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A STUDY OF THE SOLVEINIT PROPERTIES

OF ANHYDROUS N1TRIC ACID

By

D.H. Johnson

The solubilities of selected salts in anhydrous nitric
acid were determined by evaporation of the solvent, conversion
of the nitrave to the sulfate and recovery of the sulfate, or
fleme photometry. The methods were compared for salts of low
and high concentration. The solubilities determined were in
the order $r(N03),< LiNO, <Ba(1~103)2<< KClOu(NnNOB <KN()3. Tho
results for LiNO3 agreed with reported date while the results
for NnNO3 and KN03 were higher than results obtained by other
investigators. Those differences might be due to the expected
increase of non-ideallty for concentrated solutions. Potassium
parchloratq was less soluble than KNOB’ probebly due to a
difference in anion solvation. The differonces in the solubil-
ities of the nitrate salts investigated may be attributed to
differences in cation solvation which has been proposed as
béing related to ionic potentizl of the cations.

The C1~, F°, end Mnou" ions were founi to be reactive
in ANA: The reactivity of these ions has besen explainsd as

being due to the presence of both en oxidizing and reducing

species in the acide



CHAPTER I
INTRODUCTION

Anhydrous nitric acid (hereafter referred to as ANA)
is a water-white liquid with a freezing polnt of -QZOC, &
density of 1.563030.0002 g ml~Y at =10°C, and & spocific
conductance of 0.0348: 0.,0003 ohm=1 at -10°C (i?). At
tempersatures above its freezing point ANA decomposes according
to the following equation:

2HNO , = 2NO,+ HZO—{- 30,
where N02 ropresents en equilibrium mixture of nitrogen dioxide,
NOZ’ and dinitrogen tetroxide, Nzoh. Owing to its instebility,
special precautions must be taken to prepare and preserve pure
nitric ecid. Several methods have baen used to prepare ANA
in the lasboratory. Treating anhydrous alksli msetal nitrates
with 100% sulfuric acid and condensing the volatilized nitric
acid product (10), fractional crystallization of ANA from
concentrated nitric acid (2), and distillation of ANA from a
mixture of concentrated nitric acid and 95 - 100% sulfuric sacid
(1) (1l;) have bsen used. The ANA employed in the bereid
described investigation was preparsd by the third method.

The large electrical conductivity of ANA suggested that
the compound is extensively self-ionized and has led to the

investigation of the mechanism of self-ionization (9)(11)(13)(28).



The currently accepted method of self-ionization, substantiated

by eryoscopic measurements (9)(11l) and by detection of the NOé+_

and NO,~ ions in Reman (12)(15), infrared (21)(22), end nuclear

3

magnetic resonance (23) spectra, is ropresented by the follewing

squations:
2HN03 :;gg Nog--k NOB'-+ H20

Water, H,0, has been detected in ANA by identification of the

2
hydrogen~bond solvate bonds (5). The equilibrium constant for

the ionization process has been determined (17) as follows:

g (Xno3-) (X,0) (¥) (‘A’HZO)

Ke = _

2 2
(x ) )
HINO 5 HNO 5

whore X and 7’&29 the mole fractions and activities, respect-
ively, for the species shown. The eddition of the product(s)
reverses the equilibrium of the self-lonization reaction shown
(15)(21). | |
ANA apparcntly does not react with water, in the normal
manner, to iield hydronium ions, H30+) in solutions conta;ning
up to 10% water. This is evidenced by lower measured conduc-
tivity for solutions of water as compared to pure ANA (L)(8)(27).
The products of self-ionization are strongly solvated
as indicated by cryoscopic and viscometric measurements (7)(11l)
(16)(18)(19)(20). Based on these measurements, the nitrete ion

end nitronium ion have each been assigned a solvation number



of 2; in other words, these lons have two molecules of undisg-
sociated HNO3 associated with each ione In nitric acid,
containing up to 5% added water, water has been assigned a
golvation number of l. Data recently obtained (L)(20) indicates
that the properties of the above solutions cannot be completely
interpreted in terms of the solvation effects cited above |
nor in terms of ideal solutions. The vapor pressure lowering
"of ANA by alkali nitrates was expleired by the formation of
hydrogen-bond solvated complexes of the form (NOS) * HNO4 (16).
A study of the solubility of alkeli metel and alkaline
earth nitrates was underteken in ean effort to relate the
solvation of the cations to physical mesasurements., Nitrate
salts of these elements were chosén because of the common ion
(NOS) whereby changes in the solvation could be expected to
be related to the cations without the interference of en anion

solvation effecte.



