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INTRODUCTION

The purpose of this project was to study the rapid
rate of reaction of mitrogen dioxide and ammonia and if
possible to determine the mechanism of the reaction.,

The -author became interested in this project through
his interest in rockets, Jjets, and the types of fuel that
are used to propel them,

The prospect of using nitrogen dioxide and ammonia
as a possible fuel was the basic reason for the selection
of this project,

Very little has been done in the study of the reaction
of nitrogen dioxide and ammonia, although the reaction seems
to be a simple one,

How fast does the reaction go to completion and what
are the products of the reaction? What path does the re-
action follow when an excess of nitrogen dioxide or ammonia
is used and what effect does temperature have upon the
formation of the reaction products? These are some of
the unanswered questions for which the author has tried to
find an answer,

The author feels that this project is of importance,
because as mentioned before, very little has been done
on the reaction and there is a possibility that the reac-
tion may be of some economic value as a rocket propellant,

It is essential that the fuel used in rockets and

jets be cheap and that the products of combustion of the



oxidant and the reductant be gaseous,

Such is the case in the reaction of nitrogen dioxide
and ammonia,

Nitrogen dioxide and ammonia are very cheap to produce,
Nitrogen dioxide is produced by oxidation of atmospheric
nitrogen, Reduction of nitric oxide, nitrous oxide, and
nitrogen dioxide produces ammonia,

Neither nitrogen dioxide nor ammonia is very difficult
to handle and neither is as susceptible to chance detomatiom
as many other oxidants and reductants,

It is believed that much has been learned from the
study of the reaction between nitrogen dioxide and ammonia
concerning the amount and type of gaseous products formed,
the amount and type of solid products formed from the re-
action, and the possibility of using the reaction in a
commercial application.

It is the author's intention to arrive at an overall
balanced equation for the reaction of nitrogen dioxide
and ammonia, and to give some definite conclusions regarding

the reaction.



REVIEW OF LITERATURE

A thorough review of the literature indicates that
very little information is available concerning the reac-
tion of nitrogen dioxide and ammonia,

Several authors have reported(l) that the reaction of

(1) ‘
Ephraim, F,, Inorganic Chemistry, 5th ed, N, Y.,
Interscience Publishers, Inc,, 1948. p. 181
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nitrous oxide and ammonia occurs with explosive violence
when heated but that nitric oxide and ammonia react less
vigorously and only at higher temperatures, The equations
for the reactions are assumed to be as follows:'

3N20 + 2NHg = 4Nz + 3Hz0
and

6NO + 4NHz = SNp + 6H0
with nitrogen being liberated only at high temperatures

in the second reaction,

Nitrogen dioxide is not only a good oxidant(z) for

(2)
J. Am, Rocket Soc., 80, 1 (1951)

ammonia but for many metals(3) and for other organic(4)

and inorganic compounds,
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(3)
Oza, M, T,, J. Indian Chem, Soc, 22, 173-80 (1945)

(4)
Gee, K. W., U. S, 2,464,572, Mar, 15, 1946




The use of several different oxidants(5) (nitrous
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(5)
Zachringer, A. J., J. Space Flight, 2, 1-4 (1950)
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oxide, nitric oxide, nitrogen dioxide, nitrogen trioxide,
and nitrogén pentoxide) have been used with various reduc-
tants (PhNHz, EtOH, NgHg, LiH, and several others) and the
theoretical exhaust velocities have been calculated, But,
none of the oxidants, including nitrogen dioxide, have been
used with ammonia,

It has been reported that nitrogen dioxide and ammo-
nia (6) react with a violent explosion with the formation of
(6)

Besson .and Rosset, Action du peroxyde d'azote sur 1'ammo-

niac et quelques sals ammoniacaux; Compt, Rend,, 142,
633-634 ? 906)

severael products; liquid, gaseous, and solid, The products
formed were assumed to be nitric acid, ammonium nitrite,
ammonium nitrate, and nitric oxide, The possible equation
for the reaction being
3NOz + 4NHg = 7N + 6Hz0

and

3NOz + 2NHg + H20 = NO + 2NH4NOg3
with ammonium nitrite formed in the reaction not being
considered, No.data were presented to support the results
of the assumptions,

In the reaction of nitrogen dioxide and ammonia, hydra-

zine has been reported(7) as one of the possible products,



(7) .
I(’at.ry; Garlet, and Pupko, Compt. Rend,, 223, 941-942
1947
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The analysis showed about 0,6% of this material, The above
authors also reported the following products from the reac-
tion: ammonium nitrite, ammonium nitrate, nitrous oxide,
niﬁric oxide, and nitrogen, The oxides of nitrogen were
- reacted with ammonia and the following results reported:
nitfous oxide and nitric oxide reacted with ammonia at a
fairly fast rate and a temperature of 100°C, Nitrogen
dioxide and dinitrogen tetroxide reacted with ammonia to
form the products mentioned above, It was also suggested
that the ammonium nitrite formed in the reaction reacted
with nitrogen dioxide according to the following equation:
NH4NOz + NOz = NHg4NOg + NO,

'The hydrazine formed in the reaction of nitrogen di-
oxide and ammonia was assumed to be a secondary reaction
with nitroué and nitric oxide also being formed,

The data for the feaction of nitrogen dioxide and
ammonia were not presented by these authors, but the results
of the reaction of other oxides of nitrogen with ammonia
were feported.

The results of several determinations of the reaction

of nitrogen dioxide and ammonia have been reported.(e)

(8)

Cooley, R. A., Annual Report On Study Of Chemical Kinetics
O0f Rapid Reactions, Atomic Energy Commission, TUnpublished,
August, 1951,




Quantitative analyses of the solid and gaseous products were

reported.

Physical constants of the reactants and products were ob-

tained from the standard sources. (9, 10)
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Lange, Handbook of Physical Chemistry. 6th ed. Ohio,
Handbook Publishers, Inc., 1946.

