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vtudies have been made on the composition and thermal decomposition
° of urenyl peroxide. The condltions of precipitation and drying huave been
found to have no app-eciable effect on the composition of the compound, but
do affect the physlecu. appearunce of the precipitate ano the rute of thermal
decomposition. The U0,-2H20 appears to be thermodynamicelly unstable with
respect to UQ3 at 259 "and atmospheric pressure, although the rate of conver-
| sion 1s extremely slow. The UO,*2h30 is completely comverted to UO3 on stund-
ing at 150°C and atmospheric pressure for two weeks. tartially decomposed
uranyl peroxide samples contain "extra" oxygen which is releused on immersing

lhe semple in water,
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1. 1NTRODUCT ION

The composition snu thermal behavior of uranyl peroxide are a sub-
Ject of some debate in the literature. when the compound is precipituted
from &« solulion conteining excess hydrogen peroxide t?g TOl r?tio of perox-
ide oxygem* to uranium is reported to be about two, (12 (2)(3)(4 ihen, how-

*Peroxide oxygen is defined as huving an oxidation number of -1; i.e., hydro-

gen peroxice conteins two peroxliue oxygens.

ever, the compound is precipitstied from a solution cont?i ing excess uranium,
the ratio is reportec to decrease to spproximately 1.5. 2 Tht mfl fggio of
water to urenium he& L. en reported &s 4.5, 3.0, and 2,0.{2)(3) 4){5) heat-
ing the compouna csuses loss of weter and oxygen, but different experimenters
do not egree on the compounds obtained inethe decomposition. One expleanstion
for the decomposition curves obtained assumes ihe formstion of several com-
pounds &na soliu solutions with coupositions in the range between U0, = 4. 5HQ0
snd U04. (2)(4)(6)

To resolve some of these discrepancies, and to extend the under-
standing of wranyl peroxide, an invesligation of its composition and tlLermul
decomposition was initieted. The conditions of preperation and drying of the
uranyl peroxide precipilate were varied over wide limits to ascertain their
effect on the composition. The effests of reduced pressures und increzsged
temperatures were studied to detect aifferences between semples prepered in

different wuys, and to clarify the thermal behavior of the compound.
)

11. EFFLCT OF COWDIT10ik OF PRLPaReTION Of
14, ChEICal, 48D PEYS 1CAL FROPLK]1ES OF URuNYL PEROXIDE

s, fkreparztion of veaples

sll the samples were prepared by adding hydrogen peroxide to the
urenyl eoluticm** und separating the resulting precipitute after the desig-

**Pure uranyl nitrute end uranyl sulfste solutions were prepsred from kallin-
krodt uranyl nitrate by fractional crystallization in the cese of the ni-
trate, and conversion followed by fractionel crystallization in the case of
the sulfate. Opec'rogrephic assay indicatea insignificant smounts of ex-
tranecus materials.

nated digestion perioa by filtration through a Buchner funne!, The samples
were then washed 1U times with large volumes of distilled water, ln some
cases "wet" csamples were removed at this point, but in most cases the samples
were dried before snelysis ana further experimentation,

The specific conditions of precipitation and drying for each indi-
vidual sumple sre skown in Table 1. The cifference in molax concentraticn
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between HpyUp &nd urenium is shown in column 2, a positive sign inuicuting an
excess of hydrogen peroxide over & 1:1 mol ratio end a negative sign indicat-
ingz & deficiency, The total uranium concentreation after all reagents had
been adaed is shown in column €; it includes all uranium present eitler in
solution or as a precipitate efier the wuddition of the hydrogen peroxide.

The uranium was added either gs the sulfate or the nitrate, the corresponding
acid (h2u04 or hi03) being used to adjuet the scidity in each cuse, The hy-
drogen ion concentrutlon after precipitation, which includes both the initial
scid added and the i* libersted in the reaction

uoz*t « b0y —5 U0, » 2t (1)

is shown in column 4. The hydrogen ion concentration was mewsured in all

ceses in which the ph was greater tlan one, and celculated in the remaining

cases. (In experimeat 1€, ammonium hydroxide was udded, together with the

hydrogen peroxide, to keep the pH &t ca. Z.) The digestion time, shown in

colunn 7, was measured from the time of adaition of the hydrogen peroxide to
. ile beginning of the filtrstion.

In experiments 14 and 17, 3% LpOs at 25°C was sdded to an egual
volume of uranyl nit ate solution conlaining 100 grems ol uranium per liter
ut 70°C. The total wiznium concentration duriny digestion wue 50 grams per

N liter end the temperature about 50°C. In all other cases, a 30Up solution of
N hydrogen peroxide was added.