CHAPTER I1

EXPERIMENTAL INVESTIGATION OF SOLVENT
PROPERTIES OF ANHYDROUS

NITRIC ACID
I. MATERIALS AND EQUIPMENT USED

J.T. Baker fuming nitric acid (90% HNOB) and Fisher
Commercial Grade concentrated HZSOLIr were used in preparing
the ANA. All salts used in preparation of solutions were
Fisher Ceortified Reagent Grade witﬁout further purificetione
All glassware was standard, callbrated Pyrex glasswaro.

The emission flame spectreophotomster used in the flame

enalyses was the Beckman Model B Spectropnotometer with the

Beckman B9Ql25 Flame Attachmente
Il EXPERIMENTAL PROCEDURES

Preperation of ANA. ANA was distilled from a l:l mixture

of fuming nitric acid and concentrated stoh. A diegrem of
the distillation aspparatus is shown in Flgure 1l.

One hundred twenty-five milliliters of HZSOM was placed
in the 1000 ml. three necked flask, followed by 600 milliliters
of fuming nitric acid. If the ambient temperature exceeded

25°C the mixture was cooled. All ground glass joints were
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greased with Kel-F greasec. Dry air was then blown through

the mixture at a very moderate rate for 2l hours to remove
dissolved NOzo The temperature of the Glass-col heating
mantle was raised to 60°C and the acid was carried over on

the dry eir streeam. The yields of ANA veried from 50 - 70%
depending on the efficiency of the reflux condehser. If

the temperature significantly exceeded 60° somé NO, discolored
the product; however, with proper temperature control a water-

white product could be obtained.

Sample Proparation. Saturated solutions of the salts

were prepared by adding ANA to portions of the dried salts
contained in small volumetric flasks. After addition of

the ANA; the flasks were stoppered to prevent absorption of
moisture from the air and stored at =10°C to effect saturatione.
From time to time the flasks were shaken to insure saturatione.
When saturetion appeared complete, the flasks were transferred
to an ice bath, 0+ 0.5°C. The flasks were held at this tempor-
ature for about three hours with frequent shaking to effect
equilibrium ani, if necessary, additional‘dry salt added before
removal of samples for analysis. Five milliliter samples for
analysis were transferred to weigning bottles or weighed
volumetric flasks, es eppropriata, and ﬁeigbsd. An glleglass
hypodermic syringe, permansntly affixed to the 5 milliliter

pPipette, was used to remove the samples, to praveht



contamination, and enhance safety in handling. After the
samples were welghed, they were diluted with demineralized
watere.

+ e
Flame Analysis for Li , NaT, KV, Ba® ', sr®'. The

relative emissions, as % transmittance, for each of the above
volﬁmetrically diluted samples was determined.(26). Concen-
tration of the alkali or elkalline eearth metel ions was determined
from a calibration curve previously obtained from standard
solutions varying in concentration from 0 - 100 microgrems of
cation per milliliter of solution. The waveleongths used for

the analyses and the detection limits for each lon are shown

in Table I

Analysis of LiNO3, NaNO and KNO3 by Eveporation. The

3'
samples were evaporated to constant weight in a hood by means of
a heat lamp. The tempsrature was kept below bolling to prevent

loss of the nitrates through bumping or spatterings.

