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ABSTRACT

__,This report covers work (a) on the low temperature
-00°Cc., -30°C., and 0°C.) stability in Pyrex glass of
0-100#% hydrogen peroxide, (b) on the effect of container

surfaces on the stability of such peroxide in tha 50-70°C.
temperature range, anl (c) on the mechanism of hydrogen
paroxide decomposition.

Carefully purified, or commercially stabilirzed,
9C-100% hydrogen peroxide in Pyrex gless at -60°C, to
0°C., is stable and storable, with less than 1 ppm per
day (0.04% per ysar) decomposition, At higher tempera-
tures (50-70°C.), mildly ‘rradiated "Teflon" FEP fluoro-
carbon as a container surfuce is exceedingly inert to
high strength hydrogen percxide, causing less than
cne=-third the peroxide decompesition of a passivated
aluminum surface, and less than one-half that ot
passivated Pyrex glass. Studies of the sites of attack
of hydrogen peroxide on aluminum surfaces are described,
together with methods of following the mechanism of
decomposition of hydrogen peroxids catalyzed by metullic
lona (both oxidizing and reducing) and radiation. (his
latter work may suggest superior stablllizaticn systems
for hydrogen pecoxide,
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INTRODUCTION

This report sumimarizes the work performed by the Electrochemicals

‘Department of E, I. du Pont de Nemours and Company under Contiaot No.

AR OL(A11)-1021&, "Roscarch on he Glawlilily of High Strength HpoO, ™.
The requirements of this contract are stated aa followa:
1. The Contractor shall conduct a research program consist-
ing of the following phases:

a, Determine the inherent oulk stability of pure
90 to 100% hydrogen percxide at temperatufea
ranging from -60°F. to +l160°F., in tha absence
of catalyzing surfaces uy using solid hydrogen
peroxide as the wall,

b, Determine the effect of wall surfaces on the
bulk atabllity as secured above by electron spin
resonance and infrared attenuated total reflected
techniques employed on the interfuce,

o, To subject the pure hydrogen peroxide in oontaoct
with a stable surface, if one is found, to radia-
tion to induce instapility and thus gcngrntc
radicals whose interactions with the asurfuce can
be detsrmined. The cliolce and use ol the stahle
surface, if found, will be mutually agreed upon
by the proouring activity and the contraoctor
bafore this phase of study commences,

22  This program shall be directed toward the gatharing of
information affecting “he storwoility of hydrogen pesroxide.
Emphagis will lie on the reliability oand reproducibility of
the duta attained,
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Section 1(a) experimentation was carried out primerily at the
Research Laboratories of the Electrochemicals Depaftment at Niagara
Failp, New York, by Dr., A, M. Stock:. Sections 1(b) and 1{c) work
was carried out primarily at the Radiation Physics Laboratory of

Engineering Departmeit At Wilmington, Delaware, by Dr. J, P. Paris.
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A8 a result or the ibove seperation of effort, tnic report is
divided into two sections, Section I‘covering work At Niagara Falls,
and Section II ocovering work at Wilmington.

SUMMARY

Section 1

1. After consideravle englneering study, followed by a few
socouting experimonts, 1t was c¢oncluded that determination of the
high temperature stabllity of high strength Hp0~, surrounded by a
container wall of rrozen HaOp, while feasible, coull not be carried
out within the limit of funds aliocated to this contract. Suggested
exvension of the contract was not approved. ‘fwo engineering studieh,
one on & "minimum metal container surface' and one on "solid H20p
container surface', are appended as Appendicies I and II,

2. In view of (1) above, it was theref-re decided to limit
experiments on the storage stavility of high strength Hy02 to
temperatures at whioh HpO0, was solid, thus 1limiting the socess of
HpOz molecules to the ocntuiner surface. Thoese temperatures wers
selected at -30°0. (-22°F.) and -50°C, (~76°F.). In addition,
teats were inoiuded at 0°C. (32°F,) so that our results, taken in
sonjun¥tion of those of Roth and Shanley (Ref. 4) would span the
entirs temperature rangs of -60°C., (=T6°F.) to 1C0°C. (212°7F.).
Equipment capable of doteoting deocomposition in the range of 1 ppm/day

wWas sssembled and teatled.
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3, Two-week stability tests were then set up at the three
tempevatures ncted in (2) above, using as test samples 90% councen-
traticn stabilized commercinl HzOp from three manufuctvulers, %

and highly purified, unstabilized H>0p of both 90 and 29+% concen-
tration, made from commercial Du FPont 90% concentration stabilized

Hp0p. Procedures ror securing thz2se later two grades are outlined

later in thie report, while a discussion of concentration of 9%

HpOo to 9944 by crystallization (taken from unpublishad Du Pont
work) is appended as Appendix III.

Standard drop tests were carriea out on nsolld high strength
H20p2 tc be certain that the solid state dld not increwse the
sensitivity of the HpOp to snock., These testa were carried out
with a Gardner Variable Impact Tester (Catalog Nc. 1G-1120, Qavdner
Laboratory, Inc., Bethesda, Maryland). This instrument permits a
known welght to fall from a known height onto a sample suppoited on
tn anvil. To carry out the impact tests, the anvil was i1emoved and
refrigerated to -60°C,; the weight was ralsed to its maximum hoight
and held at this point with a thin wire, The anvil was quickiy .
replaced and solid !{p0z crystals pleced on 1t; the waight was then
released by cutting the wire., No evidence of datonatlon was obeserved
under chese conditions. In these taosts, “he manufaypturer's lmpaot
calibrations were used without independent checking againat ocalibration
standards, To the limit of our equipment (50 inch-pounds impact),
crystalline 99,5% conoentration HpOp was insensitive to impact.

4, Studiea of the decompoeition of commurcial stabilized
90% Ha20p (triplicrte samples) gave the following resultsi

e e -
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a. At -60°C, all samples teasted sinowed no de-
Ccompusiiion (rates, 1I any, of less than 1 ppm per day).
All samples were completely molid thwoughout the t2st,

b, At -30G°C., all samples cuntained a minor amount
of 1iquid H20p. FRour of the nine aamples tested gave small,
but mezsurable amounts of decomposition (0.9-2.1 ppm/day).
The remaining samplea showed no detsectable decomposition,

¢, At 0°C., all samples weru completely liquid, All
thireu samples from one manufacturer showed decomposition ratas
of 3 to 5 ppn/day. The samples from the other two manufacturers
showea very alow decomposition from just detectable to 1.5 ppa/
dey .

d+ Rupeat of these tests in s slightly modified, more
sensitive, apparatus capable of detecting docompositions of
0.5 ppm/day confirmed the above rates: : -
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(1) At -€0°C., decomposition less ihan C.5 ppm/dey,
(2) At =30°C., decomposition turely detectable in
some samples,.
(3) At 0°C., a sample of tne Hpo0p that showed 3 to
5 ppm/day in test 4(c) above, gave apout the
same rate, One sample from a second manufazturer
also indicated a 3 ppm/day rate. All three
samples from a third manufacturer gave no mcasturable
Gecompoesition.
5. Study of the decomposition of comnercial 45% Hy0; gave the
following results:
a. At -80°C., no decomposition.
b. At =30°C., completely solid, no decomposition.
c. At 0°C., mample liquid, no decomposition (under
Q.5 ppm/day). |
6. Studies of the decomposition of highly purifiad, unstabilized
0% aund 98%+ concentration HpOp gave the following results (triplicate
samples), in our mors sensitive unit mentioned in 4(d) avove: |
a. At -60°C., no detectaole decomposition.
o, At ~30°C., no Jdetectaple descomposition.
0. At 0°C., 98%+ H, 051 0.9, 0.7, and "0.1" ppm/day decompositio

908 H,051 "0.3", "0.4", and 1.7 ppm/day decomposi-
tion

We are inclined to blame trace contamination for the two higher values
for the 934+, and the one highor value for the 9% matorial, and concliude
that the decompu.sition rate of highly purified Hz0p is essentially un-

detectable at 0°C. in equipment capable of measuring decomposition rates

in the under 0.5 ppm/day range.
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7. On the basis of the above data, we conolude:
a. At -60°C. solid hydrcgen peroxide shows no evidence

- A wm = -~ o= - - -~ - -
of decomnaaition regemiless of the £rS33ncs oF abssnce of

AN TR

Co— stabilizers,
b, The onset of decomposition is associated with the
appearance of a liquid phase at about -30°C. in the case of
90% HEOE and at soméwhat hisher'temperatures in the case of
98% HaOe.
¢. In the liquid phase (0°C.), decomposition rates of
commercial high strength (90% and 98%) Ha0, range from a

maximun of ubout 5 ppm/day to helow the level of statistioal

significance, .

d. In the liquid phase (0°C.), ocarefully purified unsta-

oilized Hp0y 18 c¢nly slightly less astable than the most atable
commercial HgoOp and considerably more atable than the least |
: stable commercial HoOp, indicating that stabilizers are not |
. required for high atubility provided high purity is maintained.
e, Only & rough correlation between low electrical
conductivity and high staoility was found, indicating that
: electrical conductivity per se 'is not a reliable indicator of

- stabilicy.
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Seczlon II

1, container Materials for Storage of High Strength 5292

(a) Aluminum. High purity (99.6% or retter) aluminum has been

consideared the boot {(most

ert) material for construction of drums,
storage tanks, and tank-cars used in high etrength HpOp storage and
shipment. From our work it is apparant that the oxide sealing
treatment of the aluminum surface ber;re use 1s not perfect, and
allows contaot of the stored peroxide with the aluminum surface,
Exact chemical nature of the oxide film could not be established.
With contact of the aluminum surface py the lip0p, decomposition at
the site of catalytivally astive heavy metal contaminate atomd
appears cartain. Howaver, it was not ;vasible to demonstrate the
superiqr resistancs of 99.999% aluminum over that of 99.93%. It
alsc appears that scratches and mechanical damage to the aluminum
surface before oxide sealing provide sites for preferential pitting
attack on the surface, Suggesticns for meore definitive work are
outlined in Appendix IV,

(b) Pyrex Qlass. Literatures values for the dooomposicion'or
high strength Ha0p stored in proparly cleaned and pasaivated Pyrex glass
vwere resadily duplicated,

(¢c) Polyethylene. Examinatiun of the surface of both linear and
branched ohain polyethylene indliocated a tcmﬁoraturc dependent attack by
high strength Hz0p. Development of the C-0, O=0, and O~H bands at 40°
and TOfc. sould be readidly followed. Polyethylene 48 not a suitable
matorifl for containers for nigh strength Hp03.

(d) PRluorooarbon Polymers, "Teflon'" TFE-fluorccarbon film showed
no detsctable surface attack nhy 90% oconoentration Ha0p aftver 500 hours
at 70°C. However, a porflﬁoronulronio #cld lon-exchanyes membrane was

rapidly attaocked, giving noticeable O=0 absorption after 2 hours. Our

4
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' Moat significant work was done with "reflon" FEP-fluorocarbon resin

as & container for high strength HpO0p. A sample bottle made from
this reodn fndtially Caused awovui S0 more dscompoaition of high
strength H»0p stored in it at 70°C. for a S-hour period than did a
pgasivatod Pyrex glass cottle, However, mlld irradiation of the
"Tefion" FEP bottle in air, while not adversaly affecting the physical
properties of the contaihor, reduced ltn oatalytio ¢ffect on oonvained
90% Ha0p to about half that of passivated P&rox glass, and to about
ons-third thet o passivated aluniinum, Such an irradisted aurface
is the most inert that haa been reposted., We recommend consideration
of such a oconteélner surface for long tarm HpoOp storage.
2. Reaction Mechanlism of HoOp Decomposition

Pure HpOp i3 a very stable molecule, Decomposition studies
therefore require an initiator to start the chain deccempesition
reactions. IDp our work we utiiized (a) a reducing agent (titanous
chloride), (o) an oxidizing agent (ceric salts), and an irradiation

system (ultreviolet light). All three of these agenta aided in the

‘over-all underatanding of the mechaniom., The reasctions 1nvolvoﬁ are

(4') M¥* 4 HoO, ~=> N*(X*1) + (OH + OK
2%

(b') M*¥™% 4 HaOp —> M*(¥=1) & H* 4 HOp* wi H* + -oa'(>
(superoxide ion)

hv
(¢') HOp ——> %:OK

(a) fTitanous Chloride as an Initiator, Rapid mixiag flow cells
b

were vonstructed to study the resction of titanous chloride with Ha0p
in an electron paramagnetic reaonance (EPR) cavity. A rapid olosing

valve allowed "stop i1iow'" studies, giving radical deocay values, Lo be

made in this same unit. In this unit the basic reaction was studied,

e e T A
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In addition, the effect of methanci or ethanol additions, change in

pH, changes in HoOp concentration, and the addition of ferrous ion

A bbm merme e T e
VWil Mg ww

S eh i amae oo d e 8o e e . Y n — . .- &y
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l\ﬂlll-‘l-ll;:l l"l“\lllﬂll\d-ﬁ’
hydroxy methyl radiocal.

(6) Ceric ion (nitrato-cerate ion) as an initiator. In the

sume system an used in 2(a) above, the reaction of Ha0p with CO(N03)6'2
(nitrato-cerate ion) was examined, Good evidence was obtained that
the reaction seguence was:

(d') Co(N03) ™2 + Ha0, —> Ce(NO3)g™3 + H* + HO,*
(e‘) HOE' -t H+ “$ '02-

It was found that ocuprioc lons added to this system drastioally reduced
the '0p” level., It i3 believed that this is the mechanism responsible
for the cetalytic decomposition of HyOp by cupric ions. Msthanol, on
the other hand, did not react with 'Oz« This suggests that the
stapllizing effect of methanol on HgpOp 18 posaibly due to scaveanging
of +OH radicals,

(o) Photochamical dissociation of HuO,. Equipment was oohqtructcd

in which light from a low pressure mercury arc was appropriately filtered
to isolate the 2537A Hg line., This light wams then used to decomposs Hz0p
as fnllows:

hv
(6') HpOp =—> R:OH

(£')  *OM + Ha0p ==> Ha0 + HO,* ®e= 03" + H'

It wnu“hopod to add & loiv]hqins agent that would reaoct completely
with the superoxide ilon (-0;'), and by measuring the amount of
reaction product, determine the guantum yield in the photolysis of

HaOp. We were ablo to &0 do, and confirmed literature data on the

quantum yield determined by another method., The lolm’hsing agent used,

4
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tetranltyromethane, appears to react gquantitatively with the asuper-
oxide Lon.,

MAJOR CONCLUSIONS

1. Eitheér carelfully puvlfisd, or suitably stabilized commercial,
90% and 98% HoOp ocan be conaldered stable and storable at temperatures

of 0°C. (32"P.) or below. [ecomposition rates of lesa than 1.0 ppm/day

should ve raadily attainable under thesa gonditions in standard passivated

aluminum storage vessels., This conclusion i1a horne outl by unpublished Du

Punt experience, in which solid Q9%+ HpOp has been stored in Pyrex glass
at -30°C, for a three year period with no detectable decrease in concen-
tration as meadured by permanganate titration, It should be noted that
HpOz increases in donsity by about 158 upon freezing. Decompusition

of 1 ppm/day of 90% Hz0z at O°C, in an unvented aontainer with 5% outage
should not dbuild up oveal 200 paig pressure in a 4 year pericd.

