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ABSTRACT

A solid p]dtonium shipping form that is easily prepared, reasonably
stable, and,whiﬁh may be dissolved directly in nitric acid would be most
desirable. Plutonium compounds that may meet these criteria are

Pu(NO5) 4~ XH,0, K,Pu(NO,),, and (NH4~)2PQ(NO3)6.. A11 of these compounds

239Pu'for TGA and X-ray éhalysis and with 238

3)4
have been prepared with Pu
to accelerate radiolytic degradation studies. Oxygen is the primary
radiolytic gas prodﬁced by'Pu(N03)4'XH20,whi]e KZP“(NOB)G produces mostly
NO, and (NH4)2Pu(N03)6 yields large amounts of N, G values have been

‘calculated for each of the identified gases.
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INTRODUCTION

It is generally recoghized(thét'the;most probable situation for
harm to the public from radidactfve matéfiq] is during the shipping
mode. Th&s, there is'consideraﬁiéfemphasié at this time 66 increasing
the safety of this port1on of the nuc]ear fuel cyc]e Current trends
are for the shipment of rad1oact1ve mater1a1 in the solid form as opposed
to solution. The potential for re]ease 1n_gn.uncontro11ed manner is
considered greater for liquids as they méy:,,

I. Steam pressurize the conta1ner if suff1c1ent heat
is available.

2. Pressurize the container due to radiolysis of ‘the
solution.

3. Produce an explosive mixture of hydrogeﬁ-and onyen.

Because sb]ids are considered to be safer while shipping, it has been

" read into the Federal Register that as of June 17, 1978, all shipments
of plutonium in excess of 20 curies will be in a solid form. Plutonium
is considered to be an especially hazardous materia} as it is a bone-

seeking alpha emitter with a 1ong,ha1f-1ife.

1
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Plutonium.oxide woy]d seem to be the solid of choice. It is a
stable, easily made powder,that would seem an almost ideal shipping form.
The oxide, however, is a.compound which disso]ves in nitric acid only
with difficulty; and the use of hydrofluoric acid ‘is*usually necessary.
Hydrofluoric acid reacts with stainless steel, thus making use of ordinary ’
materials for glove box construction, piping and storage tanks a virtual
impossfbility. Purification of the plutonium, which may be necessary after
Tong storage-times, is also difficult until the fluoride ion is either
comp]exed or removed. -This requires the use of more chemicals which can only
add to waste disposai'problems.. The presence of the fluoride also tends to
increase the neutron flux, making shieldihg ﬁore diffipu]t and expensive. -
With the above listed difficulties in mind for the use of Pqu, a
. program was funded by the Diviﬁion of Waste Managemeht'and Transportatfon
_fo define new chemical forms for the shipment'éf plutonium as a solid.

- The criteria for the type of‘material needed were as follows:

1. Solid.

2.” Readily soluble in HNO,.

3. Inexpensive to prepare.

4. Minimum amount of explosive or flammable gas produced by radiolysis.
5. Reasonable storage Tife without conversion to the oxide or some

other insoluble form.

This form is intended to provide a more convenient form for fuel cyc]e.
utilization than the oxide. It would allow the fuel fabrication segment

of the fuel cycle to store a solid that could be easi]y pur?fied before
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conveksion to the oxide without use of spécia11yjdesigned facifities
that are able to withstand the use of hydrof]uoric acid.

The fhrée compoUnds chosen for evaluation in this study were Pu(NO'3)4 .
XHZO, KZPu(N03)6, and (NH4)2Pu(NO3)6. " The nitrgtes were selected as they
would not add an extraneous anion to the process streams. The halides were
ruled out as they would not be cbmpétib1e with stainless steel; and the
organics wére not felt to be sufficient1y,radio]ogically stable for use.
'Other.inorganic salts such as éulfatés and phoSphates were not considered,
as they have }imited so]ubility,.cause impufity problems, and add to
waste disbosai problems. | - | )
| The mechanism by which the_gases éfe forméd during the radiolysis of
‘each compound is not fully understoo&: 'Gaseoﬁs produéts usually associated
with the alpha-radiolysis of_nitrate‘solutions have been studied (1,2) to
some extent, and have been found to usually contain -hydrogen peroxide, .
- hydrogen, and oxygen. Several papers have been-published on the decompo-
sition of inorganic nitrétes; (3,4,5,6,7) however, they deal with_sa1t§
that were irradiated with gamma or X-rays and'$o do not necessarily cor-
respond to experimental results found during this research.

