the appearance of oxygen was being used to follow whe
course of the reaction, 1t was necessary to know how much of the
oxygen formed passed into the gas phase, where it was determined
by the measurement of pressure, and how much remained dissolved
in the 1liquid phase, Ixperiments were periormed which indicated
the solubility of oxygen in acids of varying composition under as
neaxrly the same conditions of pressure and temperature as possible
to those of the kinetic measurements, Within the precision of
the solubility measurements, * 5%, and over the pressure range
investigated, the system was found to obey Henry's Law(lz).
Constanls which permii bthe calculaltion of Lue concentratiom of
oxygen in acids of various compositions within certain temperature
limits and at oxygen pressures up to 22 atmospheres, are given in
Figure 6, The Appendlx contains the original data and the methods
of calculating the solubility constants. The observed increase
of solubility with an increase in temperature, while unusual, is
not unique, Similar positive temperature coefficients have been
reported for other systems involving slightly soluble gases(IB’IA).

4 brief summary of the effect on the initial rate of decompo-
sition at 71.1o C of various additives, all present to the extent
of about 0.1 mole fraction, is presented in Table I. To emphasize
their order of magnitude, these initial rates are expressed as
the pressure rise that would be observed in a 24-hour day if the

acid were confined at 25% ullage, Table II is a complete tabula-

tion of all the kinetic results obtained, A graphical presentation
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of some of the results from Table II has been made in Figures 7

and 8, The original data and the methods by which these data
have been treated to give the resulis of Table II are presented
in the Appendix., The density data for the nitric acld-nitrogen
dioxide-water system which were used to convert composition on a
weight fraction basis to concentration in moles/liter were ob-
tained from the literature(15’16) and are shown in Figure 9, The
densities of the systems containing salts were obtained by assum-
ing that the partial volume of the additive was negligible. The
assumption of additive volumes was employed to calculate the
density of the samples containing sulfuric and perchloric acids,
To determine the effect of temperature upon the kinetics,
rate measurements with pure nitric acid were made at 71.1°, 62,9°,
and 54.4° C (160.0°, 145.0°, and 130.0° F). The pressure vs time
curves for these experiments are shown in Figure 10. By the
method shown in the Appendix the slopes of these curves can be
expressed in terms of the rate of oxygen formation which is re-
lated by the overall stoichiometry of egquation 1 to the rate of
decomposition of nitric acid, If the variation of specific rate
constants with temperature were known, then the Arrhenius equation
could be used to determine the energy of activation of the rate-

determining step of the reaction., This equation takes the form

dink Epgr (3)

ar Rt




or

dlnk  Eup
a(_l_)— R (4)
T

The meaning of the various symbols is given in Nomenclature., For
a general discussion of the Arrhenius equation and its applicabllity
see Reference 17.

In the present work, the actual conceniration of the reacting
species was not determinable and consequently no specific rate con-
stants could be calculated, However, an apparent, or experimental,
energy of activation, Egyp , was obtained by employing a relation-

ship of the form of the Arrhenius equation, thus

d log Rate Egxp
— =~ (5)
a (—}-) 2.303 R
T
where
. d [HNOB]
Rate = — ———mm————  in moles/literssec
dat

e e e wm s D R e e W

* For the sake of brevity, the word "Rate® will be used throughout
this report to designate the rate of disappearance of nitric acid
in moles/literesec unless otherwise specified. Since the liquid
phase reaction is controlling, the rate is expressed in terms of
a8 unit volume of liquid.
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From the form of equation 5 it can be seen that a plot of log

1 Egyp

Rate vs8 ——. should yield a siraight line of slope =
T 2,303 R

if EEXP is a constant over the temperature range investlgated.

Figure 11 shows the results of such a plot for rate measurenents
of pure nitric acid at three different temperatures and for mix-
tures of nitric acid with water and with perchloric acid at two
different temperatures. The values of the experimenial energy of
activation caleulated from the slopes of the straight lines for
these three sysiems are presented in Table III,

The shapes of the three curves in Figure 10 indicate that

the reverse reaction

4 N0y + 2 Hp0 + 0y —> 4 HiOy

was not taking place to any appreciable extent during the period
in whieh the initial rates were being determined. Although this
reverse reaction has not been investigated in the composition
range encountered here and its mechanism is not known, it is
ressonable to assume that its rate will be a function of the con-
centration of any or all of the species on the left hand side of
equation 6. For the experiments represented in Figure 10, the
nitrogen dioxide concentration was initially negligible and in-
creased steadily because of the decomposition of nitric acid during

the period of observation. If the rate of the reverse reaction

(6)



were of any importance, such a large change in the concentration
of one of the participating species would have caused a marked
change in the magnitude of the reverse rate and thus would have
produced a noticeable curvature of the pressure vs time curves of
Figure 10, The same argument applied to all samples shown in
Table IT except those whiech initially contained an appreciable
amount of nitrogen dioxide., Even in experiments with the lattier
gystems, some curvature would have been expected since the oxygen
concentration also underwent a significant change as the decompos
sition oceurred. The absence of such a curvature during the period
used to determine the initial rate for each of the samples of
Table II has been considered sufficient evidence that the rate of

the reverse reactlon is negligible,

DISCUSSION
One of the purposes of the kinetic study of the thermal de-
composition of liquid nitrie acid is to determine the mechanism
of the reaction; i.e., the actual step or series of steps by which
the products are formed from the reactants., In the present study,
the equation which deseribes the overall effect of the decomposition

is

4 HNOB-é’ b NOz + 2 H20 + 0, (1)
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but it is not to be supposed that four niitric acid molecules

similtaneously react to form the indicated products. Probably
the reaction consists of a series of steps, one of which is
sufficiently slower than the others that it alone controls the
observed rate,

Frank and Schirmer(z) observed the decomposition of pure

nitric acid and determined a rate expression of the form

2

-4 [mios] ) [0, ]

w R

They did not indicate the range of compositions over which their

investigation extended., An equation of the type

2 HNOB - N205 -+ H20

ean be written for the dissoeciation of nitric acid. Appliecation

of simple equilibrium concepts(lz) to equation 8 yields the follow=

ing expression for the concentration of dinitrogen pentoxide:

mio,| *

* The subscripts on constants refer to the number of the equation

by which they are defined or in which they first appear.

(7)

(8)

(9)
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If equations 7 and 9 are combined, a rate equation in terms of

the concentration of dinitrogen pentoxide can be obltained

-4 [HNOB] . ) (10)
” = ky (%) [M05] = Xgo [Nzo,j]

BEquation 10 suggests that the nitric acid decomposition reaction
may be just the first order decomposition of dinitrogen pentoxide,
Frank and Schirmer(z) proposed such a mechanism and measured the
rate of decomposition of acid samples contalning excess dinitrogen
pentoxide. By assuming that pure nitric acid contained about 0,008
weight fraction dinitrogen pentoxide, they were able to obtain rate
expressions in which the empirical value of kq, varied from a
constant value by only about ¥ 10%.