TYPICAL DECOMPOSITION RATES

Decomposition Rates

Purified Purified Stabilized ' Stabllized
Temperaturs, 9848 HaOp 508 H20z 9% Hp02 90% Ha02
°¢s pEr/day  X¥/yr: ppm/day ¥/yr. ppm/day %/yr. ppm/day ¥An
'60 N-D- NnDn NiDl NuDo Nth Nch Nan N‘D!
~30 N.D.  N.D.  N.D, N.D. ND. NOD. 0,5 0018
0 0.7 0.025 0,R 0.010 N.D. N.D. 0.6 O0.GR
30 39,43 1,443 - - 29,93  1.093  408d 14,93
66 813  13.9; - - 27,47 17 wesT w27
fgosi 29, 3; g

ND = no deoumpositiorn detected
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In other unpublished Du Pont work, we have shown that, nof only
liquid HpO0p. At -55°C., we have maintained crystals ot 99%+ HaOp
in contact with an active silver screen catalyst for 4 hours with
no decomposition., We have also mixed solid 99%+ HpoQp with solid 99%+
hydragzine at -70°C. with no reaction. In the later caae, warming
the mixture to -25°C resulted in exploaive decomposition of the
mixture,

2, "Teflon" FEP fluorocarbon film, mildly irradiated in alr,
offers a surface for a storuge container for 90F HpOz that hao caly
one-third the cutalytic decomposition rate of a passivated aluminum
surfaoe,

3. It 4is possible, with modern physlioal tools, to §'ollow
conaisely the growth and decvay of short-lived intermediates in the
vatalytic deocmpositions of HpoO0ne Murther light has been shed on
these oomplicated reactions. By selecting the proper soavenging
agent for Key intermediatas in these ohain reations, superior -

HpUp stabiliszers might be developed.
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i . EEFTION I ~ STORAGE STARBILITY OF ii{1GH STRENGTH Hp0p
| DISCUSSION [
? I. Breparativcn of Dure Hydres 3 Porcxnids d
i: - Essentially anhiydrous hydrogen peroxide was prepared from l
commercial (Du Pont) $0% hydrogen peroxide by fraotional arya-
PI . tallization followed by distillation under reduced pressure., By :
;J carrying out the corystallization at aoout =-30°C, and accepting a
if . moderate (4O%) yield of crystals, it was possible to obtain 98-99%
' HpO2 by & single crystallization of tho acommersoial 90% Ho0n. 'Under

these conditions large, well-formed c¢rystals were obtained; in one
case, the crystals attalned o length of aoout 3 inchies (Ses Figure J
i‘ S-1). The curystals weirs collected on a sintered glasa filter,
clanketed with dry nitiogen and allowed to melt slightly to remove
uvie surface film of mother liquor. Distillation was carried out A
acoording to the procedure of Qross and Taylor(l), using a modified

form of the apparatus desoribed oy theae workers (See Figure S-2),

As recommended in the literature(l,2), the distillation was goncducted

E
in the presence of a trace of NaOH., Distillation served primarily %o »
remove lonic impurities and brought about only a slight increase in !
20, conoentration,

R VU

II. Electrical Conduotivity of Pure l{s02
The electrical oonduotivity of purs Ha0yu has been studied by

several workers(3,5,5)., Early investigators(5) have reported a
lpooifap oonductance of 2 mioromnos at 25°C., More reccontly, #penifle
oonductances of 0,82 miorcimho at 2%°0,(5) end 0,39 mioromho (temperature

unapecified) (3) have becn reported.
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We studlec the conduoctivity of pure HyOp preparvd by fractional

oryatallization and distillation as a means of determininx itm nurity.
The results o' thims study (seoc Tavle S-1 for data) can be summarised l
- a8 follows: 1
a., fractional orystallization reducsad the conduotivity
! of commercial 90% HpOp to approximately half its
f . initial value, (while 1norekain¢ its conoentration
C° to 98+% H202).
b. distillation of tho corystalliged Hp0p reduced its
specific conductance to acout 2 micromhos, the
value reported in the sarly work of Cuthbertaon and
Maas (5).
c. A seoond diastillation of orystallized and once-
| diotilled Hz0z reduced ita apecific conduotance to
; 1.2 mioromhos, a valus greater than that reperted in
tihe more recent literature(3,6).
d. the opecific conduvtance of both 95+ Ha0p and "deivnimed"
water inoreased on storage in contaast with "Pyrex" aiull.
j We attribute our failure to achieve the lowest sonductivity
reported in the literaturc to handling and storage in "Pyrex" glass-
ware and the presence of up to 2% water in the orystalllsed, distilled
HzO02. In the Hz0-Hp0p system specific oonductance passes through a

oy

maximum(5); vis., the npeoific oonductance of pure HgOp is increased

by the addition of water and the specific conduotance of pure water

is inoﬁhnlod oy the addition of Hg02. We have limited our purifiocation
procedure to orystallizstion and a single distillation, since repeated
aistillation produced a relatively small deasrease in acondugtivity.
8ince conductiviiy of the Hz0; samples is certain to inoreass during

L i 4] . e e AU MY a4 ) -
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thc stability tesca du- to the prolonged contact with "Pyrex" glaas,
we question the significance or extremely Jlow initial conductivity,

IXI. Rate cof Decompcsiticn of High Strength HoOp

Two suiries ul Jdeuunpusiviun rave experimentd were ocaryvied out.
In the firat serivs, the decomposition rates of aight samplaa of
commerolal 90% NaOz from three manufucturers and of threo samples
of commeroial 98% Hp0p trom a single manufacturar were determined,

In these experiments the Hp0s samples were placed in speclally

‘decigned decompoaition flavks (see Figure S-5) in a modified Revoo

Model ULT-903 low tamperature refrigerator, 7The flasks were
oconnected Lo manometers construnted of @ mm, "Pyrex" capillary
tubing by meann of 2 mm. "Pyrex' or 4 mm, "lefloan"*oapilllary tubing.
Both types of tubing proved satisfactory. 'Tellon" offered the
advantage of grcatcp flexiLility., The manometric t'luid was volored
keronene (denaity = 0,800 g./ml, at 23°C.). (See Figure 8=7 for a
schismatic drawing of the decompositiovn rate apparatus.) Tais type
of decompomitiun rate appurntul was extremely sensitive., A barely
detectable prassure change (2 mm, kerosene » 0,12 mm, Hg) was
caloulated %o oorrespond to decomposition vl from 0,10 to 0.14 ppm
of tha Hz0p vamplea, Theoretically, then, a decomposition of well
underr 1 ppm over the entirs test period should have been deteotuble,
Unfortunately, this small amount of decomposition fell well within
the srror 1mponod principally by temperature fluctuatione within the
refrigerator, JFor exampla, av =60°C., tho indicated refrigerator
temperfture varied from =57 8 to -60.0°C, 8ince the devomponition
£1a8Ks were immersed in a fluid of low haat oapacity (air) with no

provision ror‘torood odroulation, actual temperature inside the

*Registered Du Pont Trademark
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decomposition flasks may have varied considerably from the indicated

tempevrature. We indmed observed that Iluctusations in preasure lagged
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estimate the possible arrur due to temperature fluctuation to be

of the order of 10 ppm. 7Thus, over a two-week period of observation,
decomposition at a rate of ahout 1 ppi/day ahould produce a prussure
inorease greater than thé exporimontai error.

The results ot the first series of decomposition rate studles
can bes summarized as follows,

Al At -60°C., all samples ware entirely in the aollid satate,
Prossure variations within the decomposition flasks were random and
gave no indiocation of accumulation of oxygen. (See FPigure 8-8 for
plote of pressure va, time for typioal samples of 90% and 8% HgOg.)
Since a decomposition rate of ) ppm/day should have ocaused a noticeable
upward trend in pressure, we conolude that at -60°C. all the commercial
HpOp camples tested uegompoAw at & rate of less than 1 ppm/day, if
at all,

B, At =30°C., the $U% H,y05 remained entirely in the aolid phate,
while the 50% Ha0z samples vontained both a soidd (major portion) and a

-1iquid (minor portion) phase, AU this temperature, fowr samples of

908 HgO, shcwed svidence of decomposition (L.e., a decompositlon

rate of about 1 ppm/day or more). Caloulated decomposition rates for
these samples were R.,1, 1.1, 1.3 and 0.9 ppm/day, respectively. (Gee
Table §-¢, Samples #2, #7, #10 and #12) 8ince none of the 98% Ho0p
aumpldf showed evidence of dacomposition, we have ooncluded that the
onset ¢f decomposition is asnoclatved with the appearance of the liquid
phave, (Dee Figure 8-9 for typical plnots uf tempersture va. time for
908 lg0z at =30°C, and Figure 8-10 flor a typical plot of pressure vs,.
time for 96 Hgo at -30°C,)
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c. At 0'C., all eleven samples gave evidencte of deccmposition,
Calouluted decomposition rates varied from 0.5 to nearly 5 ppm/day
{68 Tmblie 5-&). 4n tnis case, we consilder the rate of 0.5 ppm/day
to he significant, sirnce the }{202 nampisa axnand sd
melting, thus decraasing the free volume of thé decomposition flasks
and inoreasing the sensltivity of the manomatric systems to small
amounta of evolved oxygch. Thus a caioulnted decomposit ion rate of
0.5 ppm/day at 0°C. may be ntatiaticilly aignifiocant evah though the
caloulated rate of 0.9 ppm/day at ~30°C., may be of/tzzgtitioul
asignificancu, Typioal plots (Figure 3-11) of pressure va, time at
0°C. clearly show inaorsusning trends even though oalculatecd decompo-
sitinn rates are as low as 0.5 ppm/day. The decomposition rates at
0'0., divided the samples into two starply defined ocategories,
namely, eight samples which decomposed at rates of 0.5 to 1.5 ppm/day,
and three wamples which decomposed al ratee of 3 to 53 ppm/day. The
three samples whioh Adscomposed at the higher rate represented 90%

HgQp from one of the three manufacturers, At the end of the deconposi-
tion rate experiment, the apecilfic conductances of the llmplcllworc
moasured, 4n order to obtain an estimate of the relative amounts of

donic impurities present in the samples, The conduotance datva (oee

Tabie 8-2) indioated that the snounts of ionic impurities were small

and did notl vary widely fron sample to sample. Howaver, tha aspecific
gonductances of the three lews atable samples ware iigher than those

of most of the remaining more atable samples. I an Llonin impurity

was ri:bonliblo ror'thezlowtr stability of the three samples in question,
1t must have been a powerful catalyst for the decomposition.
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In the second series of decompoeltion rate experimente, the

following samples were used:

a. three samples of unstacilized 98% HpOp prepared

£ am
& & NI

PN - ~red o tr LA
[SROIITITI =Y , - :‘:—;-‘-i wa 1

ciali (Du Jont) SCF zCL by ticna
cryustallization and distillation as described in
the Experimental Sectlion of this report.

b, three samples af unstabiliied oo, 4 H202 prepaced -

by dilution of the unstabllized 98% Ha0p with

"delonized" (specific conductivity = 3 x 1077 mho)
v.ater. i
¢, five samples of commercial “U% H-i:3 from three
manufacturers,
d. one sample of commerclal 98% Hp0p.
Tne deoymposition flasks used in the first series of experimerty
(see Figure S-5) were modified as shown in Figure S-6. The external
lines oconneoting thie decomposition flasks to the mancmeters were
shortenud by raplacing the "Pyrex' glass cepillary with heavy wall
tubing of "Teflon" fluorocaroon resin. "Pyrex' lines within ﬁhe
refrigeration unit were not changed. Weo have estimated that these
qufriootions inoreased the sensitivity of the apparatua to ca.
0;5 ppm/day at -30°C. and -60°C. and to oca. 0.2 ppm/day at 0"C.

The results of the second series of decomposition rate studies

can he summarized u3 follows:

A. At -60°C., {all samples in tnhe 8solid stata), pressure changes
ovarlﬁhc samples (#1, #a and #3) of unstabilized 988 Hp0, were amall
and randon (see Pigure $-12)., Therefore we conclude that solid HaOp
requires no stabllizer against decomposition, provided high purity 1
it maintained. Of the three samplen (#4, #% and #6) of unstabilized
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90% Hz0p, two (#4 and #5) showed some signs of decomposition. In

the case of sample #4, anproximately half of the apparent gas

4 —~ - Ced e be A o . . . o L L
evalnrt o ing Whc fiusst GQay il vuservaiion; vhus tne

- s
- wee e va

C calculated decomposition rate for the final 13 dayc of observation

wag only half that for the entire l4-day period., The results
cbtalned at higher temperatures (-30°C. and 0°C.) suggest thit

4
5
I sne apparent gas evelution from these'samplea was ocaused by
e failure to attain thermal equilibrium by the time observation was
vegun., (During the start-up phase of the run, the freezer tempera-
ture dropped consliderably below the set-point due to mechanical mis-
oehavior of the unit.) All samples (#7 through #12) of commercial
HpO02 had appurent decomposition rates of doubtful statistiocal
significance (i.e,, 0.4 ppm/day or less).
B, At -30°C., the observed decomposition rates (lable S-3,

‘ Figure S-13) were below the level of statistical significance or of

marginal statistical significance at most. The "negative" ratesl
reported (Tablr S-3) for samples 9 through 12 can be attributed to

fallurs of the sumples to reach thermal equilibrium at the time cf

% the initlal observation. The rate plots in Figure S-3 show elther
lig little change or a slight 1ndreaaing trend in the amount of Hy0p

decomposed after the second cbservation.,

€. At 0°C., (@ee Table S-3, Figure S-14) five of the samples
(#1, 2, A, 10, and il) dscomposed at statistically signifivant rates,
The caloulated decomposition rates of samples #4, 5 and 12 were of
margin;i statiatical sighiricance; and those of the remaining samplea
were beliow the lavel of statistical significance. The low decompoaition
rates of the unstabilized samples coanfirm that a high degree of atability
is posaible without stabilizers, provided high purity is maintained.

L e T P T e e e — ——— — ——— 8 e
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In this group of samples (#1 through #0) there seemed to be at least
a rough correiatlon between higher conductanca and higher decomposition
ro%¢. The behavior of the vzrious commercial mamplea (#7 through #1R2)
was abzui the same ps it had been 4in the rirst series of experiments,
with ore exception - the decomposition rate of the S0% HpOpn froum
Manufacturer C was hnigher than expected from the previous results,
The conductance measurementd do not indioate ionic conramination of
the sample, although contamination by a nonionic material such as
8ilicone grease cannot be entirely ruled out, In any case, the
highest decomposition rates obmerved ut 0°C. (ca. 3.5 ppm/day) ave
in agreement with thome found in the first series of cxpcfimontn
(3 to 5 ppm/day). |
On the basis of the two series of doqumpoaition rate experimenta,
we have reached the following aonalusions, . o
1. At -60°C, solid hydrogen peroxide shows no evidencs
of decomposition regardiless of the prulonho or absence
of stavilizers,
2. The cnsct of deoomposition 1I‘Il50011t.d with the
appearancs of & liquid phase at about -30°C. in the
cade of 90% Ha0, and at somowhet higher tenmperatures
in the case of 98% KaCp. -
3,  In the liquid phase (0°C.), decompoaition retes of
commercial high strongth (9% and 98%) Hp0p vange from
a mrximum orwﬁbout 5 ppm/dey t- below the level of |
statistical signifioance. |
L, iIn the liquid phase (0°C.), sarefully purifiod unsvabilized
Hp02 4i® only tlightly less svable than the most stable
commercolal Ha0z and cunsyidersbly more atable than the least

‘etable comaercial Hp0ps didicating that stabilisers ere not

R L . e e e .

. o . . . .
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required, for high stavility proﬁidod high purity is mnintlined.
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5. Only & rough correlation between low electrical
conductivity and hign stability was found, indicating that

electrical conductivit;r per se is not a reliable indlcator

ol stability.

