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RESEARCH MEMORANDUM

SOME FUNDAMENTAL ASPECTS OF NITRIC ACID OXTDANTS FOR
ROCKET APPLICATIONS

By Dezso J. Ladanyl, Riley 0. Miller, Wolf Karo,
and Charles E. Feller

SUMMARY

The literature pertaining to the preparation, physical properties,
corrosiveness, thermal stabllity, constitution, and analysis of wvarious
nitric acids is reviewed primerily with respect to their use as rocket
oxidants. Conflicting data are evaluated and recommendations for addi-
tional experimental work are indicated.

Reactions of nitric acid which could occur during the starting and
steady-stage phases of rockel operation are discussed and probable
mechanisms are selected on the basis of reported thermal and kinetic

data.

INTRODUCTION

Concentrated nitric acids containing at least 90 percent nitric
acid and oxides of nitrogen are used widely as rocket propellants;
hence, the properties and the behavior of these aclids are of consider-
able interest to the rocket engineer. Because the recent literature
in this field of nitric acid chemistry is quite scattered, it was felt
that a critical survey of available information would accomplish two
purposes: (1) the present state of knowledge of the chemistry of nitric
acid pertinent to rocket technology would be availsble in compact form,
and (2) the areas in which additional or continuing experimental work is
required would become apparent.

Accordingly, a search of the literature on nitric acid was conducted
at the NACA Lewis leboratory from August 1951 to March 1952 and the
results are reported herein.

SubJects covered include commercisl and laboratory preparstions,
physical properties, corrosion, thermal stebility, constitution, and
enalysis. Where conflicting data have been reported, an attempt was
made to select the most reliable values.

e
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The reactions which could occur in a rocket engine are discussed
and probable mechanisms are selected on the basis of reported thermal
and kinetic data. '

PREPARATION AND PROPERTIES
Commercial Manufacture
Methods that have been used or proposed for the commericsl produc-
tion of nitric acid may be divided as follows: (1) oxidation of

ammonia, (2) production from saltpeter, and (3) direct fixation of
nitrogen as oxide,

2491

General descriptions of the several methods for the manufacture aof
nitric acid will be found in references 1 to 4, and bibliographies and
synopses of publications and patents from 1932 to 1841 bearing on its
menufacture are contained in references 5 and 6.

Ammonia oxidatlon. - In the Unlted States, 90 percent of the nitric
acid produced is made by the oxidation of ammonis (reference 4). A
flow sheet of this process is shown by figure 1. The reactions are as -
follows: -

Pt
4NHz + 502 —=4NO + 6H0 (1)
2NO + Og = 2NO2 (2)

3NO2 + Hp0 —2HNO3 + NO (3)

Ammonie is oxidized by air on platinum screens packed in layers of 10
to 30 sheets in the reactor. With the newer reactors, the oxidation is
carried out at about 750° C and under a pressure of about 100 pounds
per square inchj this permlts the use of smaller equipment, Increases
reaction rates, and produces higher-strength acids than was formerly
possible at atmospheric pressure.

Production from saltpeter. - At the present time, only 10 percent
of the nitric acid produced in the United States is manufactured from
seltpeter (referemce 4), a distillation being made from a mixture of
concentrated sulfuric acid and sodium nitrate in cast-iron retorts:; -

NalNOz + HpS0, —=HNOz + NaHSO4 (4) .

A discussion of the technology is contained in reference 7.
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Direct fixation of nitrogen as oxide. - At high temperatures, the
following equilibrium is shifted toward the right and the reaction rate
is rapid:

N2 + Oz ===2NO (5)

This permits the fixation of nitrogen in air as nitric oxide, provided
that the gases can be chilled rapidly enough so that the reverse reac-
tion does not take place during the cooling interval. This can be
accomplished, for example, by passing air through an electric arc, a
method which has been used commercislily in European areas where electric
power is relatively inexpensive, The electric arc process, however, is
uneconomical in the United States.

A new process incorporating refractory pebble beds (reference 8)
has attracted considerable interest in this country because it offers
promise of economical commercial production of nitric acid by direct
fixation of atmospheric nitrogen. A schematic sketch of the apparatus
is shown by figure 2. Alr under pressure passes through a four-way
valve into chamber A contalining a high-temperature refractory pebble bed
which heats the air to approximately 1800° C. The hot air is then mixed
with natural gas which is burned at the top of chamber B increasing the
temperature to 2100° C. At this temperature, sbout 2.5 percent NO is
theoretically possible. The gas mixture is then rapidly cooled in the
pebble bed of chamber B and sbout 1 to 2 percent of nitric oxide remains
in the exhaust gas. The flow is alternated between the two chambers;
in the next cycle, the pebbles in B heat the air and the pebbles in A
cool the gas. With the use of this regenerative heating cycle, high
temperatures are obtained and the heating costs are lower than if
electric energy were used.

Concentration of nitric acid. -~ Aclds with HNO3 concentration as
high as 99 percent by welght may be produced by the saltpeter distilla-
tion process. Aclids from sbsorption towers used in the ammonia oxida-
tion process and from auxiliary absorption towers used in the saltpeter
distillation process have a concentration of only 60 to 70 percent.
Acids of this strength may be concentrated by contacting the vapor in a
tower with concentrated sulfuric acid (reference 4).

Economics. - Over the period 1929 to 1949, the price of nitric acid
remsined stable at ebout $100 per ton of 100-percent acid (reference 4).
The high current commercial production of nitric acid of approximately
1,200,000 tons a year (as 100 percent) is a result of greatly increased
agricultural and industrial demands and of shortages of sulfuriec acid
for which nitric acid is often a substitute (fig. 3). The rapid increase
in commercial production after the war was facilitated by private acqui-
sitions of govermment surplus equipment. In 1950, total production

T
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capacity including Army Ordnance stend-by facllities was about 3,660,000
tons per year on & 100-percent-acid basis (reference 9) of which approxi- .
mately 68 percent could be produced as oxidizer nitric acid (>95 percent
BNOz) (reference 9). In order to activate stand-by equipment, consider-
able amounts of labor and materials would be required (reference 10).
Evenwith sll present avalleble equipment in use, it 1s expected that
demand will exceed supply in a war emergency (reference 9); hence, large
quantities of nltric acid for rocket propulsion must come from new facil-
ities or a reduction of the supply available for other uses.

2491

Material requirements for the production of 1 ton of nitriec acid
(as 100 percent) are as follows (reference 4):

Ammonla oxidation, 93-95 percent yleld:

Anhydrous ammonie, tOn .« « ¢« v ¢ « ¢ o o o s & & 8 o 8 s = 0.288

Platinum, OZ . « o =« « « o o « o o s o ¢« s « o o« o o« & o« » 0.01-0.02

Adr, cu £ o ¢ v ¢ 0 s s e 4 e e e s e e s e e e e e s e s 115,000
Saltpeter distillation, 95-97 percent yield:

Sodium nitrate (96 percent), ton . . . & ¢ ¢« ¢ ¢« ¢ « .« .+ 1.485 .

Sulfuric acid (93.2 percent), tON « o « o o « o « « « o « & 1.575

Laboratory Puriflcation

For laboratory experiments, nitric acid assaying more than 99 per-
cent has been prepared by several investigators. Purificatlon requires
the removal of (1) water; (2) oxides of nitrogen; (3) other volatile
impurities, such as hydrogen chloride and possibly sulfur trioxide;
and (4) nonvolatile matier. The usual procedure and the one which
appears most reliable is the repeated distillation of nitric acid (two
to four times) under reduced pressure (20-30 mm of Hg) from a 1:1 or
1:2 mixture by volume of concenbtrated nitric acld and concentrated
sulfuric acid in an all-glass apparatus protected from light (refer-
ences 1, 2, 11 to 17). If necessary, the nitric acid 1s blown with dry
alr prior to distillation to remove oxides of nitrogen. This is done
before distillation because nitrogen tetroxide cannot be removed from
highly concentrated nitric acid by this method (references 16 and 18).
According to reference 13, nitrogen tetroxide is removed from 62-percent
acld by twice distilling from urea at 30 o 40 millimeters of mercury.
Complete removal of nitrogen tetroxide prior to distlllation apparently .
is unnecessary because the sulfuric acid combines with nitrogen tetroxide
to form "nitrosyl sulfuric acid" (nitrosonium hydrogen sulfate):

H2804= + N204 —-—NOHSO4 + ENOS ' (6)
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Absolute nitric acid is unsteble at room temperatures and therefore
should be crystallized and stored in the dark below -41° F. If the
acid is concentrsted from chemically pure stock, no trouble should be
expected from hydrochloric acid; and if the distillation is conducted
carefully, no sulfuric acid will be found in the distillate. If these
aclids are present, however, addition of barium and sllver nitrates with
subsequint distillation at reduced pressures will remove them (refer-
ence 11).

Other methods have also been used to prepare sbsolute nitric acid.
According to reference 18, 99.7 to 99.8 percent acid was obtained by
fractional crystallization. This acid was said to be colored upon melt-
ing, however. Absolute nitric acid has been prepared alsc by adding a
calculated quantity of water to nitrogen pentoxide (reference 1).

Physical Properties

Nitric acids containing less than €bout 10 percent water by weight
are often called fuming. White fuming nitric acid (WFNA) contains only
small amounts of nitrogen dioxide, usually less than 1 percent by weight.
Red fuming nitric acid (RFNA) contains larger amounts of NOg, 6.5 to
20 percent by weight or more. Mixed acids are solutions of nitric acid,
sulfuric acid, and water.

Some physical propertlies of primary interest to a designer of
rocket engines are melting points, boiling points, vapor pressures,
vapor compositions, densities, viscositlies, thermodynamic functioms,
and thermal conductivities. Electrolytic conductance is also of
interest with respect to analysis and corrosion. Selected values from
published data for these properties are presented herein for the follow-
ing systems: (1) nitric acid and water; (2) nitric acid, nitrogen
tetroxide, and water; and (3) nitric acid, sulfuric acid, and water.
Other compilations of various physical properties of nitric acid and
systems containing nitric acid may be found in references 1 to 3, 7,
19, 20, and 21.

Melting points. - According to reference 22, the melting point of
pure nitriec acid is -41.59° C. Lower melting points result when nitric
acid is a solvent for other substances. A phase dlagram for the nitric
acid and water system conatructed primarily from melting-point data of
references 22, 23, and 24 is shown by figure 4(a).