(10)
Handbook of Chemistry and Physics. 31st ed. Ohio, Chemi-
cal Rubber Publishing Co., 1949.
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DISCUSSION OF METHODS

Samples for the study of the rapid rate of reaction
of nitrogen dioxide and ammonia were prepared in glass
ampoules made of no, 4 glass tubing,

The ampoules were prepared by cutting the glass tubing
into approximately six-inch lengths, The cut lengths were
heated at' the mid point and drawn into a fine capillary.
The ends were then cut to a suitable size to allow the
admission of a previously prepared capillary, The bottom
end of the ampoule was then shaped and sealed, the completed
ampoule being shown in Figure 1,

The completed ampoules were cleaned with acetone which
was then evaporated on the sand bath, The ampoules were
then desiccated at room temperature to remove any moisture
which may have collected on the external or internal sur-
faces of the ampoule, The finished ampoules were desic-
cated for a minimum of twentyhfou: hours, removed, and
carefully weighed on an analytical balance to an accuracy
of ¥ 0,1 mg,

The weighed ampoules were then filled with liquid
ammonia and liquid nitrogen dioxide,

The ammonia was obtained from the Ohio Chemical and
Manufacturing Co, The analysis given was og* % ammonia,

An ampoule was placed in a no, 4lk weighing bottle
which had been filled with acetone, A freezing solution



Figure 1

Ampoule used for quantitative
samples of liquid nitrogen dioxide

and ammonia,



was prepared by filling a vacuuﬁ bottle with dry ice and
then with acetone, the temperature being approximately
-86°C, The weighing bottle, used as a support for the
ampoule and contents, was placed in the freezing solution,

A finely»drawn capillary was placed inside of the am-
poule from one-half to three-quarters of an inch from the
tip and ammonia led into the ampoule and condensed, A
rubber tube connection was used to lead the ammonia from
the ammonia tank to the capillary and ampoule,

After the ampoule had been filled to the desired level
with liquid ammonia the capillary was removed and the end
of the ampoule sealed with a micro-burner flame, The am-
poules were easily sealed due to the low temperature of
the contents,

After filling, the ampoule was removed from the freez-
ing solution and allowed to warm to room temperature, The
external surface was then thoroughly cleaned anc the filled
ampoule weighed to an accuracy of ¥ 0,1 mg, The weight
of condensed ammonia was taken as the difference of the
filled and unfilled ampoule weight.

Procuring of nitrogen dioxide samples proved to be
a more difficult task than was antic¢ipated,

Nitrogen dioxide used was obtained from the Matheson
Chemical Company and was assumed to be at least 99% nitro-
gen dioxide and was at a pressure of 1,8 atmospheres at
room temperature.

The nitrogen dioxide was dried by a bank of U tubes
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containing phosphorous pentoxide. All necessary'connec-
tions were made of Tygon tubing with glass to glass con-
nections being made as closely as possible,

The gaseous nitrogen dioxide was condensed in the
ampoules with the aid of an ice-water mixture,

Dry icé placed in acetone was first used as a cooling
solution but the temperature was very difficult to control
and the niﬁrOgen dioxide froze in the ampoules making it
difficult to estimate the correct amount of nitrogen dioxide
desired,

After being filled, the ampoule was removed from the
cooling solution and immédiately placed in the dry ice-
acetone mixture to freeze the nitrogen dioxide, This made
sealing of the ampoule very easy, In several cases the
nitrogen dioxide froze at the bottom of the ampoule first
forcing liquid nitrogen dioxide from the ampoule, This
necessitated refilling the ampoule, The method was con-
sequently soon discarded,

As an alternative method the ampoules were sealed
while in the ice-water mixture, Care must be taken at
this point to seal the ampoules as quickly as possiblse,
otherwise the heat is not dissipated quickly enough; thus,
the contents will warm up and exert enough vapor pressure
to blow out the ends of the hot glass ampoules,

After filling, the ampoule was removed from the con-
densing'bath, allowed to warm to room temperature, thor-

oughly cleaned, and the filled weight recorded to an ac-
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curacy of * 0,1 mg, The weight of liquid nitrogén dioxide
was taken as the difference in the filled and unfilled
weight of the ampoule,

As all rapid rate determinations were made in an iden-
tical manner, a typical run at 35°C will be thoroughly
explained, It should be noted at this point that the fol-
lowing procedure was used for taking "still" pictures,

The method for continuous motion pictures follows this
proceduré.

A merc to merc water bath regulator was set for 35°C
and placed in the water bath, The water bath, with con-
tinuous stirring, was allowed to reach a temperature of
35°C and was controlled to an accuracy of ¥ 0,03°C by the
merc to merc regulator, v

As the water bath was heating, the Camera Recording
Oscilloscope was grounded, turned on, and allowed to warm
for a minimum of one hour before being used,

Next, the D,C, amplifier was grounded, plugged into
a 110 volt A.,C, current supply and allowed to warm for one
hour before being used,

After these two instruments had warmed for approxi-
mately forty-five minutes the positive and negative ter-
minals of a forty-five volt B battery were connected to
the correct terminals of the D,C, amplifier, Next, the
13,5 volt supply, supplied by nine one and a half volt
telephone batteries, was connected to the positive and

negative terminals of the Statham Pressure Gage indicator



12

pick up and the output terminals of the pressure indicator
were connected to the correct terminals of the D,C, ampli-
fier. The output signal terminal of the D,C, amplifier
was then connected to the Y amplitude terminal of the os-
cilloscope,

The wiring diagram of the oscilloscope was changed in
order that the pressure changes would be noted on the X
axis and the time sweep would be noted on the Y axis in
order to accommodate the film motion,

Five 600 volt 5 mfd condensers were connected to the
oscilloscope, one terminal was connected to the X amplitude
and the other terminal was connected to the ground wire,
The condensers were used to give a sweep time of 4,3 sec-
onds with the oscilloscope trace covering a distance of
4,05 inches, The time sweep and distance were controlled
by manipulation of the X amplitude and sweep time knobs,

The camera unit was then mounted, Figure 2 shows the
complete apparatus assembly for rapid rate reaction deter-
minations,

The sweep time and sweep distance was determined by
counting a unit number of sweeps and recording the time,
The length of sweep distance is shown in Run As.