The studiés that have been made on the radiation-induced decomposition
of inorganic nitrates'show a very complex nature. Different nitrates show
varyihg degrees.of stability when exposed to ionizing radiation leading to
numerous explanations for the different yields (G-values) that are

observed.

The inorganic nitrates appear to deéompose when subjected to ionizjng
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radiation in the following manner:

_ MNOé - MNO2 +1/2 02

The variation in yield found when using different cations has been
attribdted to field‘strength.exerted by the cation on the nitrate ion
(po]arizing power of the céfioﬁ) (8). . Hennihg, Lees, and Matheson (9) fouhd large
differencesfin'yields ddr{hg radiatidﬁ decomposition'of NaNO3 and KN03.

They felt bonding energy différences were insufficient to account for‘the
differencgs and proposed that the variation in "free space" might be a

possible explanation, presumably due to the fact that in solid state decompo-
sitions the products and their rates of formation are dependent upon ‘the
immediate spatid] and electronic environment. ™“Free space" was defined as

the average volume per ijon pair minus the average volume of cation and

anion as éa]culated from standard ionic radii. Cunningham an& Heal (4) made an
extensive study of thé radiolysis of several nitrates and their yields
(G-values) plotted as a smooth- function of free space. The order of decreasihg
G-values was as follows:

KNO3> C$N03> RbN03> NaN03> LiNO3

There is an anomoly in this work; however, inasmuch as CsN03 has subsequently
‘been found to have a higher G-value than KNO,, but a smaller free space (5).
An ambient temperature study of inorganic nitrate decomposition by

Chen and Johnson (6) has led to a proposed mechanism that would seem to

agree with experimental data. It is as follows:

NO3 > NO2 +0



0+ NO3 — NO2 +0

0+ N02' — No3'

2

The back reaction was found to occur in all the nitrate stugies, and
decompositions apbeared to approach a steady state. The second derivative
or slope of the NOZ' yield vs. dose curve (d2x/dT2 where x = N02- concen-
tration and T is broportional to dose), indicates CsN03'approaches a steady
state more rapidly than does‘KNO3 or NaN03. This information indicates

that the back reaction for CsNO3 is much greater than f% is for KN03, which

is a more loosely packed lattice or NaNQ3 which is a more tightly paﬁked
lattice. Free space, therefore, would appear to have no substantial effect
on the kinetics of the reaction. \ !

Logan and Moore (10) have indicated that G-values are affected by‘the”.m
relative ease-of_fransferring.enengyuto~Jattice—vibrationalmmodes-0f~the
crystal structure. The density of the vibrational states as well as any
increase in the average energy of the force consiénts due to tightness of
packing will facilitate the dissipétion of energy into the lattice vibrations.
The amount of electronic coupling to lattice vibrations will have some
relationship to the polarizability of the cation énd to the free'space in
the lattice, and these parameters are alsoyresponsible for a particular
crystal structure.

Factors such as reactions between radiation induced reaction products,

lattice damage from fhe radiation, stability of primary products, and

impurities may also be expected to play some role--major or minor-=in the
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radiation decomposition of any given inorgan%c nitrate. Variations in any
~or all of these factors may change the yields (G-values) to an appreciable

extent.

The ammonium salt is somewhat different inasmuch as.fhe cation
itself may be décomposed and is sénsiff&e'to the effects of heat and -
radiation. The radiolytic decomposition of.ammoniuh nitfate has been
réported to be‘comparable to thermal decomposition at high dose rates (1]).
Ammonium nitrate volatilizes reversibly at moderate tempéfatdkes; irrevefsib1y‘
at'higher temperatures giving mainly N20 and_at still higher temperatures,

the N20 decomposes into nitrogen and oxygen (12).



T 1875

EXPERIMENTAL

238Pu used in this work was prepared by the neutron

2'3.8Pu was‘prepared‘by fhe mixing of

38

The 84.8 wt %

237,

jrradiation of p. The 17.8 wt %

appropriate amounts of nitric acid solutions of the 84.8 wt % 2 Pu and

91.3 wt % 2%

u. The results of mass spectrometric jsotopic analysis of
the fiﬁal product in each case are shown in Tables I and II. ATl other
chemicals were reagent grade and were used,withouf fdrther purification.