The data indicate the existence of the hydrates HNOz.H20 and
HNOz+3Hs0 at 77.8 and 53.8 percent by welght HNOz, respectively. The

most probable melting points of these hydrates axe -37.62° and -18.47° c,
respectively, (reference 22). The composition of 90 percent nitric acid
and 10 percent water forms a eutectic melting at approximstely -65° C.
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A phase diagram (reference 25) for the system nitric acld and
nitrogen tetroxide is shown by figure 4(b). According:to these deta, .
a eutectic melting at -73° C exists at 18 percent by welght nitrogen
tetroxide in nitric acid. The melting point then increases with
increasing amounts of nltrogen tetroxide. At about 50 percent and
above the melting point of approximetely -11° C, the solution exists
in two liquid leyers. These date indicate that red fuming nitric acids
contalning epproximately 18 percent nitrogen tetroxide may be suitable
for low-temperature applications. A few experiments made at this
laboratory, however, indicate that the eutectic mixture of red fuming
nitric acid melts higher then -73° C. It is desirsble that the data of
reference 25 be corroborated by further experimental melting-point
determinations of nitric acids containing O to 50 percent nitrogen
tetroxide. Experimental melting-point determinations for the system
nitric acid, nitrogeh tetroxide, and water, especially in the regions
of high nitric acid content, are also desirable.

2491

Melting-point date for the ternary system nitric acid, sulfuric
acid, and water are reported (reference 26). A phase diagram describing
approximately the projected melting surface of this system in the region
50 to 100 percent nitric acld was constructed from these data and is
shown by figure 5. The sd61lid lines are isotherms and the broken lines
indicate eutectic compositions. The following materials freeze out in :
the regions designated: HNOz, HNOz-H;0, HNOz-3H;0, and HpS0,-HpO. .

These data show a eutectic line for mixed acids containing sbout 12 per-
cent water and O to 30 percent sulfuric acid; at approximstely 30 per-
cent sulfuric aclid and 0 to 17 percent water, another eutectic line
occurs. The characteristics of the approximate region O to 3 percent
water, 29 to 35 percent sulfuric acid are not well defined by these

data probably because glasses form which make melting-point determina-
tions difficult. ' '

Vapor pressures and bolling points. - Vapor pressure-temperature
data for the system nitric acid and water published prior to 1925 are
reviewed in reference 29 and taebles of smoothed values (appearing also
in reference 19) are presented. ThHese data for compositions greater
than 70 percent nitric acld, according to the author, were less precise
than the data for the more dilute acids. More recent data for concen-
trated nitric acids are available in references 16, 27, and 28. The
total vapor pressures for 100-percent nitric acid reported in these
references agree well with calculated fugacities reported in refer-
ence 30. A plot of smoothed total and partial pressures for 50- to .
100-percent nitric acids based on the data of references 16 and 27
to 30 are presented in figure 6; the smoothed curves deviate somewhat
from the data of references 19 and 29. The reported vepor pressures
for 80-percent nitric acid are more poorly corroborated than those
reported for other compositions; at lower temperatures, the data of

reference 16 are used as a compromise.
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Reliability of experimentelly determined partial pressures reported
to date for the nitric acid and water system have been questioned in
reference 22. The partial pressures of water and nitric acid at 20° ¢
given in reference 16 were recalculated in reference 22 by the Duhem
equation and were found to decresse at low concentrations more rapidly
than the reported data indicate. These recalculated values at 20° C
are shown also in figure 6. It is to be conceded that the experimental
partial pressures are less realistic than the total pressures. The
data of figure 6 are idealized in that they represent equilibrium vapor
pressures which, for concentrated acids at high temperatures, would be
difficult to realize because of the rapid decomposition of the acid to
form nitrogen dioxide and oxygen. This phenomenon is discussed in the
section entitled "Thermsl Stebllity".

Total vapor pressures for the ternary system nitric acid, nitrogen
tetroxide, and water (red fuming nitric acids) aere available in refer-
ence 28 for the temperatures 0°, 12.5°, and 25° C. The data are reported
for anhydrous, 19 N, and 16 N nitric acids diluted with varying amounts
of nitrogen tetroxide. The concentrations of the 19 N and 16 N acids
were assumed to be 82 and 71 percent by welght, respectively, and tri-
angular diagrams were comstructed (fig. 7) showing comstant-vapor-
pressure lines as functions of composition at 0° and 25° C. These data
illustrate the fact that the solubility of nitrogen tetroxlde in nitrie
acid decreases with increased water content.

Data of reference 28 for binary mixtures of nitric acld and nitrogen
tetroxide are linear on log p against 1/T plots, but the extrapolated
data indicate higher boiling points than are reported in reference 19:

Nitric acid in nitric Boiling point, °C
acid, nitrogen tetroxide | Reference 19 | Extrapolated
mixture from data of
(percent by wt) reference 28
72.9 33.0 50
89.0 55.0 67
94.9 65.0 77
100.0 78.5 84

A need is evident for more vapor-pressure dats for the nitric acid,
nitrogen tetroxide, and water system, especially at higher temperatures.

A ternary diagram of constant=vapor-pressure lines at 25° C as
functions of composition in the system nitric acid, sulfuric acid, and
water (reference 19) is shown by figure 8(a). Constant-boiling-point
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lines at 760 millimeters of mercury are shown for the same system by
figure 8(b) (reference 19). Somewhat similar data are reported in
reference 3l. Lines of constant vapor composition for the system at

760 millimeters of mercury compiled from several sources (reference 19)
are shown by figure 8(c). Additiomal triangular plots of bolling points
and vapor compositlons at several subatmospheric pressures, derived from
date of reference 32, are available in reference 19.

Densities. - Plots of denslities at various temperatures for the
nitric acid and water system from 50- to 100-percent nitric acid are
shown by figure 9(a). This plot is based principally on datae from
reference 19. The data for the more concentrated acids are extrapolated
to higher temperatures with the aid of data supplied by the General
Chemical Division, Allied Chemical and Dye Corporation for 97.5-percentt
HNOz. The data for temperatures below 0° C are extrapolated linearly.

Densities of the nltric acid and nitrogen tetroxide system at
several temperatures are reported in references 19, 25, and 28, Refer-
ence 28 also reports some densities of the nitric acld, nitrogen
tetroxide, and water system (fig. 9(b)).

Densitles at several temperstures within the range 3° to 35° C for
the ternary system nitric acid, sulfuric acid, and water are reported
in reference 33. A plot of constant-density linee at 15° C on a ternary
diagram (reference 33) is shown by figure 9(c).

Viscosities. - Viscoslties at various temperatures for the binary
system nitric acid snd water are reported in references 24 and 34 to 36.
The dsta of references 3¢ to 36 agree fairly well at the higher tem-
peratures; but at lower temperatures, the data of reference 36 are more
erratic for 50- to 100-percent nitric acids. The viscositles reported
in reference 24 are much lower. The data of reference 34 for 50- to
100-percent nitric acids are shown plotted in figure 10, the dashed
curves representing extrapolations from a linear plot made on an A.8.T.M.
standard viscosity-temperature chert. Similsr plots of the data of
reference 35 are also linear on A.S.T.M. charts at 0° to 75° C and the
extrapolated date are generally similar to those shown in figure 10.

For the more concentrated acids, however, the viscositles of refer-
ence 35 are somewhat lower than those shown in flgure 10. The viscos-
ities of ‘all observers {(references 24 and 34 to 36) show maximums
occurring at various temperatures in the reglon of approximately 60

to 70 percent nitric acid.

Viscoslties of the ternary system nitric acid, sulfuric ascid, and
water are reported in references 34 and 35, and the ternary plots pub-
lished therein show generally similar trends. The data of reference 35
cover a wider temperature range and,. allegedly, the viscosity trends
for the ternary system are better defined because of more determinations.

2491
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Constant-viscosity lines at 0°, 25°, 50°, and 75° C for the system 50
to 100 percent nitric acid, O to 50 percent sulfuric acid, and O to
50 percent water (reference 35) are shown by figure 1l1.

Thermodynamic properties. - A study of the thermodynamic properties
of nitric acid and its mono- and trihydrates is reported in reference 22.
Some of these data sre Included in the following table:

HNO3 HNOz+«Hp0 HNOz-3H20

Enthalpy of formation of
liquid at 25° C, cal/mole | -41,349 | weeee | —ae--

Enthalpy of vaporizstion
at 25° C, cal/mole 9355 | mmmem= | mmme-

Enthalpy of fusilon,
cal/mole 2503 4184 6954

Enthalpy of infinite
dilution, cal/mole ~7971 -4732 -2123

Entropy of liquid,
cal/(°C)(mole) 37.19 51.84 82.93

The specific heats of these substances are shown in figure 12 plotted
as functions of temperature.

Other data reported in reference 22 are free-energy functions of
liquid and geseous nitric acid, entropies of gaseous nltric acid, and
free—-energy functions and equilibrium constents for the following reac-
tions at 275° to 500° K:

3N0p + HgO(g) —=NO + ZHNOsz(g), AHS = -7203 cal (7)
H0(g) + 2NOp + %-02-———ZHN03(g), AE = -19,998 cal (8)

3
Hy0(g) + 3 Op + 2NO— 2HNO3(&), AR] = -45,588 cal (9)

Heat-transfer properties. - Thermal conductivities for 99-percent
nitric acid from -30° to 120° F have been determined under sponsorship
of the NACA at the Engineering Experiment Station, Purdue University,
and are shown by figure 13. The data are extrapolated above 120° F.
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The boiling-film transfer coefficient for 98- to 99-percent nitric
acid at 20 millimeters of mercury is reported to be about 125 Btu per
square foot per hour per OF for a surface-to-bulk temperature differ-
ence of 25° to 41° F (reference 37).

Electrical conductivitles. - A ternary diagram of specific electric
conductances at 0° C for the system nitric acid (80-100 percent), nitro-
gen tetroxide (0-20 percent), and water (0-20 percent) is shown by
figure 14 (reference 38). The values of specific conductance for the
binary system nitric acid and water at O° C are in close agreement with
those of reference 1ll. In reference 36, specific conductences for the
seme binery system are somewhat lower than those of references 11 for
the temperatures O° and 30° C.

General comments. - Although e considerable amount of useful
information on the physicel properties of various nitric acids does
exist, date are often fregmentary in the temperature snd concentration
ranges of Interest to the rocket industry. Data that are especiglly
needed are thermal-conductivity values for most of the nitric acid oxi-
dants used In rockets, and freezing points, densities, vapor pressures,
vapor compositions, and viscosities for the system nitric acld, nitrogen
tetroxide, and water. The experimental determination of physical
properties at high temperatures is complicated by the thermal decomposi-
tlon of the acid and this factor should be taken into account in the
evaluation of published data.