The work of Frank and Schirmer was done before the recent
evidence for the self-ionization of pure nitric acid was availe
able(8’9’18’19’20’21). It has been shown that the following ionic

equilibriuvm exists in pure nitrie acid:

2 W0y == NO,” + N0y 4+ Hy (11)

This ionization is thought really to occur in two steps. The
first step is a proton shift with the formation of the nitricacidium

ion (HyN057), thus
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w}-
2 HNOB = H2N03 + NO3

The nitricacidium ion then almost completely dissociates into

nitronium ion (N02+ ) and water,

HNOy == Noj" + HO

and the net result is the same as is shown in egquation ll,
Nitrogen dioxlde and dinitrogen pentoxide also ionize in nitrie

acid solubtion in accordance with the equations

-+ -
2 N0, = N30, == NO + N0y

pe_ ol + L
Np05 = N0, + WOy

The equilibrium position of equation 15 has been shown'?l) to lie

(12)

(13)

(14)

(15)



o 2] -

!
(G

-~

}

IvVen
T,

i

-

S
i

ayvent

&4
i

oot

o

tence

=
bl

+

SXL

The

oeinT

1

e
B ges

o

10

YT
LN

3

-
18w

3

Ie]

e

o
&

5 v
LT

ani

1

et
A
2]
@
e}

5

i
©

I3
s

P P A
W a2t FRNE ol 0¥
TS CLing Sre

?

I

e
wd s

ooy
(SN

£y § e
LLLsll

o
IS

L

AV
were

,.
Ll

e

b
[
[

'

¢

b
SLE

b

TR
2.3

ERS

[

.

~F

(;1

[

roni

T

3

oL

rete

I3

e 1

o 1
[waope]

T

W]
&

eyt
[ReLEN Ay

e

]

ki

1o

is r

rx e
SUeD

inr

Clution

:

d

[y

aadl
ke

B

a8
e

i

.
ar
to

-

[cle]

™
3
2

i o
le o
EN

LR

-
Lecu

|
HIGIN

H

S expec

id

g&v C i

NS

Derimnenus cause

A

S

s

.
Y]

)
wil

in

joter

W

oy

id

a.C

Y D

concent

her

&

oy

g
i

= A

s

AT el

i1

B
Fy i

smallsr

s

oniy

£
4
=

iium

+ A
IRGNRS

=

©
i

e
R

fapie 1

2l
{

)

’
iR

ven

obe oed
52 VLA

d

%

SIS U
of the

Ty 2
SASLE

a

[SEaR

5

b

14

<
-~
v
ot
L]
!



- 20

quantitative effect of added water, as shown in Figure 7, can be
examined in more detail. If it is postulaled thal the rale ol

disappearsnce of nitric acid is given by the expression
Rate = ¥ [iy04) (16)

in which [N205] represents the actual molecular concentration
of dinitrogen pentoxide and in which klé is a true specifiic rate

constant, then
log Rate = 1log kjp + log [3205] an
A combination of equation 9 with equation 17 yields

log Rate = log kyg + log Ky + log [HNOB] . log [H20]

(18)
Differentiating both sides and dividing by d log [HQO} s there
ie obtained the expression
d log Rate d log [0, ?
-1 (19)

d log [HZOJ = d log [Hzo]
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From a consideration of the change in density of nitriec acid as
1t 1s dlluted with water, see Figure 9, an spproximate valus of
~0,04 can be obtained for the term involving the concentration
of nitric acid., Therefore, a plot of log Rate vs log {:sz]
should give a straight line with a slope of about =l.04. Such
behavior is exhibited approximately by the data, as shown in
Figure 7, for concentrations of water up to 2.5 moles/liter (0,03
weight fraction). It has been shown by conductance measurements
at 0° 0(8) that the ionization of nitric acid proceeds primarily
in accordance with equation 11 for systems containing less than
0,03 weight fraction water, As the amount of water in the acid
is increased from 0,03 weight fraction, the normal mode of ioniz-

ation in aqueous solutions begins to occur, namely

J + At
HNO; + H0 == Hy0" + 1O, (20)

The marked inerease in the inhibiting effect of walter on the de=
composition reaction when present at concentrations greater than
2,5 moles/liter may be due to the influence of the same conditions
which cauge the change in mode of ionization., No gquantitative
explanation for this effect is offered.

The effect of water on the rate as predicted by a mechanism
involving nitronium ion is different from that for the dinitrogen

pentoxide hypothesis presented above, Since in pure nitric acid



the principal ionization occurs by way of equation 11, the nitron-
ium and nitrate ion concentrations will be approximately equal

for samples containing less than 0,03 weight fraction water. The
nitronium ion concentration can thus be related to the nitric acid

and water concentrations by ithe expression
2
+

NO,. (= -—-———) HNO

[, (H20 { 3] (21)
If the rate is given by

+
Rate = ky,  |NO, ] (22)

Then, by the same method by which equation 19 was obtained,

d log Rate d log [HNO4 N
— = 2 2
d log(H0] d log (0] : (23)

In order to make the nitronium ion theory agree with the data of
Figure 7 for less than 0,03 welght fractlon water, 1L 1s lherefore

necessary to assume that

Rate = ky, [N02+]2 (24)



from which is obtained by the previously discussed mathematical
procedure, an expression identical to equation 19,

The mechanism requiring the second order dependence on nitrone
ium ion is not plausible if treated by simple collision theory(23).
Even if every collision between two nitronium ions led to a reac—
tion, by the experimental results there are still about 108 more
molecules decomposing than there could be bimolecular collisions
between nitronium ions according to theory. Although reactions
between ions of like charge do occur in solutions, the observed
rates never exceed those predicted by the simple collision theory
and usually are lower by a factor of 10° or 103, (3%

One means of differentiating between the two mechanisms
would be to alter the system so that either dinitrogen pentoxide
or nitronium ion is increased in concentration while the other is
similtaneously decreased., A method for accomplishing this is to
add excess nitrate ion since it suppresses the nitronium ion and
water in equation 11 and this decresse in water causes an increase
in dinitrogen pentoxide as shown by equation &, th potassium
nitrate and nitrogen dioxide, vwhich ionizes to a certain extent
in accordance with equation 14, have been used as a source of
additional nitrate ion. Coincident with any effect caused by the
influence of the extra nitrate ion on the dissociation equilibrium
is the general salt effect due to the increase in ionic strength
of the solution by the added salt, Thus, before the specific effect
of the added nitrate species on the reaction kinetics can be deter-

mined quantitatively, the magnitude of the salt effect must be
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evaluated,