The instruments were callbrated by applying positive
pressure to the Statham Gage and noting the deflection
of the oscilloscope electron beam, The increasing pres-
sure calibration deflection 'was checked by noting the de-

flection of the oscilloscope electron beam during decreasing



Figure 2

Experimental apparatus fdr still pictures of
rapid rate deteruinations. Reading from left to
right: (1) constant temperature water bath con-
taining reactor, (2) battery, condensers, and ta?-
ping key for external excitation of oscilloscope
electron tube, (3) oscilloscope with camera and
camera attachment mounted, (4) condensers for con-
trolling sweep time, (5) D.C., amplifier, and (6)
batteries for D.C. voltage supply to D.C. ampli-

fier and Statham Pressure Gage Indicator.

13
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positive pressure,

All calibrations were recorded on film,

An ampoule of nitrogen dioxide and am ampoule of ammo-
nia, containing known amounts of oxidant and reductant, were
placed in the ampoule breaker as shown in Figure 3, The
breaker was designed and made by the author and is of stain-
less steel,

The breaker and contents were then placed in the
stainless steel reactor while in a horizontal position and
gently pushed to the bottom of the reactor. The Statham
Gage and assembly were then securely tightened to the stain-
less steel reactor, The completed assembly is shown in
Figure 4, By means of an oil vacuum pump the pressure on
the inside of the reactor was reduced to one millimeter of
of mercury, The stainless steel reactor and assembly was
then connected to the remaining apparatus by means of an
electrical coupling and placed in the constant temperature
bath,

As the reactor was warming to the desired temperature
a picture was made of the oscilloscope screen, The time-
distance base line was placed on the same negative, After
this, the sweep control knob was placed on "continuous
sweep” for visual observation during reactor heating to
make sure the reactor was not leaking and allowing air to
reenter the reactor,

After the reactor was heated for one-half hour, at

which time it was assumed to be at water bath temperature,



Figure 3

Disassembled reactor, Reading from
left to right: Statham Pressure Gage
Indicator and reactor attachment, ampoule
breaker containing ampoules of liquid
nitrogen dioxide and ammonia, and stain-

less steel reactor.

15



Figure 4

Assembled reactor for determining
the rapid rate of reaction of nitrogen

dioxide and ammonia,

16
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it was removed from the water bath and nitrogen dioxide-
ammonia reaction determined photographically,

The electron oscilloscope tube was excited by external
means thus making it possible to start the electron tube
sweep at any desired time and position,

After removing the reactor from the water bath, the
electron tube sweep was started and the reactor manipulated
to break the nitrogen dioxide ampoule, The results of the
breakage were recorded on film as well as visually to insure
the breakage of the ampoule, The electron tube éweep was
again started and the reactor manipulated for breakage of
the ammonia ampoule, The results of the breakage and reac-
tion were recorded on film as well as visually, After the
reaction had been recorded the reactor and assembly was
disconnected from the system, disassembled, and thoroughly
cleaned to remove all possible traces of reactants and
reaction products,

The above procedure was then followed for the deter-
mination of another reaction,

Continuous motion pictures of reactions were also
taken, This necessitated a few minor changes as follows:

. removal of the five condensers used for the sweep time
cohtrol, removal of the external excitation unit from the
oscilloscope electron tube, and placing the X amplitude on
zero, The control unit was grounded and then plugged into
a 110 volt A.C, supply and turned on, The unit was con-

nected to the camera by means of a suitable electrical
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connection, After the control unit had warmed for about
fifteen minutes the motor control switch was placed in the
"on" position, The motor control switch controlled the
motor in the camera, Next, the film rate knob was placed
in the correct position to give the rate of film speed
desired, A control knob on the camera was placed "in" or
"out" depending on the film rate desired, Figure 5 shows
the apparatus hookup used for continuous motion pictures,
The experimental procedure for reaction preparation was
used as previously described for still pictures,

When continuous motion pictures were taken an external
time base was used, This was achieved by allowing a swing-
ing pendulum to come into contact with a drop of mercury
and thus completing the electrical circuit to a neon tube
inside of the camera, A tapping key was also placed in the
circuit to activate the necn tube at the time desired, The
neon tube was activated by the use of a 110 volt line sup-
ply. Electrical connections for the time baselight unit
were made according to instructions received with the
Electronic Control Unit,

Ten rapid rate determinations were made at each tem-
perature starting at 35°C, and with ten degree increment
increases, and ending with the reactions being run at 93°C,

Five determinations were made at each temperature in
which an ampoule of nitrogen dioxide was broken in an atmos-
phere of ammonia and five determinations made in which an

ampoule of ammonia was broken in an atmosphere of nitrogen
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Figure 5

Experimental apparatus for continuous motion
pictures of rapid rate determination. Reading
from left to right: (1) constant temperature wa-
ter bath containing reactor, (2) Fairchild Camera
Control unit, (3) oscilloscope with camera and
camera attachment mounted, (4) D.C. amplifier,
and (5) Batteries for D.C. voltage supply to D.C,

amplifier and Statham Pressure Gage Indicator.



20

dioxide, The results of these determinations were recorded
on film, At each temperature three gas analyses were made
and accompanying solids formed from the reacﬁions were
analyzed, The method of gas and solids analysis follows

in the next section,

When continuous motion pictures were made of the reac-
tions a film rate of one inch per minute was used, with a
few runs being made at a film rate of one inch per second.,

Four runs at 85°C were made in which the ampoule of
ammonia was broken in an atmosphere of nitrogen dioxide
and the result of the reaction recorded at a film rate of
one inch per second, ZFour runs at 60°C and three runs at
35°C were also made at the fast film rate., No attempt was
made to analyze the gaseous or solid products formed from
the reaction,

The results of the reactions are found in tabulated
data,

All films and photographs used in the development of
this project were processed by the author,

A list of all equipment used is as follows:

A) Burrell Gas Analysis Apparatus,

B) Stainless steel bomb reactor, 15,000 psi pressure,

C) Statham Gage Pressure Indicator, 0-50 psi and time

resolution of 10,000 cycles per second, and attach-
ment,

D) Dumont 304H Cathode-Ray Oscillbgraph.

E) Fairchild 314A Oscillograph Record Camera Control,



21

F) Fairchild 314A Oscillograph Record Camera and at-
tachment,

G) Precision Scientific Co, water bath and control

unit.
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PROCEDURE FOR GAS ANALYSIS

A Burrell Gas Analyzer was used for the analysis of the
gaseous products formed from the reaction of nitrogen diox-
ide and ammonia, All analyses were made at a room tempera-
ture of 70°F and atmospheric pressure,

Air was first removed from the Burrell Gas Ahalyzer by
~means of a mercury column attached to the gas ana;yzer.
After the air had been removed, the mercury column was ma-
nipulated to the top of the gas burette attached to the
gas analyzef.