The data compiled for anhydrous and white fuming nitric acids are
probably adequate for most engineering applications although verifica-
tion of some of the extraspolated data would be desirable.

Considerable data have been reported for the system nitrilc acld,
sulfuric acid, and water, most of which are compiled in reference Z1l.
Although extension of the data over a wider tempersture range would be
helpful, the exlsting data are of considereble value to a rocket engl-

neer,

Corrosion

The value of experimental corrosion data is dependent upon the
length of the testing periocd, especlally at ambient temperatures when
corrosion rates are usually small (reference 39). Under such condil-
tions, the data are significant only for the period of testing and can-
not be extrapolated safely to much longer periods; comsequently, exten-
sive field testing is reguired for accurate evaluastion of long-term
corrosion resistance of materials. When corrosion rates are high, as
at high temperatures for example, short-period laboratory testing may
be more reliable since experimental and field conditions are more nearly

2491
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alike; that is, the testing period approaches the expected 1iife in ser-
vice. Other factors that can influence the relisbility of corrosion

data are heat treastment of the sample, welding and subsequent heat
treatment, condition of the surface of the material, purity of the acid,
and geometry of the sample. Measured rates of corrosion are of little
significance unless corrosion is of an over-all nature. Pitting and
intergranular attack can seriously Impair the usefulness of containing
equipment even though relstively little metal 1s removed in the processes.

The effects of structure and composition on the corrosion of aus-
tenitic stainless steels are reviewed in references 40 to 42. Resis-
tance of these steels to corrosion is attributed to their passivity,
the theory of which is discussed in reference 43. Intergranular corro-
slon is apparently promoted by chromium carbide migrating to the grain
boundaries. The function of titanium and niocbium (columbium) added to
stainless steels is to form stable carbides, thereby reducing the
tendency of chromium to form its carbide; thus, ATISI type 347 stainless
steel, containing niobium, is one of the most corrosion-resistant of
all stainless steels. Metallurgical studies of type 347 steel (refer-
ences 44 to 46) indicate that heat treatment which promotes chromium
carblde precipitation increases the corrosion rate in nitric acid ae
shown in table I (reference 47). Extra-low-carbon type 347 steel is
more resistant to corrosion and the rate is little affected by heat
treatment because there i1s less tendency to form carbides in this slloy.

The corrosion rates listed in teble I were obtained in boiling
65-percent nitric acid, but the behavior of metals in such dilute acid
is not necessarily indicative of their behavior in concentrated acid.
For comparative purposes, however, the tests are probably satisfactory.

The effects of the atmosphere in which heat treatment is performed
have been studied (references 44 and 45) but are still not understood

completely.

The addition of hydrated aluminum nitrate to both red and white
fuming acids to suppress corrosion has been studied (references 45, 47,
48, and 49). As shown in table II (reference 45), the addition of
1 percent hydrated aluminum nitrate spprecisbly decreases the corrosion
rate of type 347 stainless steel. BSubsequent tests, shown in table ITT
(reference 47), indicate that the addition of water, equivalent to that
contained in the hydrate, is equelly effective.

Other inhibitors tested include sulfuric acid, phosphoric acid,
potassium dichromate, boric acid, and potassium nitrate (references 50
and 51). Figure 15 shows the effects of the addition of sulfuric and
phosphoric acids on the corrosion rate of mild steel in red fuming
nitric acid at anbient temperature (reference 51). With sulfuric acid,
there is a rapid decrease in rate. With phosphoric acid, the corrosion
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rate passes through a minimum at approximstely l-percent addition.
Beyond this point, further addition causes a substantial increase in
the corrosion rate. The addition of these acids causes the formation
of precipitates in the nitric acid, presumebly nitrosyl sulfuric acid
and nitrosyl phosphoric acid, respectlvely. Potasgium nitrate is of
interest because of its use as a flame suppressor, but it 1s not as
effective as the other agents 1in reducing corrosion rate. Potassium
dichromate and boric acid are approximately as effective as potassium
nitrate. Aluminum is affected much more adversely by the presence of
impurities in the acid, such as sulfuric acid, sulfates, chlorides,
and salts of heavy metals (references 39, 51, and 52). Experimental
corrogion rates are given in references 39, 43, 46 to 48, 50, 51, and
53 to 56 for stainless steels, aluminum alloys, and other metals.

A comparison of aluminum and stainless steels shows that 1f the
nitric acid concentration is greater than sbout 90 percent, the corro-
slon resistance of alumlnum is slightly superior to the resistance of
stainless steels (references 53, 57, 58). Below 90 percent, the corro-
slon rate for aluminum Increases sharply and stainless steels are
superior. Figure 16 shows the effect of acld concentration at ambilent
temperatures on the corrosion rates of 99.3-percent sluminum and 25-H
aluminum (references 57 and 58). Stainless steels and aluminum alloys
both show & sharp increase in corrosion rates with incressing tempera-
ture. Figure 17 shows the effect of temperature on types 304 and 347
stainless steels in both red and white fuming nitric acids (refer-
ences 39 and 48).

Data also show that the vapor phase above concentrated nitric acld
is more corrosive to aluminum than is the liquid phase (reference 39),
while the reverse 1s true for stainless steels. Presumsbly, the
presence of moisture forms a dilute aclid which is highly corrosive to
aluminum. Figure 18(a) compares the corrosion rates at anmbient tempera-
ture of several aluminum alloys exposed (1) simulteneously to both the
liquid end vapor phases of 6.5-percent red fumlng nitric acid and (2)
only to the liguid phase (reference 33). Figure 18(b) shows a simllar
comparison for several stalnless steels (reference 39).

Aluminum alloys are definitely superior to stainless steels for

long-term exposure to fuming nitric acids at ambient temperature.
Corroslon rates for these alloys remain falrly constant with time while

those for stainless steels increase (reference 39). Aluminum is slightly

superior to its alloys and its corrosion resistance incresses with
purity of the metal (reference 59). At higher temperatures, sluminum
alloys are susceptible to pitting; the 25 alloy is best in resistance
to this type of attack (reference 51). The corrosion resistance of
aluminum alloys 1s also practically independent of heat treatment,
whereas, as previously indicated, stainless steels are extremely sensi-
tive to the type of heat treatment (references 47 and 48).
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In general, red fuming nitric acid appears to be more corrosive
then white fuming nitric acid. TIn mixed acld, type 347 stainless
steel 1s decldedly superior to the aluminum alloys as shown in fig-
ure 18(c)(reference 56). Mixed acid is more corrosive than red
fuming nitric acid with aluminum alloys, whereas the opposite is
true with stainless steels.

Titanium has a corrosion rate of less than 1 mil per year in various
concentrated acids, including red fuming nitric acid (references 48
and 60 to 62). Zirconium geins weight slightly when exposed to nitric
acid (references 48 and 60 to 62); however, it is highly resistant to
corrosion. Tantalum (reference 61) and tantalum-molybdenum alloys con-
taining over 40 percent tentalum (reference 63) show absolutely no
attack by 70-percent nitric acid. Teflon, a fluorinated hydrocarbon,
is inert to nitric acid (references 53 and 56).

Summary. - On the basis of rather complete lshoratory and field
tests, 28 and 35 aluminum alloys have the greatest corrosion resistance
to fuming nitric acids among the commonly availeble materials, whereas
stainless steels are more corrosion-resistant to mixed acids. Of the
stainless steels, ATST type 347 and 304 have the greatest corrosion
resistance to fuming nitric and mixed acids.

The results of preliminery or incomplete tests can be summarized
as follows:

(1) The addition of water to fuming nitric acids suppresses the
corrosion rates of stainless steel, even when the water is combined as
in hydrated aluminum nitrate.

(2) Small additions of sulfuriec or phosphoric acids to fuming
nitric acids decrease thelir corrosiveness.

(3) Titanium, zirconium, tantelum, and tantalum-molybdenum alloys
are all very resistant to attack by concentrated nitric acids.

(4) Of the nonmetallic materials, highly fluorinated hydrocarbons,
such as Teflon, are inert to nitric acid.

Thermal Stebility
Nitric acid of high concentration dissociates spontaneously even

in the dark according to the following equation (reference 64):

ZHNOz == N50c + E,0 (10)
3 205 2
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The anhydride dissociates by some mechanism csusing more acid to decom-
pose to maintain the equilibrium. At a certain dilution, the excess of
water practically stops the remction (reference 65).

The rate-controlling step in nitric acid decomposition involves
the decomposition of the nitrogen pentoxide according to one of the
following equations:

Np05 —-2NOp + 2 Oz (reference 65) (11)
Nz05 —= N30z + Oz (references 66 and 67) (12)
NoO5 — NOz + NOp (reference 68) (13)

Although the dissociation of NoOg has been studied exteneively under a
variety of conditions (references 66 to 77), the exact mechanism is
still in doubt; it appears, however, that either reaction (12) or
reaction (13) represents the rate-determining step. In any event,
further reaction leads to the following over-all decompositlon reaction:

2HNO3 == 2NOp + HpO + ¥ Op (14)

Above 63-percent nitric acld concentration, the solubility of
oxygen 1n the acid decreases rapidly with increasing acid concentration
and is almost zero at 79-percent concentration (reference 78). It is
this insolubility of oxygen in the acild which causes a pressure build-up
in enclosed containers even though only a relatively small amount of
oxygen 1s formed. The resulting high pressures will also influence
pump design in that exceedingly high suppressilon pressures will be
required to prevent cavitatlon and vapor lock. .

Nitrogen dioxide is about as soluble in absolute nitric acid as
ammonia is in water. The following assumed equilibrium is very sensl-
tive to temperature changes (reference 28):

HNOz-NOs + HpO === ENOz-H20 + NOo (1s)

Nitric acid decomposition also has been studied in the gas phase
(reference 79). From sbout 100° to 400° C, the reaction as represented
by equation (14) is heterogeneous and initially first order with a low
critical increment of ebout 5 kilocalories. The rate is reduced by the
presence of water or nitrogen dioxide. Above 400° C, the reaction is
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homogeneous and first order with the products having no effect on the
reaction rate. Decomposition of nitric acid at ambient temperatures,
however, does not appear to be assoclated with gas phase reaction
types, but with homogeneous liquid phase decomposition (reference 80).

