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report's findings or conciusiona. It is published only Yor the exchange

and stimilation of ideas,

W. H. EBELKE, Colonel. USAF
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ABSTRACT

Second quarter progreas is reviewed on a 12-month program to ascertain
methods for the elimination of the corrosion products in N20& (iron-nitrste-

containing species) which are responsible for the phenomenon of "flow decay."

Studies on the rate and wechanism of solution of irem in &nhydrous N20§
are described, Nuclear magnetic resonance &nd electron resonance spec-

troscopy studies of the golvated iron nitrate species are presented.

Compounds of the type Fe(N03)3’xN2°k have been synthesized and purified.
The properties of these materiale have been found to match the properties

of the flov decay substance. Solubility studies of the "aynthetic” flow de-
cay meterial in anhydrous Nzoﬁ, N20k containing NO, and HéOh containing
saall quantities of H,0 have been initiated and are discussed in detail.
Preliminary experiments have indicated powsib'e candidate coordinating

agents for further investigation.

A flow bench designed to study this phenomenon is being constructed.
Design considerations are discussed.
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PHASE I: COMPOUND FORMATION

The objective of this task is to determine the mechanism of formation of
species involved in the flow-decay process. The initial effort has centered
on a study of the rate and mechanism of solution of iron in anhydrous NQUA‘
Metallic iron, some of its alleys, and iron oxid~ have been inveetipated.
The oftect of added water or NO, dand temperature variation on formation of

the compounds will be irvestigated.

One approach to determining the mechanism of formatiou of the ironu species
in N20h’probably golvated iron nitrates, is tc study the kinstics of the
dissolution of iron-containing metals. The initial series of experiments

was designed to determine the nature of this process in anhydrous NQOA'

DISCUSSION AND RESULTS

Dissolution of Iron Powder

Experiments conducted at 21 C in the glass/Teflon reaction ccll described

in Ref. 1 have been completed. Five grams of iron powder were added to

113 grems of anuydrous iron-free N,0, (<0.1 ppm Fe and <0.01 ppa water)

and the mixture was stirred continually with a glass-coated magnetic
stirrer. Filtered l-milliliter aliquots of Ngok were withdrawn at 0.5,

6, 96, end 240 hours and were analyzed for total iron. The results obtained
are presented in Fig. 1. Tbe concentration of total iron in the xzoh
reached a concentration of approximstely 1.5 ppm after several hours and

then remsined approximately constant.

Because several experimental difficulties were encountered with the glass/

Teflon apparatus, an ampoule technique, described in detail in the Experi-
mental Procedare Section, was adopted. The difficulties with the glass/
Teflon apparatus involved (1) the possibility of leakage, (2) the requirea
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capacity of the cooling system, and (3) mechanical problems with the
method of temperature control employsd. There is no basie, however, for '?

rejecting the experimental results reported in Fig. 1.

Samples of irou powder and N20h are sealed in cne end of an ampoule which

contains a fritted glass disk at the center. In this procedure, no agita-
tion of the sample is provided. At the conclusion of each experiment,

the N20k is filtered through the disk to separate it Irom the iron powder,
hydrolyzed in water, and analyzed for total iron. Using this technique,

each ampoule provides one datum point.

Two series of experimenta were conducted at 30 C inm which 0.5 gram of iren

powder was placed in contact with 10 grams of anhydrous iron-free Nzok in ':;
each ampoule. The results are shown in Fig., 2. The same trend appeared as in
the experiments above, i.e., a rapid iacrease in the conceatration of total
soluble iron to a relatively constant value. However, the final iroa con-
centrations were lower {about 0.5 and 1.0 ppm, respectively), and the pre-
swmiably identicul series of experiments shown in Fig. 2 did not yield the
same final concentration. The reason for the nonreproducibility in these
twvo series of experiments has not been established. Although the same ) J#
batch of purified N20Q wes used in all of the experiments reported in

Fig. 2 through 4, the results suggest that some parameter other than those - ¢

being controiled may be important. This point will be investigeted further.

The observed time dependence of the iron concentration in these initial
experiments .s compatible with several possible wechanisms, A coating

which is readily sovlublie in N may be present initiully on the surface

0
of the metal. A more likely ioiaibility, howover, is that the metal din-
solves rapidly until a passive film is form:d. Another poasibility is
that the iron species formed reaches a solubility limit in N2Gh' This
last mechanism is supported by the results chtained in Phage III vhere
the synthetic solvated iron nitrate was fovnd to be soluble to an extent
similer to that obtuined here with iron powder (based on the concentrs-
tion of total iron). If the surface of the metal became coated with an
insoluble material, the observed concentration plateau could be reached
wvithout excessive grecipitation or redeposition of insoluble material.

3
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If a solubility limit is involved, the final comcentratinz under a givean
set of conditions would be independent of the amount of surface available,
If ¢nly a passive film is formed, ihe irom concentration at which the rate
of increase becomes slow should be proportional to the surfice area. To
test this point, an ampoule experiment was ruc at 30 C with only 0.1 grem
of iron powder present in 10 grams of the anhydrous N20§. The results
shown in Fig. 3 indicate that the iron concentration levels off at about 0.5
ppm in this experiment. The results in Fig. 3 (0.1 gram iron) indicate
that reducing the available surface area by a facior of five diminishes
the iron concentration only by a factor of two, if compared to series I

of the high surface area experiments (Fig. 2); if compared to series II
(Fig. 2), no difference is noted. The results thus far sugges! that sur-
face area may not be the predemirant factor., If this is the case, the

solubility limit wmechanism would be favored over the passive film wechaniss.