The simple plutonium(IV) nitrate salt [Pu(NOé)4-XH20] was prepared
by vacuum evaporation at 1 torr and ambieht temperature of an 8M nitric acid
solution of plutonium nitrate that was preparedAby dissolution of Puoziwith
HNO,-HF followed by anion exchange to remove fluorideé'and other impurities.

3
Less than 24 hours was required to prepare a solid sample from the 84.8 wt %

1238 238

Pu due to self-heating. Samples prepared from 17.8 wt % Pu required

from 3-5 days.

Table I
Isotope weight:Percent
238p, 84.8 *0.06 wt %
239, 11.19 * 0.06 wt %
240

Pu 3.22 £ 0.02 wt %
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Table I (cont'd)

Isotope Weight Percent
24p, 0.665 * 0.007 wt %
242p, 0.122 ¥ 0.003 wt %
Table II

Isotope Weight Percent |
2385, 17.4 £ 0.1 wt %
239, 74.9 £ 0.1 wt %
240p,, 6.946 £ 0.005 wt %
281, 10.635 * 0.005 wt %
242p, 0.079 * 0.002 wt %

Thé starting plutonium concentration in all cases was about 230 g Pu/
iiter‘solution. |

The potassium and ammonium hexanitratdp]utonate(lV) salts were prepared
by tﬂé addition of a 10% stoichiometric excess of potassium or ammonium
‘nitrate to plutonium (IV) nitrate in Sﬂhﬁitric acid, followed by vacuum

38

evaporation at ambient temperature. Once again, the 84.8 wt % 2 Pu compounds

required less than 24 hours to prepare while those samples having lesser

238

amounts of Pu required 3-5 days of evaporation before dryness was obtained.

During the course of evaporation, the simple piutonium(lv) nitrate

[Pu(N03)4fXH20] solution became extremely viscous before becoming a solid,

indicating a very high solubility. The potassium and ammonium salts are
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less soluble and crystallized duringlthe‘coursé of evaporation. The
uranium salt, KUOZ(N03)3,~that was used for X-ray comparison purposes, was
prepared by the mixing of stoichiometric amounts of KNO, and U02(N03)é in
nitric acid followed by filtering, washing, and drying.

The radiolytic gas measurement apparatus Qsed is shown in Figure I.

A weighed sample of. the solid compound to be tested was placed in the glass
sample container and held in place with a glass wool plug. The sample
container was then placed in a~stain1ess steel outer sample container with
a cap containing a stainless steel frit to allow the passage of gases.

The stainless steel.sample container was piaced in the radiolytic gaé
measurement apparatus and closed off. Thé sample was then purged with
helium gas for 30 minutes with pressure pulsing to insure removal of a]i
other gases. This arrangement was found to contain the plutonium compound
gnder study quite well and allowed measurements to be taken in an opén~
hood without contamination of the apparatus. |

A 10 mm layer of 3111con 0il was placed on top of the mercury on each
s1de of the monometer prior to use to retard reaction thh any corrosive
gases produced during the course of the experiment. All manometer readings
were obtained by use of a cathometer.

Gas samples were taken by evacuating to less than 1 torr in the sample
collector and the area between the collecter and the measurement apparatus
(see Figure I) with the gas then being drawn into the collector from the
apparatus and placed on-a Consolidated Electrodynamics Cofporatioh 21-130

mass spectrometer to determine the gases which had been produced.
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The amount of gas generated by the solid per 100 ev (GT value) was
calculated using the ideal gas law (see Appendix B); and the dose rate of

the material used as determined by the following equation:

Dose rate = (Sp. activity “3%pu)e_ [(#%%u) + 3.7(4%%0pu) + 301(#Fpu)

* / -
+ 6.7 MPu) * 4 62,2057 Pu)  (1-e70-9%9")1/100 M
Ea = alpha energy of 23gpu in'millions of electron volts (Mev)
Y = time in years since chemical separation of Am from Pu.

* .
This factor assumed the B radiation contribution will produce about
the same G-values as o radiation.

The 238

Pu contributes, by far, the largest amount of energy‘iﬁ the
case of the 84.8 wt % 238Pu material allowing the energy contributions of
the other isotopes to be disregarded.

Thermoéravimetric analyses were obtained using an Ainsworth Semimicro
Recording Balance. A1l analyses were made in an air atmosphere to simulate
actual conditions to which the compound might be subjected in the shipping
mode. This procedure also resulted in the conversion of the compounds'to
Pu02 which allows ca]culatjon of the original molecular weight of the
material in question. A heating rate of ZC°/min‘was'used in all cases.