The drying conditions are summarized in the lasi four columns of
the table. Before placing the sample in the cesiccator or oven, the wet pre-
cipitute was broken up ana spread in a thin lsayer over & lerge arem. after
being aried as indicated, the samples were pleced in weighing botitles which
were kept at room itemperature inside desicca®ors containing calcium sulfate
&s drying agent. as discussed in the following sections, no deviation in
results was noted as a function of time of siunding after drying.

B. Frhysical Characteristics

The physicel appearance of the precipitates uppeared to be a func-
tion of the anion present at the time of precipitation. Those precipitates
formed in sulfuste solutions were fluffy and light yellow efter drying; those
formed in nitrete solutions were coarse mnd & deep yellow. It was further
noted that the precipitates formed in sulfeate solulion appeared to dissolve
in sulfuric ecid less readily than those formed in niirate solution.

Microscopic exeminestions were made by slurrying the precipitates
in glycerine ena observing thew under & magnification of ca. 210. 1n most
cases the precipitates were too small (1-3 microns in diameter) to allow ce-
tailed observations, The surfaces were shiny, however, giving a crystulline
appearance. 1ln two ssmples (experiments 3 and 7}, some fairly lerge needles
were observed, the lergest in each case having the aimensions of 30U microns x
4 microns x 4 microns.

4257
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Conditions of Preparation of Urenyl Peroxide Lumples

Table 1

Conditions of Frecipitution A _.bonaitions of Dryi
Conc, Ho0n Anion Hydrogen Totel (Pigestion
Expt. in Excess [of Lalt} Ion Conc, Temp. Uranium Time Temp, | Pressure | Drying Time
No, after Pre- and After Pre- % Conce, in °% Cm, aAgent in
fcipitetion in| Acid cipitation Grame/Liter] Hours of Hg Days
Moles/liter | Used Moles/lLiter
{1) (2) (2) (4) (5) (€) (7) (&) (9 (10) (11)
1 *0.46 50,% 1.25 25 10 (a) 25 76 Cad0, | 20
2 +0,08 = 1.8 " 100 o L 20 " n
3 0,44 n 1,12 n 15 n n n n n
4 40, ()2} fn 0. 84 (] 100 ([] " n [0} [
5 ’O.M ft 0' 12 L] 15 n n ([ n L]
& +0,10 NOB- 1.8 1t 95 n n th n (]
7 .;0"44 n 1. l i 15 L} L] i} L1} L[]
8 ,.0_ 10 n 0.8 1) 95 " n n n n
9 ‘.0 : M L 0. 13 L 15 i H n n n
10 _’0.45 n 0. 04 " 5 (] 6 n 7
11l «0, 44, n 0.13 ] 15 (1] (] n " ]
12 ,.,O.JJ. ] 0' 13 i} 15 n 1 (] n "
13 ‘ -0.35 n 0.13 ‘ll 100 ([} 1] n n
1, 20,23 ’ 0.8 70{b) 50(0) | 0,3 64 76 None 1.5
15 =0.05 g 0.13 n 25 3 G L H 2
16 +0.40 % 0.0% 25 25 4 25 6 Ho50, 7
17 +0.23 “ 0.8 70(b) 50t} | 0,3 " " cas0; | 100
18 -0.10 KO3~ 0.1 90 50 4%“3 Ll — -
19 -0.10 n n 90 50 4{e) a5 3ste) 76 lone 2le)
20 «0,10 " ] a0 50 4( 0) 65 it [ 2
21 -0.10 n u 90 50 4Le) 25 76 " 6

()} Stirred % hour, ther

1 ellowed to sland for 12 hours,

{b) To the solution containing 1QO0 grems of uranium per liter at 70°C wag udded an
{c) Original precipitation at 90 GC.
(d) anslyzed a5 moist solid.
(e) 22 hours at 25°C and 22 hours at 35°C,

ttirred 4 hours while cooling to 35°C.

equul volume of 3% Hy0, at 25%,

re
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G, Yeroxide Oxyren to_Urgnlum hatio

Iwo procedures were used for the titration of peroxide oxygen in
the compound. (1, In the case of precipitales which dissolved reaaily in
5 u sulfuric wcid, separete sliquots of the solution were removed for ursnium
and peroxide apalysis. Uranium wes cdetermined, using the method of holithoff
end Lingane.{7) The results obteined on a stundard uranyl suliste solution
were reproducible to within one-half per cent. The hydrogen peroxide in an-
other aliquot of tle sume sulfuric acid solution was determined by direct
titration witl standard potassium permanganate solution. (2) In ihe cuse of
precipitates whic¢h were not readily soluble in 5 i sulfuric acid, the sample
was dissolved in a known excess of stanaurd potassium permangunate solution
which was < i in su “uric acid. oodium oxslate was udaed to this solution in
slight excess, and it —was back-titrateu with potassium permengsnate at 55°C,
From these data the peroxide content could be calculated. The soluiion was
then eveporated to a convenient volume ana assayed for uranium, using the
previously wentioned method of Kolthoff and Lingane. The results for wranium
and hycrogen peroxide were reproaucible to within approximately one<hLalf per
cent,