= e T T e Tme————— e T

) iV. Oxygen solubillity in Hydrogen Peroxide i i

In thelr careful study of the rate of decompoaition of pure
§ hydrogen peroxide at somewhat higher temperatures, Roth and Shanley(3)

3§ cobreoted the volume of oxygen svolved for dissolved oxygaer.. Sinoce

no data on the solubllity of oxygen in hydrogen paroxide were available,

they used the water sclubility of oxygen as an approximation, We

consider this correction unnvcessary in the baae of liquid hydrogen

] peroxide, Qur results indicate that liguid hydrogen peroxide de-

} ’ composes at a finite rate, even at temperatures approaching its ' "

Lo melting point, Therefore, under normal ciroumstances, we would ‘
expact liquid hydrogen peroxide to be saturated with dissolved orygen.
It might be argued that sampler which were cooied and then held at

low temperatures (as in our experiments) might not become saturated

, with oxygen at the lower temperature for a considarable time. We
: discount this poasibility on the following grounds: first, our samples :
wers normally stored for considerable periods at about=%0°C, prior to i
the start of the decomposition experiments; secuvnd, prompt oxygen %

evolution from decomposing liquid samples was cbservad (see Pig. S-11

and 3-14), Pinally, extrapolation of the data of Roth and

predicts a decomposition rate of -A=8 ppm/day for pure hyd- ide
»

at 0°C., We consider that our mc¢ ‘sured decompuotition rates -7

ppm/day are in good egreement with the data of Roth and Sha
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It is gomewhat more difflcult to Jjustify neglecting the oxygen

solubliity (or entrapment) in solid hycrogen peroxide. Our experiments

Alaariv AamAanot watna em
2R QemenEtrate

a b en
seea v Bl

2 C mMTaSuranic ancunv of uvaygen wap gvolived
over a two-week period by solid hydrogen peroxide., This obaservation
does not rule out the possibility that some actual decomposliticn
occurred with the oxXygen remaining dissolved or entrapped in the
8clid peroxide, OQupr experiments at -30°C. were run imnediately
following the experinents at -60°C. It has already béen pointed

out that a liquid phase exiated in the H0% HoO, samples., With the
golid and liquld phases existing in equilibrium, the s0lid should be
purged of entrapped oxygen. Thus during the early stages of the
stages of the experiment at -30°C, oxygen should be evolved both

by purging rroﬁ the solid Hpy0p and by decomposition of the liquid.
Thue, as the solid i1s purged of oxygen, the rate of oxygen evolution
should decrease; this phenomenon has nct been oboerved (sem Figures
S-1C and 8-13). We cannot rule out the possibility that solid
hydrogen peroxide decomposes at an infinitesmal rate, However, the
lacl of measurable gas evolution over an axtended pericd is soand evidence

that sclid HzO, is, in the practical senuse, "stable'" and storable.
EXPERIMENTAL

I, Cleaning of Qlasaware

All siaauware ussed in contact with HpOp was cleanod by the procedure
of Shanley and Roth(3) which consists of soaking the glassware for
24 hours in 10% NabH, rinsing with distilled water, scakinyi for 24 hours
in lO%)HNO3, then for 48-72 houra in concventrated KNO3, rinsing thoroughly

with distilled water, then with "delonized" water and finelly drying in a
forred draft over at 125°C.
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II. Crystallization of H»0,
et

The sample to be crystallized was placed in a beaker of appropriate

size and cooled in a freazer kent at nhm

\

¢ .aAn%Aa YO asaern -
- - - [%]

~ .

[ ; had not sat in by the time the sampe reached thermal equilibrium,
: the liquic was seedad with a few Hgoq cryatals, Aftar the onest of
{ erystallization, the sample was laft }n the freizer overnight. The
,l‘ crystels were collected on a sintered glasa filter under a atroam .
S of dry nitrogen and allowed to melt alignhtly. ‘The melted HoOp was
drawn off and the orystala translferrad to & clean glass bottle with
a vented aluminum sorew cap. The bottle was coversd loonely with a

polyethylene pbag Lo axaelude moisture and stored in a treezer maintalned
at ca, -30°C,

. III. pietillation of Ha02

The apparatus was assembled as in Figure S-2 and cas. 800 g, of
) approximately 98% HoOp and 1-4 drops 50% NaOH oharged to the atill
pot(A), A amall quantity of ice was placed in the firat trap /D) to
dilute any HpOp reaching this point. The 8till pot (A) and firat
receiver (B) were immersed in water vatha; the second receiver (C)
anu traps (D and E) were immersed in solid COz-trichlorethylens bpains.
Distillation was carried out at a pressure of cu., 1 mm dg., The avildl
ﬂ pot water vath was mainuained at 35-43°C. so that the Hy0p dastilled

é without ebullition., The Lamperature at the atill head was 26-28°0.
g A forerun of oa., 290 g. was cnllecte:w in the saccnd receiver (C).
t.‘ The rirlt receiver (B) wWas then cooled to =5° to =10°0, with an

‘ 1ce-NaCl bath and the main fraction collected in it. In & typioal
distillation, the various fractions gave the following asdu,si

forerun, 97.9% H202) main fraction, 99.3% H20z) residue 959.5% Ha02.
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V. Assay of HoOs Samples

Hydrogen peroxide samples were assayed by titration with standard
KMNO) in the nrananae af aveamn H.30,(4)

V. Preparation of Unstabilized HoOn

Unstanilized 98% Hp0p, was prepared by orystalliization and
distillation of Du Pont 90% HQO2 ao desoribed above., Unstabillzed GO%
HpOp W&S prepared by dilution of unatacilized GO% Ha0p with "delonimed"
water,

VI, C-nductivity Measurements

Two #pecial conduoctivity celly (ahown in Figure S=3) were
construotad. The electrodes were cast from pure tin (Fisher
Solentific Co., assay 99.95% Sn) nnd‘poilnhod to yield parallel
flat surfaces, The circular eleotrode faces wers 20-25 mn in
diameter and were positioned about 4 mm apart. The eleotrodes were
set in tapered ground glass Jjoints by means of tight-fitting plugs
of "Teflon" flourocesbon resin, and were connscted into the bridge
odrvuit by means of "Teflon'-insulated silvered copper wires fudud
into the upper parts of the slectrodes. The entire oonductivit&
apparatus ls shown in Figure S-4, The constant tenmperature bath was
maintained at 25.00 + 0.03°C. by meana of a "Pyrex" glaso cooling
codl through which tap water was passed at a conatant slow rate and
an intermittent Qquarte heating element controlled by a mercury-to«wire
thermoregulator with an electonic relav, Resistanse of the test
liquid was measured with a five-decade alternating current uridge
with &“"magic eye' null point indiocator (Model RC 1B, Industrial

Inatruments, Inc.).

b
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Prior to une, the glasd parto of the conductivity cells were
cleaned by thd standard procedurs {see "Gleaning ol G.assware’, auvove),
The eleotrodes ways cieaned by soaking overnight in 90% Hp0pn, then
overnight in distilled water. The cells were assenbled und caliorated
against 103 N KCl., After calibration, the cells were rinsed at least
10 times with '"deionized'" wuter., The conduotivity of "deionimed" wWater
was then deturmined in the cella before any Hp0p samples were introduced,
The ceilm were dried LY drawing air through them with a waber aspirator,
Thae HpOp sample was placed in @ spsclally cleaned glass stoppared flask,
whioh was ploaced in the constent temperature bath for 1=2 hours to
nring the sample to tharmal equilibrium with the vath, The required
amou. . HgOz (3% ml, for ocell "A", 65 ml. for cell "B") was introduced
into the ocell with a specially oleaned pipette, The reaiatance of

the sample was determinea as quickly ns possidble and the spegifiv con-

ductance caloulated therefrom. The HgOz sample was cautiously poured

from the cell into a large excess of water and diwcarded, The 0ell wad
then rinsed and dried as above,

Since tho slectrodes were movable, care was taken not to change
their position once the cells were calibrated. The célla were poriod’.-
cally taken apart for cleaning and repolishing (if necessury) of
elsctrode faces, re-assemvled and re-calibrated.

VI, Deoomposition Rates

Tho totsl volume of emch decomposition flask and head assemoly
(Figures 8-% and 8-6) was determined by weighing the ocntained water,
taking®into acaount the overlap of the ground glass joint. (Densivy
of water was taken to ve 1.00 g./ml.) The volume of the connscting
tubing was oaloulated from the weignt of water contained in a known

length of the tubing, The total volume of each ansembly (vt) Wab

e et s et e bl | e rr— —Y . . PP DO b s e
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outained Ly summation ol the volumes of its components. Approximately
K00 ml. of HpO, was placed in euoch flask and welghed by difference,
Tha flamks warm nlunad in the refricaratonrn. fitted with their head
anoemblies, connecoted to the difrerenbibl manometers, and (after
considerable difficulty) acaled.

Nots: A leakage problem wan encountered during the early

suageJ of the first series of exbarimenta. At -60°C.,

silloone lubriocant failed to mseal thoe ground glans joinvs,

oven though bheylwaro spring~londed. Satisfactory useals

ware ohtained by "doping" the outnlde of the joints with

soualum milivave Bolubvinn, When the sodium sllicate had

thoroughly drled, the joints were tesied under botn

internal and external pressure. All syntems except one

(which therefore was not used) withstood %9 mm. Hg

internal pressure (1000 mn, Kercsena, full msoale on

mancmeter) and 30 mm., Hg extvernal preasure, During

the gourse of the expariment, the diffexeritial between

internal and external pressurs rensined within these

limits, No suoh leakage problems were enccuntered with

the redesignea decomposition flaska (Figure s-§) uesd in

the seagond serien of experiments.
The refrigerator was net to the desired temporature and suarted; the
manometar shopoooks were lefti vpen until it was rglt that the entive
syotem had reached thermal egquilibrium. Normally several days were
allowed for thermal equilibration. A pressurs reading was taken
shortly after the stopoooks wure closed and at approximately daily

Antervals thersafter for the duration of the experiment. Datu

recorded werei (1) date and time of reading, (2) room temperature in "X,

-,;K‘.‘ﬂ:ﬂ'...\
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(3) refrigerator temperatura(T) in °®K., (%) varometric pressury (Py)

N g

in mm. Hg, (%) height of kerouann in loft arm of mancmeter (hy) 1n mm,

(6) helght of kerosene in right arm of manometer (h,) in mm. (The

n

[ B arde]
¢ w eaa

2
r

-

3

cf sash Manometsr was open Vo ths ativaphere and the right
arm conhuoted to the appropriate deoomposition flask.) From these
data ware omlcoulated the total pressure (Pi) in each deocomposition
assembly (nquation 2), the apparont p;rti;ilprpeluri of oxygen evolved
by decompoaition of HpOp (wquation 4) and the épparvnt fraotion of
li,0; decomposed {equation 9 or 10).
VIII ., Muthuods of Qalculuatlon
A, JFraption of HaO, Decompuied

Let Py = barometric pressure in nmw, Mg

1 hl

height of kerusene in left (atmosphere) arm of
mariometer

hpy » hedght of kercsene in right (asaembly) amm of

manometur

AP = difference in Eroaaur« (mm.Hg) betwesn exterior

and interior of wsvumbly
ot

(Bquaticn 1) P, =Py +arP
(1r Py > Py 0P 18 positive; if Py < Py, OP 18 negative.)

Taking density of kercssne = 0,800 and deneity of lig = 13,546,
1-3-'-5-35°5° h.) % 0.0
aF = THEg(hy=hy) * 0,059 (hy<hp)

preasure (mm, Hg) inside assembly

Therefore,
(Equation @) Py = Py + 0,059 (h; « hp)

5 lat Py = Partial prclluﬁc (mm. Hg) of evolved oxygen at
stundard temperature (273.2°K.)

Py~ preswure (mm. Hg) ineide assumbly at time t,
correuted “o atandard temperature

= = ——— Ty - e e e g e o - e o _ _ _ - BT AL A PP Ly iy R )
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Po*= prossure (mm.Hsz inside amsembly .t time o
(arvitrarily chosen) corrscted to standard
temperature
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Ty ™ refrigerator temperature at tims 6.
n 1] ( " Q;

Po - pt. - PO'

whaore P % = Pi(t) 2;3.2
t

and Po. - Pi(b) ﬁl},ﬁ k
0 .
PO - Pi(t) ' 2“3.2' - Pi(O) 9‘3.9

Let Vp = {ree volume of asseinbly in ml,
vt o) total " it 1" H H

To ™

(Equation 3)

Therefore,
(Bquation &)

Vg = volume of H.O, sample (ml.) under experimental
onnditioﬁl

(¥quation 3)

~

Vr - V% - V.

Vy ~ W /d, whore W, is the sample weigh! \&:) and d,
18 the denaity (g./ml.) of the sample
Thervfore,
(Rquation §) Ve =V, = we/da
Assuming dg = npdp + nydy = 1,71 0y o+ 0.915 n,,
whore n, and n, are the weight fractions of Hg0z and

water, respactively

d, and d, are the densities (g./mi.) af solid

HqOg shd ioe, .respodtively
then |
(Bquatiaon T)
let P

] MO

Vo ¥y = Wg/ (.72 np + 0,915 ny)
= fraction (in ppm) of HgOy ssmplo decomposed

= molas Oy avolved

Vit e b evmeaeie
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My = molus HEOE in uyiginul pample

v = volume of U, ovolved wt standard tompurature

sip
(273.2°K) and pressure (760 mm. He)

Sinoe 2 HpOp —-> 2 Hy0 + 0p

(Equation 8) FowiMg 106
"

Since M, = n.W,/34.02 (34,02 = gram molscular weight of H,0p)

and M = vatp/aa,uoo (22,400 = gran molar volume of 05 in ml.)
Whor‘ v.tp - VZ\ {Po/(féocO) - VrPQ/760.Q ‘
Mo = VgPo/(760.0)(22,400) = VpPo/L.702 x 107

By subatitution

(Equation 9) Fow 2(34,02)(100)VePy = 68,04 VoPo = 2,997 Velg
{1.802] (107 )n. W, 17.02 npW, NoVs

By colleoting constanto

(Rquation 10) P = Kp,
where K = 3,597 Vg
nhw'

NOTES: . Equation 8 anuumes that the degomposition rute is so

smalli that the Hp0p conceatratlion remains conatant,
i.4.,, she decomposition reaution is pseudo perc order
“n Hgp0p.
- The entire volune of gas was assumnd {0 be at refrigerator
temperature, altuough vhe gas in the caplllaery tubing (co.
3% of the £otal) was at ronm temperature (293.7-297.7°K)
during the experiment, Wo would expsct 7nly a relatively
small error in oxygen payrtial pressure from this assumption.
3. Nu ocorrectinn was made for oxygen solutility in solid
Hgoa.
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Rates of Decomposition

Rates of 'lecomposition were calculated from the integrated

zero-order rate equation -a[HpOp ) = k At by the method of least

squares as followa, The above equation 18 of the type y = ax

[atraioht 1line
\ . _———.

c.

| SR

o

se v

Letting x =At and
y = =~A[Hp05]
1the rate conatant (k) 15 given by

(Equation 11) a = k = -a[H0,]
Ht

Applying the least squarea methcd a (=k) is given by
(Equation 12) a -:EXE
XX

Calculation of Standard Deviatlion

The atandard deviation (6) 1s calculated as follows;

(equasion 13) y calc., = ax where y cal. is the calculated
value of - &[Hp0p] for sach value
of ot. '

(Bquation 14) Ay = y obs, - y calo. where y oba. is the
observad value of - Al Hy057) for
esach value of 4¢,

The standard deviation (£) is given by

(Bquation 15) :’-_E_A 2 Where N 18 tne number of observations

g (N-1 .