Dissolution of Iron Uxide Powder

The solubility and rate of dissolutior of iron oxide was studied because
the alloys of interest may have an initial oxide coating or form suck &
coating during contact with N20A' A series of ampoule experiments was
conducted in which 0.05 gram of F‘e203 B
anhydrous N20& and then filtered out before analysis. The results are
shown in Fig. 4. The final concenti'ation of iron was smsll, being only
slightly greater then the detectability limit of the analytical method.
With N.O, samples of only 10 grams, the uncertainty of the chemical analy-

24
sis for total irom is about 0.1 ppm (about i microgrsm). No explenstion

powder was placed in 10 grams of

- . .
B »,

is apparent for the decrease im iron concentration observed after the

first few hours during the experiments with the cxide powder.

Dissolution of Iron Alloys

The rate of formstion of soluble iron when steel disks are immerazed in
N0, vas measured using o modification of the smpoule technique. The disks
vere 1/16 inch thick and 3/8 inch in dimmeter and weighed upproximately




2.3 grams. ach disk was sealed in an ampoule containing 11 to 14 grams
of lthe purified Ny0, .
these ampoules. The steel disks were simply removed from the solution

A fritted glass filter was not incorporated in

before analysis. The following results were obtained at 30 C:

Sample in N0 Contact Time,

2°4 weeks Iron, ppm
None - 0.1
304 Stainless Steel 1 0.3
2 1.2
3 0.6
316 Stainless Steel 1 0.3
1018 Carbon Steel 1 2.7

It would appear that further experiments will have to be conductec with
these alloys Lefore any definite conclusions can be drawn. The decrease

in iron concentration during the third week suggests precipitation or
redeposition of the species which had formed; but it may also be the result
of experimental error. Further experiments with 1018 carbon steel are in-
dicated to determine if the high irun solubility of 2.7 ppm is real and,

if so, what is the dissolution mechanism involved.

EXPERIMENTAL PROCEDURE

Aliquot Technique

The glass/Teflon apparatus used for this procedure was described in Ref. 1.
Several problems (previously discussed) were encountered with this system,

and it was abandoned in favor of the ampoule technique.

Ampoule Technique

The sealed ampoule technique has the advantage, particularly for long-
term experiments, of elimjinating the possibility of leakage and contamina-
tion. A schematic of a typical ampoule is shown in Fig. 3. The ampoulea
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are constructed of Pyrex, and the fritted glass disk has a pore size of
about 1% microns.

All glassware is cleaned thoroughly with hot HCl, rinsed with 1:1 HCl/
demineralized water, rinsed with demineralized water, and dried for 24
hours at 200 C. With the ampoules in the position shown in Fig. 5, pow-
dered samples are weighed into the upper compartments, and a series of
apﬁroxinﬂtely 10 ampoules is sealed directly to a common vacuum manifold.
The liter storage bulb containing the purified N20,l is attached to the
manifold with a Teflon-sealed joint and valve. The vacuum system is evac-
uated and then warmed with a heat gun to complete outgassing. Approximately
10 grams of Nzoh are distilled into one ampoule at a time while the lower
ampoule compartment is cooled with lNé. The coolant is then raised above
the sintered disk and the system is evacuated through LN2 traps. The
ampoule is sealed shut with a torch and removed from the manifold. This
procedure is repeated successively for each ampoule. The lower tube is
wvarmed to 0 C, and the height of the liquid column is measured *o determine

the quantity of Nzoh in the ampoule, which was previously calibrated.

The ampoule is then inverted, and the larger diameter compartment is cooled
in LN2 to draw the Néoh through the fritted disk into contact with the
powder. The ampoules are then immereed in a constant temperature bath for
the required time, At the conclusion of the heating period, they are
withdrawn, inverted, and the lower tip cooled in LN2 to draw the liquid
through the sintered disk, thereby filtering out the solid powder. The
tube containing the frozen sz& is broken from the ampoule, é&nd its
contents are hydrolyzed in 40 milliliters of water. The sample is then
analyzed for total iron by the method described in Appendix A,

The use of a destructive method of chemical analysia makes this ampoule
technique rather time consuming (one ampoule for each datum point). Pre-
liminary e.p.r. experiments (discussed under Phase II) indicate that the
soluble iron can be measured nondestructively while the sample remains

sealed in the ampoule. 1f this procedure is succesaful, each sealed sample

10



will yield data as & function of time. The sealed sample vhich bas been
apalysed by e.p.r. cen mlso be placed in the n.m.r. spectrometer to deter-
mine the exact water content of the NQO,‘ in the sample. The utility of
this method currently is being establisbed.

Materials

Materials used for these dissolution experiments were:

1. Iron Powder. DBaker Analyzed Reagent, lot No. 26209 (98.2
percent Te)

2, Iron Oxide Prwder. Baker Analyzsed Reagent Fe203, lot No. 30245
"~ {99.3 percent Fc203).

AT

. Steel Alloys. The alloy disks used were originally purchased
for the Inhibited Nitrogen Tetroxide Program under Contract
* AFOA(611)-10809, and were surplus from that program. They had
- been carefully cleaned and degreased by the previously developed
procedure (Ref. 2).




PHASE II: COMPOUND IDENTIFICATION

The objective of this task is to determine the structure of specils in-

volved in the flow-decay process. A number of approaches are voing

investigated.