After a reaction had been recorded on film, a dry ice
trap, which had been previously evacuated by use of an oil
vacuum pump to a pressure 6f 1l millimeter of mercury, was
attached to the external outlet of the reactor assembly,

The connection was made by use of Tygon tubing. The outlet
of the dry ice trap was then connected to the inlet of the
burette by the use of rubber tubing,

The dry ice trap was then placed in the dry ice-acetone
mixture and allowed to cool, Pinch clamps closing the tubing
were loosened and the outlet valve of the reactor opened to
allow the gaseous products to enter the dry ice trap., The
inlet stop cock valve of the burette was then opened and
the gaseous products slowly drawn into the burette until
a 50 milliliter sample had been obtained, It was necessary
to draw the gas stream slowly into the burette so that ex-

cess ammonia or nitrogen dioxide was trapped in the dry ice
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trap, After procuring the required gas sample, the stop
cock was élosed and the volume of gas sample was measured
'and recorded at room temperature and atmospheric pressufe.
The burette was water jacketed to insure that the gas sample
‘was at room temperature, The gas analyzer was then manipu-
lated to determine the percent by volume of nitrous oxide,
nitric oxide, oxygen, with the remaining unabéorbed volume
assumed to be nitrogen, |

The gas sample to be analyzed was bubbled through each
specific solution five times before recording the volume
decrease,

| All gas analyses were made in an identical manner,

Care was taken to keep the level of the mercury column
constant when drawing the gas sample into the burette after
one constituent had been absorbed to insure a proper analy-
sis of the gas sample,

Figure 6 illustrates the apparatus arrangement used

for the gas analysis.,



Figure 6

Apparatus used for gas analysis, Reading
from left to right: (1) Burrell Gas Analyzer,
(2) dry ice trap in mixture of dry ice and ace-

tone, and (3) stainless steel reactor and assembly.

24
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PROCEDURE FOR ANALYSIS OF SOLID PRODUCTS

After making the gas analysis, the solid products were
removed from the reactor and the rsactor assembly by washing
with four twenty-five milliliter portions of distilled water
to insure the complete removal of the solid products formed
from the reaction. The resulting solutions were placed in
a one hundred twenty-five milliliter Erlenmeyer Flask.

The solutions for solids analysls were all obtained for
the seven temperature determinations before being analyzed.

To a three hundred milliliter flask there was added thirty
te thirty-five milliliters of standardized potassium perman-
ganate solution, ten milliliters of one to four sulfuric acid,
and seventy-five milliliters of distilled water. The sample
to be analyzed was added dropwise with constant stirring to
this solution. The one hundred twenty-five milliliter flask
was washed with four portions of distilled water which were
added to the three hundred milliliter flask. The flask was
continuously stirred for several minutes to insure the com-
plete oxidation of the nitrite ion to nitrate ion. The equa-
tion for the reaction being

2KMnO4 + 3Hg80, + 5NO; = KgSO, + 2MnSO4 + 5NO5~ + 3HL0
The excess potassium permanganate solution was then titrated
to the end point with standardized ferrous sulfate solution
and several milliliters excess added. The excess ferrous

sulfate solution was then titrated to the end point with
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the potassium permanganate solution, The total volume of
ferrous sulfate and potassium permanganate used was recorded,

This solution was then placed in a Kjeldahl Flask, and
the flask containing the unknown sample was carefully washed
and the washings added to the Kjeldahl Flask, To a three
hundred milliliter flask there was added fifty milliliters
of standardized hydrochloric acid, fifty milliliters of
distilled water, and four drops of methyl red indicator,
This solution was then placed at the receiving end of a
water cooled condenser, the end of which was placed below
the solution level to insure complete absorption of expelled
ammonia from the unknown sample, A Kjeldahl Trap was then
connected to the water cooled condenser and the cooling
water turned on,

To the Kjeldahl Flask there was added approximately
twenty grams of sodium hYdroxide pellets to insure the for-
mation of a basic solution. The Kjeldahl Flask was quickly
connected to the water -condenser by means of the trap and
the sodium hydroxide allowed to dissolve, The Kjeldahl
Flask was then gently heated until the contents began to
boil, This solution was then heated for one-half hour to
remove all the ammonia which may have been present in the
solution, After one-half hour the collecting flask was
lowered until the end of the condenser was above the solu-
tion level, the Bunsen Burner was removed from below the
Kjeldahl Flask and the contents allowed to cool for at

least fifteen minutes,
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The Kjeldahl Trap was then removed and cleaned with
distilled water for the next determination, The Kjeldahl
Flask was tested for complete removal of ammonia by smelling
the vapors from the solution.

The receiving flask was removed and marked as the
ammonia analysis,

To the Kjeldahl Flask there was added approximately
twenty more grams of sodium hydroxide pellets, which were
then dissolved and the solution allowed to cool, During
this time a second receiving flask was prepared as previ-
ously described, attached to the condenser and the Kjeldahl
Trap put in place, Next, two grams of pure aluminum were
added to the Kjeldahl Flask and the flask quickly attached
to the Kjeldahl Trap, The aluminum was then allowed to
thoroughly dissolve, After the aluminum had dissolved, the
flask and contents were gently heated until the contents
began to boil., The contents of the flask were then boiled
for one-half hour to remove all possible traces of ammonia,

It should be noted at this point that the addition
of aluminum to the basic solution converted the nitrate
ion to ammonia which was distilled over and collected in
the receiving solution, the equations being

2A1 + 6NaOH = 2NagAlOs + 3H
and
NOs~ + 3H' = NH3 + 30.