X-ray analyses were performed on-a General Electric XRD-5 x-ray
diffractometer. A1l compounds were subjected to analysis as well as any
'intermediateé.found during thermogravimetric analysis. Patterns were
obtained only for those materials which were preparéd from 91.3 wt %

239Pu. A1l others were found to be amorphorous.
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GAS
- SAMPLE
COLLECTOR
'SAMPLE CONTAINER
(GLASS)
I, L]
" B B
STAINLESS STEEL SH=
OUTER SAMPLE AL
CONTAINER k@

MANOMETER AND SAMPLE
CONTAINER FOR RADIOLYTIC
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- RESULTS AND DISCUSSION

ST VN

A Radiolytic Gas Generation
The GT'va1u95'(molecu1es per 100 ev) have been calculated as a
function of dose rate for each of the three compounds under consideration -
[Pu(NO4) 4+ XH,0, KyPu(NOg) g, ahd.(NH4)2Pu(NO3)6], as shown in Figure II.
The high Gy values found in the case of (NH4)2Pu(N03)6 were not completely

unexpected as ammonium nitrate salts are not normally stable to radiation.

'The,GT values of~Pu(NO3)4-XH20 ;:md'KzPu(NO?")_6 were found to be much the
same (each decreasing with accumulated dose and approaching a value of
18 ‘

about 0.025) above about 10 Mev/gp,,-

Eggh'of theAcompounds was prepared with 84.8 wt % 238.Pu to accelerate
the a¢quisition,of data.  The simple plutonium nitraté~(Pu(N03)4-XH20)
was also prepared using 17.4 wt % 238Pu as TGA results indicated the 84.8 wt %
material did not have the proper molecular weight and may have dégraded
to some intermediate (see TGA section for fgrther explanation). Therefore,

8

the figures used for Figdre I1 were found using the 17.4 wt % 23 Pu material

which also more closely simulates actual reactor grade content.

Given the GT va]ueé, the rate of radiolytic gas generation with é

specified amount of Pu(NO;),-XH,0 1s(gpu)<ép623§t%%§y) (E%T} .
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1.67 x 1075 g, [(% 239|>u)) +3.7 (%) + 301 (1®P) + 6.7 (12¥TPu)
+ 62.2 (%24]Pu) (1-e- 0 049Y)] moles gas per day ‘
and Gy (”z) + G(Oz) + G(N ) * .. (2)
N . ST vEme e )
The rate of pressurization in a given_cOntainer will be:
dp: -4 K 523%,7.
at = 2-01 x 1077 yoroag 9py GLET7PUl +
3.7 32%%u) + 301 (5%%%pu) + 6.7 (3%*TPu) +
62.2 (3%4Tpu)  (1-e70-049Yy] (3)
where K = degrees Kelvin‘
t = time in days
V = container volume in ml
W = weight of Pu(N03)4-XH20' of density 2.90 g/cm3 (ref. 5)
Y = time in years since chemical separation of -Am from Pu
Ea = alpha energy in electron volts.

9, = grams- plutonium

p-= pressure in psi

Hydrogen is not a méjor conStitQént‘(see Table III) in any of the
three cases studied, and the.Hz/O2 ratio shoU]d'not present an explosion
hazard. Upon long term storage, the relative amount of radiolytic hydrogen
“does increase in the case of Pu(N03)4~XH20,~ but when viewed froh the
standpoint,of.tota]'gas produced by the solid, it rémainsbat a low level.

Very Tittle oxygen was found in the gaseous products of (NH4)2Pu(N03)6;
‘however,.a large amount of nitrogen was noted. To account for the lack of

oxygen, it would be necessary to postulate the oxygen recombinihg with
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hydrogen to form water, which would also account for the small amount of
hydrogen found. The high nitrogen production could also be accounted for
by the recombining of the plutonium with oxygen to form plutonium dioxide
Proof of such a mechanism might be very difficult, however. The prepon-
derance of oxygen in the radiolytic gases of Pu(N03)4'XH20, as compared
to K2Pu(N03)6 is at least in part due to the waters of hydration associat
with the molecule inasmuch as water may also be radiolytically decomposed
The hydrogen formed during the radiolytic decompositionlof water could
react with a nitrate to form nitrite and water or by a‘QHmilar hydrogen
"scavenging" mechanism. The other vafiation can probably be attributed
to lattice vibrations, cation polarizability, and the other effects dis-
cussed previously. To make a measurement of the contribution of any one
\

factor would be extremely difficult and probably cannot be done except’

on a theoretical basis.