Tt has been shown from Raman spectra(??) that acids which
are stronger then nitric acid can donate a proton %o the nitric
acid to form the nitricacidium ion which disscclates as shoﬁn in
equation 13, The overall effects for mixtures of sulfuric and

perchloric acids with nitric acid are

PN, “+ had -
HNOB + H2504 = N02 + H,0 + HEO4 (25)

. + -
HO; + HC10, = NO; + H,0 + G0, (26)

The position of the equilibrium lies veryfar Lo the right even

at sulfuric and perchloric acid concentrations as high as 0.1 mole
fraction, For this reason, potassium bisulfate and potassium
perchlorate would be considered neutral salts since they would
exert no mass action effect on the ionic egquilibrium of equation 1l
involving nitronium ion. Only potassium bisulfate was soluble
encugh to permit its use for evaluating the general sali effect

of additives in the concentration range of the data of Table II.
The change in the decomposition rate caused by the addition of this

salt to nitric acid is shown in Figure 8, where it can be easily
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compared with the other experimental results. The behavior of
sulfuric and perchloric acids in nitric acid, as given in equa-
tions 25 and 26, offers another situation in which the additive
causes an increase in the nitronium ion concentration while the
water formed suppresses dinitrogen pentoxide., The combination of

equation 8 with equations 25 and 26 shows the overall effect to be:

2 ﬁgsoA o 2 HBOA—
Np0s + 95 re10, ( < 2 MO, + 45 0104’ + Hy0 (27)

Raman spectrum studies(zz) have shown that the position of
equilibrium lies very for to the right,

After the salt effect has been taken into account, the
specific influence of added nitrate ion and of acids stronger
than nitric acid on the rate indicates that dinitrogen pentoxide
is the reactive species since the rate varies directly as a func-
tion of its concentration. The decrease in rate caused by nitro-
sonium bisulfate (KOHSOA) indicates not only the salt effect, as
shown by potassium bisulfate, but also a specific effect due to

the nitrosonium ion (NO*’). Some of the nitrosoniun ion removes

nitrate ion to form nitrogen dioxide in accordance with equatlon lie
This decrease in nitrate ion requires a shift in the equilibrium

of equation 15 which lowers the concentration of dinitrogen pentox-
jde, Thus in agreement with experiment, nitrosonium bisulfate

should cause more of a reduction in rate than potassium bisulfate.
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o mention has been previously mede of the possibility that

the rate of reaction might be expressed by the equation

Rate = kog lwoy ] [woy7] (28)

This mechanism is subject to the same criticism with respect to
the number of bimolecular collisions as is the second order
nitronium ion theory, although reactlions in sclutlons belween
ions of unlike charge are known to proceed at rates in excess of
those predicted by the simple collision theory(za). It is possgible
that the decomposition proceeds by a combination of each of the
rate determining steps described by equations 16 and 28, The
present data do not appear adequate to permit a differentiation
between these two mechanisms.

The decrease in rate caused by the inert salt, potassium
bisulfate can be explained qualitatively in terms of its effect
on the mechanisms involved in both equations 16 and 28, The normal
result of an increase in ionic strength is to decrease the rate
of a reaction occurring in solution between two ions of unlike
charge, and to increase the rate of a reaction in which two lons
of like charge are participating(ZB). Thus the effect of potassium
bisulfate is in agreement with equation 28 but not equation 24
which has already been disproved by other arguments.

In the earlier parts of this discussion, it has been tacitly
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assumed that the various equilibrium expressions were correct
vhen written in terms of the cencentrations of the species ine
volved., The equilibrium equations can be expected to be obeyed
accurately only if they are expressed in terms of the activities
of the species involved. Since neither the activities nor the
actral concentrations of most of the species are known, the dis-
tinction between acuivity and concentration has not been considered
in the qualitalive discussion of the rates. To explain the salt
effect in conjunction with eguation 16, it is necessary to make
the reasonable assumption that the activity coefficients of the
various ionic species decrease with increasing ionic strength
at least in the composition ranges investigated here, The net effect
of such a decrease in activity coefficients is to cause an increase
in concentration of the ionic species involved in equation 1l
with the accompanying increase in water concentration. In accord=
ance with equation 8 such an increase in water concentration re-
guires a decrease in the concentration of dinitrogen pentoxide
and this would result in a decrease in rate as indicated by equa=-
tion 16, For a general discussion of the effect of ionic strength
on activity coefficients see Reference 12, No theories have bheen
developed which would allov » guantitative prediction of the effects
to be observed in systems with as large ionlc concentrations as
exist in the systems under investigation here.

The experimental energies of activation determined in this
work difier from the energies of activation which would be calcu-

lated from the Arrheniuvs equation. For exauple, if the actual



concentration of the molecular species dinitrogen pentoxide were
known, then a specific rate constant, kqg, could be calculated
from the observed rate of decomposition by applying equation 16,
The energy of activation, Bynn, could then be obtained from the

Arrhenius equation

VI T T (29)
a ( ) 2.303 R
T
The relationship between the experimental and Arrhenius activa-
tion energies can be obtained from equation 18,
[HNOB] ?
log Rate = log kj¢ + log Kg + log (18)

[120]

1
If equation 18 is differentiated with respect t0 —— , there

T
is obtained the expression

2
d log Rat d1 dl d \'

ogl e i} °glk16 s og:{? + - log M (30)
a(—) 4 (=) () A= (2]

T T T

which, by definition, is egqual to
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= Eyp

————.

303 R

as given by equation 5, The term involving the equilibrium con-

stant Kg is related by the Van't Hoff equation(ld)

to the heat of
isobaric reaction [XH@, for the reaction described by equation 9.
The term involving the concentrations of nitric acid and water

is a function of temperature, pressure, and composition and as

such would be sensitive to the temperature dependence of all

other equilibria involving nitric acid and water. Examples of

such equilibria are given in equations 11, 20, 25, and 26, The
relationship between the experimental and Arrhenius energies of

activation is thus

Eior = Bgep — OAHy - 2.303 R (function of T,P, (31)

and composition)

At the present time, insufficient information is available for
the nitric aclid system Lo permit evaluation of all of the bLerms
on the right hand side of equation 31.