After one-half hour the receiving flask was lowered

and the Kjeldahl Flask allowed to cool. The condenser was

rinsed with distilled water and the receiving solution
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marked as the nitrate ion determination,

The Kjeldahl Flask and Trap were removed from the
system, cleaned with distilled water, and assembled for
another unknown sample determination,

The solutions marked ammonium and nitrate ion analysis
were titrated to a yellow end point with standardized sodium
hydroxide, the volﬁme required for each solution being
recorded,

The results of all titrations are shown in tabulated

data,
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TABLE 1

REACTION PRODUCTS OF N02°NH3 REACTIONS

Note: See page 40, item 12, for units on table,

Reactants., - Ratio : Reaction Gas _Products
Run : A : ”.7: C b4 D s B F : G
No. P NOp : NH3  :NOp/NH; ; % Ny : % 0y : % NO :% Ny0
Ag i 8.730 : 10.400 : 0.8407 : 93,90 : 2,63 : 0.00 : 3.47
Ag : 7.780 : 8.810 : 0.8829 : 77.86 : 0.00 : 19.28 : 2,86
Ag : 7.710 : 12,000 : 0.,6419 : 79.05 : 0,89 : 17.67 : 2.39

Byj : 8,670 : 9,320 : 0,9299 : 91,22 : 0.00 : 4,88 : 3.90
Blh : 9.760 : 9,710 : 1,0040 : 89,19 : 0,00 : 9.66 : 1.15
Bl5 : 64545 : 11,680 : 0,5615 : 85,57 : 0.00 : 12,37 : 2906
Cio ° 8.130 : 9.570 : 0.8499 : 96,45 : 1.01 : 0,50 : 2,04
Cy; : 8.393 : 9.823 : 0.8541 : 85,17 : 0,00 : 3h.35 : O0.48
Cyp : 7.126 : 10.410 : 0.,6841 : 81.15 : 5.46 : 12,56 : 0.83
.Dyp : L4.820 : 5.200 : 0.9277 : 90.34 : 0.00 : 9.66 : 0,00
Dy @ 6.932 : 5.637 : 1.2290 : 97.79 : 0,00 : 1,57 : 0.64
Dy5 5,956 : 7,017 : 0,8480 : 83,34 : L.26 : 11.63 : 0.77
By : 7.758 @ 7.40L : 1.0476 : 96,05 : 0,00 : 2,19 : 1.76
Eg : 7.258 : 8,103 : 0,8955 : 98,68 : 0,00 : 0,00 : 1,32
| 11.770 : 10.520 : 1.1180 : 92,99 : 1.32 : hL.47 : 1.22
Fg 6.358 : 9.307 : 0.,6830 : 93,80 : 0,00 : 0.69 : 5.51
F9 : 6.330 : 9,271 : 0.6826 : 8446 : 0,00 : 14.32 : 1,22
Fi10 ¢ 6.706 : 9.377 : 0.4394 : 60.98 : 0.00 : 38.32 : 0.70
& : 6.265 : 9,307 0.,6730 : 98,43 : 0.98 : 0.00 : 0.59
Gp : 5.541 : 9.113 : 0,6078 : 71.38 : 0.00 : 27,11 : 1.51
»33 : 6.823 : 8,637 : 0.7896 : 88,50 : 0,00 : 10,00 : 1,50

e

(X )



REACTION PRODUCTS OF NO2~NH3 REACTIONS

TABLE 1 (continued)

30

. = Reac't:‘?ion So%id Productis = fijtzil
No. : NO2~ ; NO3~ nHt D NO2” 4 NO3T
A P1.6k o+ 2.712 6.176 3,876
Ag 1.257 3.31 7 bbly be571
Ag 1.164 3,708 9.104 L.872
By 4 1.093 3.875 5,640 4.968
By, :  1.460 3.925 1 6.60L 5.385
B, 1.029 3.185 6.491 L.214
Ci0 0.795 2,320 3.460 3.115
ey 1.106 235 6.155 5,341
By 0.976 2.783 5.309 3.759
D1o 0.036 bob19 2.739 L.b55
Dy ¢ 0.628 2,636 3,278 3.264
Dy, 0.669 2,168 I .669 2.837
E, 0.612 2.157 3.759 2,770
Eg 0.670 2,426 5.123 3.096
Eg 0.910 1.067 2.694 1.977
Fg 0.865 2,063 I.256 2.928
Fq 0.755 2.553 L.237 3.308
P10 0.978 2,22l Lo 5k5 3.202
Gy 0.315 2.289 2.928 2,604
G 0.667 1.643 3.258 2,310
G3 :  0.667 1.729 3.400 2,407



TABLE 2

MATER JAL BALANCE OF GASEOUS PRODUCTS

Note: See page 40, item 12, for units on table,

: Reactants :EXCess8 Reactant: LXcess: Excess
Run : J.\ s B : € D : B
No. :TWep 1 WG [ W, [ WM W, B

8.730 i 10,400 : 0.000 : 1.670 ; 0.835 g 2,505
Ag : 7.780 : 8.810 : 0.000 : 1.030 : 0.515 : 1l.545
Ag : 7.710 : 12,000 : 0.000 : 4,290 : 2,145 : 6.435
Byy ¢ 8.670 : 9.320 : 0.000 : 0,650 : 0.325 : 0,975
Blh : 9.760 : 9,710 : 0,050 : 0,000 : 0,025 : 0,000
6.545 : 11.680 : 0.000 : 5,135 : 2,568 : 7.703
C10 : 8.130 : 9.570 : 0,000 : 1,440 : 0,720 : 2,160
Cll : 8.393 : 9.823 : 0.000 : 1.430 : 0.715 : 2,145
Ci2 : 7.126 : 10.410 : 0.000 : 3,284 : 1,642 : 4,926
‘Dyg : 4820 : 5.200 : == & = @ == i --

e

D3y ¢ 6.932 : 5.637 : 1.295 : 0.000 : 0.648 : 0.000
Py ¢ 5.956 : 7.017 : 0,000 : 1,061 : 0,531 : 1,592
By = 7.758 : 7.404h : 0,354 : 0,000 0,177 : 0,000
Eg : 7.258 : 8.103 : 0.000 : 0.845 : O.423 : 1,268
Eg : 11.770 : 10.520 : 1.250 : 0.000 : 0,625 : 0,000
Pg : 6.358 : 9.307 : 0,000 : 2.949 : 1.475 : L.h24
Fg : 6.330 : 9.271 : 0.000 : 2.941 : 1.471 : L.412
Fi0 : 6.706 : 9.377 : 0,000 : 2.671 : 1.336 : 4.007
6.265 : 9.307 : 0,000 3.042 1.521 : 4.563
5.541 : 9,113 : 6.000 : 3.572 : 1.786 : 5.358
6.823 : 8,637 : 0.000 : 1.814 0.907 : 2,721