The results of the analyses of the driea samples sre shown in Ta-
ble 2, The data for the "wet samples", taken after washing and before ary-
ing, ezre not listed but are within experimenial error of the results for the
dried samples. The muximum deviation from & value of 2.00 is two per cent,
Uranyl peroxide, therefore, conlains two peroxide oxygens per urunium, and
this vusntity is not affected by the conditions of arying or precipitution
usec in these experiments. Only 9 of the samples were specificaelly titrated
for peroxide oxygen, since the consistency of the ratio of total oxygen to
uranium ovtained by gas enalysis mede furtker titrutions superfluocus,

Table 2

Ratio of reroxide Oxygens to Uranium in Uranyl Peroxide

Experiment Ratio of Experiment Ruatio of

Number Peroxide Oxygens Humber reroxide Oxygens
to Ursnium to Uranium
1 2.01 6 1.99
2 2,02 g 1,96
3 2.01 9 2. 04
4 2,02 10 2.04
5 2,02

D. vculfete to Urgnium Ratio

vulfate enalyses were fefformed, uslng & mouiiication of the
proceaure of Hoffpguir ana Guthrie. B

== sy

«hen used with known compareble amcunts
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of sulfate and uranium, the ratio obtained was found to be within Lwo per
cent of the calculated value.

The compounds prepared in experiments 2-5 inclusive were analyzed
and found to contain less than 1 mole of sulfste per four hundred moles of
uranium,

E. Jditruate to Uranium Ratie

The ebsence of nitrate was determined by the lack of nitric oxice
color in the gases liberateu on ignition of & dried sample., One-half gram
of sample wes ignited to ca. 700°C and the escuping guses compressed in a
Toepler pump. It was found with known mixtures that en amount of nitrste
equivalent to 1 mole of nitrate perJU0 moles of uranium gsve a very notice-
able color and oxidized the mercury in the Toepler pump appreciably.

411 samples srepared from uraryl nitrate solutions were examined
in thie manner, and no nitric oxide color or appreciable oxicution of mercury
was noled in any case. It is, therefore, concluded that the uranyl peroxide
precipitated from nitrate solutions contained less than 1 nitrate per 100
uranium atoms.

F, Total Oxyeen to Uranium Ratio

The totsl oxygen io uranium ratio was determined by ignition of the
precipitates to U30g, followed by meacurement of the evolved oxygen. This
melhod guve an exceedingly accurate determinstion of this ratio.

TrLe procecure was &5 follows: approximately 0.€ grems of the aried
sample to be e&nslyzea was weighea into a platinum toat. The bouat was then
inserted inlo a quartz tube which wus connected to the gus anulysis apperatus,
-and the entire system was evacuated to spproximately 10°3 mm of mercury with
& mercury diffusion pump. The quartz tube containing the sample was thLen
heated to 700-725°C for 1§ hours, the final oxygen pressure correspondirg to
approximately 40 nm of mercury. after cooling the sample below 2000, the
evolved oxygen was transferred quantitatively by means of a Toepler pump into
s calibrated bulb where its pressure was measured witl & manometer. The water
evolved during the ignition was trapped and measurec separately (cf. bection G).

The temperature of ignition in this procedure was chosen on the
basis of the decompotition curve shown in Figure 1 and described in Pert III.
This curve wae obtained using the same procedure as outlined above except
that the temperuture of ignition wae varied. The platesu which occurred ebove
700°C indicatec that the temperature 725°C would give guantitative conversion
to U50
3-8

tince Tanforu and Larson had indicated that after ignition at £75°C
the final product was not always UBOS,* an experiment was run to verify the

*0n %s?ition to £75°C in the presence of stmospheric oxygen, Tanford and Lar-
son coaverted tke UO, ¢g¢7, i.e., U304, to UOp ¢4 whick was only partially

reoxidized (to U0, ¢5) on cooling slowly from this temperature to 25°C.