With availseble thermodynamic data and some basic assumptions, the
theoretical effect on decomposition of variables such as the initial
composition of the acid and the gas-phase volume in an enclosed con-
tainer has been determined in a qualitative manner (reference 81).
Figure 19 shows theoretical relative equllibrium pressures obtained
for various amounts of water and nitrogen dioxide in nitric acid. From.
these curves, 1t can be seen that water is more effective than nitrogen
dioxide in reducing equilibrium pressures above about 95-~percent acid
concentration and also that a combination of the two is the most effec-
tive. The curve for the ternary system 1s based on a nitrogen dioxide -
water molal ratio of 4. Other theoretical considerations corroborate
the lowering of equilibrium pressure by nitrogen dioxide and water and,
in addition, indicate that the addition of nitrate ions should also
reduce the pressure (reference 80).

Figure 20 shows the rate of pressure rise for aclds with various
compositions and with various ullages (reference 82). These data were
obtained in gless spperatus. Table IV shows simllar data as well as
the pressures recorded efter an interval of several hours (refer-
ence 80). In figure 20, it cen be seen that (1) the smaller ullages
give rise to higher pressures, (2) acid containing appreciable amounts
of nitrogen dioxide (curve 3) approaches an equilibrium pressure faster
than does the anhydrous acid or white fuming nitric acid, and (3) this
pressure is lower than that obtained with the other acids.

Similar data are reported in reference 83, and figure 21 shows
equilibrium pressures as a function of tempersture. Figure 22 shows
the time required for white fuming acid to reach equilibrium as a func-
tion of tempersture (reference 83). The attainment of equilibrium with
red fuming acid was too rapid to be measured with the same apparatus.
Apparently, the time to reach equilibrium is a function of experimental
conditions, since an appreciasble length of time was required for red
Puming acid to reach equilibrium in reference 82 (fig. 20).

For red fuming nitric acid in glass apparatus, figure 23(a) (refer-
ence 84) gives bubble point pressures as s function of temperature. For
white fuming acid in glass apparatus, figure 23(b) (reference 85) gives
bubble point pressures as a linesr function of time.

Actual proof of an equilibrium has been established as shown in
figure 24 (reference 82). After an equilibrium pressure was reached at
122° F, the temperature was increased to 160° F; when the temperature
was decreased to 122° F, the same equilibrium pressure was attained.
The exlstence of such an equilibrium is also substantisted in refer-

ence 86.
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Figure 25 shows decomposition pressures cbtalned with both red and
vhite fuming nitric acids in type 347 stalnless steel apparatus (refer-
ence 87). In each case, the pressure passes through a meximm and then
decreases apparently to an equilibrium pressure. With red fuming acid,
the maximum pressure is considerably less and 1s reached slightly
faster than with white fuming acid. The pressure decreases may have
been due to leaks in the system; however, the same phenomenon has been
described in cases where leeks were probably not present (reference 80).
In the case of metals, an explanation may be found in a postulate of
two competing reactions (reference 80): (1) the decomposition reaction
and (2) the corrosion reaction. The latter does not begin until the
end of an Induction period and at that time it proceeds more rapidly
than the concurrent decomposition reaction. The corrosion reaction
uses up the oxygen produced by the decomposition reactlon and thus
reduces the pressure.

In other instances, storage data on white fuming acid in 35 alumi-
num tanks show that a pressure of 50 pounds per square inch gage
developed in 24 hours at 122° F and in less than two weeks at tempera-
tures averaging 80° F. A maximum pressure of 80 pounds per square inch
gage was recorded for red fuming acid in stainless steel and aluminum
drums for a 7-month period. The maximum temperature during the period
was 111° F (reference 87).

Prolonged storage of acids in metal containers results in weakened
acids, the extent of deterioration depending on the temperature and the
length of storage time. The reduction of acid concentration is due to
the corrosion reaction or the decomposltion reaction or more probably a
comblnation of the two. Examples of how storage affects acid composi-
tion are given in the following teble for red fuming acid stored at
120° F for 5 months (reference 87):

Red fuming nitric acid Composition, welght percent
(stored at 120° F) =
Originel | After 5 months After 5 months
in type 347 in 35 aluminum
stainless steel | contalner
container
HNOgz 91.36 80.26 ' 87.79
KO, 7.04 10.42 10.27
Hy0 + metal nitrates 1.60 9.32 1.94
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Summary. - Problems connected with the use of concentrated nitric
and mixed eacids, especially at high temperatures, include the following:
(1) development of high pressures in storage, (2) cavitation and vapor
lock at pump inlets, (3) corrosion of containers, (4) acid deterioration,
and (5) sludge formation. Usage requirements will determine the most
serious of these problems. For example, high pressures may not be a
problem in .a pressurized propellant feed system, while in a storage
drum these high pressures might be serious. Methods have been developed
for at least partial control of each of these problems but usually at
the expense of some desirable property. For example, addition of nitro-
gen dioxide to nitric acid decreases both the melting point and the
thermal decomposition pressure. The vapor pressure, however, is
increased; the tendency towards cavitation and wvapor lock in a turbine-
driven pump is thereby increased and sturdler containers are required.
As another example, the addition of ammonium nitrate to white fuming
acld lowers the melting point and decreases the thermal decomposition
pressure slightly. In this case, however, the ignition properties are
seriously impaired. It appears, therefore, that a considerable amount
of work on these problems is desirable in order that more satisfactory
solutions can be obtained.

CONSTITUTION ANRD ANATYSIS
Constitution

A knowledge of the exact constitutions of nitric acids of various
compositions is important in elucidating the mechanisms of reactions
involving these substances. Cryoscopic and Raman spectroscopic tech-
nigues have been very useful 1n securing this knowledge. By these
meens, 1t has been shown that anhydrous nitric acid dissociates spon-
taneously into ionlc and molecular species and that, in aqueous solu-
tions, the constitution changes markedly with changes in concentration.
Components of mixtures of nitric acid with nitrogen oxides and with
sulfuric acid have also been identlfied by these methods.

Spontanecus dissociation of anhydrous nitric acid. - In addition
to molecular nitric acid, the Raman spectrum of absolute nitric acid
always shows the presence of the nitronium ion NOE (reference 88) and
the nitrate ion NO% (reference 89). These two ions, along with water,
constitute the products of the self-ionizatlon of nitric acid that
proceeds according to the following equation (reference 89):

+ -
2HNOz =—=NO., + NOz + H,0 (16)
3 2 3
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This equatilon neglects the solvation of the products by nitric acid.
Cryoscoplc measurements in nitric acid have also shown this dilssocis-
tion (reference 90) .and have further indicated that each of the products
is solvated with two molecules of nitric acid. )

It has been estimated from spectroscopic measurements that anhydrous
nitriec acid contains 1.0 X 0.2 percent nitronium ions by weight and
1.5 &+ 0.3 percent nitrate ions by weilght (reference 89). Assuming that
equation (18) i1s accurate and taking into account an estimated 0.4 per-
cent by weight of water that is probably present as a nitric acid
hydrate, it was calculated that sbout 3 percent by weight of anhydrous
nitric acid is self-dissociated, Although not indicated directly, the
temperature at which these experiments were conducted and at which these
data are appliceble was probably -15° C (references 88 and 90).

Cryoscopic measurements in nitric acid at -40° C are in general
agreement with these deductions (reference 90). It was further con-
cluded from these measurements that enother 10 percent of the nitric
acld is bound in solvates of the dissocistion products.

The reversal of the equilibrium represented by equation (16) was
demonstrated 1n part when it was found that the addition of about
1.5 percent of water by welght to anhydrous nitric acld 1s sufficient
to reduce the nitronium ion cancentration to an urmeasurable degree
(reference 91). At the same time, the nitrate lon concentration also
decreases (reference 15). Further confirmstions of this equilibrium
are presented in reference 89.

Autoprotolysis resulting in nitric scidium and nitrate ione has
been suggested as another possible mode of self-dissociation of nitric
acid (reference 89): T T

+ -
2HNOz === HyNOz + NOx (17)

Although this reaction cannot be the principal mode of self-dissoclation
because the nitronium and nitrate ions are found to be approximately
equivalent, there is a possibility that 10 to 15 percent of the total
dissociation may consist of this autoprotolysis (referénces 15 and 90).

Mixtures of nitric acid and water. - As water is progressively
added to nitric acid, the concentration of nitrate ions passes through
g minimm, since the water destroys them by equllibrium (16) and pro-
duces them by the following equilibrium:

HNOs + HgO ==EHz0" + N0z (18)
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The nitrate ion concentration remsins very small until about 10 percent
by welght of water has been added (references 91 to 93). Corroboratively,
the conductivity of nitric acid contaeining as much as 10 percent water

is not much greater than that of anhydrous nitric acid (references 11

and 94). Even in solutions contalning 22 percent water (equimolecular
mixtures of nitric acid and water), the ionization as shown by equa-

tion (18) is not more than 2 percent.

Although water forms very few lons, it does form stable solvates
with nitric acid (references 90, 95, 96, 97), but the compositions are
not known definitely. In solutions containing O to 5 percent water,
cryoscopic measurements indicate that the complex is Hy0*2HNOz (refer-

ence 90). Vapor pressure studies indicate that, in sclutions contain-
ing 5 to 20 percent water by weight, the monosolvate HyO:-HNOz is pro-

duced (reference 97). The disolvate may be formed in the more concen-
trated solutions because many nitric acid molecules are competing for
each water molecule,

Mixtures of nitric acid and nitrogen tetroxide. - From a kinetic
study of the effect of nitrogen tetroxide on nitration in certeain
mediums, it has been suggested that this oxide ionizes in nitric acid
to produce nitrosonium and nitrate ilons as follows (reference 15):

N,0,===NO" + NOZ (19)

This ionization mey be repressed by the addition of alkall nitrates
(reference 98). The equation also expresses the self-dissociation of
pure liquld nitrogen tetroxide (reference 99). In dilute solutions,
nitrous ascid exists in nitric acid largely as nitrogen tetroxide, but

en increase in the concentration of nitrogen tetroxide or water increases
the small proportion in which it exists as nitrogen trioxide (refer-

ence 15). The equilibrium is shown by the following equation:

2N;0, + Hy0 ==N,0z + 2HNOz (20)
Nitrogen trioxide ionizes in nitric acld in a mammer similar to that of

nitrogen tetroxide (reference 15):

NpOz == NO' + NO, (21)
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The suggested ionization of N20y in . dilute solutions in nitric acid

has been confirmed by Raman spectroscoplc evidence that alsc showed no
formation of nitronium or nitrite ions (reference 98). The spectrum
of the nitrogen tetroxide molecule was completely absent, leading to
the conclusion that the concentration of nonlonized N204 in these solu-
tions is very small. BSince these experiments were conducted with the
solutions maintained at 20° C, it is possible that spectroscopically
observeble quantities of molecular Np04 may be present at lower tempera-
tures. Since nitrate ions are formed by equation (19) as well as by
the self-dissociation of nitric acid represented by equation (16), a
mags-law repression of the latter upon the addition of N204 decreases
the nitronium ion concentration as the nitrate ion concentration
Increases.