2
=

S8
(1] (1]



TABLE 2 (continued)

MATERTIAL BAIANCE OF GASEOUS PRODUCTS

32

HZ In :_Ho __: H2 i N2

HZ Available

i ma e

Run : G i H : I : J_ : _K
No. : Solids :In H0 : Entering @ Entering : For Reaction
A5 ¢ 7.752 i 5.343 i 15.600 : 9.565 i  13.095
Ag 9.141 : 2.534 : 13,220 : 8.295 11.675
Ag 9.744 : 1.821 : 18,000 : 9.855 11.565
B13 9.937 : 3.068 : 13.980 : 8,995 13,005
By : 10.770 : 3.795 : 14.565 : 9.735 14,565
Bysg : 8.428 : 1.389 : 17.520 : 9.113 9.817
€10 : 6.229 : 5.966 : 14.355 : 8.850 : 12,195
Ci1 : 10,681 : 1.904 : 14.735 : 9.108 12.590
C12 : 7.517 : 3.172 : 15,615 : 8,768 10.689
D10 - N - ¢ - -
‘D13 6.528 : 1.928 : 8.456 : 6.932 8.456
D)2 ¢ 5.673 : 3.261 : 10.526 : 6.487 3 8.934
By : 5.539 : 5,567 : 11,106 : 7.561 : 11,106
Bg : 6.193 : L.69% : 12.155 : 7,681 10.887
Bg : 3.952 :11.,828 : 15.780 : 11l.145 : 15.780
Fg : 5.857 : 3.680 : 13.961 : 7.833 :  9.537
Fg : 6.616 : 2.879 : 13,907 : 7.801 : 9.495
Fio ¢ 6.404 : 3.655 : 14,066 : 8,043 : 10.059
G3 : 5,208 : 4,190 : 13.961 : 7.786 9.398
G2 : 4.619 : 3.693 : 13.670 : 7.327 : 8,312
G3 : 4.813 : 5.422 : 12,956 : 7,730 : 10.235



MATERTAL BALANCE OF GASEOUS PRODUCTS

TABLE 2 (continued)

33

run z Q%Efé ;Eg*AvdgiaﬁIigjgzzggzgﬁ?'f'“TEfEIng??&E?"
No. ; Hz0 ;Fo: Reaction§ Phase § Products
A5 ; 2,672 ; 8.730 ; L.854 3 5,168
Ag :  1.267 7.780  :  3.209 b.122
Ag 0.911 7.710 2.838 3.732
By3 ¢ 1.534 : 8.670 : 3.702 2 3.058
Blh 2 1.898 9.710 L4.325 : L.,684
Bys :  0.695 6.545 2.331 2,72k
Cyp @ 2.983 : 8.130 5.015 5.199
Ci; ¢ 0.955 8.393 : 3.052 3.584
Cyz : 1.586 70126 3.367 b o149
Do =  -- - - -
D1y @ 0.964 6.284, : 2.373 2,485
Djp : 1.631 5.956  :  3.120 3.7hk
By : 2.78L 7464 : L.69L L.32L
Eg 2,347 : 7.258 4162 4.218
Eg : 5.9 10.520 8.544 7.943
Pg : 1.840 : 6.358 3.430 3.657
Fg : 1.439 : 6.330 3.022 3.578
Fi0 ¢ 1.828 6.707 :  3.505 5.748
Gl 5 2.095 6,265 Y 3.661 5 3.719
Gz :  1.847 54541 3.231 ko526
Gy : 2,711 : 6.823 2 bhobl7 4.991



TABLE 3

MATERTAYL, BAIANCE OF REACTANTS, SOLIDS ANALYSIS,

AND REMAINING GASEOUS PRODUCTS
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Note: See page 40, item 12, for units on table,
—_TReactanmts T Total TRterTng ETements
Run : A B 2 c 5 D : B : X
No. i NOp NH; A+ B: Np 0o Hp
As ; 8.730 § 10.400 ; 19.130 i 9.565 § 8.730 ; 15.600
Ag : 7.780 : 8,810 : 16.590 : 8,295 : 7.780 : 13.220
Ag 7.710 : 12,000 : 19.710 : 9,855 : 7.710 : 18,000
B3 8,670 : 9,320 : 17.990 : 8,995 : 8.670 : 13.980
By, 9.760 : 9,710 : 19.470 : 9.735 : 9.760 : 14.565
Bys 6.545 : 11.680 : 18.255 : 9.113 : 6.545 : 17.520
Ci0 : 8.130 : 9.570 : 17.700 : 8.850 : 8,130 : 1h4.355
Ci11 8,393 : 9,823 : 18,210 : 9,108 : 8,393 : 14.735
Ci2 7.126 : 10,410 : 17.536 : 8,768 : 7.126 : 15.615
D30 L.820 : 5,200 : 10.020 : 5,010 : A4.820 : 7.800
D11 6.932 : 5.637 : 12.569 : 6,285 : 6,932 : 8.456
Dy2 ¢ 5.956 : 7.017 : 12,973 : 6.487 : 5.956 : 10,526
Eq 7.758 : 7.404 : 15,162 : 7.581 : 7.758 : 11.106
Eg 7.258 : 8,103 : 15.361 : 7.681 : 7.258 : 12,155
E9 : 11.770 : 10.520 : 22,290 : 11l.145 : 11.770 : 15.780
Fg 6.358 : 9,307 : 15.665 : 7.833 : 6.358 : 13.961
Fg 6.330 : 9,271 : 15.601 : 7,801 : 6.330 : 13.907
Fi0 6.706 : 9,377 : 16,083 : 8,043 : 6.706 : 14.066
Gy : 6.265 : 9,307 : 15.572 : 7.786 : 6.265 : 13.961
G2 ¢ 5,541 : 9,113 : 14.65L : 7.3F : 5.541 : 13.670
G3 : 6.823 : 8,637 : 15:460 : 7.730 : 6.823 : 12.956



TABIE 3 (continued)

MATERTAL BALANCE OF REACTANTS, SOLIDS ANALYSIS,
AND REMEINING GASEOUS PRODUCTS
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—:_____Sollds —So011ds Analysis