. of -a[Ha0]
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TA3LE S:1
e SPECIFIC CONDUCTANCE OF Ho0p AND DEMINERALIZED Hp0
speciric 1
Conductanced [
Substance Descriptilcn ' , - Hicromhos 5j
Hp0g Commercial 90%, as received L o . ll : ~"{f
Ho02 Commercial 90%, after concentration by. - ',‘5,Q‘ > :fﬁ
crystallization : ST
' Hp0p Purified by crystallization aid single 2.1 A
distillation® B 1
Haoa Purified by crystallization and single 2.7
distiliation?, stored two weeks
Fo0, Purified by crystallization and single SR U7 S
: distillation¢ SR
: Ho0p Purified by crystallization and double T l.2 '
distillation® v o o
H0 Freshly deionized | | 0.3
; Ha0 Deionized, stored 2 hr. in Pyrex glass ' 0.4
' . Heo ] " 2 WKo lt.. t " ) _ 1.7
? {a) Reported conductivity of purifisd HpOp }
¥

% Q.82 micromno at 25°C, - ‘Schumb, Ind, Eng. Chcm. kl, 992 (1949)

N <2 micromhos at 25°C., - Cutnbertson and Mas#, J. Am. Chem, Soc.
52, 484 (1930) _

0.39 mieoromho = Roth and Shanley, Ind. Eng. Chem. _2,
2343 (1953)

: (o) 1 millimole NaOH added to 22-mole HgOp charge, -
(3) 4 millimoles NaOH added to 22-mole Ha0: charge.
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TADLE S-2

DECOMPOSITION RATES OF COMMERCIAL Ho0n
(PINRST SERLEE)

Specifis Aqueaous KC1l l:° Ubserva~
: Sample % Manufas- Temp.P Conductanze, Equivalant® PPM/ b7 tlons .
H Number Hz0p _bturerd _°c, Micromhos PPN Day _~: nNiscardnd
o 1009 A -30 16.8 8.5 0.5 6.4  None
4: . o ! . 3'3 603
t . .
! 2 % A =300 15.7 8.0 2.1 6.8
5. 4.8 4.4
i 3 90 A =30 17.4 8.8 0.6 6.; -
S 0 ' 3.7 1. At=10
] L 98 ~30 15.1 7.7 0.4 5.7 None
{ o 1.5 1.5 Dt=,0
5 93 ~30 16.9 8.€ 0.2 3.5 ate
: 0 0.6 1.2 ALl
‘b 6 33 -30 18.6 9.4 0.2 4.4 at=d s
: o} 0.6 1.4 atel,stm=)0 _ o
! 7 90 B "30 12'5 603 1.1 s.g Até . . L R
i ) 0 O|6 10 ‘ A"’lo “‘
P 8 90 B =30 11.5 58 -0.3 8.3 dons b d
DT . ‘ 0 o .06 1.8 &atnl0 . 4
. N . . . PN SO
‘ ! 10 90 ¢ =30 15.5 7.9 4.2 4,3 ot=3,at=6 Ty
' T . 2 .68 w2 None i
,i | 1 90 ¢ -30 11,2 5.7 0.6 6.6 " A
| ‘ 0 , 1.% a.6 " ‘
XA
P 12 % ¢ =30 13.8 7.0 0.3 7.1 I |
\ { ) . t . 0l5 3'? .
; ; aThe 98% H;0p was dbtaired from a single manutacturer. The 0% HaOpn .
: i was ottained from thres manufscturers, designated A, 8 and C. B
b ) '
g PActual tempersture ranges were -33,3°C. to «27.0°C. ac nominal -30°C.
¢ and -5£,6%¢, to + 2.,2°C, at nominal 0°C,
g : Orgnaentration in parts per million of an aqueous KC1 solutic. wikh
y o the oam¢ speaifis oonductanos as the Hp0; sample,
; doaloulsted Irom the intugrated zero-order rate eguation, =al Ha0z
k&t by the method of least sjuares, At -30%C., rates of O, pm/dry or
{ 1e58 are of doubtful aignificance; at 0°C., rates of 0,4 ppm/day or lesa
; are of dqoubtful signifiocanoce.
i eStandard deviation of ohserved -s[Hz0z_) from ~af20zJcalculated from '
g rate eguation. .
£ir the observed -& Hz0, | differed Zrom the caloulated -a(Hp0;] oy ﬁ
more than 26’, the observation waa rejected and ¥k and ¢frecaloulated
. using the remaining observations. The process was repeated until
no calculated value of -p Hp0,7] differed from the observed value by more
than 26 .
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Ha0p_DECOMEBOSISIUN RATES

[pA

SECCAD SERIES

Specific
Sampis Temp,, Ca Ooservations Conductanced
Number HoOp Manufusturer® °C. — k9 ppm/day ©% Dissaraud¥_Micromaos

1098 - 60 =01
-30 0.3
0 5.3
2 o8 : €3
«30
6

3 98 - 60
. ~30
0

Nese I n
W i

LT
RN -]

3.9

" 3.7

. - -

4 90 o ~60
-60

«30

0

5 90 u -60
.30
(¢}

TP 13 I
83¢ nots ., ‘
Ngnn

It 3‘5

un
]

FEON WO -

6 90 - «60
-30

o .
7 ) 3 «60
.38

" 4.0

ie.2

-8 50 3 -60
. _30
*]

9 3 -66
. =30
Q

; 8.1

; 22.5

10 90 ¢ «6u

Ate? 8.8
«30
)

i W CoA 60
«30
¢ 0

8 ¥ -gg
0

At=7 16,8

WONE UYUER O R HPUE PR NUR

OO WU YW U OO RN OvOw taiowun WY O W N O

1 1$‘5

O00 WOO WG OO OO0 COO0O OO0 DOO ODOP 0O P00

O NUEE SRR R il FWw W MW FWRE W PG

SAqtual temperature ranges wers -98.4 to -62.2%C, st nominal -60°C,; -26.3
Tty »33,3%. at nominal -30%,; -9.0 t¢ +1.1°C. at nesinal 0°C.

°Slmgl¢| 1, 2 and 3 were prepared vy fractional orystaliisation and dis-
tillation of Du Pont 0% HgOz) samples 3, & and % were preparad by dilutioer
of fractionally Or!ltlllilld and diatilled HyQz with "deicniseq" water.
The rymaining samples were oohmercisi H;Oi. vomiraraiol ¥ hLaOa wat ’
supplisd by threo manufesturere, dealgnictdd A4 B and 2.

SCalculoted trom integratea seru-order ate vquation - ['# oa; " Kot
by the method of lya8t squar«s, A% 30" ani -gw'cf. ra oi or 0.9 ppi/
day ur lesa are of covbtful signifioands; ut C'C., natma of Q.2 ppm/uay
or leas Lre of daoubtlul signifiounce, : '

dstardard deviction of axperimentelly wosersad values af -4 [(Hz0pD)
from the caloulated veluss, ‘

Sobsgrvations ware discarded 1! Lhey ciffirwd from the calculased
-a[Hg0g_) by mere than 24.

rsaaond value of rate constant was determined by taiing the ascond
rather than the initial sanometer reading as seso time (Aats=0),

Bpeternined at wnd of expesiment.
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SECTION II - SURFACE iNERT 70 HIG:i STRENQGTH Hz0p
AND DECOMPOSITLON MECHANISMS OF HpOp

1

{

|

e e e o e et
prd
4 =1

Introduction o

P A
Pt

| A

stas lgl sirengin hydrogen peroxide
depends largely on tha natura of the containsr Iin whish i€ ia

itored and the concentracion of adventitious impurities present

in soluticn or in eusperision. Empirical studies on container
materials and additives during the-paac 50 years have produced
a variety of techniques for passivating container surfaces and
decreasing the activity of catalytic ions present in solution.
It .8 the purpose of this study tc examine the resction

‘{ mechanisma of hydrngen peroxide in order to understand the

e e e

basic chumistry involved in hydrogen peroxide-container inter-

actions and hydrogen peroxide-~catalytic ion interactions.

—
-

The axperimen=cl prugram daveloped to analyse there

reactions included:
(a) TRlectron sp.n rmsonance studies on floving i

solutions of hydrogen peroxide rapidly mixed @

with a catalyst,
(b) Optical absorption studles on flowing solutions

o | of hydrogen peroxide rapidly mixed with a

catalyst,
| (6) Attenuatud total reflectance studins on \

surfaces exposed to high stre.gth hydrogen

psroxide,
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(d) Gasometric analysis of high etrengrh hydrogan
peroxide solutions at elevated temberaturas.

(e) Photochemical initiation studies on hydrogen
peroxide solutions with additives, and

(£) Elactron irradiation of container materials.

A brief review of the current literature regarding
hydrogen peruxide and the intermediates formed during tae
decompositiin reactions is presented to form the basis for
understanding the reaction mechariisms. The transient frees
radicals genersted during the decompusition process are
hvdroxyl (-0ii) and perhydroxyl (-OZH) together with their
ionized formi (0" and '02').

The bond dissociation enargies of the principal
species present in solution are shown in Tabie I. In Hzo,
H202 and 'OH, the H-0 diesociation lnorky is 100 kcal. or
greatar which indicates high stabllity toward rupture or
chenical reaction involving that bond. The weaker bonds
as indicated in Table I are the 0-0 bond in H,0, (56 koal.)
and the H-0 bond in HO,® (36 kecal.),

The electron affinities of 'OH, HO,* and 0, are
tabulated in Table LI, These valuss indicﬁtc that hoth
‘OH and HO,' aire powerful oxidizing agents and thntooz'

can uct a8 a reducing agent by supplying 79 kcal. It is the
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reducing power of°02- which leads to the chain reaction of
hydrogen peroxide.

The mosat thorcughly studfad metal ion catalyzed
decomposition reactios of hydrogen paroxlde has bsen :arriud'
out using the ferrous-ferric ﬂystam. The energetics of the

individual steps involved have bsen compiled by Uril

and
are presented in Table IIl along with the knowa rate constanti.
The ratio of k6/k7 was rfound to be 1.0 at pH 2.6 and decreased
at lower pH v:luesz (probably due to protonation of-Oz')a
Since moat of the vate conatants for this partial series of
reactions are &as yet unknown, a more thorough discussion of
the kinetics is not warranted. One of the main problems in
g discussion of transition metal ions ie that the fres ion
is rarely pressnt in solution. Instead, thers is some fomm
of complex with the solvent or anions in solution. In the
ferric~ferrous system, for example, the coordinatica number
is 6 for each ion and may include water, hydroxyl ions and
other anions in solution. If each form is the hexahydrats,
then the aystem would be well characterimed by a single
redox potential, but thic is unlikely.

The acid-base equilibrium involved in hydrogen

paroxide reactions, excluding metal ions, axe reasonably

wall established. Theuwe values, shown in Table IV), indicatae

IR0 I @ @ s >

[ P
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)
that {a) ii sticig acid suluiluns (pid < <) only the pratonaced
forms of 07, HO, 7, 0,7 and HO." nced to be censidexsd,

et 2

(b) in neutral solution HOZ- is largely ionixzed, and (c) in
atrongly basic solutions °'Ol, HZQP’ HOZ' and H203 are at
least partially ionized. It is obviows that these equilibria
lead to & multip,ilclty of reactions, few of which can be
neglected.

One examplae will serve to illustrate the proliforation
of competing reactions upon lonization, In basic solutions,
tha hydroxyl -adical lonizes to *0” anu ', followed by the
reaction of 0 with 0, to giva the uvmonide ion, 0,”. Tha
sexiem of eight reaccions shown in Table V explain why there
have been reports in the literature of smelling omona in
peroxids solutions.

To scudy the reaution mechanisms of hydrogen peroxidas,
it is necessary to generate sufficiently high concentrations
o8 the intexmudiates for obaservacion by some analytical
technique. Pulse radiolysis, flash photolysis and xapid flow
dystems are currantly produning valuable data ou these systems.
A summary of the transienty observed is presented in Table VI,

some of their most lmportant rate constants in fable VII, aad

optloul sbsoxption data in Table VIII.

I Y
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The hydroxyl radical is one of the most reactive

‘ |
E AFKPL-TR~56-13 -

chemical species known. It can abstract hydrogen atoms or |
elactrons from virtually any organic or inorganic compound
j to form & bond whose enurgy is over 120 kcal./mole. In high

i
* ;. ptrengtih hydvogen persxide solutions, practically all hydroxyl

NI AR G S S TS

radicals forned by any mesans would react with hydrogen peroxide
7 1

R SR

(k w 4.5 2 16" M |uc'1) to generate ths somewhat less remct’ve

RN

perhydrenyl redizal,

(: | Ch - }1202 f Bl v G, | B

u§ < w&an, in ‘addiclen te hydze.gen varoxide, there are

1 . | ~ kaergzanic cad/cr organic additives ix ssiurion, the chemistry h“*

ean becons euch were conplex. Tablu XV prezents the rate |
connt&ﬁts for the renntiqnlof hydeoyyl wedicels with the halide *

; ' - ions €17, I'r” and I". Mo resction witﬁﬁtbu fluoride ion is 1
} S N,

(25 0 + X" = "OH + X

(where X m Q1, Br or I) o \

pradictad or haa daan found: The rewution of hydroxyl rgd;oﬁla,  i
with chloitide ions in very ssnsitive to pH, being almast |
diffugion controlied in noid solucivn and several axdaxs of

pagnicude klewar da pautral solution.
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Only a few studies have been reported so fax on the

oxidation rates of matal ions by hyvdroxyl radicals. These

are shown in Tabla X and indicate very rapid reactions with

such lons as Fe+2

anions auch as 003-, CNS~, Noz', 80 -, HSO, ™, and HSOA" are

3

also oxidized by hydroxyl radicals with rate constants ranging

7 8 1

from 10° to 10° M sec”l as shown in Table XI.

Whereas the reactivity -f the hydvoxyl rudical is
now reascnably well characterized, such 18 not the case for
the longer lived perhydroxyl radicai. The main facts known
about perhydroxyl ave that its pK = 4.5 + 0.2 and that the

terninaticn rasctions, 3 and 4, have rats conscants of
(3) H02° + uoz- - H202 + O2

é 7 41 1

§$x 10° and 3 x 10/ M “sec”

; respectively. Therefore, in
acid solution having pH ~ 2 and concentrations of aoz- at

10" X, che lifetine of O, Would be wbour 3 seconds. At
tho same pH, the lifectime of noz- would be about 3 maec in
1073 i HO,* solutions. ALl reactions of HG): atudied in

pH ranges of 3~7 mustc also include considerauions of the

, Fe(N) ™, sn*?, 11*! and ce™. Inorgante

e Y e DLW e el

P T G
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Wi
'02-' form asince tho raactivity of HOZ‘ and '02' would be
expectad to differ markedly.
Expeximental

The axperimental studies on the stability of high
# crength hydrogen peroxide are divided into two major ssctions.
The £{vst describes work done on container material-hydrogen
peroxide Iinteractions and the second uon reaction mechanisms
»f Lydrogen percxide decompogition.

A. Containex Material-Hydrogen Perovxide Interactions

The ideal container material for high strength
hydrogen peroxide should lave a surface which in no way
contributes to the decomposition of the hydrogen peroxido
container thersin. The best candidates having inert surfaces
avre metals which form a continuous insoluble oxide coating,
glass in which catalytic sites have been passivated, and
plastics having no reactive functional groups. From thesa
groups, aluminum, pyrex glass, polyethylene and "Taflon'?®
were chosen fcr detallcd study withlrcapect to stability
toward 90% hydrogen peroxide.

1. Aluminum ~ Hizh purity aluminum (95.6% or greater)

is conaidered to be one i the besc conmtainer matserials for
high strength hydrogen peroxide. The normal treatment prilor
to use includes washing, oxidizing with nitric acid, sieaning

to seal the oxlde pores and rinsing with high strength

E. PRI . TR
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hydrogen peroside, In order to maintain loug terma stabllity,
ths oxide costing formsd in this wanner should not be weskenaed
on stending in rontact with the percxide.

A typical aluminum composition used is Type 1060
wtich haw impurity limits of 0.25% 81, 0.35% Fa, 0.05% Cu,
0.03% Mn, C.03% Mg, 0.03% Zn, and 0.03% Ti. Although the

impurity lavels appear to be vary low, only & trace of iron

or copper contamination in the paroxide could cause cunsidarable

catalytic decomposition.