The nuclear magnetic rescnance (n.m.r.) spectrum of iron in solids was
investig.ted first. The primary difficulty with this approach is that
singl> crystal samples are mot available. le n.m.r. requires a single
crystal because of the large erystallite-angle~dependent splitting of the
N 4 resonance; in a powder this results in too broad a spectrum. There-
fore the first approach was to attempt detection of resonances of le
which has spin 1/2 and no gquadrupole broadening, but has a natural abun-
dance of only 0.365 percent with n.m.r. spectra having very weak signal-

to-noise ratios.

The second approach was the conatruction of a nuclear quadrupole resonance
(n.q.r.) spectrometer for detection of Nlh quadrupole resonance frequercies.
The instrument is complete, but spectra of irom nitrate samples have not
yet been taken. This approach is extremely important because it will allow
observation of separate resonances fo. NOB", N02+, No*, N,0, and NO, gr.aps.
It might be possible, for example, that the oaly real difference between
material that causes flow stoppage of valves and iron nitrate af equilibriua
under ambient conditions is an oxidation change of NO' to NO2+, n.q.r. vill
show this.

The third approach was an initial study to determine the effect of water

on the iron species formed in N20§. Military specification 11'2()‘l may con-
tain up to 0.1 percent water, and it is important to establish whether this
water could enter into the corrdination spiuere of iron in the iron nitrate
species. To this end, broad-line Bl n.m.r. studies wvere made to deter-
mine if watler is indeed incorpornted.into dry iron nitrate 9m exposure to
"wet" N20§ and the actual atate of this water; whether it exisis in the

crystals as -0H, HN03 or 520.

13




he fourth spproach was to investigate the possibilities of using e.p.r.
spectrometers %o determine structural parameters of both solid and dis-
lcltiﬂ irem mitrate. Preliminery e.p.r. studies are reported which confirm
the resalts of the broad-line Hl studies, Structural informetion appears
to be limited, but the method does appear promising as an analytical tool
for gquantitative determination of iron in N20h solutions.

DISCUSSION AND RESULTS

Nitrogen 13 Besonance Studies

5

The large chemical shifts of Hl' resonances (so largz, that the first ob-
servation of the chemical shift phenomenon was mede on the two nitrogen
isotopes in NHANOS) make attractive the possibility of determining the

structural components of iron anitratcs by running e spectrum at the le

14

resonance frequency. Although N~ is ile more abundant isotope, the large

electric quadrupole aplitiings result in toc broad an n.m.r. spectrum of

s powder sample (thousand of gauss), vhereas N7 (8 = 1/2) has no quadrupole
moment and ¢-es not broaden the spectral features. Thus a potentially
useful spectrum can be obtained from le.

3

Duriag & previous study st Rocketdyne, the Cl resonance was observed in

compounds containing C13

in natural abundance. 1In this case, a Varian
high-resolution RP unit and a Varian lock-inamplifier were used. Baasd

on this experionce, a study of le resopance was initiated. Because a
high-resolation RF unit wvas not available for the le frequency, 8 variable-
frequency Varian RF unit was employed, together with a Princeton Applied
Research lock-in amplifier (PAR). The latter has approximately 10 times

the sensitivity cof the Varian lock-in awplifier. Neo resonan;en vere ob-

served even in a single crystal of NaNO, (wvhich contained %9 in nutural

abundance). Tt was concluded, therefore, that the varisble-frequency

Varian RP unit had a much lower senritivity thar the high-resolution unit,
g - which could not be compensated for by the very high sensitivity of the PAR.
5

1 .
It was believed, hougver, that because of the expected narrow N~ lines

the problem would not be sclved entirely by changing the RF unit and

1%




that a higher sensitivity was necessary. Conversicn of tie variable RF
unit to a high-resolution unit was initiated and a new technique was de-
- veloped to increase the sensitivity of narrcw n.m.r. lines. At the same

time, considerable enhancement of re: lutien was achieved.

It is believed that narrov le lines will result from some of the nitrogen
species in iron nitrate because they are largely surrcunded by oxygen atoms
wnich na“e no magnetic moment, and therefore give no nuclear magnetic
dipolar broadening of the adjecent le. Under these conditions, there are
very long relaxation times. It is well known that long relaxation times
are best controlled by lock-ir. ampliiier techniques; however, when an
n.m.r, line is sharp, existing high-frequency lock-in amplifier methods

do net give high sensitivity.

The baais of the new technique ia that an n.m.r. signal will have maximum

intensity when the width of the modulating magnetic field used for leck-

in amplifier detection is comparable to the natural n.m.r. line width.

To test the sensi.ivity of the PAR, which can operate at as low as 1.5

Hz, and remain compatible with auy conceivable N9 line width (whether

in solution or in a solid), the following study was conducted on the Hl 'v:
spectrum of ethyl alcohol at 60 Miz. ‘

With the Varian high-resolution RF unit operating at 60 Mz, the magnetic
field humogeniety coils were adjusted by running with regular high resolu-
tion so that the adjustments could be made on the oscilloscope (such
ad justment cannot be made while using the lock~in amplifier Lecause the
spectral line is not displayed on the oscilloscope). The output of the

- RF receiver was then connected to the PAR through the recorder outlet
with the recorder level get at 1000, This connection was neceseary to
optimize the impedance match of the RF receiver outrput circuit to that

' of the PAR input circuit. The internal sinusoidal voltage of the PAR

vas connected to the Varian probe lielmholtz coila through a 600-ohm series

resistor with the reference attenuator and vernier of the PAR set at
maximuym resiastance. This was done to achieve a wmodulating magnetic field

width slightly less than the frequency of the modulating field used for

15




- deteetion (PAR zet st minimus of 1.5 Hs). The sensativity of the PAR was
sot 82 20 miilivolts, Ube pbase at 0, the time constant 300 seconds at 12
kdcei&éln snd (=275, The HF power level was down 70 decibels from 0.25 watt.
The receiver gain was set st position 5 and the AF phase detector frequency
raspomse in the 4 position,

‘Bainébthe sbove tochnigue, the following spectra were cbtained. The entire
etby! alcohol spectrum is showa in Fig. 6. This spectrum is identical in
resclgtiopr tv thet obtained on a Variam A-60 spescirometer., The spectrum
is ih» second derivative of the absorption mode, which accounts for the
deep vings on esch side of u spectral line. Thesc winge cause the progres-
sive deepening of the apparent base line toward the middle of a multiplet.