Run :_____ G : H I : J : K

No. : NHNO3 : NHLNO»  Np 02 Hp

Ag P 2.712 ;, 1.164 3.876 5,232 : 7.752
Ag 34314 1.257 Le571 6.227 9.141
Ag : 3.708 1.164 L.872 16,726 9.7k
Byz : 3.875 1.093 L.968 6.906 9.937
By, @ 3.925 1.460 5.385 7.347 : 10.770
‘Bys @ 3.185 1.029 be21h 5.807 8.428
Cip @ 24320 0.795 3.115 L.275 : 6.229
Ci1 @ 4.235 : 1.106 54341 7.458 : 10,681
Cyp & 2.783 0.976 3.759 5.150 7.517
Dy = 4.419 0.036 boli55 6.665 8.910
Dy @ 2.636 0.628 3.264 L.582 6.528
Dy, ¢ 2.168 0.669 2,836 3.920 5.673
E, 2.157 0.612 2.770 3.848 54539
Eg 2.426 : 0.670 3.096 ko309 6.193
Eg : 1.067 0.910 1.976 2,509 : 3.952
Fg : 2.063 0.865 2.928 3.960 : 5.857
Fg : 2.553 0.755 3.308 I 58 6.616
Fio : R.224 0.978 3.202 Lo31h 6..L04
Gy : 2.289 0.315 2.60L 3.749 5.208
G2 : 1.643 : 0.667 2.310 3.131 4,619
€3 : 1.729 : 0.677 2.406 3.271 h.813



TABEE 3 (continued)

MATERIAL BALANCE OF REACTANTS, SOLIDS ANALYSIS,
AND REMAINING GASEOUS PRODUCTS

Elements Remalning In Gaseous Products

Run ; L : M : N

No. T W o W

As i 5.689 P 398 P 7.848
Ag 3.724 : 1.553 : L.079
Ag 44983 : 0.984 : 8.256
By3 k.027 : 1.764 $ L,OL3
Byy, ° L.350 2 2.413 1 3.795
Bys : L4899 : 0.738 : 9,092
Cyo : 5.735 H 3.855 - 8.126
€y : 3.767 : 0.935 : L.O5L
Cy2 @ 5.009 : 1.976 : 8,098
Dyo : 0.555 s -1.845 : -1.110
P11 3.021 : 2.350 : 1.928
Do ¢ 3,651 : 2.036 : 4.853
By : L.811 : 3.910 - 5.567
Bg : L.585 - - 2.949 : 5,962
Eg : 9.169 t 9.261 3 11.828
Fg : L .905 2 2,398 4 8.10#
Fg : L.493 - 1.746 : 7.291
Fip : h.841 : 2.392 : 7.662
G} 5,182 - 2,516 3 8,753
Gy 5.017 i 2.410 : 9.051
Gy : 54324 : 3.552 : 8,143



TABIE 4

MATER JAL. BALANCE OF OVERALL REACTION

Note: See page 40, item 12, for units on table,

: Reactants __ :_Total __: Gaseous Products

Run : A : B : C : s E : F
Dol N2 i ™Mb reduees : "Nz N2 PO
As : 8,730 : 10,400 5,168 : 93,90 : 4.85h : 2.63
Ag : 7.780 : 8.810 : L4.122 : 77.86 : 3,208 : 0,00
Ag : 7.710 : 12,000 : 3.732 : 79.05 : 2.951 : 0.89
Bij : 8.670 : 9,320 : 4,058 : 91,22 : 3,702 :.0,00
By, : 9.760 : 9.710 :  4.684 : 89,19 : 4,178 : 0,00
Bys : 6.545 : 11.680 : 2,724 : 85,57 : 2,331 : 0.00
Cipo : 8.130 : 9.570 : 5199 : 96.45 : 4,937 : 1,01
€37 ¢ 8.393 : 9.823 :  3.584 : 85.17 : 3.053 : 0,00
Cio ¢ 7.126 : 10.410 :  4.149 : 81,15 : 3,367 : 5.46
Djo : L.820 : 5,200 : - t 90,34 ¢ -- : 0,00
Djy ¢ 6.932 : 5,637 : 2,485 : 97.79 : 2.430 : 0,00
D12 ¢ 5.956 : 7.017 : 374k : 83.3h : 3.120 : 4,26
Ey : 7.758 : 7.404 : L4.32h : 96.05 : L.155 : 0.00
Eg : 7.258 : 8.103 : L.218 : 98,68 : 4L.,163 : 0,00
Eg : 11.770 : 10.520 : 7.943 : 92.99 : 7.386 : 1.32

Fg . 6.358 : 9,307 : 3.657 : 98,80 : 3.431 : 0,00
Fg : 6.330 : 9,271 : 3.578 : 8h.46 : 3,022 : 0,00
Fio : 6.706 : 9.377 : 5.,7,8 : 60,98 : 3,505 : 0,00
6.265 : 9.307 : 3.719 : 98,43 : 3.661 : 0.98
G2 : 5.541 : 9.113 : L.526 : 71.38 : 3.231 : 0,00
6.823 : 8.637 : 4,991 : 88,50 : L.417 : 0,00

Q
-

@
W



TABLE 4 (continued)

MATERTAL BALANCE OF OVERALL REACTION

un z — Ea?eous;§;oduiﬁs : -

No. : 0 % NO : NO : % NoO : N20
As : 0.136 : 0.00 ; 0.000 ; 3.47 : 0,179
Ag : 0,000 : 19.28 0.794 : 2.86 : 0.118
Ag : 0,033 : 17.67 : 0.659 : 2.39 : 0,089
BIB ¢ 0.000 : L.88 : -0.,198 : 3.90 : 0.158
By, : 0.000 : 9.66 : 0.453 : 1.15 =: 0.054
Bys : 0.000 : 12,37 : 0.337 : 2,06 : 0,056
Cjo : 0.052 : 0.50 : 0,026 : 2,04 : 0.104
Ci; : 0.000 : 14.35 : 0.514 : O.48 : 0,017
Ciyo ¢ 0.226 : 12.56 : 06522 : 0.83 - 0.034
Dig * - s 9.66 : - : 0.00 : -