B. Thermal Stability -

Each of the compounds under study (Pu(N03)4°XH20, K2Pu(N03)6 ,and
(NH4)2Pu(NO3)6) was subjected to thermogravimetric analysis. This pro-
cedure was carried out in order to determine intermediates that may have

formed and to convert the compounds to the oxides for molecular weight

1€

ed

determinations. A1l runs were made in air to simulate actual conditions

the compounds might be subject to as a shipping form and to convert the

compounds to the oxides.
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TGA curves for these compounds are shown in Figures III, IV, and V.

23gPl;l'so as to

The compound used in each'case was fresh]y made using
preclude excessive'radiation damage. The curve found'foriPu(N03)4‘3H20‘
(Figure III) is much the same as that- determined by Druﬁmdnd.and Welch (13)
for PQ(NO3)4-5H20. From molecular weight claculations the jntermediate
was postulated to be Pu0,(NO,),. The intermediate was formed when
Pu(NO;),"3H,0 (MW = 541) had.undergone about a 28% weight loss. The
calculated molécular weight (28% weight loss of Pu(NO3)4-3H20) of the
proposed intermediate (PuOZ(N03)2'Mw = 395) is 390. Spectrophotometric
analysis on freshly dissolved solid also indicated the presence of‘Pu022+;
however, the intermediate formed was ndt.identified by X-ray ana]yéis, as

it could not be isolated.

The TGA curve for K,Pu(NO;). (Fig. IV) also indicates a somewhat
unétab]e intermediate, probably of the formula K2Pu02(N03)4;,bef0re
decomposition to KNO, and Pu0,.- The endpoint of this TGA is not sbecific, ~
however, due to formation of K20 and evapofation of KN03. Because of the
Tow temperature‘at which the water is evolved from the salt, it may not
be a part of the crystal structure but rather sorbed. The intermediate
formed with this particular compound is stable enough to permit the obtaining
of an X-ray powder pattern and is apparently not a double salt as will be
described in greater detail under the X-ray section.

Thermogravimetric analysis of the ammonium salt [(NH4)2Pu(NO3)6]
“indicated no intermediates were formed (see Fig. V). Copious amounts

of gas were evolved during the course of the analyses; however, they were

quite corrosive in nature.
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C. X-ray Analysis

238

A1l X-ray patterns of Pu salts showed them to be amorphous;

bresumably from radiolytic breakdown of the qrystal structure. Therefore,

23%, to obtain patterns

each of the three salté under study was made from
for identification and classification (sée,Fig. VI). The intermediate
| indicated by TGA'on Pu(NO3)4'XH20 :is unstable and powder pattern identi- -
fication was not achievable; however,lthe.intermediate found with KzPu(NO3)6
is sufficient1ylstab1e to produce.anﬁX~ray paﬁiern as indicéted'in Figure.VI.
Positive identification of the.intermediate formed by,heaﬁing of
K,Pu(NO5)c (MW = 689) has not been aéh%eved. ".TGA indicates the intermediate
_has a molecular weight of 558 (]9% wéight loss of K2Pu(NO3)6).ﬁndicating
it is probably KZPuOZ(NO3)4 (Mw = 565).. X-ray patterns of'the"ﬁrénium salt
KUO,(NO5) 5 do not compare with those found for the intermediate which
prdbébly rules out a mixture of KN03~ahd KPuOé(N93)3; however, the compound
is probably KNOé'KPUOZ(NO3)3. It s unlﬂgéw that it is the tetranitrato-
plutonyl (VI), [Pqu(NO3)§'] speciég,' Although the tetranitratouranyl (VI)
comb]exﬂis known, Ryan was not able to prepare a K+vsa1t containing thi§
specie§, (14,15) and found that the cesiuﬁ salt, CszUOZ(N03)4, contains the
trinitrato complex and one ionic nitrate. ‘
The X-ray powder paftern (see Figure VI) obtained for Pu(N03)4'3H20
is not the same as that found by Staritzky (16) for Pu(N03)4'5HZO. The
pentahydrate was found to be orthorhombic and isomorphous with the cor-

responding nitrates of thorium and cerium. It also has 8 formula units

per cell; a density of 2.90 grams per cc, and is hygroscopic.
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No X-ray powder patterns aré known to be available for (NH4)éPu(NO3)6
and KzPu(N03)6. It f5=inferesting to note the abpareht lack of correlation
between the two patterns which is unusual'inasmﬁch as  they Both possess
the'Pu(N03)§' complex. (17) Complete analyses of. the X-ray patterns in each
case was not possible; however, further invesfigation éou]d conceivably
give an exp]anation as to the difference in radiolytic decomposition be-

havior.