The resistunce of a passivated aluminum 1060 surface
was tested in the foliowing manner. Small strips of aluminum
(1/2" x 2" % 1/32" thick) wera exposed to nitric acid, then
dyed b immaersing in a hot aqueous soluiion of "Pontamina'
Fast Tuwquoise 8GLA, then sealed by exposure to steam fou
1/2 hour. The blue dye was added as a tracer to foliow the
condition ¢f the oxide film. After a final wash, the test
scrips were exposed vo 90% hydrogen peroxic - at 65°C. Ten
uinutes exposure of the passivated aluminum to the hot peroxide
golution caused complets bleaching of the blue surface.

It 48 apparsnt that a suvrface treated in the usual
mannar -8 not completely s>aled. The additive may be free
to migrate out, the peroxide may diffuse in and destroy the

dye, ox both effects way be operative, In aither svent, un

e e ———
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extanaive study on the naturu of the oxide coating on aluminum
coniainers would be requized to detmrmine the zate oi peroxide
atsack,

A series of high purity aluminum foils (99.45 -
99.999% Al) were exposed to 90% hydroger peroxids at 66°C
for times up to 300 hours. The degree of surface attack on
these samplas was studied by Mr. N. A, Nielsen of the Du Pont

Cngineering Department using optical and electron microscopy.

Resulte of these studies are reported in Appendix A.

Two routeg are evallable fox increasing the
acceptability of al- ninum containers. One method is to use

higher purity aluminum, and the other is to increase the quality

of the oxidizing trectment.

2. Pyrex Glass - Pyr  x and quartz are rezarded as

excelient container materials, .lthough in scme cases the
possibil.iy of breakage may presert & problem. Surfaces of

these materials must bae scrupulous!  cleaned as in the case

of aluminum. Washing with hot nitric acid and distilled water
followed by a riuse with high strength hydrugen peroxide
usually provides a passivated surface.,

Data taken on the decomposition of 90% hvdrogen

peroxide in a passivataed and unpassivated pyrex bottle are'

presentad in Figure 1 for comparison with '"Teflon' FEP containers.
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The value of 1.06% ducomposition per weak at 66°C for a
paosivatad container compares favorably with the zate of

avy

1.0% reported in the litarature.”’

3, Polvesthylane - At room temparature, polyethylens
has & very high rating for compatibility with 90X hydrogen
paroxide. However, at its nelting point, & detonation
reactiion occura.38

Anialyses of tha surfacs of polyethylene semples
ware carried out using a Wilks Model 12 doublu=-beam internal
reflection attachment for the Perkin-Blmer 221 i{nfrarad
apectrophotometer. Use of this instrument, shown in Figure 1,
allows film samples to be altexnately exposed to high strength
hydrogen peroxide solutions and then analyred without altering
the surfacs. Figure 2 shows the equipment used for axposing |
the film samples to 90% hydrogen peroxide at various
temperatures. The holders ars constructed entirely of "Teflon."

The relative rate of attack of polyethylene by 90%
hydrogen peroxide at 50°C and 70°C is shown in Table XII. The
resgults indicate a very strong temperature dependence for

the growth of the C-0 band at 1050 em™t

1

and the C=0 band at

1710 cm~ -, and & somewhat slower rate for the C=0 band at

1640 co-> and the O-H band at 3400 cm ™ .
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A comparison of the rate of oxidation of livear and
branched polyathylene by 90% hydcogen peroxide at 70°C wae
also carried out by attenuated total raflactance (ATR) enalvsis.
Data presented in Tubles XIII and XIV show that the fras
carbonyl at 1710 cm™* which forms readily in branched poly-
athylens is completely ahsant in oxidised linear polyathylens.

Infrared abworption apectra tckan on the £ilm samplos
showad no C-0, w0 or O-H absorption indicating that the attack
wae, in fact, only at the surface of the f£ilm sample. In view
of the machanism nf hydrogen paroxide decomposition, it is
expected that attack by hydroxyl radicals would start the
oxidation of polyethylene. Continuad oxidation can then ocour
at the functional group leading to a rapid chain reaction.
Therefore, polyethylena containers should be considered
unsuitable for high satrangth hydrogen peroxids at elevated
temperatures.

4. Fluorocarbon Polymers - "Teflon' films were studied

using the sama AIR equipment and exposure technique described
for polyethylenes £ilms. Exposura of "Taflon'" £ilm to 90%
hydrogen peroxide foxr 500 hours at 70°C generated no change
in the surface composition observable by ATR analysis.
Similar studies were carried out on an experimental

perfluorosulfonic acid ilon exchange membrane., As shewn in
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Figura 3, thare is 4 growth of a carbonyl band at 1630 r:m-l

and & hydvoxyl band at 3400 emt aftar 2 hours exposure to
90% hydrogui.. poroxide &t 70°C, The hydroxyl band is due
principally to tua absorbed water in the membrane, but ths
carbonyl absorption indicices definite oxidation of the
polymer.

Although perfluorocarbons having functional groups,
such as sulfonic acids, may be unacceptable in contact with
high strength hydrogen peroxidu a4t elavated temperatures, the
unsubstituted materials appear to be exceptionally stable.
Quantitative studiss on containers fabricated from '"Teflon' FEP
dc not appear to have bean published in the literaturs. For
tiis reason, "Teflon' FEP bottles were obtained for comparison
tests with pyrex and aluminum containers.

Figure 4 shows the rate of oxygen evolution from a
383-nl sample of 90% hydrogen peroxide in a 'Taflon'' FEP
bottle at 66°C. The ratu observed was linear for the pueriod
studied (5 houfa). The constant temperature watex bath together
with the apparatus for measuring the oxygen evolved 1is shown in
Figure 5. Also shown in Figure &4 are the rates of decomposition
ol 90% hydrogen peroxide in an unpassivated pyrex bottle, a
passivated pyrex bottle and an irradiated 'Tefloa'' FEP bottle

2

(dnse = 1.3 x 10~ kcal./cmg). the expeximental setup four

s b e
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irradiating che "Tellon'" FEP botiie with 2 Mev slectrons from
a resonant trankformex is shown in Figure 6.

The decomponition rate data is sumwrized in Tabls XV
for a number of aluminun alloya, pyrex &nd "1.flen' FEP.
Hydrogen pesroxide in the irradimtea "leflon" FEP container
has approximately one-third the decomposition rate as that in
a paggivated aluminum container.

Add. ional irradiation oxperimencs were run on
‘"raflon'' FEP to detsrmine the optimum couditivns for iaproving
the stability for the hydrogen peroxide contained therein.
V!gure 7 indicates thaet the initial irradiation (1-2 ~inutes
at 0.5 ma) gives mosu of the improvement in atabllity bsexved,
At low doras of irradiation, the physical propertics of ''Teflon"
FLP are not changed siznificantly but at high doses (6.6 x 10%2
kcal./cmz) the plastic changes to a very brittls structure
(ses Figure 8).

To detarmine the feasibility of retaining the
stability and the physical strength in the low dose lrradiation
experiments, a series of "Teflon" FEP films were studied. As

2 kcal./cmz

shown in Table XVI, dose rates of up ta 2.6 » L0~
in air at 40°C result in films which are atiil vary pliable
(> 300% elongation) and tough (13 lbs. break atrength for a

1" wide £ilm .005" thick).
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The affect of oxypaet and wator vapor on the {rradiation
vi. svability wvas charactarized by irrediating a numbex of
100~ml "Teflon!" FEP botlles under controlled conditicns. The
elimination of both oxygui and water vapor was accomplished
using a dry argon purge during irradiation at both room
temparature and 230°C. Decomposition tests after irradiation,
shown 1ii\ Table XVI1, indicate vory‘lmnll changes with doses

3 2

of 6,6 x 0™ and 1.3 x 107 kca?./cnz. The affect of oxygen

in the abeence of wacer vapor was carried out using a dry

2 kcnl./cm2

oxygen purge during irradietion. A doss of 1.3 x 10~
geve an enhancement of stability from 1.5% decomposition/week
to 0.48%. The effect of water in the absence cf oxygen was
determined by £illing a bottle with degassed water. A dose of

2 kcnl./cmz give an enhancewment of stabllity from

1.3 x 107
1.8% decomposition/woek to 1.1%. An air purge gave results
sssantially the sama in an oxygen purgn during irradiation.
Thesse results, which are summerized in Table XVII, indicate
that a low dose of electron irradiction in an oxygen atmosphere
AC roow Lenporatura producas the maximum degres of stability
for 90% hydrogen paroxide eolutions.

B, Rewction Mechanisms of Hydrogen Peroxide Decomposition

It has been well established that pure hydrogen

perovida is a vary stable material. Therefors, the decomposition

-
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studies require an initilator to stert the chain resction. This
initiation step may luvolve (&) 2 reducing agent, (b) an
oxidizing agent, (c) ultraviolet radiution, or (J) electron
irradiation. These initiators lead to the following seriss of

reactionst
(5) M™% . H,0, - Nt D on 4 oon”

6) M™ + H,0, ~ VUCIRIE VI HO,* + HT

0. ¥ 2 .0H

(1) E,0,

(8) Hzoz © OH” + ‘0H (+ other fragments)

Experimental studies werc carried out on a model reduciny system
using titanous chloride, a model oxidizing system using caric
salts, and ¢ photorhemical system using 2537 A irradiatinn.

Each of these reactions aids in the understanding of the over-all
reaction mechanism.

1. Titanous Chloride-Hydrogen Peroxide - Rapia mixing
flow cells were constructed to study the reaction ¢f titanous
chloride with hydrogen percxide in an electron paramagnetic
resonance (EPR) cavity. An early design was made of "TeZflon'
as shown in Figure 9 but was later substituted for quartz of

39

the type described by Borg. The first observation of a

free radical intermediate in this reaction was by Dixon and Norman

40
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mominels ldnz zpzoiiunm Whicn Lie)y assigied w Lhe

hydroxyl radicel. Using the aama vsaotanta, Piattm, ar al.

obaarved two lines which they assigned to HO, « (low field) and

‘O (high

field). Thess racicala are thought to axise sfuply

from reactiona 5 and 6.

(9)

(.0

following
(a)

()

(e)

113 L 1,0, = O + oM™ + o té

‘O + HZOZ - HOZ' + Hzo

Howaver, thase sarly workers did not consider the
faatures of this reacrion schoume!

Since the rata of reastion of ‘OR with 3302

ie 4.5 x 107 M'lc-c'l, the lifetine of frame

‘0H in 107 M H,C, would be axtramely sherc.

It is probable that a couplex of the ‘OH L4
formad initially with the titauiun ien to
increase its lifetlns in se.ution.

The interfaring reaction of chlorida lons with
hydroxyl radicals in scid solution could lead
to a seriss of radicals based on Cil* reactions.

Since the pK of HOp* = 4.5 1 0.2, the ilonisstiun

of Boz’ can not be neglected.




R

17

OO The ansttment o the 10, ' Lo the low {{eld

R ombaorpLivn A the Ot tu the high field

p

b disns cosmm
. -1l HWw

- e b [ %Y
=R (322

- - LU Rt IR Y - o b 4
REu VIl AmLee UL TeIULIVAT Y

Theae ratos may be markedly altersd if cvomplexad

torwe uf the vadiaale axe present,

Tu alavify the deuntis of the tltlnoun uhlertu--hydvolnh
roaroxide teavtivny a numbey of vapld flow expeciments (» L00)
wers v di which (he vonventeatlon uf TLOla. Nao2 and 11"
esonzentrations wete vailed whlle the EPR absuxptivn was monitoved.
Tn wanh erporiment; twe Liters of tha vitsnoue solution and
Lve Likaes uf the hydrogen pevenhde asluklvn were preparved in
the presdurisnd renervulra ahawn kn FPlgure 9. Pressures of
Wooun I8 panadog. o atgon ever the sulutlens at\lewsd wining of
the sslutivie Lh khe 1O mlviwlibur mixliy ehanber Lh abuut
{ willioswend usdng flvw tatas of 6UD wa . /minute.

She BPR spectrum vhasrved for a typleal miniute of
W' !lﬂl. with lU" N “|°| Ia ahwwn L Plguve L0y The two
Lines are waally vesulved and wach have o Line widsh av halk
wanigm fncenaloy ol abuuk t gauee, Addihiun w6 001 M wethanel
s the cepnting enlibion veplavne Hhye uwbenvyed (wo Line
o Seum wheh the bhrew Line apscbium vl hydrunymathyl,

Rlmbraviy, Wy adding wihansl, the ven Line hydvenyrthyl apouivum

e vhastvad,
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The effect of hydrogen ion concentration on the high
fiold absorption is shown in Figura 11. At high [H), the
high field absorption naeaxrly disappears, giving only the
single low fiald line obsarved by Dixon and Norman.%0 Figure 12
shows the affect of hydrogen peroxide concentration on the
hiigh f£ield absorption, in which thera is a linear increase of
intansity with respect to the equire rcot of the hydrogen
peroxida concesutvation. This dependance would be axpected
from the following series 6! reactions involving the lup-raxido

dlon.
(9) 1t K,0, = 747 & (OH + OH™
(10) +0Mt + K0y = Hy0 + KO,

(1L) HOp* + ou” u Hpv ¢ '°z'

(12) Joz * Hao2 =0+ 0y + +OH

. - . - g Hzo L)
(13) +0,% « 0" “13% wo, 0, 2 OH

Assuning a stendy state concentration of -Oz' is attalned,

thep

(:0,") = \/k (-0} [Kg0,)

Bpautra vun on usucral volurions, where the veaction

of hydrowy} with ohlowive 1on would not he expscted to interfers,
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also gave the two line pattern shown in Figure 10, These

data, combined with the pH and hydrogen peroxide concencration

|
studies, suggest that the high fl«.d line observed is -02-
. and the low field line is *OH (or & complexed foym of «CH).
| Stopped flow studies on the titanous chloride-hydrogen
. peroxide system were studiled by incorporating a fast clocing
(100 usec) valve &t the exit of the flow system. Figure 13
shows the growth and decay observed in the reaction of

2

1.3 x 10°°“ M TiCl3 with 1.3 ¥ H,0,. 4t point A, the flow was

started by opening the valve. Solutions of equal propoxtions
wera mixed at a combined flow rate of 300 cc./minute. The
maximum signal for a steady flow was observed at point B,
approximately 50 msec after the valve was opened. <Closing
the valve (ﬁoint C) ceused a furthar increase in aignal lavel:
to point D. The translent radical concentration then decayad
to one~half of its miximun value ;n about 200 msec.

The observed kinatics of thec reaction are governed
almost entirely by the initiation atep 9, whose rate censtunt

is 1.5 ¥ Ysac™t.4t Both the propagation and termination

7 9 -1

reactions have rate constants from 10° to 10° M tsec™t as

shown in Table VII.
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A large number of flow experiments were run with the

analogous ferrous ion reduction of hydrogen peroxide described

in Table III. This reaction, called Fenton's reagent, is the

T S Sr—— P T R W af e

classic technizue for generating hydroxyl radicals in solution

—r——

for reaction with organic materials. However, even urder
optimum conditions of high H202 concentration (> 1 M) and

low ferrous concentrations (< 10-3 M}, no transient vadicals

could be observed.