The energy of activation for the decomposition of nitric
acid reporited by Frank and Schirmer(z) of about 24 kcal/mole

included some of the A H terms since the specific rate constants
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were obtained on the assumption that all of the analytically
measured dinitrogen pentoxide wss present as that molecular
species. Eyring and Daniels(QA) studied the decomposition of
dinitrogen pentoxide in inert solvents and in nitric acid, The
observed energy of activation in inert solvents, approximately

2/, kcal, and the rate of reaction agreed with the energy of
activation and the rate observed for the gas phase decomposition
of dinitrogen pentoxide. In nitric acid solution, the rate was
found to be only one-twentieth as large as the gas phase rate at
the same temperature; and the energy of activation, obtained by
employing the same assumption regarding concentration as did
Frank and Schirmer, was calculated to be 28 keal/mole. The de-
crease in the rate of decomposition was atitributed to a solvation
effect; but, in view of the recent disclosures of the ionization
phenomena occurring in fuming nitric acid, this decrease in rate
is explained by the extensive lonization of the dissolved dinitro-
gen pentoxide. The experimental energies of activation found in
the present investigation are sharn in Table III to vary between
32 and 37 kcal/mole.

It has been suggested(25) that the technigues of infra-red
spectrophotometry might be employed to determine the actual or
relative concentrations of the various species present in analyti-
cally pure nitric acid and in solutions of other compounds in fuming
nitric acid. The observation of the change in concentration of

the various species with temperature would permit the estimation
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of the unknown heat quantities in equation 31,

CONCLUSIONS

The present investigation presents the effects of several
additive materials on the rate of the thermal decomposition of
nitric acid in the ligquid phase, It has been shown that the
presence of any of these additives in quantities up to 0.1 mole
fraction will not, from a kinetic standpoint, prevent the atiain-
ment of any equilibrium pressures which pure nitric acid under
the same storage conditions would exhibit,

The kinetic studies indicate that the rate determining step
in the decomposition reaction involves the first order decompo-
sition of the molecular species dinitrogen pentoxide. An ex—
perimental energy of activation has been determined for the de-
composition of pure nitric acid and for the nitric acid-water
and nitric acid-perchloric acid systems,

The solubility of oxygen in fuming nitric acid has been
measured since a knowledge of its magnitude was necessary in the
interpretation of the kinetic data. In the temperature range
investigated, the solubility of oxygen in fuming nitric acid was
observed to increase with increasing temperature,

In order to emphasize the effects of various additives in
this work, most of the additives have been present to the extent

of about 0.1 mole fraction, It is realized that this concentration
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is so great that most of the theoretical treatments of liquid
phase kinetics cannot be applied. If further work in this field
is undertaken, it is suggested that more dilute solutions be ine
vestigated, Such a procedure will not only allow a closer
approach to ideal conditions but will also permit the use of many
additives, which, by virtue of their low solubility in nitriec
acid, could not be investigated in the present work. The applica=-
tion to this acid system of theories valid only at low ionic
strength cannot be expected to yield the same results as their
application to dilute aqueous systems, since, at 70° C, the self
ionization of nitric acid alone is sufficient to give an ionie

strength of about 0.2 moles/liter,



NOMENCLATURE
Symbols
d differential operator
EACT activation energy in keal/mole as defined by the Arrhenius
equabion
EEXP experimental activation energy in kcal/mole obtained from
’ the varlatlon of experimental rale wilh bemperature
K thermodynamic equilibrium constant
k specific rate constant
n number of gram moles of a constituent
P pressure, in atmospheres
R universal gas constant
T  temperature, in °K, unless otherwise specified
1 time, in seconds
Ug
) ullage, defined as ————— x 100, in &
Ve Vi
v volume in liters
o  Henry's law constant, in moles/litersatm
A H thermodynamic heat of isobaric reaction in keal/mole

(4]

brackets indicate concentration of species A in moles/liter

Subscripts

A refers to acid constitutents incluvding nitrogen dioxide,
water, and additives

d refers to oxygen formed as a result of decomposition of acid

G refers ‘o gas phase

HNOB

refers to nitric acid molecules only
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refers to inert materials, primerily nitrogen
refers to liquid phase
refers to oxygen

refer to conditions specified in text
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Teble I

Summary of the Effect of Verious Additives
on the Initial Rate of Decomposition

of Tiguid Nitrie Acid at 71.1°%

Additive 2 Initisl Rate of °
Decomposition

atm/24~hour day

N205 1570
None 194
NQO)J, 90
KNO, 57
KHSOh Lk
H,S0), 25
NOHSQ), 20
Hcmh 16
H,0 10

& pdditives present initially in amounts
of about 0.1 mole fraction.

b

The initizl rate of decomposition is
expressed in terms of pressure rise
per 2l~hour day for acid stored at
25% ullage.,



Ccmpositiona
of the Systenm

weight fraction

1.00 HNO3

1.00 INO
3

3
0.0088 H,0

1.00 HNO

0.0088 H,0
0.030L H,0
0.030L H,0
0.0600 H,0
0.0509 N,0)
0,0971 N0y

0.1536 Nzoh

0.0089 Ho0 }

0,165 Ny05

0.1586 KNO4

0.2085 KHSO,,
0.1836 NOHSO),
0,158k H,50)
0.1363 HCLO,,
0.1363 HCLO),

Summary of Kinetic Data

o 4l =

Table II

b g

¢
71.1
62.8
5hely
1.1
87.8
71.1
87.8
87.8
7.1
1.1

7.1

71l.1

71.1
71.1
71.1
71.1
71.1

71.1

Concentrationb Mole Fraction
of Additive of Additive
moles/liter

0 0

0 0

0 0
0.69 0.030
0.68 0.030
2,39 0,099
2434 0.099
L.59 0.1.83
0,80 0,035
1.56 0,069
2.50 0.111
0.73 0.031
1.38 0,060
2.5 0,103
2.6 0.1.05
2.7 0.109
2.5 0.100
2.h 0.103
2.0 0.0%0
2.0 0.090

87.8

_ afnwos]
dt

moles/liter-sec
X 10S

16.1
S.06
1.1:9
3.3

33.4
0,85

10.5
1.84

11.1
8460
6430

2.51

13
L.78
3.85
1.40
2.03
1.3

13.3

® When not expressed, the remainder of the sample consists of HNOB.

b

The given values of concentration and mole fraction for the

additives are those which would exist if no ionization occurred.