2+ 2-

EDTA Analysis for Sr and Ba~ '« The volumetrically

diluted semples of strontium nitrate and barium nitrate were
titrated with EDTA (disodium ethylenediamine tetreacetic acid) in
a buffered solution of pH 12.5 using MTB.(mabhyl thymol blue) as
the indicator (25) The results were inaccurate due to a
dregging endpoint anﬁ, in an effort to minimize thais effect, a
screened indicator was prepared 5y the trie-stimulus method of
Reilly and Sawyer (206). The titration was performed again and,

as before, the results were inaccurate. For this reason,



TABLE 1

EMISSION SPLCTIRA OF

Ba, Li, K, N&, &and Sr

Element Wavelength Emission angitivity
m 1 pg ml™+ (% 1)1

Barium 4s5.5 3.0

553.6 1.0
Lithium 670.8 | - .067
Potassium Lol.l ' 1.7

707 .02
Sodium 590.0 : « 001
Strontium 460.7 .06




2 -

-, 2
flame enalysis was used in determining Sr and Ba }“although

the EDTA is more precise at moderate concentrationse



CHAPTER III
DISCUSSION OF RESULTS

The literature contalns references to the solubility
of several salts in ANA (20)(2L), a summary of which is given
in Teble II. Since these determinations were made by extra-
polation of vapor pressure data or the methbd vas not specified,
an ettempt was made to verify several of these determinations
by the direct determination of the selt present in the solution.
In an ettempt to relates cation solvaﬁion effects to solubility,
the solubilities of_some neretofore unreported metal nitrate
salts were deterﬁined. The results obtainod for the sabove
measurements and tho methods of analysis used in tho determl-
nations are given in Table III.

Saturated solutions of ANA and lithium, sodium, barium,
and strontium nitrates vere prepared. Samples of each of
these solutions were taken and the solubility determined by
evaporation.of the solvent. During evaporation a white'film
formed on the surfaces of the welghing bottles wanich was
assumed to be due to the reaction of the vapors with some
atmospheric contaminant; therefore, the results obtained ware
unrelieble. In a redetermination of the L1N03 solution and,
also, of other salts in subsequent determinations by the same

method, the cccurrence of the white film was prevented by



) §

TABLE II

SOLUBILITY OF SELECTED SALTS IN ANHYDROUS NITRIC

ACID AT OOC, DETERMINED BY EXTRAPOLATION
OF VAPOR PRESSURE DATA (20)

" Substance Solubility
g per 100g of HHO3 g por 100g solution
KN03 35.0 . 289
NaNo 9.2 ’ 8ely
3

NH, NO 26.7 ) 21.1

43
NH, €10 3.7 3.6

L
KH PO 1

A <hs <3

NOTE: The data of Potier and co-workers (2l;) is

given in the form of a curve from which no reliable values
could be obtained, although the solubilities of the alkall
nitrates follows the order Li<K Na £ Rb{ ¢s< K at 0°C.
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carrying out the eveporation in & hood arranged for maximum
eir flow rate. Despite the improved reliability, the high
possible error inherent in such low values for the solubility
es that of LiNO3 led to the use of flame photometric analyses
for subsequent determinations where the solubility is lowe

| Lithium nitrate was analyzed by the two above cited
techniques and, in additlon, by evaporation after the cone
version of the nitrate to the sulfate with HZSOu in en attempt
‘to reduce decomposition of the nitrate salt. The three
me thods are compared in Table IV. .If may be noted from Table
IV that the resultg are in good agreement in all three caées,
from which it was concluded that any of the three methods
investigated would be applicable in subsequent work. It may
also be noted that these results confirm the reported obscre
vation (2l4) that lithiumnitrate has a relatively low solubility
in ANA. |

The solubility of NaNO, in ANA was determined by analysis

3
of the nitric acid-NaNO_. solutions (after dilution with

demineralized water) foi the sodium ion by tho flame photo-
metric method. The results of these analyses are shown in
Table V. The large average deviation, &s shown in the table,
was attributed to the high NaNO3 concentration present in the
nitric acld-NalNO, solutions. Because of the high solubility,

3
the NaNO3 solutions were &lso analyzed by the evaporation
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method; and, as shown in Table V, the results are in good
agreement with those obtained by the flame photometric method.
As also shown in Table V, the solubility found excesds the
reported valuses. The solubilities determined in this invost-
igation, for those salts of relatively hign solubility, excesd
the values prevlously reported in the literature obtsained by
extrapolation of vapor pressures. This suggeasts that the
method based on the actual determination of the metal ion in
solution could be more roliable insofar as the more concontrated
solutions would be expected to exhibit less ldeal behaviore