The effect of added ferrous ion on the hydroxyl

‘ : radical signal in thle Ti*s-HZO2 system was studied by adding ; .

i s ferrous sulfate to the titaacus solution. Concentration of -'f?
6 x 107 to ¢ x 1072 ¥ Fe™ in a solution of 107 # T4CI, -

} : raacted with 10'2 M HZOZ solution markedly decresse the steady 1 %3
state concerntration of hydroxyl radicals, as shown in Figure l4. A
This decrease is expected due to the rapid reaction of hydroxyl

1

; radicala with ferrous ions (k = 2.6 x 108 - sec'l).

| 3. _Ceric Oxidatiry of Hydrugen Peroxide - The ceric

ion oxidation of hydrogen peroxide has long peen used as an

analytical method for the determination of hydrogen peroxide in

vaxrious solutione, particularly those coutaining organic materlals

suzh as slconols and ethers.42 Using A flow aystem similar to

that described in the previous gection, Saito and Bialak19’1°




et e it At o o L m“mw

AFRFL-TR-66-13

observed a single Lline EPR signal with g = 2,016 and a lie
width of 27 gauss for ihe ceric sulfate-hydsogen peroxlda
reaction. Using éeric ammoriium nifrate and hydrogen peroxide
in acid solution, Zletts, at al.41 obsarvad a single line

at g = 2,0185 having a line width of 1 gauss. Our studies
confirmed thase results and showed very erratic effects
dapendent on acild strength.

The chemistry of the ceric ion is dependent on its
particular complex in solution. Ceric sulfate in dilute
solutions of sulfuric acid forms the sulfato-cerate complex,

4; » whereas ceric ammonium nitrate is originally in
the nitrato-cerate form Ca(NO3)6'2. The only form of o™

Ce(SO&)

never observed (contrary to the reactions normally writtaen)

1s that indicated as the free ion. Since the reactions of

the cerate ions with hydrogen peroxide involve electron transiler,
one of the most important propertiss of the system 1s the «ffect
of complexing on the electrode potential. Standard electrodae
potontials for ceric complexes vary from 1.28 to 1.70 volts
depending on the acid present (HCL, 1.28 V: HZSOA, 1.44 V3

HNO,, 1.61 V; HC0,, 1.70 vy, 43

3
To avoid the complex equilibrium of anions in the
ceric coordination sphere, the reaction of the nitrato-cerats

ion with hydrogen paroxide was carried out iu neutral solutions.

< L
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A very strong single line spectrum having a line width of about
1 gauss was found which is assigned to the superoxide Zon. The

reaction sequence postulated is!

-2 - -3 + .
(14) Ce(NO,), + H,0, ~ Ce(N05),™~ + H' + HO,

. = + » -
(15) H02 = H - 02

Absorption spectra were taken on the nitrato- and
sulfato-ceric complexes for their analysis in the optical flow
cell (Figure 15). Figure 16 shows the effect of sulfuric acid
on the nitrato complex. The broad absorption of the nitrato-
cerate complax from 250 to 200 mu 1is converted to that of the
sulfato-cerate complex in 1 N sulfuric acid having ‘m;x at
320 o, The suliato-cerate absorption generated from the
nitrato-carate (Figura 17) compares faverably with that produced
from ceric sulfate in 1 N sulfuric acid. The shoxt wavelength
absoxption at 240 my is primarily due to the displaced nitrate
ion.

Figures 18 and 19 show the spectra obtained on (I)
unreacted, (II) flowing, and (III) final (after complete
reaction) solutions of nitrato-cerate and sulfato-cerate with
hydrogen peroxide. In aach case, there were no new transisnt

absorption bands observed, and the final spectra were identical

to those of the flowing systems (200 cc./minute).

| TP ——
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Of parricnlar im S the veaciiviiy of thne
superoxide ion with various additives such as cupric inns,
ferric ions, and methanol. Tabkle XVIII correslates the data
taken on these materials added to the nitrato-cerate~-hydrcgen
peroxide reaction. Methanol, in concentrations up to 3.0 ¥,
had no effect on the superoxide signal and generated rno new
abgorption lines, such as those pre&iouﬂly obrerved for
hydroxymethyl (-CHZOH) when hydrcxyl radicals are present in
the generating system. Ferric lons showed no eifect up to

-3 M, but cupric lors dramatically dacreased the -02"

5

concentxation ever. at the 1.25 x 107 M additive level. Since

the concentraticn of 002“ in solution 1s about 10-5

M, then
the rata constant for the supsroxide reduction of cupric lons
muet bes comparable to the disproportionation reaction
(3 x 107 M"lsec-l).

These studies provide an insight into both thas
catalytic decomposition of hydrogen peroxide by copper ions
and the inhibition of the dacomposition noted by adding methanol

to peroxide solutions.44'45'46

The rapid rea&ction of cupric lons
with 002' gives confirmation of the reducing powar of the
superoxide intermediate. The lack of reaction of mathanol with
-02' suggests that the stabilizing effect by the alcohol

functions through hydroxyl scavenging.

-
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No evidence for "ydroxyl radicals was observea in
'
any of the reactions so that it is concluded that the reaction
o supeioxide wiilhi hiydeogen peroxide is &L'ledut 105 times
slowexr than the disproportionation step for superoxide. This
cores about through the ratilo of ~02'/H202 (~ 1073 M/2 x 1671 M)
present in the solution.

4. Photochemical Dissociation of Hvdrogen Peroxide =

Numerous studies have been reported in the Jliterature on the

photochemical dissoclation of hydrogen peroxide to nydroxyl
radicals and subsequent reactions thereafter. The ohjectiva

of further studies on this system was to convert ths hydroxyl
radicals to perhydroxyl using the reaction with excess hydrogen
peroxide and then trap the perhydroxyl (or superoxide) with a
scavenger. 'This was accomplished using tetranitromethans (TNM)
through the following serics of reactions. [NF~ reprasents the

nitroform ion -C<N°2>3']

(16) Hy0p + hv (2537 A) - 2 «ORH

(.7) +OH + Hy0, = H,0 + HO,"

(18) HO,* =40, + Kt

(19) '02 + TNM = NF + 02 * NO2

TN ML . % P el M G |t M > s e e e
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The reaction of tetranitromethane with the superoxide
lon was first studield by Henglein and J&spert.47 They noted
that the ¥~-radiolysis o. water produced a speciles 602') which
reacted with TNM to produce the nitroform ion.

.- - -t ,

(a) 0,” + (hOZ)AC C\NO3)3 + 0, + NO,

Further studies by Czapski and Bielak148

on electron-irradiated
aqueous solutions indicated that neither TNM nor NF  reacts
with hydrogen peroxide sbove pH 2. This lack of reactivity
eliminates a large number of secondary renctiona.which would

be initiatad by the cyclic reactions with hydvogen paroxids.
Using pulse radiclysis studies on aquecus TNM solutions, Rabani,

49 determined the rate constants for the

9

Mulac and Matheson
reaction o!‘Oz' + T (k = 1.9 x 10
(k <2 x 10°).

M'llac'l) and HO,* + TNM .

The photolysis axperiments wers carried out using a
low~presaure mercury axe with the f{ilter system shown in
Figurs 20 to isolate the 2337 A line. A lecm path langth
through 1 atm. chlorino gas plus a l~cm path length through a
saturated osolution of NLBG4-00804 aquaous solution gava an
absorbance greatsr than 2 from 320 to 550 mk., In addition to

isolating the 2537 A Hg line, the filters also prevented

e e -'-f.‘_‘ y . ‘
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absorpticn &nd possiblé photolysis of NF~ by radiation in ths

~

550 wi segivue Calibzaiiun of ihe radiaclion intensicy was

-~

datarminad by faryriava.nta actinsmatry ueine tha moatha

nin
e v emamiie= Wy D=1 o et e s by po o]

50

d cf
tchard and Parker. Ultraviolet analyies of the nitroform
ion gensrated were obtained using a Cary 14 spectrophotomater
at 350 (€ = 1.5 x 10%).

The quantum yield for productlon of nitroform from

2

TNY in 10°° ¥ 1.0, solutions was found te be 1.13 + 0.10.

Agssuming complete conversion of hydroxyl co perhydroxyl and
trapping by TNM, the primary quantum yield for photolysis of

HyQ, 18 one-half that Zor nitroloym formation or 0.56 £ 0.05.

Figure 21 shows botir ths growth of WF~ in the early stages of

photalysis and the ultimace dastruction of N~ on continued
trradiation.

51 using allyl alcohous

8tudies by Volman and Chen,
to trap the hydroxyl radicals formed during photelysis indicated
a primary quantum yleld of 0.34 + 0.05. The uxcellent agreement
of yields based on both hydroxyl and perhydruxyl trapping

technlquec indicatas that:

(a) There i3 quantitative conversion of hylroxy®
to perhydroxyl and
(b) Thure is quantitative trapping of superoxide

and p‘rhydroxyl by tetranitromsthans.
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TABLE I ' 1

. e e e . 1 y

bond vissocistilon snprging 1

Reaction Lo koals i

HOH ~ H. + +OH 122 {
3202 - 2 «0H 56
HZOZ - He & HOZ' 102
OH ~ H*' + 0 100

302‘ - H +02 3
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[ TABLE 1V
{ Acid-Bags Eguilibria
|
} Aeaction —RK_
‘ | (1) ‘OH + OR™ « 0 + H,0 11.9 + 0.2
| (1) 0, + OH" = HOp~ + H,0 11.6
i (3) O,* % ON™ W 10, + K0 b8k 02
4 )
‘ ' - -
[ (%) HaOy + OH™ w HO\™ + 1,0 910
.
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TABLE V

Reactions Promoted By +0°

Q0+ O2 = 03

03 + H20 = HOB - OH

¢.” + H.0, =0

3 290, + QH + QY

3

O3 + *QH = O3 + OH

03 b

‘0, H =0, + 01 ,

2 3 2 .

03 + HO2 - O3 + Ol + +0

'03 + 0 H20 o 03 + 2 OH

O, = 0, + O

3 2

i icfoahis i
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TABLE V

Generaticon and Observation of Percxide Fragrnents and Products

Species
Pogtulated
HO, * a)
| 2 b)
: &)
'O2 a)
*OH a)
b)
- -
1 '0 &)
03 R)
i

H204 a)
., b)
H203 a)

Method of Observation

Ce+4 + H

02
Pulse raﬁiolysis of
aqueous solutions
Radiclysis of water

Pulse radiolysis of
aqueous solutions

Pulse radiolysis of
aqueous solutions

+3
Ti + H202

Pulse radiolysis of
aqueous solutions

Photolysis of hydxogen
peroxide

O3 + H-

Glow discharge in water

vapor

Radiolysis of water

Method of Obgarvariank

D
D

I

¥Code: D = direct observation of the species
- I = indirect observation of the species

EPR

Optical absorption
spectrum

Optical absorption
spectra of products

Optical abaorption
Spectrum

Optical abeorption
spectrum
EFR

Rate of ferrocyanide
oxidation

Optical absocrption
spectrum

Aralysis of
decumposition product

Analyais of
decompositicn product

Reaction with ferrocus
sulfate

11

12
13

14

15
15

o
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TABLE VII

Rate Constants for Pexoxide Fragments

. Reaction k (M"luec'l) £, ‘
‘OH + -OH = H_0 1.2 x 100 5 \
)
0" + 0 ~ 0, - 2 x 10 5
" + ]
H302+H ~H30 +02 6 8 .
- . 7 !
OR + 1-1202 :-102 + HZO 4.5 x 10 3 .
HO,* + HO,' = H,0, + O, :
at pli 0.5-1.5 4.8 x 10° 5
pH 1.7-3.0 5.4 x 108 11
pH 2.0-3.0 4.4 x 106 8 J
pH 2.7 2.5 x 106 18
{
| 00,7 +10,7 = 0, + 0, |
at pK 5.0-7.0 3.4 x 1o; i1
: Ph 500"800 300 X 10 8
pH .5 2.9 x 107 17 ‘
:
‘ |-

e me 4 s o . G T e e o

|
I
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| v TABLE VIII
Optical Absorption Data on H& Fragmenta
Species’ ' A_(A) . Ref.
A Hdz’ 2537 830 x 125 11
2300 (max.) 1150
0,” 2537 380 = 140 11
2400 (max.) 1060

. OH ~ 2600 (shouldex) ~ 103 12

!
b
'
£
1
i
i
i
)
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I LADLL LA [ a
Rate Constuants of Hydroxyl Radjcals with Halogzepn Ions E’
Regotant _pH_ M sge”! Raf. - 4
c1” 0 L ox 103 18 ‘3
0 4 x 10 19 K
3 2 x 107 19 1
Bx 0 1.6 x 100 18 [
) 0-2 3.6 x 1010 20
7 1.3 x log 21
7 1.3 x 109 22 1
7 1.3 x 10 23 ]
4
1 7 1.6 x 10° 24 ]
~ 1.2 x 109 25 |
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Q3
|
E TABLE X |
[ . i
l Rate Constants of Hydrexyl Radicals with Metal Iong [ S
! G
Reagtant N ); S L TT ) Ref. :
rat? 1 3.0 x 108 46 4
' 0 > 108 27 ,
1.57 3,2 x 10 28 :
250 2.6 X log 29
201. 205 X 10 28
1.0 3.2 x 10°f 30
‘ ra(CN)G*“ 2.5-10,5 2.1 x 10° 31
& snt? 0.1 2 x 10° 42
) . 9
i ; .t 0.1 8.5 x 10 33
. ce™? 0.1 2.2 x 108 33,34 .
i - .
1(’1

e — v ———
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TABLE XI j

3

E ‘ Rate Constants of Hydroxyl Radicals with Various Anions 1
» Reactant pH N T Ref. E

‘ . 7 E
P co, 7 8 x 10 23 E

i ' | i

? cNs” 7 1.3 x 10° 23 N

[e

on” 3.6 x 10 24,35 f
No,” 7 2.5 x 10° 36 |
{ - g | ;
E 80, 7 1.2 x 10 23
F HS0,” 7 2.1 x 10° 23
- 1
' o | ;
i | HSO, 0.1 3.3 x 10 32
i |
-
B E
= y
- X
i b
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TABLE XTII
Oxidation of Branched Polyethylene Film by 90% Hz02
Houra Exposure to ATR Absorption Peaks (om=d

907 Hp0p at 70°C _ (Ralative Absorbance V. e ——
1930 1100 1849 prat| 2400

0 0 0 0 0 0

2 7 o 0 0 0 01

6 002 -02 0 0 IOJ

29 ' 103 003 I\ﬂ.-‘n lox 003

150 ) .04 .04 .02 04 0
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TABLE XVIZX

Effect of Electron Irradiation of "Teflon'™ FEY Container

cn Stability of 90%

ilydrogen Peroxide

Sampl: Battles: 130-ml capacity
Volune of 90% Hydrogen Peroxide: 100-ml

Tamperatura for Measurement of Decompositio:: 66 1 1°C

Treagment of "Teflon' FKE Bottle

(1) Axgon purge at room tempersture
a) no irvadiution
b) 6.6 x 10-3 lkeal./cm?
e) 1.3 x 10-2 keal./em?

(2) Argon purgs at 230°C
n) no irradtﬁtion
b) 6.6 x 10™Y Raal. /cm
) 2.6 x 10°2 koal./cm? .