Table IiI

Experimental Energy of Activation

of Fuming Nitric Acid

System Epxp
keal/mole
Pure HNO3 32
HN03<+ 0.136 weight fraction HCth 3L
HNO3 + 0,030 weight fraction H50 37
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TIME x 1072 SECONDS

The Effect of Temperature on the Rate
of Decomposition of Pure Nitric Acid
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APPENDIX
I, Relationship of Kinetic Rate to Observed Rate of Pressure
Increase
System: Liquid phase: acid*, dissolved oxygen
Gas phase; oxygen, acld vapor, inert gas
(nitrogen)
Conditions: Constant total volume
Constant temperature
Liguid phase reaction is conirolling
Stoichiometry: 4 HNGB = 4 N0, + 2Hp0 + 0o (1)
4 moles HIG, == 1 mole G,
Assumptions: Gas vhase obeys perfect gas and Dalton's laws

ie. PV = (g + np + n7) BT (32)

Constant ullage
Agitation is sufficient to meintain physical

equilibrium between the phases

e e awm o e R e e W

* acid includes nitrogen dicxide, water, and additives



~

Derivation of Relationship;

From the stecichiometry

d
- —w (moles HNO _
= 3} = 4 Er (moles 0,) (33)

The oxygen formed in equation 1 passes partially intc the gas phase
and partially remains dissclved in the liquid phase. The solubil-
ity of oxygen in fuming nitric acid has been determined, see

Figure 6, and has been found to obey Henry's law under the condi-

tions enccuntered here. Therefore,

E— = & B (34)

From the perfect gas and Dalton's laws

Py Vg

n
0 ———
G RT (35)

The total amount of oxygen in the systen at any time as given by

the sum of eguations 34 and 325 is

Py Vg
n — no -4 no pund m—————— e Cx PO VI;
¢ G L RT (36)
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The ullage, U, is defined as

G
U = e x 100 27
T (37)
from which is obtained
o
Vo= ee———— e ¥ (38)
G 100-7U L

Substituting the value of V., from equation 38 in expression
G

36, there is obtained

U
n = PV +
0 0L (100 - U) RT } (29)

Since VL, U, T and X are effectively constant with respect
to time and pressure under the conditions of the experiments,

equation 39 can be differentiated to yield

dt (100 - U) BT at (40)

By Dalton's law

P = P, + P, + P, = total pressure (41)



levends orima

P, is the vapor pressure of the acid sauple and
i
The small change in
PA that cccurs duve to the gradual change in composition resulting
from the decomposition of the acid is neglacited here. P repre-
sents the pressure exerved by the Inert zas in the air initially
lissolved in the samnle, and a constant throughout any pariic-—
vlar experinent. '
Therefore
ar d%ﬁ

dt dt

4 combination of equation 42 with ecuations 34 and 40 yields
dp

U
+
at

o
TN
~
&
N~
i
FEaN
H
&2
&
§
e
0
1

Vo
at T,
the stoichiometry of equation 1 shows that

a’b VL

A consideration

d
dt
The finsl expression relating the lrinetlc rate,
< s SO O
J HIIO, 2]
- e e | e e 40 bhe observed
v 1, at

gt

(44

)

/



dr
pressure rise, T is obtained by combining (43) and (44) to
(%)

give

U dap
= 4 + —
(100 - U) RT dt
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II. Yethod of Determining Oxyren Solubility irom Ubserved Data

Systems Licuid vhases acid, cissolved oxygen
Ges vhases oxygen, acid vapor
Conditions: Constant temperature
Subgeript 1 refers to conditions abh nigher
pressure (22 atm)
Subscript 2 refers to conditions at lower
vressure (& atm)
Liowid phase is saturated with oxygen at
conditions 1 and 2
Observed
Guantities: Ve P, V1, at conditions 1 and 2

-
)

Assumptions: Gas vhase obeys perfect zas and Dalton's laws.

Derivation of Exopression for Solubility Coefficlent:
The total number of ncles of oxygen in the system at condi-

tions 1 and 2 is given by expressions similar to ecvation 36, thus

0 pundl n + el pu— v a o st (1 “v‘ ) 3 (46}
O; C Or. — i + L ‘0
4 Gl Ll RT 1

1”;02:. ;OG,)+ nOL, = ngﬁ‘wm S X VL POQ (47)

2 2



The total nvmber of moles of oxygen does not rexain constant
throughout any partlcular experiment but increases slowly be-
cause of the small amount of oxypen formed by the decomrosition
of the acid. Therefore, tie total mumber of moles of oxyren at
condition 2 is related to the number present at condition 1 by

the ecuation

Ny = + n
0, = op d

in wnicn ng represents the mumber of moles of oxygen formed
from decomposition during the time interval between the vhysical

i

meagurenents walch deternined conditions 1 and 2. The magnituvde

of this corrective term, ng, can be determined from kinetic data.

For the range of conditlons encountered in this investiration,
ng never exceeded 3% of the oxygen transferred between the phases
during the measurements. Substituting the expressions for ng.

4

and n02 from equations 46 and 47 into eguation 48 yields

P v r V.
S X Ve Pr i ;
i + L 0, = =7 + &7 Pol + 1y

The total pressure, P, is the sum of the partial pressures of

oxygen and acld vapor, thus

(48)

(49)
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P = P, + P or P = P - P (50
1 0q A o 1 A :
and
= + P 1 2= - 53
P, o, * Py or 2}0? P, P, (51)
29
When the expressions for FO} and PO@ as given by equations 50 and

51 are used, equation 49 becomes

(P, = Py) V6, ) (P ~ ) Ve
27 ; RT (52)
Bguation 52 can be solved explicitly for ithe sclubility coefficient,
& , to yield the final expression
o (Po Vg = By Vgy) = By (g, = V)
- j2d d (53)

7

Py VL, Vpy and T are all experimentally neasured quantities.

ey

n

A
: \ e . . 5,26,27 ,25)
has been obtained from several scurces in the 11terature(l” 221 525

and the data used are »resented in gravhical form in Vigpure 12,



1]
bt

Ullare of 257.

System and
Stoichiometry:

Conditions:

o Conversion of Data from ixperimental Ullare %o a Common

same as section I

Constant temperature

Subscript 1 refers to conditions at
experimental ullage

Subscrint £ refers to condition at 25

ullage

Derivation of Conversicn Zouvation:

When written for conditions 1 and 2, equation 39 for the

wotal number ol moles

of oXygen becomesg

U

%, = Fo, 1| TaoO - ym < (54)
and
U ,
n02 = Ebg . {P o S + o (553
It is evident that the total number of moles of oxygen before and

after the ullage correction is inveriant, i.e. 1 nOl. Thus,
>

equations 54 and 55 can be equated io give

Uy

Ue
- +a} (56)

P T - Cr froend s,
Y01) (200 = Tp) B "0 ) TI00 = Ug) wr



3ince Pg is indeperdent of ullage, souvation 41 can be written

T r?\

and
— — o [ -ge)
P, = P+ Pr, T OBy or Pp, = Py - (f]-g-i- P,)  (58)
The combination of equations 56, 57, and 58 yields
(59)

e ‘1

UQ
P, - (P, + P} +
{? T2 A} {(100-@ RT

P,, the rpressure which

mguatlon %9 can be sclved exnlicitly for, oy

would be observed if the sample were coniined at 25% vllage, thus

U,

o'

(100~tq) =z . o)
{ e

(100-T,) BT



Zguation OC could be applied directly to pressure data obtained
at any ullaze to zive pressure vs time curves corrected to 25%
ullage, similar to these in Figure 5, However, eguation &0 is
the sum of a term including Py, which varies with tinme, and other
termg involving PI and PA’ which are independent of tinme.