In the prepa?ation of the KNO3-ANA solutions, it was
evident that the solubility was of such megnitude as to preclude
enalysis of the potassium ion by the flame photometric method.
Therefore, the evaporation method was used for the analysis
of the potassium ion. It was also observed that the solution
of KN03 in ANA is a highly exothermic process, confirming an
observation previously reported (6). It was also noted that
the solutions became slightly yellow colored which can be
explained as being due to the theormal Jdecomposition of some
ANA and the solution of the products. At the temperatures
used to effect saturation, the KNO3 solutions'showed e strong
tendency to form a white crystaline solid which could be dus

to the formation of a complex of tne form KNO

3 . HN03 ﬁhich

has been reportei in the literaturc (16).
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A volumetric method for the daterminétion of the
strontium and barium ions, employing EDTA and MTB as an
indiéator, has been developed which reportedly gives good
results (25). An attempt was made to analyze the ANAnBa(NOB)2
or SP(NOB)2 solutions by this method; however, the results
were unsatisfactory due to the dregging endpoint obtained. -
Redeterminations employing a screened indicator were equally
‘as inconc}usive. Subsequent determination by the flame
photometric method indicated that & possible explanation of
the dreaegging endpoint was the small concentration of the barium
and strontium ions in the solutions. Similarly, gravimetric
anglyses were not performad on the barium apd strontiun iohs
for this reason.

In an effort to study tne enion solvation effect on
the previous solubilities, it was decided to investigate the
solubilities of other metal salts in ANA,

The addition of ANA to dried NeaCl produces an immedlate,
highly exothermic resction yielding a brown gaseous producte.

No attempt was made to collect gas samples for analysis; however,
it may be reasonably assumed that, in ad&ition to NO, from
thermal decomposition of ANA, volatile chlorine compounds,
resulting from oxidation of the chloride ion, could be bresent.

In view of the NaCl-ANA reactions, it was decided to

investigate the possible reactions between KClOu and ANA (NaClOu
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wes not availablo at the time)e. Since the perchlorate ion
(Clou“) represents chlorine in its highest oxidation state,
the non-observance of any reaction upon solution would
indirectly support evidence for oxidation of the chlorido ion
in NaCl. As enticipated, no apparent reaction occurred when
ANA was edded to enhydrous KCth. The solubi;ity was deter-
mined by flame photometric anelysls for the potessium ion,
the results of which are shown in Table III. As may be seen
by compariéion of the results of the KNO3 golubility deter=
mination, KClOu is significantly leés soluble.

Since the fluoride ion is known to be more stable with
respect to chemical oxidation than the chloride ion, it may be
reasonably expected that NaF would not be reactive with ANA.
Fowever, the addition of ANA to dried NeF yielded an immediate
exothermic reaction producing a pale brown gas and sufficient
energy to apparently fuse tne NaF remaining in the flasks.
This reactlon, along with the ANA-NaCl reaction, confirms the
extreme reactivity of ANA. As with the NgCl reaction, no
attempt was made to collect or analyze the products of the
reaction and no explanation as to the course of the reaction
can therefore be proposed.

The roaction of ANA with KMnOu had been reported to
yield MnO2 as a reaction product (3). In order to confirm

this observation, ANA was added to dried KMnOh. There was



19

no apparent lmmediate reaction and the solution took on the
purple color characteristic of the permanganate ion. Shortly
thersafter, however, reaction occurred as was evidenced by

the eppearance of black Mno2 in the reaction vessel. <Since
MnO2 represents a lower oxidation stafe of manganese than
permangeanate, it may thus be concluded that ANA can, under
specific circumstences, act as either an oxidizing or reducing

egent.



CHAPTER IV
SUMMARY AND CONCLUSIONS

The solubility of selected salts in ANA was determined
in an attempt to relate solubility to cation solvation effectse
In this investigation the solubilities wers'determined by
direct measurement of the salt or the salt cation in solution
whersas previously reported data was obtained by extrapolation
of data obtained by measurements of the colligative properties
of ANA-salt solutions (20). Three methods of analysis for
the salt concentration were employed in thils Investigation;
(1) recovery of the salts in solution by evaporation of the
ANA solvent, (2) flame photometric determination of the metal
ion in solution, and (3) conversion of nitrates to sulfaces

by HZSO and subsequent recovery of the sulfate salt. The

n
results obtained ares shown in Table III and, as can be noted,
ars in the xfonowing order: SP(N03)2 £ LiNO5 < Ba(N03),<(
agrees with the.