The specirum of the ethyl alcohol quartet is presented in Fig., 7, employ-
iug a slower pessege then for the complete spectrom (Fig. 6). Immediastely
prior to ruuning the spectrus of the quartet shoun im Fip. 7, an ordinary
bigh resolution spectrum was run (Fig. 8). It is evident thut the PAR
method effects considerable enhancement in spiitting of the individual
lines of the quartet into their fine structure componenta. Comparing

Fig. 7 and 8, it is secn that the method yields & bettcr resolution than
the crdinary high-resolution technique. Au additional sdvantage of the -
nev Rocketd&ne me*hod is thet line voltage surges and other iustebilities
caused by opening of laboratory doors (with attendent pressure change
effect on electronic components) can be draped with the larger output time
constants available through use of the PAR. Tiue high resolution spectrom
displayed in Pig. 8 is the best one selected from approximately 15 gucces~
sively run epectra. However, the spectrum in Fig. 7 wac obtained repeatedly

without noise spikes and disvorticns.

In addition tn eliminating noise-generated spoctrsl distortions, the PAR
method has ancther advantage. As susmarized by Challice and Clark (Ref. 3),
there is considerable l:iteraturc dealing with the sudject of resolution
enhancement of spectra by aeans of lecodd derivotive recording. Resolu-
tion is easily doubled, while an isolated doublet which visvally shows no
splitting can bz mathematically resolved into twe spectral lizss by

16
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Figure 6. Spectrum of Ethyl Alcohol Obtained With New

Rocketdyne Technique. Second Derivative
Recorder Display

17
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B Pigure 7. Spectrum of Ethyl Alcohol Methylene Group
R . Quartet Obtained With New Rocketdyne
TN : Tecbhnique. Sscond Derivative Recorder
Display
18
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Figure 8. High-Resointion Spectrua of Ethyl Alcohol
Methylene Group Quartet Bun Just Before. T T
the Spectrum of Fig. 7 so as to Show =
Comparison of Hesolation OPtaimalile by S
the Two Technigues

19




comparing » function of the ratio of central peak height to wing depth
of the second derivative displayed spectrum. This nrocedure gives approx-
imately a factor of eight in improved resolution over that obtained from

the direct absorption mode display.

This is the first time that the use of broad-line techniques has been
applied to the observation of high-resolution spectra. Thus the differ-

ence between the two techniques has been reduced to a semantic one.

Sensitivity enhancement can be achieved by using a low-frequency lock-in
amplifier such as the PAR., Improvement in signal-to-noise ratio by a factor
of about 350 over that available with ordinary high-resolution absorption
mode display is easily achieved. However, the spectrum must be run much
slower than were those reported here; it would take 24 hours to optimize

the PAR spectrum, but considering the number of high-resolution scans

(about 15 minutes per scan) required for a computer-averaging technique

to duplicate such an enhancement, i.e., 350 squared - 120,000, it would

take uzpproximately 3-1/2 years.

Broad-Line Hl n.m.r. Iren Nitrate Studies

The broad-line Hl n.m.r. technique was improved during this report period
and used (1) in an attempt to determine the presence of water in the syn-
thetic iron nitrate which had been refluxed in wet N20h' and (2) to as-
certain the structure of the solid formed. Studies were made using a
Virian DP-60 spectrometer operating at 60 MHz, an RI' power of 0.5 watt,

o medulating field of | gauss at 40 cycles, and a PAR lock-in amplifier,
The RF receiver output to the lock-in amplifier was connected to the
high-resolution recorder output so as to match the impedance better with
that of the lock-in amplifier than can be done with the regular Varian

cathode follower output used for the Varian output-control unit.




In Fig. 9 are shown the spectra of the empty sample tube, a single crystal

of iron nitrate nonahydrate, and 0.5 gram of synthesized anhydrous iron
nitrate (solvated with N20,‘) which had been refluxed for 48 hours with 30
milliliters of NQOh containing 0.2 percent added H20. Comparison of the
spectrum of the refluxed sample with that of the empty tube (by subtracting
the background signal algebraically) shows a signal in the same position
as is secn for the (much larger) sample of known iron nitrate hydrate, and
roughly in proportion to the known weights of the samples., On the basis
of these spectra alone, it is possible to determine only that water is
present in some amount but not how many water molecules are present per

" iron molecule. Reference to the e.p.r. studies in this report confirm
that a change occurs on refluxing the synthesized anhydrous iron nitrate

in wet N20h'