Thus, for any particular experiment,

Ul <
B
(100 = Uq) RT
P, = Py . + constant
2

RIS §
(100 - U,) ET

Since 1t is the slope of the pressure vs time curve which indicates
the rate of reaction, the absclute magnitude of Py is relatively
unimportant. For this reason, the constant term in equation 61

has been assumed to oe zero for the purpose of correcting the

original data to appear in Figures 3 and 5.



Ve Original Kinetic Lata

Initial Composition
of the Systen
weight fraction

Pure HNOB

Pure HNO3

Pure HNO

Temperature
°c

1.1

62.8

Sholt

Ullage
%

2le 30

2ol 3

25,16

Pressure
atm

2640
2457
2.70
3405
310
3e 7L
4,08
L.57
L.92
5eDL
5.96

Lebib
1.87
2422
2,03
2457
2,8l
3.05
3.Lé
3.67
37k
3.81

1.0
1.93
1.98
2,08
2,33
2,10
20153
2.50
2.69
2.77
2.91

sec

270
360
L2o
582
720
86L
1032
1260
1410
1770
1950

270

900
1338
1650
1830
2220
2520
3120
3456
3510
3618

1080
20L0
2340
2760
3360
4020
1290
1o
14860
5820
6210
6960
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Initial Composition Temperature  Ullage Pressure Time

of the System
weight fraction °c 3 atm sec

0.,00880 HoO Ti.1 23,18 1.9k 2Lo

1.97 540

0.99120 HNO, 2,16 8L0

2,23 1080

2.51 1hko

2.81 2220

3.70h 3960

Lobio 5580

0.00880 H,0 87.8 23456 2,33 60

3.01 180

0299120 HNO3 3.35 270

L0l 360

506 600

SeTh 720

6,08 780

6. T6 900

7457 1140

8412 1230

8.L6 1320

9.82 1650

1.76 1800

0.96965 HN03 1.80 1950

1.90 2700

1.91 3000

1.93 3210

2405 3540

2.1k 4980

2,18 5280

2,25 6000

2.31 6LB0
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Initiael Composition Temperature Ullage Pressure Time

of the System
weight fraction °c % atm sec

0.03035 Hy0 87,8 23471 3622 570

302 720

0.96965 HNO4 3.90 900

Lol 1320

4,78 1500

5.33 1800

5.87 2160

7.30 3120

7.6k 3300

10,09 5100

0.0600 Hy0 87.8 23,37 2.67 150

2,88 300

0,9L00 HNO,4 3.01 480

3422 780

3.42 1380

3¢63 2100

3.76 2700

3.97 3420

574 5L80

6.L2 12000

0,0509 N02 1.1 22,91 2.09 222

2.4k 420

0.9491 HNO 2,74 600

3.05 780

3.L40 1008

3.67 1140

3.90 1320

4.29 1512

L4.57 1740

4.85 1950

5.06 2070

6.10 2880

6.73 2420



Initial Composition
of the System
weight fraction

0.0971L NO»

0.9029 HN03

0.1536 NO,

0,864 HN03

0.0089 H,0
0.0866 NO,

0.90L5 HNO 5

- 71 -

Temperature
%

7.1

1.1

T1.1

Ullage

%
28,06

22.93

2Le 51

Pressure
atm

2.36
2,59
2.98
3,28
3,55
3.81
L.06
L.53
5.23

2.70
2.77
2.91
3,02
3.25
3.53
3,81
L.11
Le36
L6k
5,26
5669

Time
sec

180

960
1170
1380
1650
2100
2850

240
330
L50

780
1050
1320
1620
1860
2220
2670
3060
3240
3420
3600

120
270
510
840
900
1290
1680
2100
2520
2850
3300



Initial Composition
of the System
weight fraetion

0,165 N0

0.835 Hz%o3

0,1585 KN03

0.8L15 HNO,

0.2085 KHSOh

0.7915 HNO3

- 72 -

Tempersture Ullage
Qc %
7L.1 2h. 38
Tl.1 26,06
1.1 26.85

Pressure

atm

6.65

8479

9.96
11.00
12,39
13.07
14,25
14.80
16.88
17,50
17.78
lBoll?
18. 88
19,30
20.27
2131

2.36
2,43
2,50
2.61
2.77
2.91
3.18
3.29
3637
3.50
3.91
3.99
k.23
e

1.39
1.49
1.52
1.59
1.91
2.21
2.10
2.50
2.70
2.87
3.23
4,05

Time
sec

210
300
360
L20
198
5LO
600
642
810
852
882
960
990

1026

1140

1290

360
510
600
720
960
1200
1620
1800
1890
2100
2940
3090
3480
14,020

420
600
690
840
1h4L0
2010
21,00
2670
3150
3540
4350
64,20



i
-3
[N

H

Initial Composition Temperature Ullage

of the System

weight fraction °c %
0.1836 NOHSQ), 71.1 24,64
0.8164 HNO4

0.158L HpS0), 7.1 2l 6l
0,816 HNO,

0.1363 HC10), 1.1 2h.23
0.8637 HNO3

0.1363 HCth 87.8 24.90
0.8637 HN03

Pressure

atm

IR e ¢ © o 9
\OQ'NHO\OOD-QO\O\Q
L OV Ul o~ w

MO N R 1O

* . L 4

L]