= N
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plateau obtained in Fijure 1. a 0.€ jram sample of UQ,-2liz0 wae lreatled ac-
cording to the standuard procedure cutlined above exceptl thal thie tempersaiure

of ignition wus varied. The sample was first heuted to 6BU9C, then cooled
below 200°, end ithe evolved oxygen measured as describeu above. The procedure
was then repeateu at 725°% and 10509, The volume of oxygen was the same in
sll three cuses, proving that the final coolea proauct after ignltion at 1050°C
was the same as the final procuct ufter ignition at €50°C znd 725°C. The com-
pound at 1050%; undoubtedly contains a lower oxygen to uranium ratio than Uz0g,
but it regains oxygen on cooling.

To check this, the sumple was uygain ignited to 1050°C, at which tem-
perature the oxygen was transferred to the calibratea bulb with the Toepler
punp. The volume of oxygen measured showea thal the oxygen to uranium ratio
in the solid was less than 2,621, The oxygen was then zllowed to aiffuse back
over the sample, and the system cooled to less than 200°C. lLeusurement of
the oxygen at this temperature showed that the compound had regsained oxygen
and was apain Us0g, i.e., U0y ¢o7.

It is clear, therefore, that the same finali cooled procuct is ob-
tained after ignition for 13 hours in tke presence of oxygen at any teupera-
ture above 700°C, It wes then necessary to prove ilat this ignition yrocuct
was U30g op. This was done by u. V. Kasmussen on the sample described above
which had been ignited to 1050°C and cooled in the presence of oxygen. The

= U(1V} to total uranium ratio in this cample was aetermined by aissolving the

T solid in ceric sulfate solution anc backetitrating with lerrous amwonium ni-
trate, using ortho-phenanthroline indicator. In quu“ruplic?te runs he ob~
lained values of UBOB.OU’ U308.02’ U30b,03’ and UBOE).OO‘(]-O This gives a
meun oxygen to uranium ratio of 8.01 with a standard deviation of I 0,02.
1his measurement gives independent evidence that the final ignition proouct
is U40g gp within experimental error.

Having established the fcrmula of the ignition prouuct, the repro-
ducibility of the method of analysis wes checked by making identicsl runs on
four different portions of the seme dried uraenyl peroxide precipitate.* The

*Experiment 4, Tgble 1,

formulas for the peroxide, assuming the finul ignition product was UBOB.OUO»
were U0399,, Ug g9y, UO3 995, UC3 gge.

The results obtaineu by anulyzing ike uramyl peroxice ssmples, pre-
pered as aescribed in Table 1, are summarized in Table 3. lcne of the twenty
compouncs preparea under widely varied conditions slow a mol ratio of oxygen
to uranium which deviates from the value of 4.000 by more than 0.017. The
experimentully observed precision as shown by the stfn§ard deviaticn is 2 0,006,
In contradiction to the work of Lieverte and wuller, 31 the oxygen to urenium
ratio does not decrease when urenium is in excess sl the time oi precipitation.
Thies was true even though the hyarogen peroxide solution wes acued to the
uranium solution, giving conditions witich woula favor the formation of & cowm-
pound with & low peroxide oxyien content. Frecipitatee dried for two cuys
at €5%C also hud the sume atomic ratio of oxygen to uranium as Lhose which

‘ | 90
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were snalyzed wrile still wodst. Thus, the alomic ratio of oxygen to uranium
in uranyl peroxide is not sffected by wide veriations in the method of prepar- :
ation of the compound,
The accuracy of the atomic oxygen 1o uranium rstic can be estimated
from the estimated accuracies of the individusl measurements, i.e., tempera-
ture, pressure, etc. This gives a velue for the rutio of 4.00 I 0.02.

Tuble 2

Oxygen to Uranium Retio in Urenyl reroxide camples

Experiment Oxygen to Uranium Lxperiment Oxygen to Uranium
jumber Ratio dumber Latio
P 4a 000 12 4.003
3 3-998 13 30994
4 3.995 14 3.964
5 3.9% 15 3.9%,
€ 4.003 1€ 4o W0
7 3-994 17 3-999( )
8 4+ 00g b 2.8
9 3.969 19 3.9998)
10 3.994 20 3.9%
11 " 3.59% 21 3.99

(a) Samples analyzed moist (cf. Table 5).

G. sualysis for iiater

The amount of water present was determined simultuneously with the
total oxygen (cf. Section F) by trapping and weighing the water evolved on
ignition of the sample., To do this, the gus analysis apparatus was fitted
with & small U-tube of approximately 4 millimeters bore, which wss immersed
in liquid nitrogen. after the igrition was complete, one end of this U-tube
was disconnected from ihe line and connected to a small weighed pyrex tube.
The wster in tle U-iube was then distilled into the weighed tube ana weighed
with & precision of 1 per cent. To check the reprcoucibiiity of the method,
four aliquots from one of the precipitates* were anslyzed in this munnper,

*Experiment 4, Teble 1.

giving the following ratios for water to uranium: 2.14, 2.16, 2,10, ana 2,13.
Both ihe precision cnd estimated accuracy of the method appesar o be $ 0.04.