A small amount of nonionized nitrogen dioxide was aleo found in the
solutions. Its presence was indicated spectroscopically as well as by
the yellow color of the solutions. The practically complete dissocla-
tion of Ny04 molecules in dilute solution (up to at least 10 percent
NoO4 by weight) in nitric acid partly into NO2 molecules but mostly into

nitrosonium nitrate may be represented in total by the following
equilibriums (reference 98):

+ -
2NOp == N0, ==NO + NOx B (22)

Had the solutions been examined.spectroscopicelly at lower temperatures
(for example, 0° C), the Reman lines of the NOp molecules might have

been found to be absent and, as mentioned previously, the N204 molecule

might have been detected because of the thermally shifting equilibrium
that exists between the monomeric and dimeric forms (reference 100):

N504 === 2N0, (23)

Pure. colorless solid K204 liquifies on heating and is converted slowly
to NO2 as the temperature is raised. At 22° C, the reddish-brown equili-
brium mixture is sbout 20 percent NO2 and 80 percent NpO4 by weight. At
140° C, the resultant black gas is mostly NOg. '

As a8 solvent for nitrogen tetroxide, nitric acid exhibits a charac-
ter intermediate between that of sulfurlc acid and nonpolar organic com-
pounds. As shown cryoscoplcally and spectroscoplcally, NpO4 dissocla-
tion in sulfuric acld is entirely heterolytic (references 101 and 102)

(see equation (22)). The fisslon in nonpolar solvents is wholly homolytic

(equation (22)). As discussed previously, both types of dissociation
are observed in nitric acid.
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Mixtures of nitric acid and sulfuric acid. - Cryoscopic measure-
ments of solutions of nitric and sulfuric acids ("mixed acids") offer
proof that the two acids react to form nitronium, hydronium, and
hydrogen sulfate lons as follows (reference 101):

+ + -
HNOz + 2HpSO,—=NO5 + HgzO + 2HSO (24)

The conversion of nitric acid 1s practically complete in dilute solu-
tions of nitriec acid in sulfuric acid (for example, 10 percent HNO3

and 90 percent HpS04). Similarly, in dilute solutions of sulfuric acid
in nitric acid (for exasmple, 10 percent Hs504 and 90 percent HNO3), the
conversion of sulfuric acld is practically complete. Mixtures of inter-
mediate composition retalin various amounts of molecular nitric and
sulfuric acids (reference 88). Since water is not ionized completely
in sulfuric acid, the pertinent product ions in equation (24) reunite
partially as in the left direction of the following equilibrium (refer-
ence 103):

+ -
HgO + HpS0, == HZ0" + HSO, (25)

The lonization of equation (24) can be reversed by the addition of water
or an acid salt of sulfuric acid such as potassium hydrogen sulfate
(reference 88).

As shown by a study of freezing points, other molecular species
often found in nitric acid solutions react similarly in sulfuric acid
(reference 101):

+ + -
N;Og + 3HpSOy —=2NO, + Hg0 + 3HSO, (26)
N.0, + 3H_80, —=NO. + No© + H_0" + 3HSO® (27)
204 + SH,80, 2 3 4
N0, + 3E.80,—=2N0" + m,0" + 3HSO (28)
203z + SH580, 3 4

Raman spectra of solutlons of various nitrogen oxldes In sulfuric acid
offer additional evidence of the ionlzation reactions shown by these
equations (reference 102).

Nitrogen pentoxide. - Solid nitrogen pentoxide does not exist in
the molecular form but in some modifled.configuration (reference 104)
now interpreted as the ionic species (NOZ) (NOS) (references 105 to

107). When nitrogen pentoxide is dissolved in nitric acid, the iouns

ouilies
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merely disperse in the solution. Any solution, therefore, that contains
nitronium end nitrate ions regardless of the original source may be .
considered as contalning nitrogen pentoxide., Raman spectra of solutions

of NoOg in nitrie acid show no evidence of covalent molecular nltrogen

pentoxide. It can and does exist, however, in neutral solvents such as
carbon tetrachloride, chloroform, or phosphorus oxychloride (refer-
ences 104, 108, and " 109). In the vapor phase, the anhydride consists
of N20s5 molecules.

2491

Summazz. - The constitutions of nitric acid_and some of its solu-
tions are summarized as follows:

1. Anhydrous nitric scid undergoes self-dissociation to the extent
of approximately 3 percent by weilght according to the following equa-
tion:

+ -
2HNOz ===NO,, + NOz + H,0 (186)

2, Addition of water to anhydrous nitric acid suppresses the self-
dissociation. In solutions containing up to 5 percent water, the
disolvate Hp0+2HNO3 1s produced; in solutions containing 5 to 20 per-

cent water, the monosolvate HpO+HNOz is formed. Ionization is small in -

solutions up to about 20 percent water. Addition of more water increases
the ionization. - - -

3. Nitrogen tetroxide dissociates in nitric acid sccording to the
following equation: '
N,0, == No* + Noj (19)

Ve & '3

Solution of nitrogen tetroxide in nitric acid inhibits self-dissociation
of the latter by increasing the total nitrate ion concentration.

4, In mixtures of nitric and sulfuric acids (mixed acilds), ioniza-
tion occurs by the following mechanism:

+ + -
HNO + 2H,S0, —=NO, + H 0" + ZESO, (24) .

5. Since so0lid nitrogen pentoxide is actually completely lonized
nitronium nitrate, its dissolution in nitric acid is merely a disper-
sion of the ions in the solution.
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Anglysis

The analysis of nitric acid is of importance to both research and
operations engineers because relatively small changes in water content
can profoundly affect the ignition characteristics of this oxidant and
because metallic contamination from storage containers can lead to
objectionable deposite in a rocket engine. Analysis is also useful in
estimating the degree of thermel decomposition of the acid.

For fuming nitriec acids, the principal determinations are total
acidity, oxides of nitrogen as nitrogen dioxide, water, and metalliic
salt content. In mixed acids, sulfuric and "nitrosylsulfuric acid"
contents are also determined.

Anhydrous, white fuming, and red fuming nitric acids. - A novel
method of concentrated nitric azcid analysils (85 to 100 percent) utilizes
the straight-line relation between nitric acid concentration and surface
tension (reference 110). The presence of nitrogen oxides up to 6 per-
cent does not affect the results. It is claimed further that the nitric
acid and nitrogen dioxide contents of the acid can be determined in a
few minutes with an accuracy of 0.3 to 0.4 percent by simultaneous
megsurements of density and surface tension.

The classical volumetric method for analyzing uncontaminated nitric
acids (reference 111) has often been modified by various analysts to
suit their particular requirements (for exsmple, reference 112); how-
ever, the different methods are still essentially the same.

Total acidity: Determination of total acidity (sum of all acidie
constituents) is made by direct titration with an aqueous solution of
sodium hydroxide. Sometimes, excess caustic is used and back-titration
is accomplished with hydrochloric acid (references 112 to 116).

Oxides of nitrogen: Oxides of nitrogen are usually determined as
nitrogen dioxide by oxidation with ceric sulfate and back-titration
with ferrous sulfate using ferroin as an indicetor (references 116
and 117). Weight percent nitrogen dioxide as nitric acid is subiracted
from total acidity to obtain the actual amount of nitric acid present.

Water: Water content is taken as the difference between 100 per-
cent and the sum of nitrogen dioxide and nitric acid. Since this
involves & small difference between large numbers, small percentage
errors in the large numbers lead to large percentage errors 1in the
water content. Thils procedure constitutes the primary weakness of the
classical analysis and a direct determination of water content would be
more desirable.
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Several direct methods for the analysis of water in nitric acid
are now being developed. These include an infrared sbsorption tech-
nique, titration with Karl Filscher reagent, and measurement of electro-
lytic conductivity.

In the first method, the water assay is obtained by absorptlon of
near-infrared radiation at about 1.43 microns (references 118 and 119).
It has been concluded that this determination is independent of nitrogen
dioxide or dissolved metal (Fe, Ni, Cr, Al) salt content. The equipment
required is quite expensive and not generally available, but the method
appears to be promlsing where large numbers of routine analyses are
required. . . B} -

Titration with Karl Fischer reagent is another promising method
that requires only simple equipment availsble in most analytical labora-
tories (reference 120). Nitrogen dioxide, at least to 1.5 percent, and
normal amounts of dissolved metallic salts do not interfere significently
with the determinstions (reference 120). Correction factors to account
for any interference by nitrogen dioxide at least to 15 percent by
welght have been proposed (reference 121).

A third proposed method for water determination involves measure-
ment of electrolytic conductivities (reference 122). Since nitrogen
dioxide interferes wlth the determination, a satisfactory solution of
the problem is envisioned in the simultaneous determination of both
water and NOs contents. The analytical procedure will probably entail
a minimum of three conductivity measurements necessary to produce two
ratios from which the two unknowns cen be determined. At present, the
effect of dissolved metallic salts is not known.

Until more experience is accumulated with each of these three
direct methods for assayling water, it will be difficult to establish
which method is most suitable for routine laboratory determinations.

Mixed acids. - Mixed acids, mixtures of nitric and sulfuric acids,
are analyzed by methods similar to those used with other nitric acilds
(reference 123).

Total sulfuric acid content is obtained by caustic titrstion after
the nitric acid has been evaporated from the weighed sample. Nitrosyl -
sulfuric acid (NOHBO4) is determined by the ceric sulfate - ferrous
sulfate method used for nitrogen dioxide in fuming nltrlc acid. Water
is determined by difference.

Metal-contaminated aclds. - Although little informestion exists in
the literature on methods of esnalysis for nitric acids containing metal
contaminants, a few fairly satlsfactory means for correcting total
acidity for their presence have been described recently (reference 112).
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In one method (reference 124), excess caustic is added to an acid
sample containing iron as an additional component. The resultant
precipitate is filtered off and the filtrate back-titrated with hydro-
chloric acid. The titration is then corrected for the contaminant.