D. Solubility
The solubility of each of the three compoﬁnds prepared.was determined .

using 84.8 wt % 238

Pu to acceiefate e*perimenta]~test results.. The cqmpound.
PG(NO3)4.XH20 was stored in a desicc§tbr_for f?] days.and stiji found to

be soluble in 4M HNO, at 28° with 4 hours of agitation. .This is equivalent
to 25 or more years of radiation damage from héactor grade p]utoniuﬁ. The
compound'KzPu(N03)6 was stored for ﬁhe reactor grade plutonium Eadiétion
equivalent of about five years and (NH4)2Pu(N03)6 for the equivalent of
about three years. '

239Pu and

Each of the compounds under study was also prepéred from
stored in a desiccator. The samples were all found to be éomp}étgly and
readily soluble in 4_!‘1HN03 at 25° after the,equivélent of l.S.years storage.
No further solubility tests were carried out on fhese compounds; however,

complete solubility for several years could be expected.



24
T 1875

CONCLUSIONS

Three plutdnium nitrate compounds (Pu(NO3)4 XH, 0, K Pu(N03)6, and
(NH4)2Pu(NO3)6)'have been studied to evaiuate their ab111ty to serve as
shipping forms that meet the criteria aﬁ odt]inedfin the Introduction.
Each compound was subjected to a systematic study to allow the selection
of the most e]igfblé compound fbr further evaluation on a pilot-plant
basis.

The radiolytic gas.evolution study eliminated (NH4)2Pu(NO3)6 from -
further consideration as a shipping form due to its production of con-i
siderably more gas per gram of material than was found with either

KZPU(N03)6 or Pu(NO XH,0, which were found to have. about the same

3)4 ,
GT value. None of the compounds produced H2 or 02 in sufficient quantity
. to produce a flammable mixture with the exception of Pu(N03)4-XH20 which
produced O2 and H2 in a ratio that is above explosive limits after 1ong
sforage.time. However, the H2/02 ratio of the sum tofa]s of these gases
'produced by Pu(NO3)4 -XH20 is below explosive limits.

Each compound produces differing amounts of 02, H2, N2, NOX, de, etc.,
indicating somewhat different mechanisms for gaseous release. The ammonium

salt decomposition appears to be about the same as that observed upon

heating of NH4NO3 to produce N2’ HZO’ and nitrous oxides. The potassium
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salt and simple plutonium nitrate may invoke a similar mechanism for
decomposition of the nitrate; however, plutonium nitrate centains some
water of hydration which will also be affected by alpha radiation and
contribute to the overall gaseousArelease which probably accounts for its
higher 02 and H2 yields.
The mechanism of radiolytic decomposition in each case may only be

postulated. Although some work has been reported on the decomposition
of solid nitrates by electromagnetic radiation, none has been found that
deals with alpha radiation and its high specific jonization (number of
ion pairs formed per millimeter of path). The mechanism of decomposition
would be expected to be considerably different than.is found with forms
of radiation having lower specific ionization aﬁd-further‘research is
needed to specify‘the mechanism. The use of labeled nitrogen and oxygen
may be a route by which further mechanistic‘evaluation could be made.
This technique should allow the determination of the origin of the.nitfogen
products produced:during the radiolysis of.(NH4)2Pu(NQ3)6. It should
also indicate the contribution of the water in Pu(NO3)4-XH20 to the gaseous
~ oxygen yield and how yields of each gaseous product are affected by
radiation dose.

| Information obtained from this technique in conjunction with a detailed
‘study of X-ray, TGA, and gaseous yield dose dependency compared against 1ike
infokmation obtained from K2Pu(N03)6 may allow the.bostulation of mechaﬁisms
of decomposition for each, and a comparison to that for therma? decompo-

sition.
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The water associated with Pu(N03)4'XH20 is of some concern due to
the production of hydrogen by a]pha-radio]ysis. Its presencé,is a poten~
tial explosion hazard and must bé avoided ff'at all possibie. Two waters
of hydration as determined by TGA appear to bé the Tower Timit to which
Pu(N03)4°XH20 may be taken before'decompositién of the solid begins.