KClOu< NaN03< KNO The data for LiNO

3° 3
previously reported data (24); howevar, as seen by comparison
of Teble II with Teble III, thers 1s a significant difference
in the data obtained in this investigation and that previously
reported for NaNO3 and KNOB. In those cases of nigh solu-
bility, for example NaNO3 and KNOB, it mey be reasonab}y

expected tnat deviacions from ideality would be greater and



21

that the direct measurement of the salt, or its cetion, in
solution would be more reliable than those results obtained
by measurements of properties influenced by the ideality of
the solution. The difference in solubility, and related
solvation effects, between & number of salts, all with the
same anion, may be related to differences in ionic potentisal.
Ionic potential is defined as the ratio of ionic charge (in
esu) to crystal radius (in A%) from which it may bo seen that
the ionic potential decreases with increasiné atomic number
within periodic groups or increases with increasing charge on
the ion. 1In Figure II, wherein the solubility versus ionic
potential is plotted for the cations investigated, the in-
fluence of ionic potential on solubility can be seen. The

higher heat of solution of KNO, in ANA, ealso observed in

3
prpvious investigations, would likewise tend to support the
inference of greater sclvation effects for the larger ions.
The effect of the anion on solubillty and solvation
was investiéated for selected salts in which the cation was
maintained constant. As previously noted in the Discussion
of Results, both NaCl and NaF reacted with.the solvent in
some &as yet unexplained manner. In the case where no
apparent reaction occurred, the solubilization of KClOu
in ANA was 1nvestigated. The decreased solubility of KClOI+

with respect to KNO., may possibly be attributed to the lesseor

3
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solvation of the perchlorate ion. Insofar as the pursult of
the investigation of cationic solvation effects is concerned,
the sselection of anions 1s limited as is indicatsd by the
reaction of the permangeanate ion, Mnou°, with the solvent to
yield manganese dioxide, Mnoz.

The reaction of the C1*, F~, and Mnou' ions with ANA
can only be explained as being due to the prasénce of both an
oxidi?ing and e reducing species in the solvent. The equili-
brium set up by self-ionizavion of the solvent, as shown below:

ZHNO3 e No;{- N03“ + Hy0
may be interpreted as ylelding an oxidizing species, NOB',
and a roaducing species, NO'F, on the basis of which ANA may
be reasonably expected to exhibit both oxidizing and reducing
propercies, dependent upon the conditions of reactione.

Table IV comperes the three methoas of determination

previously mentioned for the solubility of LiNO From thils

3°
comparison, it may be concluded that for salts of low solubility
in ANA the flame photomstric method is the most reliable.

In Table V, the evaporation method and the fleame photo-
metric method are compared for a salt of reasonably high
solubility, NaCl. As may be noted, the evaporgcion me thod
gives more reliable results, probably due to the large inherent
error introduced in the dilution of the solutions to the

concentration range applicable for tne determination by the

flame photomatsr.
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Thisg investigation has shown that determinations of
Bazf-and Sr2+; at the concentration levels produced in ANA
solutions, cannot be made by methods involving the titration
of these ions by EDTA.

As noted previously, changing the anlon changes the
solubility due to a difference in solvation of the anionse.
Therefore, by assuming & point of zero solvation for .an anion,
the solvation due to the cation may be calculated and related
to thermodynamic propertiss. Further investigation is planned
whereby this line of pursult is followed for salts of differing
anions which are stable in ANA. Electrical conductivity
measurements would accompany these investigations so as to
relate ionic characteristics of the solution to solvation effects.

As shown above, both oxidizing and reducing species
must be prescnt in ANA. Further work to prove the oxidizing
and reducing speclss present is a nocessary step toward

predicting the reactivity of ANA and & specified reactant.
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