A similar method for iron-, chromium-, and nickel-contaminated acid is
reported in reference 125. Both methods result in some inaccuracy in
water content calculated as a difference. A more refined procedure
that yie%ds total acldity of greater accuracy has been described (refer-
ence 126).

The metallic contaminants are usually determined by spectrophoto-
metric methods and other standard analytical procedures (for example,
references 120 and 127).

General comments. - Many moleculasr and ionic species that are
actually present in concentrated nitric acid solutions and that have
been discussed previously cannot be determined by the ordinary methods
of analysis outlined herein. A knowledge of the quantitative content
of the various specles comprising nitric acid may become increasingly
important as thelr individual effects in practical applicetions, such
as rocket engine performance, become known. Modifications of Raman
spectrographic technigue or some other unexploited method may provide
the desired means of obtaining this information.

REACTIONS IN A ROCKET ENGINE

Among the many classes of fuels considered for use with nitric
acid in rocket engines have been alcohols (reference 128), ammonia
derivatives (reference 129), mercaptans (reference 130), and hydro-
carbons (references 131 and 132). Some specific fuels considered in
these broad classifications are: furfuryl alcohol, ammonie, hydrazine,
various amines, "mixed butyl mercaptens", dienes, acetylenic compounds,
turpentine, gasoline, and jet fuels.

The suitability of specific fuels is generally ascertained through
ignition-delay studies (reference 153), specific-impulse analyses, and
empirical studies. Scant attention has been given to the mechanisms of
the chemical processes that take place prior to and during combustion
of the fuel-oxidant mixture. In this section, types of reactions which
could ocecur in a rocket engine are discussed with emphasis on reactions
of nitric acid oxidants.

General Considerations
In order that self-ignition and combustion take place in a rocket

engine, heat must be evolved very rapidly upon the mixing of fuel and
oxidizing agent. This implies that, of all the possible physical end
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chemical reactions that may take place, there must be some that liberate
heat in such large quantities end so repidly that the effect of all those
reactione that would sbsorb heat 1s effectively masked.

Although each fuel is capable of a great variety of reactions
because of its individual chemical neture, it appears possible to select
a8 few general reaction types that all fuels currently considered for use
with a nitric acid type oxidizing agent seem capable of undergoing.
Thus, as a last stage in the various processes taking place in the
rocket engine, the fuel muet be oxldized to such en extent that its
molecular structure is destroyed and siniple molecules like carbon
dioxide, carbon monoxide, water, and nitrogen are formed. Most of the
energy evolved from the combustion finds its scurce in this destructive
oxidation.

The types of reactions which could teke place under rocket engine
conditions are aclid-base reactions, nitration, and oxidation. The
physical reactions of mixing and solution are probably of minor impor-
tance as sources of heat energy.

In some cases, synergistic effects are observed in the ignition
process. For example, two fuels, each of which has mediocre ignition
characteristics with nitric acid, may have very desirable ignition pro-
perties when mixed in proper proportions. A number of explenations are
possible for such behavior. It may be assumed, for example, that con-
current reactions are taking place. If a reaction of one fuel has a low
activation energy and a low enthalpy of reaction while a reaction of the
gecond fuel has a high energy of activation and a high enthalpy of reac-
tion, the reaction of the first fuel may release enough energy to initiate
reaction of the second fuel. The second reaction, along with the first,
then supplies the energy needed to initiate combustion.

Acid-Base Reactions

Inspection of the electronic structures of various fuels currently
congidered indicates that they are all capable of acting as bases toward
strongly acidic reagents. Since reactions between many aclds and bases
either attain equilibrium very rapidly or go to completion at a high
rate even at low temperstures, it would seem likely that such acld-base
reactions are of particular significance in the initisl stages of the
ignition process. The heat evolved from these neutralizations mey pro-
mote other types of reactions, such as oxidation, that are more difficult

to dnitiate at low temperatures.

The criteria for determining whether a substance is acidic or basic
under s given set of experimental conditions have been outlined in a
general theory of acid-base reactions proposed by G. N. Lewis (refer-
ence 134).

'
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According to this theory, an acid is & substance capable of accept-
ing a share in a lone electron palr from a base to form a coordinate~
covalent bond. A base, in turn, is a substance capable of donaeting a
share in a lone electron pair to the acid. Typical examples are:

:Cl: H :C1: H
Cl B 4 iNiE—=:Cl: B : N:H (29)
c1: H i1 H
ac'::;.d base o
E o+ ::O::H-—>H::O::H (30)

acid base
The behavior of nitric acid in various solvents is a striking

example of the relative nature of acidic character. In a water medium,
the familiar acid behavior of this material may be represented by:

+ -

:0:N:0:H + :0:E —-._[H:O:Ej + lEO:N:O: (31)
:0: B L
(One of several (One of several
equivalent res- equivalent res-
onance forms) onance forms)

In concentrated sulfuric acid, on the other hand, nitric acid,
being & weaker acid than the former, behaves as a base (reference i15).

:.0.: + :.O.:
H:0:8:0:H + :0:N:0:H == |H:0:N:0:H| + [:0:8:0:E (32)
0 : 0 : :.O.: O :

Frequently, the products of such neutralizations are reactive
units (usually ions) which are capable of polymerization, of rearrange-
ment, of spontaneous decomposition, or of some other reaction. The
application of the acid-base reaction to the various classes of common
rocket fuels is discussed subsequently. The various reactions of the
neutralizetion products, however, are not discussed as such.
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Reactions with ammonia derivatives. - The behavior of ammonila,
hydrazine, and amines indicates that the nltrogen atom involved has an -
unshared palr of electrons. These unshared electrons lend basic charac-
ter to ammonia and its derivatives.

i g 7
H:N: + HY — |H:N:H (33)
H acid B _
base 2
N
il + EE
H:N:N:H + HY —|H:N:N:B + H |H:N:N:H (34)
ey e e ea —_—r se se
HEH acid E H H H
base
E g 1%
R:N: + E — |R:N:E (35) i
B acid E
base .
In the presence of an acid that can accommodate ancother electron pair
in its orbits, ammonie or its derivatives will donate its umshared
electrons to the setting up of a donor-acceptor bond with electron-
deflcient species, such as a proton derived from an oxlidizing acid.
This would represent an acid-base reaction in the Lewls sense. Any
suitable proton source will bring about this reaction.
Reactions with alcohols, mercaptans, and related compounds. - In
certain respects, alcohols behave &as wea.k bases. They are capable of
forming oxonium salts of the type ROH2 X~ with a strong acid like sul-
furic acid (reference 135). The formation of such oxonium salts is =
consequence of the two pairs of unshared electrons which are associated
with the oxygen atom in the alcohol: _
+
H
R:0:E + B 2| R:0:H (36) -

Since sulfur atoms have the same number of unshared electrons in .
their outer shell, they, too, may form sulfonium salts in acild medium:

H +
R:S:H + H —|R:S5:H (37)
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This reaction 1s to be expected of many organlc sulfur compounds -
for example, merceptans and sulfides.

In the case of furfuryl alcohol, the primary attack of a proton
may occur at one of two reactive centers, the oxygen of the hydroxyl
radical or the oxygen of the ether linkage:

+
CHZ:Q:H 2= | 5o :6:m (38)
0 0 =

or

Ldl CHp:0:H + H == '5| CH,O0H (29)

- 7

The presence of several reactive centers in a fuel may be of particular
significance in rocket ignition; that is, under similar conditions, one
would anticipate reaction to occur more readily if the attacking reagent
had several points of attack on a fuel molecule rather than one and if
other factors such as viscosity, molecular weight, and relative reactivity
of the functional groups involved were comparable.

Reactions with hydrocarbons. - In the presence of acids, olefinic
as well as acetylenic bonds have a tendency to polarize; that is, the
electron distribution associated with & multiple bond becomes effectively
such that one of the carbon atoms will appear to have a pair of electrons
unshared with any other atom and the other carbon atom will be devoid of
a pair of electrons. Thus, the former carbon atom will have a formal
negative charge; the latter, a formal positive charge. An attacking
proton from the acid cen then form & new bond with the negatively charged
carbon atom (reference 136). "This type of reaction is quite common in
the case of additions to the double bond (reference 137).

The polarization of conjugated dienes such as 1,3-pentadiene occurs
readily:

CHp=CH-CH=CH-CHz ~—:CHy-CH=CH-CH-CHz (40)
-8 +5
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: CHp-CH=CH-CE-CHz + E' 3% CHz-CH=CH-CH-CHz (41)
- +B *

The polarization of acetylenic compounds may be represented as follows:

R-C = CH =—=~R-C=CH (42)
45 -5
R-C=CH + H'=== R-C=CH, (43)
+5 -8 +

The case of a mixture of terpenes is somewhat more complex, With
acids, o-pinene, the chief constituent of turpentine, may react as
follows:

CHx _ . CHg
L,

c C
i >,CH N CT/ >ff =

H
ok, Tz C/CH5 o, C/CH3
N \CHS BN g \033
a~plnene

In the case of a mixture of a-pinene with the other constituents
of turpentine, this reaction mey release sufficlent heat that other
types of reactions mey taeke place in the mixture.

Whether other terpene-type compounds that do not have olefinic
bonds in the molecule are suitable for rocket work has not yet been
ascertained. Several types may be considered; for example, the straight-
chain terpenes would probably behave like ordinsry paraffinic hydro-
carbons toward nitric acid, while aromatic terpenes would probably behave
analogously to aromatic hydrocarbons.

The extent of the solubility of proposed fuels in acid may be con-
sidered an indication of thelr suitabllity. The neutralization of a fuel
by the oxldizing acid generally increases the solubility of the fuel in
the oxidizing agent. The paraffinic hydrocarbons are not too soluble in
nitric acid; consequently, if these fuels were to be uséd in the rocket
engine, the only heat produced initially would be due to the mixing of

b
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the nitric acid and the paraffinic hydrocarbons. This effect would be
quite small; therefore, the ignition of such a fuel would have to be
caused by other reactions of similar rapidity and exothermic character
as neutralization reactions.

Nitration Reactions

Although nitration reactions are not sufficlently rapid to be of
great importance, some discussion is warranted on the basis that side
reactlions of this type may lead to formation of substances that can
contribute to explosive ignitions under proper conditions. The extent
of the followling discussion on nitration is not indicative of the impor-
tance of this type of reaction in & rocket engine, but rather reflects
the vast amount of literature that is avallable on the subject as com-
pared with that available for the other types of reactions discussed
herein.