The production of Pu(NO )4°2H20'as a shipping form mﬁst'be céréfb11y~
controlled, therefore, to insure a cons1stent product from the standpoint
of hydrogen production, thermal stab111ty, cr1t1ca11ty, and accountab111ty.
The material is also somewhat hygroscgp1c, sofcare must be exercised during
its handling. o 1 J

' X-ray data proved to be rather 1nconc1us1ve as obtained powder
patterns did not compare with pub11shed patterns when ava11ab1e Further
X-ray work to determine crysta] morphology, space group, ce]] dimensions,
formula units per cell, and density could prove to be useful in thg
determination of decomposition mechanfsms;

TGA results indicate the simple nitrate Pu(N03)4'XH20 is somewhat
less thermally stable than either the ammoniumlor potassium hexanitrato-

. plutonate (IV) which detracts somewhat from its suitability as a shipping
form. The maintaining of large quantities of this compound wfth a high

238 Pu). mayvrequire specially designed containers to

- 238Pu content. (1%
prevent thermal degradation and gas pressure buildup problems. These
containers would undoubtedly be larger than those now in use, but in all

probability would not present a problem as the controlling factor in a
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given shipment is usually the amount of plutonium and not the size or
weiéht of its containers.‘ “

The final selection of the compound to be tested as a shipping
form on a pilot-plant scale was dpne on the basis of -the work described
and on‘the needs of‘those who would ship and receive the plutonium. A -
-meeting was held to present the information obtained to present and
future p]uton1um processors and to solicit their 1nput w1th discussion
centered largely on Pu(NO )4 XH 0 and KzPu(N03)4. The final consensus -
of this group was that in spite of some thermal instabi]ity of Pu(NO3)4°XH20
at fairly low temperatures, it was preferable~to-K23u(N03)6Adue to the
additional waste disposal problems the potassium would present.

It is concluded that the plutonium compound’(Pu(NO3)4~XH20 selected
also has several other advantages that have not been enumerated in this
report. 1It requires Tess equipment to prepare than does Pu02, making
the overall preﬁarative procedure quite simple. fhe oxide may a]sb be
.easily made from the nitrate if desired. The preparation of mixed oxides
could be readily achieved by.a precipitation étep to iﬁsure-uniform
mixing rather than by mechanical mixing of the oxides. Also, as plutonium
nitrate is a.nitrié acid soluble compound, purificétion just prior to
‘ fbrmation of the oxide is easily accomp?ished if, for example, long
storage times before use of the plutonium were necessary and undesirable

amounts. of americium from 241

Pu decay were present.
Plutonium accountability may be a problem due to the variable weight

.of plutonium nitrate. However, if the plutonium content of the solution
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prior to evaporation to the solid is known, the amount to be shipped is
known. The receiver may then easily check the plutonium content by
conversion of a weighed amount to the oxide or by dissolution of the
solid in nitric acid for analysis.

Work is now in progress by another ERDA contractor to prepare kilo-
gram quantities of plutonium nitrate. One run has been successfully mad
that contained 920 grams of plutonium. ~More pilot-plant ‘'scale work is
required to optimize operating parameters and equipmen§ design; however,
the process has been successful to thfs point and.workgfs continuing.

Plutonium nitrate would appear to be a viable shipping form if
accepted by the nuclear industry. There are some problems, such as
thermal conductivity, that need further study to completely define thg
material. Pilot-plant studies could easily accomplish this task. Thg,
final fate of Pu(N03)4°XH20 must, of course, rest with Congress and |
the public with regards to their acceptance of nuclear power and in
particular, the plutonium recycle question. Wiﬁhbut plutonium recycle,

the use of PQ(N03)4~XH20 as a shipping form is a moot point.

28
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APPENDIX A

"The dose rate equation (1) was derived by normé]izing the sp. activities
and alpha energies (Mev.) for each plutonium isotope to that of Pu in

the following manner:

239 * Ea 240Pu (%240PU)

240, _ 2 _
Y2 240Pu E_ 239,
_ 24,400 _  5.17 (524%,) -
6600 516
= 3.7 (% 240PU)
238, _ Y172 23%, By 238py 238
Pu =+ 738 739 (% 77"Pu)
1/2 P E, Pu :
_ 24,400  5.50 ,, 238
= 86.3 576 (* 7 -Pu)
= 301 (% 2%Bpy) -
241, _ Y1/2%3%,  Eg24lp, 241
o Pu = o 739 (% Pu)
1/27 " "Pu Ea Pu
24,400 . 0.02 '
= 4.1 - T5.16 (% *pu)
] L
= 6 7 (% Pu)
24]Am from decay of 24]Pu
N]0 = original amount of 241p, at time of chemical separation from
21y,
= (% 2pyy