& summary oi the mol ratios of water to uranium is shown in Table 4.
Except for the two sauples which were deliberately analyzed while moist, the
mol ratio of water to uranium wes approximately two in spite of the widely
varied drying conditions, itemized in Teble 1, The values of 3.0 and 4.5




2 -n-

obtained by other investigators(‘)(4)(b) were probably the result of ipsurfi-
cient drying. 1t was noticed tlLat unless the samples were pulverized or spread
in thin layers, only the surface would dry, leaving a moist center, For exam-
ple, a large lump in one experiment had a molst center after 1€ hours at €59C,
These experiments agree with the values of Biltz wto obtai?e? mol ratios of 2.0
by drying his precipitates with acetone or liquid ammonia.‘?! The ratios are
in geperal slightly greeter thun two, a result wilch might be ascribed to ex-
perimental error. The difference, however, appears to be larger than the ex-
pected experimental error, and no systematic error in such a direction has

been discovered.

Tuble L

Kater to Uranjum Ratio in Uranyl Peroxide Lamples

Experiment Water to Experiment rater to
dumber Urgpnium Hatio bumber Uranium Ratio
2 2.0 12 2.37
3 2.0g 13 2.0g
4 2.1, 14 2.0,
5 2.07. 15 2.03
€ <.1g 16 2.0g
7 2.1g 17 2.05( j
B ‘2,19 18 16.07 '8
9 .21 19 11.24(8)
10 <.lg 20 <.0g
11 2. 3¢ 21 2.05

(a) bemples still moist.

H. Crystel biructure Data

4 number of the uranyl peroxide samples were sent to Dr. k. H, Zach-
eriasen who prepared and interpreted A-ray patterns of the compound. The
results are shown in Taeble 5. The phase designated as alpha corresponds to
an orthorhombic sﬁructure containing iwo molecules per unit cgll, with
ay 5 £.74 £ 0,04 Z, a3 = 6.50 £ 0.03 X, and ¢33 4.21 £ 0,02 8. The two
uranium atoms are at (0, 0, O} and &, &, &). ) The X-ray patterns corre-
sponding to the beta phase have not yet been interpreted. It was found, how-
ever, by Dr, Zachariase? t})m't. the beta phase changes over to the alpha phase
on standing a few days. 12) Yince the samples were not sent to Dr. Zachariasen
impediately after prep.ration, it is ispossible to conclude whether any cor-
relation exisis between conditions of preparation amd crystel structure.

e
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Table 5

Crystal ttructure of the Uranyl Peroxide Samples

Experiment Crystal
humber oiructure
2 alpha
3 alpha
4 elpha
5 alpha
6 elpha
7 elpha
g alpha
9 alpha
10 30% alpha, 70% beta

11 alpha
12 beta
13 beta

1. EXfect of Reduced Fressure

Lince it had been established thet the variation in precipitation
and drying conditions had no appreciable effect on the composition of the
precipitate, it wae of interest to compere the behuviors of the various pre-
cipitates upon standing under reduced prescures. accordingly, partions of
nine of the dried semples_were allowed tc stund at 25°C for 4% hours et &
pressure of less than 1077 mm of mercury. They were then analyzea for water
and oxygen contents anc samples again submitted to Dr, Zachariusen for X-ray
examination. The observstions sre stown in Table 6,

The reduced pressures caused u change in color, a slight decrease
in the oxygen to uranium ratio, a slight decrease in the water to uranium
ratio, ena & chenge to the alpha crystul strueture in all cuses in which the
initial compound was wholly or partiully beta.

tince it was known that the beta crystal structure changed to slpha
on standing, portions of each of the original aried samples which had been
stending at etmospheric pressure were anslyzed simultanecusly with the samples
which haa been kept at reduced pressures. The chLunge recorded in Tuble & is
the difference between these two samples. Thus, the conversion from the beta
form to the alpha form appears to have been accelerated by the reducea pres-

SUT'EE.
The decresse in the oxygen to uranjum ratio was very small but ob-
servable. The sample prepared in the presence of excess uranium (sxperiment

13) gave a slightly larger decrease thLan the otlier samples, although the dif-
ferences are very small. The decrease in the water to uranium ratio appeared

My
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to be correlsted roughly with the amount of water originally in the cample.
Thus the final water io uranium ratios in wll the samples subjectea 1o recuced
pressures were eppr.ximastely the same, the grezter decreasses occurring in the
samples which containcd more water initially. The final value for the ratio
is syein slightly greater than two, as mentioned in Section G.