The speetra obtained which are displayed on Fig. 9 have a poor signal-to-
unise ratio primarily bhecauce the modulating field is not broad enough.
During future studies this will be increased to approximately 10 gauss.
There are strong indications that when the background signal (from the
protons in the enamel of the transmitter and receiver coils and the Epoxy
glue which is used to cement the various parts of the probe together) is
subtracted from the observed signal, a good apectrum will be obtained with
the use of an broader modulating field. The shape of the signal should
allow calculation of the nature of the protons in the iron nitrate hydrate.
Thus a broad single peak will indicate OH protons or an intact HNO3
solvating species, while a broad doublet will indicate two protons close
together us in the case of an H,0 molecule bonded through the oxygen to

y 30+ in the crystal, would be distinguished

by a broad triplet. Such conclusions must await apectra having a better

the iron. The other possibility, H

signal-to-noise ratio,

e.p.r. Studies of Iron Nitrates

Solids. To investigate the possibilities of using e.p.r. techniques to
determine structural parameters of the iron nitrate which causes flow
atoppage in valves, four samples of iron nitrate were studied. All spectra
were run at room temperature with a 9.5 x 109 He spectrometer on samples

contnined in S5-or. O Pyrex tubes,

e
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I'igure 9.
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Displayed are Spectra of (1) an
smpty sample tube (protons In
probe wire enamel «nd epoxy glue
are giving the signal), (2) 4 single
crystal of iron nitrate nonahydrate
and (3) 4 sample of 0,5 gram 4
anhydrous iron nitrate which had
been refluxed with 350 milliliters
of NgO4 containing 0.2 percent
added Hz0. (Dashed lines indicate

base line)
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~cylinder ia vhich the N0

The spectrvm of & saaple of Fe(N03)3-9H20 is showa in 1ig., 10, The asmple
was & large eingle crystal. It is expected that if a powdered sumple were
studied, the spectral ztructure at the higher fields weuld be breadened '
te correspond more closely iu appearance te the spectra of the refluxed
end purified samples dieplayed below it. The spectrum of a sample of

iron nitrate, whick had been,purifiea(jn Phase I1I) by precipitation of
anhkydrona ircn nitrate dissoliedbin othyl acetate by the addition of dry
Ngeg' is shown en the same iilustration, For comparison, the spectrum of
the saze material is shown after a 0.5-gram sample had been refluxed with a
30-npilliiiter sample of N_0 cpﬁtaiﬁingA0.2 percent HQO. It is clear that
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the treatment wilh wet N,0, caused. structural changes. This evidence
is compatible with the hypothesii'thut iron nitrate powder in equilibrium

vith wet Ngoh cunta:na some waier of hydration.

Solstion. Thére.p;g. epectruhféf o0, containing 1.5 ppm Fe and 0.1 per-
cent Héﬁ i¢ shown in Fig. 11. The sasnle wvas taken from a carbon steel

0%y had bcsn ltqrqd for several months. The large
truncated central disyers1on mode line is due to NOQ, and the asymuetric

peak on the left of the spectrum is cleribed to Fe spacies,

}‘An enlargement of the. a;ymnetric peak vhich is aacribed to iron species

in the ssiution is shéﬂﬂ in Fig._12 Because the peak has a good ai;nal-

‘-‘:tc -acise ratic and was tnhen vith a ‘sample that analysed 1.5 ppm Fe, i
~}'appeara that the e.p.r. methsd wil‘ be a satisfactory analytical tcchnique
“_for use in Phase I, Howa?er uoue Foservations are ‘necessary at the pros-
: ent time. It has rot been ontshlinhed yet that the pesk is due to 1ron.
-altheugh sunalysis of -l-plea mtornd ‘in & carbon steel cylinder in the
ngplst has dfsclosed no éthwf -njor trnnlition metal impurities, and the
‘peak cannot be due to sg&cio: other than tramvition metals because of the

hi;b ] value, It will be uaceusary to calibrate ugs.nst known concentra-

“tion unlploa since the peak is asymmetric and ovirlapped pcrtlally (on
" the right) by the NO, resonance, o that = linear dcocndenco of pcak area

vs concentration is not aveilable.
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Fe(N03)3- 9H,0

Refluxed sample

Purified sample

I'igure 10. e.p.r. Spectra of a Single Crystal of Nonahydrous Iron
Nitrate, Purified Anhydrous Iron Nitrate, and Puriflied
Material Which Had Been Refluxed With NoO; Containing
0.2 Percent lio0. Ordinates are 0 to (6600 Gauss



Figure 11. e.p.r. Spectrue of N0, Coataining 1.5 ppm Fe and
0.' Percent Hp0. Ordinates are 0 te 600U Gauss.
Truncated Centrel Dispersion Mode Line is Due to
NO,,, and the Asymmetric Peak on the left is Ascribed
to Fe Species
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However, if the preseut assumption that the peak due to iron is correect,
then it is clear that an asymmetric peak could not be due to a species

such as Fe(NOx)k“ in the solution, since such . species would be expected
to have a cubic symmeiry with a symmeiric e.p.r. spectrum. Thus, this
spectrum is evidence that the iroL species in solution has wcre than one
kind of attached ligand. PFuture studies with varietion in the water con-
tent of the solut:on should establish whather the asymmetry of the spectrum
is in fact due to water. A possihle alternative explanation for the asym-
metry iz thet the iron species is really colloidal. This question ceuld

be solved hy ultrafiltration.
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PHASE IIf: COMFGUND SOLUBILITY

The initial obiective of Phase III was to prepare synthetically & compound
of the compeaition Fe(N03)3 2 W which had heen shown previously to be
identical with the flow-deca; deposit. This objective has now been met

with the successfu! preparvation and purification of Fe(NO ),°N,0, in suf-

ficient quantities thet solubjlity studies with N Oh can bhe coid:caed
bDuring the soiubility studies now in progress, tne temperature of the N204
hae been varied from 32 to 100 F. I[a additicn, the concentratione of
nitric oxide and water in the N, 0 are being varied frem 0 to 1 percent

aud from 0.1 te ! percent, reipectxvely.