(3) Air purge st roou tumpdraturm .
8) no irradintlon
Y 1.3 x 10-2 koal./ omé

(4) Oxygan purgu &t roou temp:reatula
a§ no irrudigciou ,
bg 6.6 x 10”7 keal, /rm
) L8 xn 10"" Rarl., /»n\’

(%) Pottle fiilsd with degaomed water
a) 1.0 1r!hthLth
BY 6.6 % L6 soal./om?
us 1.4 % (0% kaal,/cmé

Rate of Decomposition per Week
$6°C (% of tota

1.54
0,56
0.48

T
AFRPL-TR-66-13 l
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@)

(2)

(3)

(4)

Eifect of Additives con Suneroxide EZZR ~Dosciption

“

TABLE AVL.IT

Mixture
Sclution A Solution B

. =3
077 M (N, ),Ce (N0, ), 0.2 M H,0,

-? ,
1077 M (MH,),Ce(NO,), 0.2 M K0,
1.25 x 109 M Cuso,

-3 .
1077 M (NH,),Ce(N0,), 0.2 M H,0,
1.0 x 10~3 M FeCl,

-3
1077 M (NH, ) Ca(NO,), 0.2 M H,0,

10™° X (H,) ,Co (M0, ) ¢

1.5 M Mathanol

0.2 M H202
3,0 M Mathanol

AFRPL-TR-66-13

TFlow Rate. Relative gonco
(ml/min.) of 04"
300 63
300 35
300 62
300 63
300 63
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FIGURE 1

ATTRNUATED TOTAL REFLECTIANCE OPLUICAL SYSTEM

EXPLODED VIEW OF SAMPLE HOLDER FOR ATR
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FIGURE 4
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FIGURE 5
CONSTANT TEMPERATURE BATH FOR ::
907 HYDKOGEN PEROXIDE DEC '
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FIGURE 6 P

e ELECTRON IRRADIATION OF ROTATING "'TEFLON' FEP BOTTLE : E? :
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FIGURE 8

RADIATION DAMAGE TO "IEFLOW" FLP TTLE
(DOSE: h.6 x 107“ kcal./cm.*)




FIGURE 9 | 100 AFRPL-TR-66-13

Jre¥ION"® FLOW SYSTEM THROUGH AN EPR CAVITY
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FIGURE 10

EPR SPECTRUM OF THE HNYDROXYL RADICAL
.AND SUPEROXIDE ION
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AFRPL~TR-66-13
MINIMUM METAL CONTAINER SURFACE

As a further development of our suggestlion dated 12/3/64
it is proposed to explore the possibility of storing small
volumes of high strength HpOp as follows:

Pl

The storage container should be a Jacketed type with
automatic temperature control of a sub-zero Jjacket circulating
medium.

The middle portion only, of the HpyO, storage volume should
be fitted with a group of very small diameter electrical immer-
gion heaters, These would be sheathed in 99.6+% pure aluminum.

Precislon differential temperature control between the
liquified middle portion and the frozen outer portion of the
stored HpOp would be requlred. Thils would provide constant
equilibrium to maintain the desired liquid/frozen condition
with minimum heater surface area and heat input.

The feasibllity of this idea might he determined in the
Research Laboratory using water instead of HpOp at first. 1In
order to do this, the following 1s Buggested:

a. Purchase several sultable small Aerorod immersion
heaters and thermocouples as required. :

o. Install a suitable water container in the “Coldspot”
deep freeze cabinet presently used by Dr. Pinkney
in Lab. 206.

c. Fit the abov: deep freeze unit with a temporary
insulated cover with observation window, etc.

GQ. Hook up a sultable differential temperature control
system (see sketch FBB-1465) using the Precision
Temperature Control unit now located in Lagb. 105
and presently used by Dr. Roe.

Research should furnish adequate assistance as required.
Expenditures for material is estinated at less than $350.
Time involved for the inltlal tests with water would probably
nct exeeed one or two weeks arter completion of the equipment
set up. :

F. B. Bjarnow, Process Enginger
Project Engineecring Section
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SOLID HoO» CONTAINER SURFACE
P. C. Hoell

The problem of measuring the absolute decomposition

~rate of liquid Ho0p at various temperatures requires that the
Ho0p be containeg in

a solid (frozen) shell of the same
material in order to avoid catalytic reaction with any forelgn
substance. Given a means of forming and maintaining such an
ice shell, there remalns the problem of heating the contained
iiquid in such a way as to produce a stlll temperature gradient
at the periphery of the container with an essentially uniform
bulk temperature.

Calculations and scouting experiments with water,
whose dielectric and thermal properties are similar to HxOp,
show that advantage can be taken of the great dlfference in
dilelectric loss between the solid and llgquld states in a
microwave fleld to heat the 1liquld core selectivelz. For
example, the loss factor for water at 1.5°C. is 10" times that
of ice at -12°C. at a frequence of 3000 Mc. Moreover, the
loss factor is greatest at the lowest liquid temperature
(L.e., at the ice-liquid interface) decreasing by a factor
of 2 at 25°C. Further advartages of using microviave energy
as the heat source are that it 1s nondirectlional and 1s
absorbed equally about the entire interface region, it is
of sufficiently low photon energy not to induce decomposition
by electronlc excltation, and it does not involve direct
contact of the lqiuid with any foreign material. In additlon,
pecause the microwave field is rapldly attenuated by the
liquid (more than half the absorbed energy is dissipated
within l-cm of the ice-liquid interface), there is relatively

POH/gad
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ilicle rodial heat transfer Ixom the Liquid coxe and a very
~nall bul ongerdivre gradicne sacula, oerefore, obtaia.
In .0 experluent wich a micvowave ‘oven,' cbout 200-cc oFf
w.caw, stawtiang at 20°C, wos orouhnt o & oLl walle a bliock.
of ice of the sawe size ronzined Luorcn ot a few degrecs
below zero. Tha use o. mic~ ave honiicns, however, requires
cact the matericls used to enclose tine lial2 system and to
:ufriéprate it have low dielectric loss. Such materials
inciude glass, quartz (preferrcd), Teflon" " and polystyrene
oo structural materinls, and liquid dictomic gases (e.g., Nz2)
and certain '"Freons'” as the refrigerant, The use of sxmple
paraiiing is feagsible but provably hazardous.

’

~, - . -

Gz oulation ¢ Fruilibriuvm Tonditicns

Secause the microwave enersy aosorption is

concentrated uoout the pcr¢phbry ol e Liguid core, it oppears
that little temperature gradleat will cilst throurlout the

bulk of the liguid. Upon this assumptic~a, the model shown in
Tizure 1 is taken as a fair Lepreoenuat~on of the actuzl
geomatry that would obtain and the equilibrium conditions may
oe agproxlmatcc for water by the followxng computation:

Azsuming certaln values for th2 effective vertical
surfcce arec of the licuid core, the eifective height of the
core, and its mean temperature, the rate of heat flow outward
through the "li:uid heat transfer layer" is given by:

© frAcy AT [y \1/9 n
RS QW- ) = N N
1.9 x L gr pr

where
Qw = HJeat transfer rate, watts
k = Mean thermal conductivity of liquid heat
transfer layer, PCU/(hr.)(ft.)(°C)
P

?. C. Hoell/gad
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X = Thickness of transfer layer, ft. = 0.025 ft.
A .wm lren of tronsfer layer, it.*
L = Height of transfer Ilcyex, ft.

x3p%gBAT/u?

b
[ |

“ C_p/l

p/ .
p = Mean density of transfer layer, 1lb./ft.°> .
g = Graovitational constant = 4,17 - 10° f£t./(hr.)?

AT = Temperature difference across transier layer,
1/°¢

8 = Mc7§ expansion coefficient of transfer layer,
. 1/°¢

B = Mean viscosity of transfer layer, 1b./(ft.)(hr.)

Cp = Heat capzcity of transfer layer, PCU/(1b.} °C)

C, n Ngr Range
0.2 1/4 2.202 to 2.10°
10.071 1/3 2.10° to 107

Example (Water)

Area of corer = 0.4 f£t.2

Height of core: 0.5 ft.

P Bulk temperature: 30°C

?. C. Hoell/gad
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Let k (15°C) = 0.335 c, =1
| p (15°C) = 62.5 o : . !

AT = 30°C - 5

B (15°C) = 1.41 + iv -

p (15°C) = 2.76

Taen
N w £0:025)°(62.5)3(3.4% « 107%)(30)(4.17 » 10°)
gs (2.76)2
= 1.4 « 10*
; Ca = 0.2 n= 1/4
% ' .
j < - ‘ (35100200 | (0.025 \1/9 (L - io‘)(z.75):] 1/4
f~ W ( ) 0.025) ! 0.5 J.335
J . , ~ / |
’ = 222 watts
The heat transfer rate through the ice layer is given
by HEEE ,
oL 1 A .

i 1.9 x4

. 0. Toell/gad
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where

K, = Mean‘thermal conductivity ol the ice layer
A, = Mean area of ice layer

AT, = Tempgrature difference across ice layer

x, = Thickness of ice lzyer

Assuming the -external surface temperature of the ice
layer to be conti..led by suitable reluigeration to (-100°C),
ond piven the geometry and heat load of the above example
<222 watts), then

A, = 1.57 x, + 0.4
FR

x
'

0.69 (-50°C)

AT = 100°C

(0.69) (100){1.57 Xi 4 0.4)

0.088 ftf or 1.05 inches

.

: The temperature profile of such a system should appear v
somewhat as shown in Figure 2.

P. &. Hoell/gad
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APPENDIX III

Concentration of 90% Ho0, by Crystallization

A. Theory

This discusdon will be limited to Hp 0, concentrations above
about 61.2% H,0, and temperatures above about ~56.1°C., which are
the coordinates“of %the Becond eutectic in the system hydrogen
peroxide-water (Figure 1).

Solid and liquid phase compos.tions obtained on partial
freezing of HpOp solutions have long been debated. Some investi-
gators, particuiarly as a result cf early work, concluded that
the solid phase consisted of a solid solution of Hp0p-H,0, and
that both s0lid and liquid phase compositjons varied wigh
temperature. Such "solld phase compositions" are indicated
by the dotted line in Figure 1. This presumed equilibrium
relaticnship is the basis for the explanatory discussion in the
Becco patent (U.S. Patent 2,724,640) on their continuous
countercurrent crvstallization process for the concentration
of HpUp solutions.
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The weight of more recent evidence, however, denies the ‘
formation of solid solutions and indicates that the solid phase -
consists of pu g 320211 . At the same time 1t is stated in the
same referencef ) &s“a fact that, "except for the most dilute
and most concentrated solu.ions, the soild obtained by the
partial freezing of hydr::-en peroxide solutions contains both
water and hydrogen peroxice, even uinder conditions encourasing
acttainment of eguilitrium'., Tnis 1s attributed to occlusion
within the sol.d of liquid of the same concentration as the
free 1iquid {mother liquor)surrsunding the solid, Attempts to
demonstirate analytically that the solid phase itself is 100%
HoOp are thus hampered by the difficulty of separating the
solid and iiquid phases, Thnis 1s tiue regardless of the
possibie occlusion of liquid actualliy within the solid.

There 1s no disagrzement as to the composition of the liquid
vhase 1in équillbrium with a so.id ¢iuse at a given temperaturﬁ.
Liquid phase compositions are as snc.ii on the "freezing point
curve In rigure 1; 1l.e,, as tie ©...:irature of the slurry variesz,
the mcther liquor concentraticr. sc..owi “he -reezing point curve,

In our ~spw»oaes to concenvritics by c.veooallizat on, it wes
regsoned t...v Jiltrmation ©O remove ¢lices3 rovier liquor would of
necesslty lecve tvihe crysta.ns still wec with motrner.liquor. The
average corsosstion ol the filier cake would thus depend upon
the degree =  mot .2r liquor sevaratics achieved., In laboratory
trials, w.ol Si.ovetion on a fritted glass Blehner funnel,
average fi.t..- ccke compositions were in gene:al somewnhat higher
than the "so.lil shese compositions" shown by the dotted 1line in
Figure 1. Ut wes .urther reasoned t..t displacement or replace-
ment ol v..e mother Licuor remaining on the crystals with a
stronger ligu.d shase by a crystal washing step would result in
an effective increase in averzge HpOp concentration of the
fiiter cake,

It was recognized that such a erystal washing step would be
mere cormplex than a simple docplacement wash., Fo» the wash
scluvion t: be at a higher H,0, concentratior than the mother
licuor on tiz crystals, it mlisT necessarily be at a higher
cemgerature, Thus, as the relatively warm wash solution passes
through the Iilliter cake it is sub;zcted to cooling by contact
witn the cold crystals, which tends to induce erystallizztion
Zrom the wasit solution, At the same time the warming effect on
the crystals terds to induce crystal melting to establish
equilibrium at a new temperature. In addition to the heat ex-
change from the temperature difference, heat will be liberated
or absorced upon crystallization or crystal melting, respectively.

The crystal washing step may then be considered to be a
displacemert wash modified by the various effects listed above. ,
The exstent of the modification will. depend upon the speed with ,
wnici trne actuzl wash is carried ocut, In any event, upon i
compsletion ¢l the physical act of washing, the above temperature ;
exchanges will continue to take place until final equilibrium ;
is reached or until the system is further upset externally by |
suosequent handiing operations, !

(1)“Hydrcgen Peroxide", ACS Monograrh Series, Reinhold, 1955,
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The product concentration obtained in a process involving
crystallization, filtration and crystal washing will be primarily
dependent upon the strength of the wash solution and the efficiency
of separation of the 80lid and liquid phases. Practical attainment
of concentrations within the 98-100% HpOp, range depend further upon
the truth of the theory that the crystals themselves are 100% Ho0O
and upon the extent to which mother liquor might be occluded withgn the
solid rhase in such a way that it 1s inaccessible to the wash solution.

B. Experimental Procedure

1. Crystallization Process

The general procedure fcllowed in the laboratory investlge-
tion of HpO0p concentration by corystallization was as follows:

a, Cool, with stirring, in a beaker immersed in a dry
ice - tri bath until crystallization occuras. Continue
cooling the crystal slurry with stirring, until the
desired temperature 1s reached.

b, Discharge the crystal slurry to s fritted glass
Buchner funnel on a suction flask,

c. Apply suction to remove "excess" mother liquor.

d. Release vacuum (to permit complete coverage of filter
cake with wash solution) and add wash solution which has
been pre-cooled to about its freezing point.

“e. Reapply suction to draw the wash solution through the
filter cake and to remove the wash liquor as completely as
possible,

f. Discharge the washed fillter celtz product from the
filter to a pyrex contalner covered with aluminum foil.
Let the product melt to insure uniformity for analysis.

g. Analyze product, and intermediate product samples and
1iquors as desired, for % HpO,.

The following notes and explanatory comments apply to the
above general procedure:

a. A etalnless steel spatula was used to stir the
crystal slurry. With thls exception, only glass equip-
ment was used,

b, - At the lower crystalllzation temperatures used, the
"slurry" has the approximate conslstency of wet snow and
contained little "excess'" mother liquor which was
i removable on filtration.

<o The wash solutlion was in general applied incrementally
roleaning vue vacuum between lncrements, because of filter
capaclty llmitations and efforts to handle maximum size

batchaes,
. Strength determinations vwere made by standard potassium
permenganate titration In the precence of sulfurié acid.

uﬂ*ﬁ’\ gize was 8 drops, about 0.4 gram, weighed to four
feedial plecco.  KMnOj strergth wao epproximately 0.5 normal,

o gitera of HO-50 ml.

pRoey 4
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EFFECTS OF 90 PERCENT
HYDROGEN PEROXIDE UPON ALUMINUM SURFACES

I, Introduction

Aluminum of 99.6% purity is the common material of

construction for containers whieh ave designed fer leng-term
storage of high-sprength Hz0z. It has been designated a
Class 1 material, highly cémpatihle with high-strength H202
and causing miqimal catalytic decemposition,

The present study has provided an opportunity to -
determine Jjust how inert aluminum of various purities is when
"in contact with 90% HaCo. The techniques of light and electron
m2tallography have been uged to examine surface changes brought
about by exposure to the hydrogen peroxide. (It was'notjpossible
to get rellable data comparing the aluminum samples in theilr
abillities to catalyze_decomposition of the 90% hydrogen peroxide.
This was 1n'all cases minor relative to the decomposition which

occurred on the glass surfaces of the test apparatus.)

II. Experimental

‘Materials used included aluminum in the following forms

and purisies:

storage drum for 90% H20. (99.6% Al)

single crystal (99.995% Al from Semi~Elements, Inc.,
Saxonburg, Pa.)

single crystal (29.5? Al, 0.5% Cr from Semi-Elements,
ne.

2S sheet (99.4% Al)
2024 sheet (4.5% Cu, 0.6 Mn, 1.5 Mg, bal. A1)

MLz laon/bym
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foil supplied by the Aluminum Company of
America in these purities - 99.45, 99.86.