The behavior of all samples on stending at reduced pressures was
similer. &any effect of the conditions of preperation of the sample on this
bekavior is small if it exists.

Table €

Effect of Ltanding at Reduced Pressurec on the Uranyl Peroxide bamples

Expt. Change in Decresse in|Decrease in| Finel hg0 Change in
Ko. Color 0/U Ratio | Hz0 to U [to U Ratioe Crystal
Ratio viructure
2 [Darkened slightly 0.004 0.00 2.07 None (alpha)
- 5 L} n s - - -
6 n n s - - -
10 Yellow to tan 0. 005 0.14 2.0, PuU%alpha, 705 bets
to 100k. alpha
11 ’ ' I 0,00 0.25 2.11 wone (alpha)
12 ! i 0.005 0.2¢ 2,11 beta to alpha
13 i pon 0.010 0,02 <.06 beta to slpha

J. Effect of Incressed Temperature

# further (est for differences between the tamples was obtained hy
ignition &t 300°C for 1j hours. The proceaure was essentially the same as
that used in the analysis for total oxygen described in Lection F above. The
samgle was placed in a quartz tube and the system evacuated to approximstely
1077 mm of mercury. The temperature was then raised to 300°C. after. 1, hours
at thie temperature, lhe system was cooleu and the volume of the evolved oxy-
gen measured with a Tospler pump. The water was caugit in a U-tube cooled
with liquid air and was measured azs described in Section G above. The oxygen
pressure over the sample before messurement wes approximately 10 mm of mercury.

Since, as discussed in Part 111, the values obftained in the thermal
decomposition of uranyl peroxide are a function of the time of heating, a
simple experiment was run to determine the reproducibility of the procedure
and the effect of the particle size of the initial sample on the vealues cb- |
tained. Three portions of the dried precipitate prepared in experiment 1
were ignited et 3009C as described ebove. One portion was an average sample
containing all partlcle sizes present. another portion contained only those
particles of smaller than 100 mesk size, and the thiru portion contained only

W
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those particles larger than 20 mesh. The results of the three ignitions sre

shown in Table 7. The method evidently gives very reproducible results which
are not dependent (wi'hin limits) on the particle size of the sample ignited.
These conclusions were confirmed in other experiments of a siwilar nature.

Teble 7

Effect of Particle Lize of the Initial tample on the
Composition of the Product Formed by lgnition of Uranyl teroxide at 300°C

Farticle Oxygen to nater to
vize Uranium Ratio Urgnium Ratio
Less than 100 mesh ‘ 3.319 0.12
averege sample 3.334 0.15
Grester than 20 mesh 3.399 0.12

The results of the ignitions of eleven of the samples wre shown in
Table t. The waler to uranium retios are remerkably constunt except for the
value in experiment 17, which eppears to be high. The oxygen to uranium ra-
tioe, however, vary eppreciably in spite of the fact that the values for a
particular prepuration are reprocducible. It is to be ndted that all the sanm-
ples prepared by sddition of 30% hydrogen peroxide in excess have O/U ratios
after ignition greeter than 3.4 (experiments 2, 5, 7, &, 9). vauples prepared
from solutions contuining excess uranium or by addition of 3% hydrogen peroxide
have values less tran 3.4 (experimests 13, 14, 17, 1b, 19, 2u), Thus, it
eppears as though thore were some correlution between the rate of thermal ae-
composition and tLe method of preperatlon of the sample. This is discussed
furtter in Part IiI, '

Teble &

Effect of Ignition at 300°C

Experiment Totel Oxygen to Water to
| iumper ! _ Urapiup Ratdo | tio

2 3.653 0.09

5 3.532 0..10
7 3.535 0.1

B 3.359 0.11
9 3.445 0.14
13 3.230 0.09
14 3.33, 0.1
17 3.259 0.25
16 3.491 0.11
19 3.272 0.12
20 3.34b 0.13
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II1. THERMa), DECOMPOLITION OF URANYL PRROXIIE

It has been showwn thet uranyl peroxide can be quantitatively con-
veried to Us0g by ignition at tenperatures above 700°C (ci. bection F, rart

I1). It has further been shown ihet a particular sample of uranyl peroxide
can be decompogsed reproducibly to a structure whose formula is intermediate
beiwsen U0 +2ki30 and U03, by ignition at 300°C for 13 hours (cf. tection J,
Part 11). liittig and von
Schroeder assumed a number of compow.ds of the tyspe U0 572120 to explein
their curve on the thermal decomposition of uranyl peroxide., The enomalies
in the values obtained by igniting differently prepared samples as Well aB
& very rough thermodynamic calculation, however, indicuated that a slow reate
of reaction rather tham an equilibrium was responsible for the intermediate
compositions obtalined.