DISCUSSION AND RESULTS

The preparatior of the anhydrcus irom nitrate Fb(N03)3 ‘N, 0 has been
describad in the first quarterly progress report (Ref. l). The next ob-
jective of this phase was to develop 8 method of purification for the

crude AFe.(l\w}).5 2 . Investigatiouns invelving recrysisllization from
niraquecus solvents, including “204 iteelf by cyclic extraction techaniques,
wers undertaken. The cyclic extraction technique using NQOQ did

produnce e small! awount of pure materiesl., However, because the yield was
very lew and the method extrewely tiwe consuming, other methods of ;ea
crystallization were investigated., Scolubilizing the crude waterial in
ethy]l acetate and then precipitating the solid by the saddition of hz 4
has developed into an excellent method. A large amount of a paie cream-
colored selid which was identical in all respects with the previously

purified material {(by cvclic extraction techniques using N A) har been

2
obiained, Twu separate purification runs have produced materiaia with tho

following cmpirical formulse: Peako,, «1,03N, 0, and Fe(NO.) i *0,998_0

3.1 AR

l‘)"

373,

on U8 to 99 percent wass balances.

With the preparution of suificient quuntities of pure "synthetic flow

gecay compound . " aclubiliiy studies in N”O“ wvere begun. To estabiish a

reference point of solubiiity and for purposes of comparison with propeltlant
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grade NOOQ. freshly distilled anhydrous iron-free N20k (< 0.1 pp Fe and
0.01 ppm water) was utilized. The NQOA was also pretreated with oxygen
to preclude the possible presence of traces of NO.

The solubility determinations were made in specially constructed glass
apparatus. Solubility runs were carried out at controlled temperatures
(constaont temperature batha) of 32, 86, and 100 F. Solubility was es-
tablished by withdrawing liquid samples periodically and then having the
samples analyzed for iron. Based on the analytical results obtained thus
far. the tentative conclusion is that the solubility of Fb(N03)3-N20h in
NQOh is quite low, on the order of 0.5 ppm to 1.5 ppm (in terms of Fe
concentration)., The solubility results have been quite erratic, probably
becouse of inherent errors in the sampling procedures and the procedures
involved in the analysis of a trace component. However, these experiments
will be repeated using a slightly modified apparatus and by taking larger
samples for analyses; it is anticipated that some of the difficulties in

the snalytical procedures will be alleviated,

The investigation of the effect of the presence of small amounts of nitric
oxide and water on the solubility of the flow-decay compound in N20k has

been initiated. The NO was purified just prior to being used by fractional
condensation. The purity was then checked by infrared and mass spectrometry.
The NO'N204 mixture was made in the solubility apparatus itself whereas
the 1,0-N, 0, mixture was made in a separate vessel and then added to the
solid_in Zhe solubility apparatus. These cxperiments are in the initial

stages, and no results are available at the present time,

IXPERIMENTAL

Purification of Fe(NO.).-N,0,
27y < 4

The recrystallization of the iron nitrate from ethyl acetate for a 2-gram
sumple was described in the first quarterly report (Ref, 1). The analysis

of the purified solid, however was pending., The following analytical




results are nrov available:
Fe, 16.0 w/o; Noix 55.2 w/o; Néoh, 27.2 w/o

A larger sample of crude iron nitrate (5.5 grams) wvas similarly purified.
The analytical resultes on a sample of this sacond batch of purified mat-
erial were as follows:

Fe, 16.5 w/o; N(h;, 55.2 w/o; N,0,, 26.9 w/o

4,
The infrared spectira, as mulls in halocarbon o0il, of these tvo batches
vere identical. Their physical appearances (pale cream powders) end their
reactivities with moisture (rapidly becoming wet and ths evolution of
gases accompanied by bubbling effect) were also idemtical.

Solubility of Fe(N()j)J'l«I&O,. in Distilled Ny0,

The solubility apperatus consisted of & glass vessel eanizged with a Tefloa~
covered stirring bar and two Teflon nuedle valves (Fig. 13). The apparatus
was calibrated and dried thoroughly prior to uss. The solid rh(noj)j-nzoi
was pla2cad in the apparatus through the needie valve A in an inert atwos-
phere (drybox). The N,0, was distilled into the solubilit: apparatus
througn valve A using a glasa-vacwum system. The apparstus was then ia-
wersed in a congtant-temnerature ‘ath in such & fashion thai only the
\valven remained above the liquid level of the bath. The ﬁ20§-iron niteats

mixture was stirred by means of a magnetic stirrer.

AR | Sempling was accompiished by means of a U-shaped glass veasel equipped
o :;- with Teflon nesdie valves (Fig. 13). The sampler vas directly aiteched
i to the solubility apparatus through en O-ring joint. A Tellon O-riag
i was used for this purpose. The sectinn between valvs B and valve D was
.:i€§§i evacuated and “aen vefilled with dry nitrogen. The presence of the nitro-
isn-g‘:-i gen provided back presasure and thus minimised the vaporixation of the

: i:
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N20,‘. The sampling was done with a -78 7 bath eround <he sampler. At
low temperaturzs, pressurizaticn of the sclubility apparatue with dry
nitrogsn was ascessary to force the liquid out througi the opening in
valve B, A glass-wocl plug prevenied any solid particles frem being
carried over into the sampler. During the sumpling, the soluwbility ap-
paratus was kept in the conmatant-tr.uperature bath, thus assuring that a
truly representative liquid sampls was being taken, The weights of the
N20,. sexmples were obtained by determining thie differemce in the weoights
of the U-sampler before (evacuated) and after @2 removed) the sempling.
The hydrciyses of the Nzo,. samples were accomplished directly in the U=
sampler by the addition of ice~cold water (deiomised). Aliquots of these
hydrclysates were then submitted for irec anslyses. The results are pre-
sented in Table 1,

TABLE 1

Yo
SOLUBILITY OF h(NO3,3 Ngo,. IN Hgo,.