Nitration of aliphatic compounds. - The mechanism of the nitration
of paraffins is not well understood. Since these reactions generally
take place at elevated temperatures that are often much above 250° C,

a temperature at which nitric acid is completely dissociated, the reac-
tion seems to involve some of the oxides of nitrogen rather than nitric
acid itself.

It has been shown (reference 138) that the nitration of saturated
hydrocarbone is suppressed in the presence of nitric oxide, NO, and
accelerated by oxygen. This has led to the conclusion that nitrogen
dioxide, NOp, cen represent the active species in this reaction. The

observation that nitration of aliphatic compounds proceeds quite readily
in the viecinity of 100° C when gaseous nitrogen dioxide is substituted
for nitric acid (references 139 and 140) is in agreement with this
deduction.

It is characteristic of vapor phase nitration of aliphatic compounds
that complex mixtures of mononitrated products are formed (reference 141).
The products consist not only of compounds in which the nitro group has
been introduced at various points in the initial paraffin, but also of
products resulting from rupture-at various points along the paraffinic
chain and nitration of the fragments.

Considering further that the rate of nitration is not materially
affected by acidie catalysts such as sulfuric acid, aluminum chloride,
and titanium tetrachloride (reference 138) and that the products of
vapor phase nitration of ethane are simllar to those obtained on treat-
ment of free ethyl radicals with nitric acid vapor (reference 142), a
free radical mechanism for the reaction seems well supported.
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In a rockelt engine, it is conceivable that certain free radicals
mey be formed particularly during the oxidation processes. These free
radicals may be nitrated by the oxides of nitrogen which are undoubtedly
present in the reacting mixture at elevated temperatures., It is possible
that this type of nitration may then be propagated by a chain mechanism
end thus contribute to the vigor of the combustion. On the other hand,
this reaction is probably of little significance in ignition processes
since the initial temperatures of the reactants may be too low to permit
the formation of a sufficient concentration of free radicals.

Nitration of arometic compounds. - Rocket fuels such as aniline,
diethylaniline, mixed xylidines, and furfuryl alcohol have pronounced
aromatic character. Nitration reasctions of such compounds are of
some importance, even though they are apparentiy_not rapid enocugh to
account for ignition of these materials. In the combustion process,
nitration of aromatic nuclei is quite unlikely.

Studles of the kinetics of nitrations have shown that the rate of
reaction is greatly influenced by the nature of the solvent used. A
graduated series of solvents may be set up with respect to the speed at
which the nitration proceeds. In order of their decreasing effect on
the reaction rate, this sequence is as follows (references 15 and 143):

H2804 > EIIO5 >> CH3N02 > CHSCOZH >> H‘BO

The effect of constitution of the aromatic compounds on the reac-
tion order and mechanism may also be graded according to the relative
rates at which variously substituted aromatic compounds would be attacked
under comparable conditions. The order of the substituent effect 1s
approximately the same as that to be expected from conslderations of the
activation or deactivation of the benzene ring by these groups. From
competition experiments, the following sequence has been set up (refer-

ences 15 and 143):

CHz-, CgHg~ > H- > F-, I- > Cl-, Br- > -COpEt > -50zH > -NOp

The highly activaeting substituent groups such as the hydroxyl or the
amino group cannot be Included in this serles since nitrations of these
compounds seem to proceed by more complex mechenisms (references 144

to 147). Reactions involving these groups are discussed in the latter
part of this section. -

In an anhydrous or nearly anhydrous medium, nitration of aromatic
compounds by nitric scid proceeds through the formation of the nitronium
ion, NOE. The presence of this ion in concentrated nitric acid is dis-

cussed in the preceding section (refergnce 15).
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In general, the nitretion of aromatic hydrocarbons is a bimolecular
reaction, The order of reaction, however, is a function of the solvent
medium as well as of concentration of the reactants. Thus, in an excess
of sulfuric acid, the reaction is second order; in nitric acid, it 1is
first order; and in organic solvents, with an excess of nitric sascid, it
varies between zero and one, depending on the reactivity of the hydro-
carbon being nitrated (reference 15).

In the recent literature, two over-all mechanisms for aromatic
nitrations are advanced. The first of these (references 148 to 151)
visualizes the following processes, benzene being used here. as a simple
example of an aromatic hydrocarbon undergoing nitration. The nitronium
ion attacks the benzene molecule by a rapid reversible reaction to form
a transition complex. In the presence of a base in the medium, this com-
plex extracts a proton and forms nitrobenzene. Schematically, this reac-

tion may be represented as follows:

+
H
Nopt + @ Pr— ©<N02 (45)
fast
H * NO
- slow 2
+ B » HB + 48
[::]<:N02 rate-determining [::]// (46)

step

where B~ represents a base.

This mechanism has been termed "termolecular™ (reference 15) since
it involves three original species undergoing covalency changes. The
necessary base may be furnished by the bisulfate or the nitrate ions in

the solution.

The alternative mechanism (reference 15) proposes that the attack
of the nitronium ion on benzene or on other aromatic compounds is the
slow, rate~determining step. The loss of the proton from the activated
complex formed in this manner is considered a fast reaction. This
mechanism is termed "bimolecular"™. It accounts readily for the various
observations made of the effects of solvents and small amounts of addi-
tives to the reactilon mixture. Furthermore, recent work on the nitra-
tion of aromatic compounds containing tritium has indicated that the
proton loss 1s indeed a reaction which does not contrlbute to the over-
all kinetics of the reaction (references 152 and 153). Such bimolecular
mechanisms may be represented by the equations:
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+
. ;,l slow, rate-A‘ -
2 X determining NO2 (47)
step
+

NO
E::T<§62 rapid [::I’ 2 g (48)

In this case, the ejection of a proton from the transition complex is
rapid =snd kinetically insignificent. :

249]

Aromatic nitrations are profoundly influenced by the presence of
small concentrations of other constituents in the reaction mixture. In
the case of aromatic substances cther than phenol and aniline deriva-
tives, the presence -of nitrous acld has an inhibiting effect on the
reaction rate even in small concentrations. Although it affects the
rate of the reaction, it has na effect on the order of the reaction.
In nitraetion medie which are devoid of sulfuric acid such as those =
using pure nitric acid or nitric acid in an organic solvent, the addi-
tion of traces of sulfuric acid or of othér very strong aclds as & -~ o -
catalyst has a profound accelerating effect on the reaction rate without
affecting the order of the reaction.

Additions of small amounts of alkali metal salts such as potassium
chloride or potassium bisulphate have only a slightly inhiblting influ-
ence on the reaction rates of the nitration. In contrast, additions of
nitrates, particularly alkall metal nitrates or ammonium nitrate, to
the reaction mixture have a very decided negative catalytic effect on
the reaction rates. These cbservations are discussed in detail in
reference 15. - T

The nitration of highly reactive arometic compounds such as phenols,
aniline, or their derivetives proceeds by a special mechanism (refer-
ences 145 and 146). Although the reaction follows essentially zero
order kinetics in & medium containing an excess of nitric acid, the
effect of nitrous acid is one of accelerating this reaction whereas, as
pointed out previously, this acid ordinarily inhibits nitration.

In the case of zero order nitration of aromatic hydrocarbons such
as toluene in an excess of nitric acid, the effect of nitrous acid on
the rate constent 1is given by: _ .
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0
rate = [Azfﬂ (49)

a + b [HNOZTTZ

where the constants a and b represent complex functions of the
nltric acid concentration and of the temperature (reference 143).

The nitration of phenols and arometic eamines in an excess of nitric
acid seems to requlre the presence of nitrous acid. The effect of
nltrous acld concentration on the rate constant is given in the limiting
cases by:

rate = K [ArE]| [mNog] (50)

The complexity of the kinetics of these nitrations erises from a
superimposition of these two expressions. The mechanisms of these
reactions are discussed 1in references 144 and 147.

In a rocket engine, it is unlikely that aromatic nitrstions are
significant in the relatively low-temperature preignition reactions
unless the time of contact prior to ignition (ignition delay) is quite
long. In the latter case, it is possible that some nitro compounds are
formed which may subsequently detonate.

In the combustion process, it 1Is also unlikely that aromatic nitra-
tion is significant compared with oxidation since it is difficult to
prevent oxidation of phenols and aromatic aemines by concentrated nitric
acid even at temperatures much lower than the combustion temperatures.

Oxidation Reactions

In the case of nitric acid oxidation, the nature of the material
oxldized and the exact conditions of the reaction have a profound influ-
ence on the composlition of the products derived from the acid. In order
of decreasing degree of oxidation, the following substances may be
among the products:

NO,, NO, N,0, N,, N,H,, end NH,

A generalized discussion of the subject is difficult because the
oxldation of each compound differs in many significant respects even
among members of the same general class. For example, problems arise
as to the order in which various atoms in the molecule may be attacked
by the oxidizing agent. Even in a homologous series of compounds,
questions arise such as: (1) at which carbon atom does the attack
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begin, (2) at what stage of the oxidation does attack of various func-
tional groups occur, (3) at what time does the carbon skeleton break
down, (4) into what units does this skeleton break down, (5) how reac-
tive are these smaller units, and (6) how rapldly do they react further
with the oxidizing agent to afford the ultimate oxidation products of
pure organic compounds.

The complexity of the problem of evaluating the factors that con-
cern the determinatlon of the reaction rates in oxidation-reduction
reactions has been indicated in reference 154. According to this refer-
ence, the rate of oxidation is dependent not only on the nature and
constitutions of the oxidizing agent and reducing agent, but also on
(1) the solvent; (2) the pH of the solution, which may be interpreted
in a nonaqueous system as the Hammett acidity function (Hp) of the
solution (reference 137); (3) the temperature; (4) the effects of com-
centrations of the various reagents; (5) the difference in the oxidation-
reduction potential of the reagents; (6) the influence of certain added
ions that mey bring sbout catalytic effects; and (7) the influence of
the dissociatlon of various reactants. In an agueous system, oxidation-
reduction potentials usually permit prediction as to the possibility of
a reaction; however, they do not predict the rate at which the reaction
will proceed, if at all. The term oxidation-reduction potential refers
usually to reversible chemical reactions. In many cases In a rocket
engine, the molecules are completely destroyed to form smaller units.
The flnal oxidation steps are therefore of an irreversible nature; con-
sequently, ordinary oxidation-reduction potentials for rocket processes
may be of questioneble value. The processes which form the ultimate
oxidation products of organic compounds, that is, carbon dioxide, water,
nitrogen and its oxldes, are sufficiently subject to debate in the
literature that no positive eveluation can be made at this time.