N, = amount of 24]Am produced by decay of 24]Pu

= constant/

*
t 1/2 sp. activity
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Y = time in years

\ = decay constant for 24]Pu
Ay = decay‘constant for 24T pm
N - M (e oe Yy + e -2,Y
. 0.049 °© A Y _mY) F o ALY
N, = 0.00T6-0.049 Ny (871 -e 7270 T 0-e 2

for time periods of one year or less:

y ©
eV = ¢ 0-0016 T o
N, =-1.04 (e M) (2 #py)
= -1.04 (1-e ~0-043Yy (4 2415,
Yo 239, E, 2, . -0.049Y,,, 241
1/2 Am o Pu

) = 23§§OO . '2:?2‘ (];04)(1_e-0.049Y)(%524]Pu)

=
i

=
1]

, = 62.2 (1.-e70:0%%) (3 2y

Equation (1) is therefore: . S
Dose rate (1) = Gp, © SP- activity'(d1s/day-gm) ) Ea(mev/dis) - .izev/day

Dose rate (1) ='gpu(sp. aptivity?39Pu)(E 239Pu)[(% 239Pu) + 3.7 (% 2[‘l_oPu)

301 (% 238p,) + 6.7(%d24]Pu)
62.2 (1-e"0-9%%) (3 2*Tpy)1/100. (1)

+ +

If the dose rate is known, the rate of radiolytic gas .generation then beéomes:
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23(m01ecu1es/m°]e)

moles gas/day = Dose ratez(Mev/day)-GT(E%%%Eg%§§)/6.02x1O

23

moles gas/day eq. (]) 'GT/6.02 X ]0

moles gas/day (2) = 1.68 x ]0-3'gpquT[(% 239 + 3.7 240p)
+ 301 (% 2%8pu) + 6.7 (2 pu)

The rate of pressurization is then:

dp _ RK dn- _ _1082K eq. (3).
at =V dt V-W/2.90

P (3)=1.68 x 107

T 6 [(% 2%%y) + 3.7 (2 290y,

9py Gt ‘
+ 301 (3 2%py) + 6.7 (3 2py)

+ 62.2 (1=e70-049Y) (5 281,
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APPENDIX B

GT-value calculation.

date. - 8/7/74

compound - K2Pu(NO3)6

Sample weight - 26.705 gm

Pu content - 0.922 gm (84.8,wt}%~238Pu)
Total elapsed experimental time - 366 hr.
Apparatus volumé - 45.0 cn’
Manometer displacement - 3.95 cm of manometer has volume of 1 cm’

Manometer reading 1200 - 5.775 cm (23.0°C)
Manometer reading 1600 - 7.305 cm (27.0°¢C)
Sp. activity 238 13 dis,

u-3.86 x 10" /min./gm
Ey 238p, . 5.48 Mev
At 1200 total volume of gas in apparatus is:

45.0 x 1073 + 5.775/3.95 ¥10-3 = 46.5 x 1073 1iters

At 1600 total volume of gas in apparatus is

45.0 x 107> + 7.305/3.95 x 107> = 46.8 x 107> Titers
Total moles of gas at 1200:
: ‘ -3
o= PV Rt =(760 ;687.8>Q16.5x10 )
0.082x(273.2+23.0)
n = 2.06 x 107

Total moles of gas at 1600:
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( 760 + 73.1)(46.8x1073)
L ATT7e0 7\
0.082x(273.2+27.0)
n = 2.08 x1073
2.08x10™3 - 2.06x10'3 = 2x10”° moles gas generatéd in 4 hours.

5x107% motes gas/hr.

[}

gms 238Pu = 0.782 -

Other Pu isotope radiation dose contributions may be excluded

as #38py contributes 99.9% of the total dose
5x10°% - -7 238
0 790%60 " - 1.1x10 mo]es/w1n/gm Pu
o < L1x07-6.0ox1023 (MU ooy
T 3.86x1015(sp. activity)x5.48x10°(Ea) ~
G; = 0.03 moles gas/ 100 ev
Dose (366 hr) = 0.782 x 5.48 x 366 x 3.86 x 10]3 X 60

17

Dose = 36 x 10°° Mev.
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