Values in ppm of Fe
Duration of Stodies, Days

Temperature, fu .

F 2 5 9 | 14 {2 | 28 | 38
12 0.55| |o0.65

86 * » 1.%7 0.57
100 0.89| 0.0610.46} 0.2% {1.7%

*Sample taken at thia period guve an excepticaanlly high
value, and the result was discarded

 E ¥ Additive to N0, ~Iron Nitrate Mixture

g Nitric cxide was purified by passing it through e -156 C trsp asvers]l times,
*~ and the purity was checked by infcarsd and mass spectromeiry and by vager »
B : prossure messuremerts. The solid irom nitrete (€3 siliigrams) vas plased | ‘
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in the solubility apparatus in the manner described previously. The
gaseous NO (162.5 cc) was then placed in the apparatus by condensing it

in a narrow sidearm added to the apparatus shown in Fig. 13. The N204
(100.7 grems) was then distilled into the apparatus using the vacuum sys-
tem and a cooling bath of ice-brine mixture. With the completion of the
addition of the Néoh, the sidearm was slowly warmed, thus allowing the NO
to vgporize and dissolve in the N204. The apparatus was then placed in a
constant-temperature bath held #t a temperature of 25 C. This experiment
is iu progress at the present time, and sampling will be done as described

previously.

Water Additive to NQOk-Iron Nitrate Mixture

Water (0.10 gram) and N0, (97.0 grams) were mixed in a 200-milliliter

glaes bulb equipped with a Teflon needle valve. This mixture was directly
added to the solubility apparatus containing the solid iron nitrate. This
was accomplished by affixing the bulb containing the mixture to the solu-
bility apparatus by means of an adapter through which the adjoining sections
could be evacuated. The apparatus was then immersed in a constant temp-
erature bath at 25 C, This experiment is in the initial stages, and no

results are available.
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PEASE IV: COMPOUND ELIMINATION

Investigations on appropriate coordinating ager‘s as means of sliminating
flow-decay compounds is the major task of thias phase of the progrem. In
an sffort to render the metal compoeund soiubls .z Ngok, the effecta of
these ccordinating agents on the synthesized flow-decay compound and ite
Néok solutions are being studied.

DISCUSSION AND RESULTS

Investigations of the reactivity of the synthesized iron nitrate with
various coordinating agents have been continuing. Th< irom nitrate-NéOL
complex wus found to be zoluble in the following additional reagents:
benzonitrile, benzaldehyde, acetophenone, and ac:tone. The complex was
found to be inso! ble in trifiuworoacetonitrile, hexalluercacsetone, n-
peniane, Freon 13, and silicone (XF 1000) liquid. The lasi throe reagente
gave not only a test for solubility, but also an indicatien of the iomic
gature of the iron nitrata-N20§ coxplex (ionic substances are unlikely

to be soluble in nonpolar solvents).

The reactivity of the preceding reagents when sdded in ssall sjuantities
to xgo& under ambient conditions was tested. No visible reactivity waa
noted when the following reagents were mixed with N0, (NQG& was alvays
in lsrge excess): triflvorcacetonitrile, hexafluoroscetone, n-pentane,
and Freon 113, In addition, other workers {Ref. 4 and %) have reported
that bensonitrile, benzaldehyde, acetophenone, and eceione can be added
to hzﬂh without gross reaction, A vizdrous reactie:, with the evolution
of & great leai’'of ges, took place when silicone (XF 1000) liguid wea
mixed with N20§.
The results of the above experiments have thus 3dded newv candidates
{(benzonitrile, benxaidehyds, acetophenons, and scetons) to the previous
iist of cendidate2 {ur further investigations in flow-deciy compound
elimination.
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Similar screening of various other reagents will be conducted ia the
near future.

Preliminary investigation of the solubility of the iron nitrate in Néok
in the presence of a candidate-coordinating reagent has been made. The
addition of acetonitrile to a mixture of Fb(N03)3‘Né04 (40 ppm of Fe)

and N20k at room temperature was found to completely solubilize the solid
Pb(N03)3-NéO§. Practically all of the solid was insoluble under these
conditions before the addition of acetonitrile. Such a solution was also
found to maintain its integrity (no apparent change) during a temperature

cycling over the range of 32 to 100 P.

Although the Fb(N03)3°N2Oh was found to be insoluble in CF,CN alone, it
wvas found to be soluble (0.7 w/o of solid Fb(N03)3
CFBCN and Néoh. No change in the solution was observabie over the temp-
erature range of 32 to 100 F. However, u very high concentration of ad-
ditive was used in this test (10 percent). CF5CN would probably not be
a satisfactory additive because of its high volatility. Further tests

at a more realistic additive level will be carried out with other less

'Ngox,) in a mixture of

valatile perfluoroalkyl nitriles.

It is anticipated that siuilar solubility phenomenon as in CF&CN—Néoh
mixture will be found with CF,COCF,-N,0, mixture, This will be tested

3 3 2%
shortly. The results of the CF5CN experiment may lead to new additives

for the flow-decay compound elimination. Reagents which do not dissolve
the solid E‘e(N03)3

they are compatible with N204.