The thermodynamic calculation wes mace to determine the AF for the
reaction:

U0, -2H 0 = U03(s) + 240(g) + 302(g) . (2)
The heats of formation ana entropy values which are known for the substances
in equation (2) are given in Table 9.
Teble 9

Entropies and Heats of Formation at 25°C

Substance heatsz Fornlxgtion y Egg;zg
U0, "2h20 (s) 426 (13) -

U0, (=) 291 (14) 23, 5{14)

Hy0 (g) - 57.8(15) 45 $16)

02 (&) 0 so (16)

1t is seen that the AF° of the reaction could be calculateg if the
entropy of UO,-2H,0 was known., an approximstion for this quantity was ob-
teined in the following manmer: The molar entropy of hydrates at 259 can
be approximated by adding 10 cel/9C }o the entropy of the less hydrated form
for each molecule of water added.(u’ Th? entropy of UO4 was calculuted us-
ing Latimerfe empirical approx;i.ma'l‘.iom(17

/17 v




\7 B

52 R 10 hyhipeenrohy - 094N (3)

where N is the rumber of atoms and Ay the atomic weight of atom N in the mole-
cule. To this was edded 20 cal/°C to give a value of €5 for U04°2h20. The
approximation may be quite inaccurate in this case but should, if anything,
give a high value, Thus, the actusl value of AF® would probably be more
negative tran ihat calculated witk these assumptions.

The £5H°2?b of the reaction shown in equation (2) is 19 kcalories.
The 1150295, using the assumptions stated above, is 74 csl/°C. uince
AF = AR - TAs, the AF° for the reaction at 25°% is calculated to be
-3 keals, Furthermore, since AF® = -RT 1n K,, the Kp for equation (2) can
be shown to be spproximately 150 &tmospheresg éj.

The accuracy of the AF® and K_ values is open to guestion in view
of the assumptions for the entropy and pdssible errors in the AH of formation
of UC,-2H30., It is probabtle, however, that U0,°2hp0 is thermodynemically un-
stsble: with respect to U03 &t 25°C and pressures of 02 of the order of one
atmospheres. The U04=2h20 should, therefore, decompose completely to U003 un-
less intermeaiate compounds or solid solutions of greater stability exist.

If the calculations are correct, the failure of the UQ,-2h20 to decompose to
UO3 or to a well-defined intermecisle state is a rate phenomenon,

To setile this question and to obtain a greater understanding of
the thermal decomposition, the following experiment wss performed: Portions
of the uranyl peroxide prepared in experiment 14 (ci. Table 1) were placed
in & pyrex tube open to the atmosphere. The temperalure was maintained at
the value shown in Table 10 by surrounding the tube with a reflux system in
whiich an organic compound with the proper boiling point was heated. The tem-
perature of the uranium compound was measured by plucing & thermometer direct-
ly in the solid. obamples were removed at various times and snalyzed for water,
uranium, and oxygen as described in tection F of Part II, The results are
skown in Table 10.

Table 10

Thermal Decomposition of Uranyl keroxide at atmospheric Pressure

Temp. Jotal Oxvgen to Uramium Ratio water to Uranium Ratio

oc After | ofter | _Lomger Times | after| after | longer Times
1l Hour 16 Dcys Dayg | Retiol 1l Hour| 6 Days | Days Ratio

98 - -- 12 3.92 - - 12 1.93

150 3-824 30215 14 2.99 1008 0925 ‘e -

176 | 3.35008d 3,137 [ 1 [ 2.99 [o.e6(8)  o.20 - =

230 | 3.201(e] 3,104 | -- — - 0.09 - I

295 | 3.135 3.010 30 3.01 | 0.08 0.03 30 0.10

(a) Temperature for first hour was 192°C.
(b) Temperature for firet Lour was 240°C.

4255,
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It is apparent that U0,°2L20 is quentitatively converted to U03 at
a temperature of 150°C and an oxygen pressure of 0.2 stmospheres. it lower
temperstures the rate is less rapid, but even at 98°C the U0, is partially
decomposed in 12 deys. Thsre appears to be no intermediate compound or solid
solution which is more stable than UO; at temperatures above 150°C ana pres-
sures of the orcer of one atmosphere.” This conclusion is probebly accurate
for lower temperstures too, altrough the slowness of the rate of conversion
makes the experimental verification of this extremely difficult. Thus, the
thermodynamic calculation is at leest qualitatively correct.