D;j; ¢ 0.000 : 1,57 : 0,039 : 0,64 : 0,016
Dy, ¢ 0.159 : 11.63 : 0.436 : 0,77 : 0,029
Ep, : 0,000 : 2,19 : 0,095 : 1.76 : 0.074
Eg ¢ 0.000 : 0.00 : 0,000 : 1.32 - 0.055
E9 ¢ 0.105 : Leb7 0.355 : 1.22 : 0.097
Fg : 0.000 : 0.69 : 0.025 : 5.51 X 0.201
Fg : 0.000 : 14.32 : 0.512 : 1.22 - 0.0LL
Fipo ¢ 0.000 : 38,32 : 2,203 : 0.70 -~ 0.040
Gy : 0,036 : 0.00 : 0,000 : 0,59 ¢ 0,022
Go ¢ 0.000 : 27.11 : 1.227 1.51 g 0.068
G3 1 0,000 : 10.00 : 0.499 : 1,50 : 0.075



TABLE 4 (continued)

MATERIAL BALANCE OF OVERALL REACTION
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—  :___Excess Reactant s Solid Products H

Run :_____ L . W : N . 0 .
No. : Nop i NH3 3 NHNO3 i NHLNOp : H0
Ag : 0.000 : 1.670 : 2.712 & 1.164 P 5,343
Ag : 0.000 1.030 3.314 1.257 2,534
Ag 0.000 : 4.290 3.708 : 1,164 1.821
Byjz : 0.000 : 0.650 : 3.875 1.093 3.068
By, : 0.050 : 0.000 : 3.925 1.460 13,795
Bys : 0.000 : 5.135 : 3.185 : 1.029 1.389
Cio ¢ 0,000 : 1.440 : 2.320 0.795 : 5.966
Cy; ¢ 0.000 1.430 4.235 : 1,106 : 1,904
Cy2 : 0.000 : 3.284 2,783 : 0.976 : 3.172
Djg : 0.000 : 0.380 : A4.419 : 0.036 --
Dj; = 1295 : 0.000 : 2,636 : 0,628 1,928
Dy ¢ 04000 : 1,061 : 2,168 : 0,669 : 3,261
Eg7 3 0354 : 0,000 2.157 : 0,612 5.567
Eg : 0,000 : 0.845 : 2.426 : 0,670 : L.694
Eg : 1.250 : 0,000 : 1.067 : 0,910 : 11.828
Fg : 0,000 : 2,949 : 2,063 : 0,865 3.680
Fg : 0.000 : 2,941 : 2.553 : 0.755 : 2.879
Fijp ¢ 0.000 : 2,671 : 2,22, : 0,978 3.655
Gy : 0,000 : 3,042 : 2,289 : 0,315 4.190
G2 3 0.000 : 3.572 : 1.643 : 0,667 3.693
G3 : 0,000 : 1.8l : 1.729 1 0,677 : 5.422



(1)
(2)
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NOMENCLATURE FOR TABLES AND PHOTOGRAPHS

Runs As, Ag, and Ag were made at a temperature of
35°cC.,

Runs Bis, Bisa, and Bis were made at a temperature
of 45°C,

Runs Cio, Cii, and Ci2 were made at a temperature
of 55°C.

Runs Dig, D11, and D1z were made at a temperature
of 65°C,

Runs E7, Eg, and Eg were made at a temperature of
75°C, '

Runs Fg, Fg9, and Fio weie made at a temperature of
85°cC,

Runs Gi1, G2, and Gg were made at a temperature of
93°cC,

Run 1 was made at a temperature of 35°C,

Run 2 was made at a temperature of 60°C,

Runs 3 and 4 were made at a temperature of 85°C,
Capitol letters at the head of each column of a table
refer only to that column,

The units for Tables 1, 2, 3, and 4 are in millimoles
except those columns which are marked as percent of
an element, The peﬂbent of an element, imn the gas-
eous product, is reported as percent by volume. Cal-

culations for converting percent by volume to milli-

\
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(14)

(15)

(16)

(17)
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NOMENCLATURE FOR TABLES AND PHOTOGRAPHS (cont,)

moles are shown in the METHOD OF CALCULATI®ONS,

In Table 1, columns H, I, and J were obtained by the
Kjeldahl method of analysis,

Column P, Table 2 for Total Gaseous Products does
not include the amount of Excess Reactant present

in the gas phase, The Excess Reactant present was
determined by assuming equal millimoles of nitrogen
dioxide and ammonia reacted, Refer to Table 2,
Golumns C and D,

The results of the nitrite and nitrate ion determi-
nations, Columns H and I, Table 1, were used as the
basis of calculatidns for Tables 2, 3, and 4,

Water formed as a result of the reaction, Column H,
Table 2, was calculated by assuming Hz not present
in the solids or excess reactant was present as water,
Run Dio was not completed for calculations as pre-
liminéry calculations indicated more oxygen and
hydrogen were present in the solid products than

that which was available for reaction,
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METHOD OF CALCULATIONS

Sample calculations for runs in which NHj was in

excess in Table 2.

Run Ag: NOz = 8,730 NH4 = 10.400 N2 = 93.90%

excess NH3 = 10.400 - 8.730 = 1.670
" excess N = 1.670/2 = 0.835
excess Hp = (1.670)(1.5) = 2,505
Ho in solids (Table 3) = 7.752
H, entering (Table 3) = 15.600
No entering (Peble 3) = 9,565

Calculations:

H, available for reaction = 15.600 - 2.505 = 13.095

Hy in water = 13.095 - 7.752 = 5.343

02 in water = 5.343/2 = 2,672

N, available for reaction = 9.565 - 0.835 = 8.730

N2 in gaseous product (except N, in excess NH;) =
8,730 - 3.876 = L.85L

total gaseous product = 4.854/0.939 = 5.168

* All units in METHOD OF CALCULATION are in
millimoles except N, reported as %, which is % by
volume,

By multiplying the amount of the total gaseous pro-
duct by the percent of each element as reported in
the gas phase, the amount of each element, by weight
is found. Refer to Table 4 for complete analysis of
the gaseous product as reported in weight units,
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Sample calculations for runs in which NO, was in
excess in Table 2.

Run Blb‘ _

reactants: NOp = 9.766 NH3 = 9.710

gas analysis: Ny = 89.19% 02 = 0.00%

NO = 