In recent years, a large amount of evidence has been accumulated
to show that several oxidation reactions have the removal of atomle
hydrogen or the addlition of neutral hydroxyl radicals as initial stages;
that is, they are of a nonlonic or free radical character (reference 155).
Such free radical reactions may become chain reactions. A simple example
is the autoxidation of benzaldehyde in the presence of oxygen. In this
process, a benzaldehyde molecule loses one hydrogen atom. The resultant
radical reacts in such a manner as to regenerate the reactive radical
along with other products. The process thus becomes & chain reactlon
(reference 156).

. 2491
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0 ;H .
V
R-C-H = R-C-0- (51)
Activation
stages
H 0 H
/ V2 / V4
R-G-0- + R-C-F———— R-G-OH + R-C: (52)
R-C* + Oy = R-C-0-0-
Chain
reaction
0
P y 5 7 stages
R-C-0-0¢ 4+ R-C-H ———» R-C-0-0H + R-C* (54)
0 H 0 0 .
Vi / Y Y Chain
R-C-0-0¢ + R-C-0H ——— R~-C~0-0H + R-C-H termination (55)
\ stage

Analogous oxidation reactlions may be written for liquid hydrocarbons as
well as for aldehydes. This type of mechanism seems to be particularly
suitable to explain the action of oxidizling agents such as lead tetra-
acetate, chromic oxide, potessium permangaenate, and periodic acid.
Whether it is applicsble to oxidizing agents such as nitric acild cannot
be ascertained positively from the literature. Oxlides may act as
gbstractors of hydrogen in oxidation reactions only if they contain
double covalent bonds and no coordinate links (reference 155). Since
nitric acid is usually conslidered to contain a coordinate link, it is
possible that this acid would behave differently in oxidations.

In free radical oxldations, the formation of carbon dioxide and
water may be assumed to proceed by such steps as these: At some stage
of the oxidation, a carboxylic acid, which is the highest oxidation
stage of a carbon atom in a molecule prior to rupture of the carbon
linkage, is formed. The interaction of & carboxylic acid with a hydroxyl
radical will form carbon dioxide and water (reference 157).

0

4
R-C-OH + OH* —»ROH + *COOH (56)
*COCH + OH* —=H,0 + COp (57)

Alcohols, ethers, and ketones also mey be oxidized by reagents like
chromlc oxide. The primary attack on the organic molecule is probably
on the functional groups in the cases of alechols and ethers. The
oxidative cleavage of ketones probably takes place at the activated
methylene groups adjacent to the carbonyl group. The mechanism of these
reactions may involve the intermediate formation of free radicals (ref-

erence 158).
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In general, the oxidation of olefins will involve rupture of the
carbon chains at or near the point of unsaturation in the original
molecule. The exact detalls of all intermediate stages depend on the
structure of the olefin, the specific oxldizing agent employed, and. the
temperature.

Aromatic hydrocarbons containing aliphatic side chains may be
oxidized in two stages. The first stage is the severance of the side
chain in such a manner that the product isolated is invariebly benzoic
acid. Under usual laboratory conditions, the remmant of the side chain
oxidizes completely to carbon dioxlide and wsater.

(0)
@-CHZCHZCHS — Ocozﬁ + 2C05 + 3Hg0 (58)

The oxidation of benzoic acid, leading to the rupture of the
aromatic nucleus, is the second and more difficult stage. Only the
most vigorous conditions will suffice. If other reactive substituents
are present in the aromatic ring system, oxidation of the ring mey be
facilitated considerably.

Aromatic amines are oxidized quite readily. The process, however,
is of & highly complex nature. The oxidation of aniline, for example,

has been studied in great detail (references 159 and 160). These studies
have shown that the nature of the oxidizing agent is of particular impor-

tance. Tor example, oxldizing agents like hydrogen peroxide and per-
monosulfuric acid, H,80g5, donate oxygen to the aniline molecule, while

a second class of oxidizing agents, which contains the majority of the
oxldizing agents used in technicael procedures for the oxidation of
aniline, act by the extraction of hydrogen from the amino group to form
free radicals. Typical examples of reagents of this second class are:
chromic oxide, perdisulfuric acid, and lead peroxide.

By boiling with concentrated nitric acld, mercaptans are oxidized
to the corresponding sulfonic acilds:

[d]
R-SH

R-S0zH (59)

It is quite probable that this process proceeds step-wise with the addi-
tlon of one oxygen atom at a time. If reaction conditions become even
more vigorous, the sulfur atom may split away in the form of sulfur
dioxide or sulfur trioxide. The organic remnent will probably undergo
oxidation similar to analogous fragments obtained in the oxidation of

alcohols.

6%z
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The oxidation of mercaptans can be promoted effectively by the
presence of catalytic amounts of copper- or iron-containing compounds
(reference 161). The oxidation of aniline derivatives is also promoted
by compounds of copper and of mercury (reference 162). Either copper
sulfate or mercuric sulfate may be used, each having a definite catalytic
effect on the oxidation of aniline. In the presence of a mixture of
cupric and mercuric sulfates, the catalytic effeet is considerably
enhanced. This catalytic effect is not merely the sum of the effects
expected from the quantities of the individusl catalysts added but is
definitely synergistic.

Although the oxidation of many of the substances used in a rocket
engine has been studied, the information available on the use of nitric
acid as the oxidizing agent is limited. Further research is needed to
establish the rates of oxidastion of concentrated nitric acid with various
classes of fuels. Determination of the effects of reaction chamber
volume, surface condition, catalysts, and turbulence on the rate of
reaction should be made. Study is also needed on means for preventing
detonationes in the reaction mixtures, possibly through identification
of intermediate products.

Lewis Flight Propulsion Leboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio
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TABLE I - CORROSION RATES OF TYPES 347 AND 347 EXTRA-LOW-CARBON

STAINLESS STEELS IN BOILING 65-PERCENT NITRIC ACID

(REFERENCE 47)

Averages of five 48-hr tests

“!ﬂgﬂ!”

55

History of material

Corrosion rate

(mils/yr)
Heat treatment Atmosphere 347 | 347 Extra-low
during heating carbon

2400° F 1/2 hr; water quench Alr 10 6

2400° F 1/2 hr; water quench Argon 9 5

1950° F 1/2 hr; water quench Air 19 5

1750° F 1/2 hr; water quench Air 13 5

2400° F 1/2 hr; water quench; Air 330 14
1200° F 2 hr; air cooled

2400° F 1/2 hr; water quench; Argon 94 9
1200° F 2 hr; air cooled

1950° F 1/2 hr; water quench; Air 34 24
1200° F 2 hr; air cooled

1750° F 1/2 hr; water quench; Air 23" 9
1200° F 2 hr; air cooled
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TABLE II - EFFECT OF HYDRATED ALUMINUM NITRATE ADDITION ON CORROSION

RATE OF TYPE 347 STAINLESS STEEL IN RED FUMING NITRIC ACID

AT 160° F (REFERENCE 45)

Sample condition Additive
(percent by wt)

0.0| 0.0001} 0.01 | 1.0

Corrosion rate
(mils/yr)

8ps welded 160 205 162 11

PYelded + 2 hr at 1200° F 734 860 835 28

8Welded + 1/2 hr at 1650° F| 165| 206 178 13

8Exhibited general corrosion
bExhibited severe intergranular attack except in the
case of 1.0 percent additive
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TABLE ITI - EFFECT OF ADDITION OF HYDRATED ALUMINUM NITRATE OR

WATER EQUIVALENT TO THAT CONTAINED IN EYDRATED ATUMTINUM

NITRATE ON CORROSION RATE OF TYPE 347 STATNLESS STEEL

AT 160° F (REFERENCE 47)

[Averages of five 48-hour tests]

Test solution

Corrosion rate

(mils/yr)
1. WFNA + 1 percent hydrated aluminum nitrate 47
2. WFNA + water eguivalent in solution 1 40
3. RFNA + 1 percent hydrated aluminum nitrate 53
4, RFNA + water equivalent in solution 3 20
5. WFNA (no additive) 130
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TABLE IV - ACID PRESSURES IN GLASS APPARATUS AT 122° F

(REFERENCE 8Q)

Initial acid composition | Ullage Initial rate| Time |Pressure at
HNOz H,0 NO, (percent) | of pressure | (hr) |end of time
- rise (1b/sq in.
(percent) (1b/sq in./ gage)
hr)
100 0 0 6.3 10.9 320 1230
100 0 0 12,5 8.2 400 900
99.2 0.8 0 7.8 2.1 950 893
98.6 1.4 0 '10.5 1.6 300 514
82.4 0] 17.8 3.8 6.5 450 473
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(snhydrous) ziig JR
L———
Alr—a - . Absorber
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Compressor Fllter l

Nitric acid
(61-65 percent)

Figure 1. - Ammonie oxidation process (reference 4).
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(a) Vapor pressures at 259 Q.

Figure 8. - Vapor pressure, boiling points, and vapor compositions for
HNOz, HpBO4, HpO system (reference 19).

&

2491



2491

NACA RM E52J01 CONBE 69

‘%

5o
\ \

60 80 100

EN°3; percent by weight

(b) Boiling points at 760 millimeters of mercury pressure.

Vapor pressure, bolling points, and vapor compositions for
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Figure 11. - Viscosities for HNOz, E,80,, H;0 system (reference 35).

75



76 R NACA RM E52J01

50 percent Hy0

0 A50
10, 40
& g
R <
& 2.0 )
& 29 30 @
<Y Y
5 %
& 3.0 E&
& s
< ®,
¥ % 20 ‘@6
&Y 1,75
4.0 1.5
40, 10
Viscosity
(centipoise)
50 percent 100 percent
Hp804 50 80 70 ad" 30 100 Oz

HNOz, percent by weight

(b) Temperature, 259 C.

Figure 11. - Continued. Viscosities for HNOgz, B804, HyO system (reference 35).
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Figure 23. - Bubble point preshurss in glass apparsatus.

2401



16¥%2

NACA RM ES52J01 .

1400

1200 4

1000 o

800 /

Pressure, 1b/sq in. abs

§00 - /

N /
V4
- G

5 10 15 20 25 30x10°
Time, sec

(b) White fuming nitric acid (reference 85). Temperature 190° F.

Figure 23. - Concluded. Bubble point pressures in gless apparatus.
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