99.93 and 99.99

Specific exposure conditions of samples of these
materials are eited in the foliowing Diseussien seatien,

The techniques of examinatiun ‘lincluded those of light
microscﬁpy, electron microscopy, electron diffraction, electron
probe microanalysis and x-ray diffracticn. Where oxide films
as such were studled (the primary intention with the Alcoa
aluminum foll samples), they were first isolated from the
substrate metal by dissolution of the latter in a 3% (vol)

solution of bromine im absolute methanol.

III, Resﬁlts and Discussion

A. 904 H-0» Storaga Drum

Thia drum, recelived from the Memphis Plant ¢f the

Electrochemlcals Department of the Du Pont Company, had a long,

but otherwise unknown'history‘of service ag a contaliner for

90% Hz02. Typical surface structures of a section of the drum

wall are shown at 250X in Figure -l. The aluminum is irregﬁlarly
roughened by pitting and "wormtrack" corrosion (1a). Occasional

deeply pitted areas were found and were visible to the eye

hecause of the assoclated tail of corrosion product staining (1b).

When polariz:.. :-.ghf was used instead of the standard green-
filtered light, the presence of Ths gurface oxide of varying

thickness was dilscernible {(1c),
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Thls oxide was stripped by the bromine-methanol technique

and examined both by electron microecopy and x-ray diffraction.
The oxide - aried greatly in thickness and in continuity. .Much
of 1t could not be penetrated by the electron beam. In Figurc 2,
however, are shown two electron micrographs of stripped oxide.
Figure 2a shows an area in which a "thin" oxide has replicated
the topography of the underlying aluminum. The intense black

areas represent plled-up oxide, opague to the electron beam.

The dendritic structure of Filgure 2b is interpreted
as an overgrowth of a second hydrated alumina film over the
primary oxlde film, probably of a differont state of hydration.
It nlgnt represent the formation of crystalline bayer;te (Beta
trihydrate) on b¥hmite (alpha monohydrate), a sequence of oxide-

film formation on aluminum (exposed to water at room temperature)
described by Hartl.

Electron probe microanalysis was applied to surface
analysis of this storage drum in .an attempt to 1déntif/ chemically
the nature of the corrosion-staining associated with pits and the
composition of second phase microinclusions. This work was done
by N. E., Weston. His report is attached as Exhibit A. It was
establishcd that the "tail" of the pit does not contain any
unusual concentration of metallic elements fther than aluminum),
Pnosphorous, tin and sulfur were found associated in the ritted
area. Inclusions in the aluminum were rich in silicon. The

Iinduings are discussed in the Exhibit.
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In Table I are x-ray diffraction data (interplanar
spacings) of the strippeh oxlde surface. The patterns are very
complex and could not be interpreted beyond the conclusion that

thiey represent a mixture of several hydrated forms of alumina.

There méy alse be lines present dus te slilieate eemponents,

B. _Effects of Metal Purity on Oxide Film Properties
1. 2s (3100) Alloy and 2024 Alloy

Figure 3 indicates differences in the ultrastructure of

oxide films stripped from treated anc untreated alloys. ('rreateqd”
here refers to an exposure of the aluminum to 90% Hz0» for 20 nr
at §6 _°C. In the "untreated" state the 25 aluminum had been
chemically polished for several minutes in a 100°C solution
consisting of: - ' 5

700 ml HzPO4 (&p.gr. " &)
30 ml 70% HNOa

« 120 ml glaclal acetlc acid
150 ml Hz0 '

The 2024 Al was left with a mechanically finished surface.]

The oxide stripped from the chemically polished surface
of the &8 sample replicated a fine scale roughness developed by
the polishing acid solution. Exposure to the 90%\H202 converted
this oxide Into a heavier one of uniform thicknegs. High magnifi-
catlon examination, however, revealed this oxide to be & porous
ma“ted layer of hydrated oxlide films. The film did not‘give a
cry tallin:z diffraction pattern.

The oxide film from the 2024 alloy was initially very
Shan d g ovucturcless except for occaslonal extracted inclusions.
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It also replicated the initial mechanical finish of the surface.

Exposure of the 2024 alloy to 90% Hz02, however, resulted
in a much more rapid and non-uniform buildup of surface oxidation
product as Figure 3 shows. This would be expected from a higher
rate of catalytic decomposition of the Hz202 upon the 2024 alloy
surface with its u.s_perbent sopper conteht. Thus, any aluminum
ailoy surface containing catalyticAlly active heavy metal atoms
. will undergo enhanced oxidation at the site and in the area of
the foreign atoms. The extent to which mechanica; blanketing
of the reactive area by oxide film formation would affect the
peroxlde decomposition kinetics, is not known but could bve
determined by some careful laboratory experiments in wh;ch rate
of film thickness buildup is correlated with rate of hydrogen
peroxice decomposition upon an aluminum surface of knowan and
controlled *heavy metal ecntamination, |

2. Oxlde Films from Aluminum Single Crystals
8. 99.995% Al

A chemically polished wafer from a 3/4 in.diam. crystal of
this purity was exposed to 90% Hz02 for O hr at 80°C. There

was little apparent change in film thickness. However, as shown
in Figure 4 exposure to the Hz0p ﬁid produce some microroughening
in the aluminum surface which was ?eplicated in the 1solated
surface oxide film. The stripped oxides show cellular markings
ﬁhich are Iinverpreted as the result of structural heterogeneity
in the aluminum surface because of the residual cast or dendritic

st ature of the metal.
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b. 99.54 Al -~ 0.5% Cr

Oxide-films taken from wafers of this single crystal
prepared and exposed similarly to the 99.995% Al sample are shown

in the eleotron mdorographs of Figure 5. Again there are background
cellular markings present which are believed to reflect the dendritic

cast structure of the metal. 'Exposure to the 90% H20> has left

a fine deposit on the surface which may correspond to a chromium-containing

residual layer developéd by superficial corrosion of the crystal
éurface. The © phase, CrAly, should be present in equilibrium
with the a solid solution aluminum matrix and may be present in

this residue.

It 1s not known to what extent chromium would be expected
to catalyze the decomposition of strong hydrogen peroxide. Schumb
et al.2 state that ﬁas a heterogeneous catalyst ohromium is not
particularly active," but solution of metallic chromium and
preferential solution from stainless steel ére stated to occur

in concentrated hydrogen ﬁeroxidel

3. Surface Changes on Aluminum Foils

Four lots of aluminum foil were employed in this'study
in an attempt fi?st to determine the effect of purity from 99.45% Al
to 99.999% Al on decomposition rate of 90% Ho0- at 56°C (arvitrary
elevated temperature), and secc dly, following test exposure to

_ observe what changes had taken plcce on the foil surfaces.

This serles of tests conslsted of sixteen exposures. F-~ch
lot of foil was exposed for periods of 16 hr, 70 hr, 135.5 hr and
™
203 he in the 66°C 90% H-O02. Each foil specimen measured 7.0 ~8grinr—
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in surface area and was carefully cleanec¢ and degreased before

immersion in /gv ml of 90% Hz02.

Unfortunately, 1t was not bossible to secure valid‘data
on hydrogen peroxide decomposition occurring on these samples
because, as stated earlier, the volume of oxygen evolved on the
2luminum surfaces was only a small fraction of the total decom-

position that occurred in the test flask. However, all foil

samples were metallographically examined at the conclusion of all

test periods. Oxide films were again isolated (by bromine-methanol
dissolution of scilssored pleces of the foils) and the films examinad
by sdirect transmission in the electron microscope. The remaining
figures in this Section have been chosen to 1llustrate typical
results obtained in this part of the 1nvest1gational'program.

a. Comparison of Isolated Oxide Films

It was difficu;tw?o find decisive differences between
electron micrographs representiﬁg the aluminum oxide 4isolated
from the 20 metal samples (including the as-received, control
samples). It was evident that all films were much thinner and
more uniform than those examined earlier from 28 aluminum exposed
at 80°C. Tue lower temperature, 66°C, .and the higher purities
undoubtedly controlled the kinetlcs of surface oxidation and
fi1in vhlckness growth. The oxlde films were not appfeciably

-avier from the samples whlch had 303 hr of contact with the
20~ than films isolated from the control specimens. There did,
nowever, appear to be a general micropock-marking present in the
303 hr surfaces that was not present inltially in the control

-y

surfaces. Also small areas of dark nebulosity probably correspond
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to sites of supefficial corrosion with corrosion product bulldup.
These features can be seen in the electron micrographs at

84,000X in Figure 6., Even at this magnification the topographical
Getail is very small, (This may pe Pettar apprecinted with the
realization that 1 inch square on the micrographs is in actuality
a square of oxide,12 millionths of an inch on an edge.) | ?

The considerably higher purity of the 99.999 aluminum
did not result in a proportionate improvement in homogenelty of
the oxide film formed on exposure to the 90%Z H202. In comparing
the 303 hr samples, the 99.93% Al appeared to have the thinnest,
amost inherently structureless oxide. The 99.999% Al oxide was not
unique but similar to those isolated f»dm the 99.45 and 99.88% Al
‘samples., In all cases electron diffraction patterns showéd only

the broad, diffuse bands typical of an amorphous material.

-

b. Surface quéérgphy and Corrosion

Metallographic observations were made on all foil samples
following thelr periods of exposure to 90% Hz02. On the basis of
this low magnification examination (supplemented, however, with
selected surface replicas for eleciio>n microscopic study) the
99.45 alloy was Judged to have suffered mest surface damage in the

form of superficlal staining, pitting and "wormtrack" corrosion.

Again the 99.93 aluminum foil was found to have changed
least from the control sample of the same purity but to have some
microplts and one large pit around which a heavy layer of crazed

soTroslon product had deposited.
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The 99.88 alloy was stained and contained areas of

mlcropitting.

The 99.999 pure aluminum showed many initial surface
defects, mechanically induced, which eppeared to be areas
susceptible to later corro;aion attack in the 904 Hz20a2. The
sanple also éhowed after 303 hr of exposure what were interpreted
to be erazing cracks in ‘oxide corrosion product precipitated

around several sites of localized corrosicn.

In all foil samples it was evident that scratches and
mechanical damage to the aluminum surface acted as preferential

sites for pitting attack.

In Figure 7 are shoﬁn the control specimen, the 70 hr-
‘and 303 hr specimens of the 59.45 aluminum. Figures Tb, 74 and
7L are carbon replicas (these and others shown in Figures ¢ and
10 were produced by direct carbon deposition and stripping in

bromine-methanol).

Figure 8 compares photomicrographs of the starting
surface and the 303 hr surface of the 99.88 aluminum foil.

Figure 9 inciudes a photomicrograph of the one area in
walch crazing cracks were found in the oxidized surface of the 99.93
alunminum foll. A unique pit exhibiting noncubic surfaces was found

in replicas of the 135.5 hr sample.
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The surfaces of the 99.999 aluminum samples receiyed the
most careful scrutiny primarily because of the initial expectation

-that this metal, because of its purity, might show least surface
\ .

changes of the four under study. The micrographs illustrating its
surface structure show the starting conditions and defects
nentioned above (i0a, 10b). Blotchy areas of corrosion and

pitting were observed in the 135.5 hr sample (10c, 10d).

After 303 hr a few areas of crazing in the corrosion
product film were noted (10e) and "wormtrack” pitting of the type
appearing in Figure 10f was found.

IV. Summary

Under the test conditlions employed in this stud& it was
not established that 99.999 percent aluminum has better resistance
to 90% H202 than aluminum of 99.93 percent purity. Factors which
enter into such an evaluation, however, are difflcult to control.
The degree of segregaﬁion of impurities can well determine the
incidence of pitiing and localized oorrosion in different metal lots of
the same analyzed level of purity. DMechanical damage in ¢treating
and handling and slight differences in chlorlide ion content and
contamlnation of the exposure or contacting environment may prsduce
surface changes and localized attack miecroscopleally discernible,
Over long term contact with high strength Hz0» these effects would
become much more apparent. (It must be emphasized that with the
exception of tha 2024 alloy specimern to the eye none of the aluminum

tost specimens in the present studr appzared visibly changed. )
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To determine if the surface changes described above are
accompanied by or caused by differences in catalytic decomposition
activity of the aluminum surfaces, it now appears that the 90% Hz0a2
should contact only the aluminum under test in each case. This
would require a special type of ecup-type specimen or perhaps a

test vessel entirely fabricated out of the aluminum to be evaluated.
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TABLE I

Interplanar Spacings of Oxide from Aluminum Storage Drum

Co(a) Radiation Cu(a) Radiation

Inbensdty d,(A)  intensity  d,(A)
MW 8.31 MW 8.46
3 : W 5.52 W 5,48 ?
' : M 4.5 M 4.58 ;
ﬁ MST 4,08 ST 4,08 ;
MST 3.92 MST 3.95 3
MST 3.75 W 3.77 E
M 3.57 M 3.58 %
M 3,43 M 3.43 ;
§ ;
M 3,28 M 3,28
| MST 3,17 MST 3.18
‘ W 3,00 W 3,02
W 2.89 W 2.88 E
w 2.78 W 2,81
W 2.70 W 2.72
Y mw 2.50 MW 2.51
W 2.40 MW 2.42
W 2,24 W 2,34
W 2.14 MW 2,26
W 2.09 W 2,14
W 2.07 W 2.08
MW 2,03 MW 2.03
W 1.78 W 1.92
W 1,63 MW 1.80
W 1.48 W 1.64
W 1.49
W 1.43
M = medium
ET;S strong z
W weale !
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(d) 303 hr. EXPOSURE
99.45 Al 99.88 Al

FIG. 6 - OXIDE FILM FROM ALUMINUM FOIL
84,000 X
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(g) 303 hr EXPOSURE
99.93 Al 99.999 Al

(h) 303 hr. EXPOSURE
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—530642 - ELECTRON PROBE MICROANALYSIS OF CORROSION PITS IN ALUMINUM
DRUMS FOR H,0, STORAGE - N, £, Wl

Sample

The sample was taken from the bottom of a 25 aluminum drum used to
store 90% H,0,. The surface in contact with the H,0, showed
occasional iarge pits. We were asked to examine, with the electron
microprobe, the pitted areas for concentrations of elements other
than Al. In particular, we were requested to examine the dark
‘ ‘ stains which tail out from the pits (see, for example, Fig. 1). In
2 -~ -addition to examining the "in situ" pits, we also exsmined a polished
section for the presence of second phases. The sample description
is recorded in ERD Data Book 3976.

Results
"In 8itu" Pit

.

We were able to detect only Si, Sn, P, Fe, S, and Al in the region
of a pit shown in Fig. 1. Figures 2 snd 3 show that P, Sn, and S
are associated together in the pit. The P and Sn compounds are
presumably due to reaction of aluminum ions with the stabllizers
normally added to H,0,. The Fe shows a very fine dispersion and
is not apparently uniquely associated with a pit. The Si is
assoclated with smell cathodoluminescent (see Fig. ﬁ) inclusions. :
The pit has a cluster of these inclusions. Although the "tail" 1s |
less cathodoluminescent thai the surrounding oxide cosat on the ‘

! aluminum, only Al is assoclated with it. We think that the "tail"

is a hydrous aluminum oxide resulting from electrochemicsl corrosion

of aluminum at the pit site. -

Polished Section

‘ Optical examination of a polished section of aluminum showcd tiny. i
; inclusions (see Figs. 5, 7). These inclusions tended to be clustered, !
; but the clusters were microscopically rare. Phencmenologically, the i
quantity of clusters per unit area is of the same order of magnitude !
‘ as the number of pits in the previous sample. Electron probe
? examination of the inclusions shows they are rich in Si (Fig. 6).
: It is well known that pitting corrosion in aluminum occurs most
frequently by electrochemlcal attack at second phase sites.
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