* @

W =3 QN0 UL b =l

*

umm:\)mmmi—‘
wmNowviiaan - O o

1.63

1.80
1.87
2,00
2433

L.29
L.57
L.92
S5e3h
5.96
6.31
6,66
7.07
7.76
8.03
8.31

Time
sec

360

450

510
1020
1380
1680
2040
2580
3120
38Lko
59LO

5LO
1080
1530
1980
2712
3000
1,080
6300

360
8L0
1500
1890
2502
1110

120
360
g2
720
1050
1260
1410
1662
2040
2172
2292
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Initial Composition Temperature Ullage Pressure Time

of the System o

weight fraction C % atm sec

0.0962 NH)NO4 87.8 23.9% 0.97 60
6.76 2L0

0.9018 HNO3 10.16 360
12.88 480

15,26 600

17.31 720

20.71 960

0.1223 KNG3 87.8 27.07 3.01 150
3.70 2L0

0.8777 HNo3 L.oL 300
5.07 L4180

5.40 540

6.08 660

Toll 900

9.00 1320

10.09 1620

12.34 2400

Pure HNO, 87.8 2,08 S5.Th 240
6,76 300

8,46 L20

10.50 540

11.18 630

11.86 660

12.88 780

13.90 840

15.26 960

17.30 1140



Initial Composition
of the System
weight fraction

Pure HN03

without agitation

Pure HNO3

with glass wool,
Without agitation

Temperature

Of‘
v

87.8

87.8

Ullage

%
2L.93

3he5

Pressure

Time
S56C

2
270
300
360
L50
480
510
570
600
660
720
810
990

1140
1320

90
210
360
480

1170
1290
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Ve Original Cxygen Solubility Data

Composition T
of the System

weight fraction C
37
Pure HNOB gl

7

L

377

0.154 NO, 37.7
0.846 HNO3 gt-ﬁ
7

(

0,060 H,0 3.1
0.940 HNO 37.7

Time elapsed between the measurements which define

conditions 1 and 2.

the amount of oxygen formed from the decomposition

of the sample.

g

21.73
21.73

2l.73
21. 73
21.73
21.73

18.95
14.80
12.73
10,66
21.73
21.73
21.73
21.73

atm

7.91
791

791
7.91
7.91
7.91

14.80
12,73
10,66
8.58
7091
7.91
7.91
7.91
7.91

liters x 103

0.302
0,311

0, 309
0.304
0.315
0.311

0.348
0.466
0.557
0.503
0.257
0.246
0.232
0.25L
0,20k

Vﬁ
Y2

1.048
1.122

1.007
0.999
1.083
1.074

0.466
0.557
0.683
0.867
0.860
0.825
0,81k
0.936
0.99k

Vs

0.816
0.830

0.778
0.778
0.791
0.751

0.797
0197
0.797

0.797
0.786

0.788
0.800
0.817
0,835

This time is used in determining

Flapsed®
Time

sec

600
600

540
5ho
5ho
cho

2700
1500
1500
1200
600
900
600
900
L20
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Part II. FElectrolyitic Conductance of the
Ternary System Nitric Acid ==
Nitrogen Dioxide -- Water at

3
32° F and Atmospheric Pressure

* B. H. Sage eand D, M. Mason are coauthors
of Part II.
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I. INTRODUCTION AND SUMMARY

The electrolytic conductance of the system nitric acid--nitrogen dioxide®--water
in the liquid phase was measured at 32°F and a pressure of 1 atmosphere for composi-

tions containing more than 80 weight per cent nitric acid.? The conductance of the
associated binary systems nitric acid--water and nitric acid--nitrogen dioxide was
measured over the entire range of compositions from 0 to 100 weight per cent nitric
acid. The conductance of the binary system nitrogen dioxide--water was not measured as
a result of the fact that these species undergo chemical reaction and that the rate of
attainment of equilibrium is extremely slow at 32°F, The conductance measurements
indicate that pure nitrogen dioxide and, as would be expected, water are relatively
nonconducting, whereas nitric acid 1s relatively a good conductor. The addition of
small quantities of nitrogen dioxide to nitric acid results in an increase in conduct-
ance. The addition of water to nitric acid results in a decrease in conductance in one
range of compositions covered by this investigation. The experimental results are
presented in both graphical and tabular form.

IT. DESCRIPTION OF EQUIPMENT AND METHODS

Essentially the method of Kohlrausch as described by Ostwald (Cf. Ref. 1),
utilizing an alternating-current Wheatstone bridge, was adopted in the present set of
conductance measurements. A simplified circuit is shown in Figure 1. The unknown
resistance Rx of the solution is determined when balance in the bridge circuit is
obtained by adjustment of the variable resistors R, R,, and R,. A state of balance
is indicated 1f no current flows through the current detector D when a source S of
alternating voltage is applied to the system. A commercial impedance bridge was used
for the variable resistors, a cathode-ray oscilloscope was employed as the current
detector, and an audio oscillator furnished the source of alternating current at a
frequency of 1000 cyc/sec. Direct-current measurements are precluded as a result of
polarization at the electrodes.

The conductance equipment was a modified dip cell manufactured by the Central
Scientific Company and had a constant of apprpximately 1.0 ohm-cm. The electrodes
were black platinized platinum disks 0.5 inch in diameter, set 1.5 inches apart. The
conductance-cell assembly shown in Figure 2 was immersed for temperature control in
an ice bath located in a Dewar flask, A sample of liquid was introduced so as to fill
the cell to the point A of the Pyrex receptacle shown in the Figure. The widened top
portion of the vessel permitted further addition of material to the system so that a
range of compositions could be obtained. As a result of appreciable changes in
enthalpy for the solution, it was necessary after the mixing of materials to allow
ample time for attaimment of thermal equilibrium between the cell and the surrounding
ice bath before conductance measurements were made. The liquid was agitated thoroughly
to insure complete mixing.

2For the sake of brevity, the term nitrogen dioxide, unless otherwise specified,
is used throughout this paper to designate the equilibrium mixture of nitrogen dioxide
and nitrogen tetroxide.

bThe term fuming nitric acid will be applied to the ternary system in this
composition range.

Page 1
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" The nitric acid was prepared by vacuum distillation at room temperature of a mix-
ture of concentrated sul furic acid and sodium nitrate. The nitric acid was collected
in a receptacle at -70°F. The material collected was at least 99.9 weight per cent
nitric acid as determined by an acidimetric titration. The nitric acid was stored at
-10°F to reduce the thermal decomposition rate to a negligible value. Commercial
nitrogen dioxide was fractionated and dried over phosphorus pentoxide. Water was
redistilled from the commercial laboratory supply.

I11. RESULTS

The results of the conductance measurements are depicted in Figures 3 through 5
and in Tables I through III. In Figure 3 specific conductance at 32°F is shown as a
funclion of the weight fraction nitric acid for the binary system nitric acid--water.
For comparison, measurements of conductance for this system by Veley and Manley (Cf.
Ref. 2) are included in Figure 3. The experimental data for the nitric acid--water
system are presented in Table I. At 32°F these components are completely miscible
throughout the entire composition range. The conductance of the system increases with
an increase in the weight fraction nitric acid and reaches a maximum at about 0.29
weight fraction nitric acid. Between 0.30 and 0.97 weight fraction the conductance
decreases and reaches a minimum at 0.97 weight fraction nitric acid. Below 0.97 weight
fraction nitric acid, hydrogen and nitrate ions are the predominant conducting species.
In the range 0.97 to 1.00 weight fractiom nitric acid, the conductance again increases.
In this latter range, studies of the Raman spectra (Cf. Ref. 3) of the system indicate
that nitric acid undergoes self-ionization to yield nitronium ions (NO3) and nitrate
ions (NO3) according to the expression

a -
2HN03—f7N0; + NO3 + H,0

Jt is evident from this expression that the self-ionization of mitric acid is sup-
pressed by the addition of water. Thus the reduction of conductance of pure nitric
acid upon the addition of water may be explained.