-Néoh by themselves may still be effective as long as

EXPERIMENTAL

The solubility and compatibility tests were carried out essentially as
deacribed in Ref. 1.
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The solubility of the irom nitrate in Nzoh in the gresence of a candidate-
coordinating reagent (acetonitrila) was carried out iz the following man-
ner. The solid Fe(N03)3°N20h wa. placed in a smal. glass bulb zqnipped
withk a8 Teflon-covered stirring bar and a Tefion needle waliww, The weight
¢f the solid vas obtzined by determining the differencs i thy weights

of the evacuated bulb before and after the addition of -+ a solid, Nﬁo&
was then condensed cver the solid. The mixture was &l u-wd %o varm to
Lght. Host of
the snlid was observed to be inscluble during this perivd. Acetcritrile
(9.2 w/0) was then condensed into the bulb, and ths mixiurc wes allowed

to warm to room tempereture, After 1 hour of stirring, the amount of

room temperature and was stirred (magnetic stirrer) overs

inzolukle solid had decreased considerably. After overnight stirring,
all of the sclid had dissolved., The resulting solution was subjected to
a temperature cycling by immersion in baths from 32 to 100 F.
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PHASE V: EFFICIENCY OF ELIMINATION

Construction of the flow test syatem started during this quarter, but
activity was temporarily discontirued pending the availability of a better
test location. The flow system is now being installed in an entirely sep-
arate test bay of the Propellant Engineering Laboratory. Tnis new site
represents a considerable improvement in the larger space now available
for system components, and in the greater freedom from other laboratory

activities, thus providing for more efficient flow-test operations.

At present, the test bay has been made ready for occupation by the flow
test system. The nitrogen gas system to be used for Néok tank pressuriza-
tion has been installed. Supporting structures for the tankage and for
the flow-line components have been built. Installation of the flow line
is under way; this includes, in downstream sequence, the on-stream heat
exchanger, the test hardwrre, whick will be initially a sight-gage needle
valve previously utilized at Rocketdyne for Néoq flow-decay observations,
a flowmeter, and a metering valve for flowrate control independent of the
decay process. Three temperature bath containers have been prepared,

one for batch temperature conditioning at the NéOh source tank, a second
for stream temperature condit ioning with the flow-line heat exchanger, and
a third to provide for circulating flow of adequately large cooling or
heating capacity to either of the others. Preliminary testing of these

temperature~conditioning units is being carried out.

The design requirements for the on-stream heat exchanger are problematic.
This heat exchanger is being constructed to provide reasonably precise
selection of emerging stream tcmperatures for all flow conditions of
interest, Conditions of potential interest include cooling from 165 F

to ncar 15 F at flowrates of several gallons per minute, requiring a

long heat exchanger of large surface area. Such a unit is not a localized

flow restriction and would not be expected to participate directly in
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flow decay. However, the large cold area could conceivably act as a
scavenger of flow-decay maierial niead of the t :t hardware. If this

poasibility materializes, efficient -tream temperature control way have
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AFPENDIX 4

IRON ANALYSIS PROCEDURE

The anelys.s for trace amounts cof irom in N204 has been carried out using
1,10-ghenanthroline as the color-dsveloping reagent. Using sample sizes
of 10 grems of N20“, the ideal range covered by this technique is 0.2 to
2.0 pps of iron, 8y increasing or decreasing sample size, the renge can
be exterded at either end. Therefore, the use of 4,7~-diphenyl derivative
(Ref. 1} of ortho-phenanthroline has not been required, and all analyses
carried out during this periocd have utilized orthophenanthroline. The
apalytical procedure used for the analyses is described in the 1ollowing

paragraph,

The weighed sample of Ngo& is hydrolyzed slowly in a closed container using
excese (30 to 50 cc) water at 0.C., The aqueous solution ie quantitatively
tronsfeired “c a 100-milliliter teaker, 2 milliliters of concentrated
sulfuric acid are added, and the colution slowly boiled to dense SO.5 fumes
to remove nitric and nitrous acids., The ccoled sample is then transferred
to & 50-milliliter velumetric flask, and Felll reduced to Fell using 2
milliliters of 10 percent hydroxylamine hydrochloride. The rate of re-
duction is increased by heating the flasks to 60 C for 10 minutes. The

pH is then adjusted to 3 to 5 with 2 M sodium acetate and 1:! amonia solu-
tion. One milliliter of 1,10-phenanthroline (0.1 percent in 10 percent
ethanol) i~ added, and the solution is set aside for 30 minutes. The flask
is then diluted to the wark, and the abs-rbance is measured at 510 milli-
microns against a reagent biank. Calib-ation standards are prepared by
adding known amounts of iron to i:1 nitric acid solution and carrying out

the analytical procedure in the same menner as the unknowns.
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Second quarter progress is reviewed onm a 12-month program tec ascertain methods for
the elimination of the corrcsion products in NgOy (iron—nitrate-containing spe-
cies) which are responsible for the phenomenon of "flow decsy." 8tudies on the
rate and mechanizm of solution of iron in amhydrous NgOj are described. Nuclear
magustic resoncnce apd electron resonance spectroscopy studies of the eolvated
iron nitrate species are presented. Compounds of the type re(NG;); xNo0; have
been syntaesized and purified, The properties of these materiels have been found
to meteh the properties of the Ilow decay substance. Solubility studies of the
"synthetic" flow decay material in anhydrous N0y, NoOy containing NO, and NoOj4
csntaining amall quantities of HpO have been initiated and are discussed in
detail. Preliminary experiments have iniicated possible candidate coordinating
agents for further investigation. A flow bench designed to study this phenowmenon
is being consiructed. Design consideratiois are discussed.
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