Figure 4 presents the specific conductance at 32°F for the binary system nitric
acid--nitrogen dioxide. The corresponding experimental data are recorded in Table II.
At 32°F and atmospheric pressure nitrogen dioxide is miscible with nitric acid only
above 0,48 weight fraction nitric acid. Below 0.48 weight fraction nitric acid a
second liquid phase appears containing less than 0.1 weight per cent nitric acid. The
specific conductance of this latter phase is small, being less than 7 x 1076 (ohm-
cm)” ! at 329F. Between 0.72 and 1.00 weight fraction nitric acid the conductance of
the system decreases with increasing concentrations of acid. This behavior is in
agreement with studies of Raman spectra of solutions of nitrogen dioxide im nitric
acid where nitrosonium ions (NO') and nitrate 1ons (NOé) have been identified (Cf.
Ref. 4). The nitrogen dioxide ionizes to give these ionic species according to the
expression

N,0 4:NO+ + NO3

This ionization causes the increase in conductance observed when nitrogen dioxide 1s
added to nitric acid. At weight fractions of nitric acid below 0.72, a decrease in
nitric acid concentration results in a decrease in conductance until the phase
boundary is reached.

In Figure 5 are shown smoothed curves of constant specific conductance as a

function of composition for states greater than 0.80 weight fraction nitric acid.

Page 2
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These smoothed data are tabulated in Table III. The mean deviation of the conductance
measurements from these data 1s estimated to be less than 2 per cent. From Figure 5
it is evident that conductance measurements present a possible analytical tool for
determining the composition of fuming nitric acid. It is necessary to determine the
concentration of only one species in the system by another physicochemical method
such as the measurement of transmittance with a spectrophotometer.

The nitrogen dioxide or water concentration can be determined by transmittance
measurements in the visible region or the infrared region, respectively. These
measurements together with the conductance measurements establish no more than two
values of composition in Figure 5. The actual composition of the sample may be
determined by adding one of the components to the mixture and noting whether an
increase or decrease in conductance occurs.

IV. CONCLUSION

The conductance data for a portion of the nitric acid--nitrogen dioxide--water
system give additional evidence of the presence of the ionic species, nitronium,
nitrosonium, and nitrate, which were indicated earlier by studies of Raman spectra
(Cf. Ref. 4). A mcthod of chemical analysis may possibly be based upon such conduct-
ance measurements. These measurements are part of an investigation of physiochemical
properties which may be of value in understanding the kinetics of the thermal de-
composition of fuming nitric acid and the corrosion of metals by this material.

Page 3
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TABLE 1

EXPERIMENTAL VALUES OF SPECIFIC CONDUCTANCE OF NITRIC
ACID--WATER AT 32°F AND ATMOSPHERIC PRESSURE

Nitric Acid Specific Nitric Acid Specific
{wt fraction) Conductance (wt fraction) Conductance
[ (ohm-cm)™! x 10%] [ (ohm-cm)"! x 10%]
1.000 3.77 0.703 28.4
0.998 3.34 0.674 31.3
0.993 2.53 0.645 34.7
0.988 1.99 0.595 38.5
0.983 1.65 0.497 46.4
0.978 1.44 0.431 52.2
0.973 1.34 0.376 56.3
0.908 1.31 0.362 56.8
0,964 1.35 0.349 56.8
0.959 1.43 0.336 57.8
0.954 1.55 0.325 57.8
0.949 1.72 0.315 58.3
0.945 1.90 0.295 58.3
0.940 2.09 0.279 58.3
0.931 2.48 0.251 58.3
0.922 3.00 0.226 55.5
0.914 3.49 0.207 52.6
0.892 5.15 0.189 50.0
0.872 6.91 0.161 46.1
0.756 21.4 0.132 39.8
0.730 25.3 0.093 31.3

EXPERIMENTAL VALUES OF SPECIFIC CONDUCTANCE OF NITRIC ACID--

TABLE 11

NITROGEN DIOXIDE AT 32°F AND ATMOSPHERIC PRESSURE

Nitric Acid
{wt fraction)

Specific
Conductance
[ (ohm-cm)~1x 102]

Nitric Acid
(wt fraction)

Specific
Conductance
[(ohm-cm)~1 x 102]

1.000
0.980
0.971
0.962
0.952
0.942
0.916
0.890
0.856

3.43 -7
5.00
5.83
6.53
7.20
7.91
9.60

11.2

12,9

0.800
0.751
0.707
0.642
0.581
0.529
0.489
0.451

14.6
15.2
15.3
14.7
13.6
12.5
11.7
10.7
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Figure 2
Conductance-Cell Assembly

Page €



- 8L -

Progress Report No. 20-155

JPL

]

c.4

] THIS WORK

¢ Ref.

2

0.2} 4§

SPECIFIC CONDUCTANCE thm-cm)

/
/
/
é/
/
0
0 0.2 0.4 0.6 0.8 1.0
NITRIC ACID (wt fraction)
Figure 3. Specific Conductance of Nitric Acid--Water at 32°F and
Atmospheric Pressure
l
— i
i .
. ;
T’O' sol /O—.G\ﬁ
£ el
£
(&)
-
u |
E | SINGLE - PHASE
20,100 b REGION
S |
=2 |
(o]
z i 3
Q |
s ; 0.48 WEIGHT FRACTION
o ! /
W 0.050 I
S B "
L e TWO—PHASE REGION >
& { :
IK/-‘O.OO! WEIGHT FRACTION |
_—SINGLE - PHASE REGION } ;
| l | L .

o]

Figure 4.

0.2

0.4

0.6

NITRIC ACID (wt fraction)

0.8

Specific Conductance of Nitric Acid--Nitrogen Dioxide at 32°F
and Atmospheric Pressure

Page 7



JPL

Progress Report No. 20-155

NITRIC ACID

Q.10

Figure 5. Curves of Constant Specific Conductance for Nitric Acid--Nitrogen

Dioxide--Water at 32°F and Atmospheric Pressure
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