Portions of the samples which had been ignited were dlssolved di-
rectly in potassium permanganate solution to dete -mine the peroxide oxygen
to uranium retios as described in Lection C of Part II. Some typical results
are summarized in Teble 11,

Table 11

Oxygen to Uranium Retios in Uranyl Peroxide Lamples Ignited for 1 Hour

Peroxide Oxygen|Totul Oxygen Wegsured Nextra OxygenM

Tempgrature to to Uranium Total Oxygen Prezent Per
c Uranium Retio | Ratio, Cul- to Uranium atom of
culated from Ratio Uranium

Peroxide Oxy-
gen Content

150 1.39 3.€9 3.t82 0.13
178 0.33 3.17 3.35 0.18
230 0 3.00 3.20 0,20
295 0 3.00 3.14 0.14

after ignition the samples were found to contain more total oxygen
than would be cslculated on the besis of the peroxide oxygens present and the
hexavalence of ursnium. Evolution of gas was roted on lmmersing the samples
in permaenganate solution even in tlLose cases in which no reducti?g of perman-
ganate was noted., This effect was also observed .y C. 4. Kraus.® ) tince
similar evolution of gas occurred on immersing the comple in water in the
sbsence of permanganute, it was evident that immersion of the sclic in agueous
solution was responsible for the liberation of the gas. Measurement of ihe
liberated gas gave results wkich ggreed quantitetively with the vealues calcu-
lated for the "extra oxygen". The oxygen might be called "dissolved oxygen",
but keeping a sample for 75 hours at room temperature and 1U™- mm mercury
pressure did not reduce its "extra oxygen" content at all. Ignited samples
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of uranyl peroxide contain, therefore, some "extra oxygen" which is bonded in
a different menner from either the peroxide oxygen or the normal divalent oxy-
gen, which is not removed by reduced pressures but is liberatea immediately
on immersion of the dry solid in agueous solution,

1hermal decomposition curvee using short heating times vere obtuined
on four samples. The method was quite similar to ihat described in tection F,
Purt 11. The sample to be ignited was placed in_a quartz tube, snd tke system
was evacuated to a pressure of gpproximately 1077 mm of mercury, The sample
wes kept at the designated temperature for l; hours, and then allowed to cool
before measuring the evolved oxygen by means of a Toepler pump end a cali-
brated bulb. The water was trapped and measured &s described in tection G of
Part II. After the measurement, the oxygen was amllowed to diffuse back over
the sample which wet then ignited to the nexi hip er temperature. The finsal
oxygen pressure on complete ignition to U0y wes ap_ roximately 40 mm of mer-
cury. <ince the oxygen pressure was initgally zero and fipally ca. 40 mm,
the velue during ignition at intermediate points can be calculated from the
amount of csygen evolved, as shown by the formuls ai the point in question,
€.g., the ignition which producea UOj3 was performea al an oxygen pressure of
approximately 30 omm of mercury.

The results are shown in Figure 1. It was observed,on ignition of
uranyl peroxide samples at temperstures of 150°C or sbove, thst there was an
initial fairly rupld decomposition rate (occurring within the first % hour),
followed by & slow decomposition which eventuglly resulte in complete conver-
slon to UO3, Because of this seconu slow razte the values shown ia Figure 1
and in bection J of fart 11 {obtained after ignitiion for ly hours) can be
reproduced with considerable precision for any particuler semple. The ini-
tial rate, which largely determines the value at u particular temperature,
appears to be a function of the conditions of prepuration of the sample. Thus
the samples in experiments 2 and 4 were prepared identically except for the
acidity et the time of precipitation. Their decompcsition curves are similer
but different from those of experiments 13 and 14 which were not prepared in
the same manner as experiments 2 and 4.

Using the above procedure, & sample of UO,»2hip0 was ignited to UOg 5,
UO3, and J30g. rortions of the sample st each stesge were removed for X-ray
analysis, The remainger gf tle sample wus then heated to 1150°C while a pres-
sure of approximately 1077 cm was maintsined by contimious pumping with a
mercury diffusion pump. The sample was cooled in the presence of oxygen and
wabs then submitted for X-ra; analysis also, The i-ray analyses were perforwmed
by Dr. W. H. Zacharissen,

The resulis are shown in Teble 12. They inaicate a complete change

from the ortkorhombic structure of uranyl peroxide to an amorphous phase at
U03 5. Amorphous U0y is also formed, unc on ignition st 720° the familics
orthorhombic pattern of U30g wes observed. The ignition at 1150° and 1072 ma
preseure followed by cooling in the presence of oxygen did not affect the
crystal structure of the U30g.

'l
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Table 12

Effect of Thermal Decomposition on Crystael fLtructure

— — i t—a -

Temperature Time Uranium to hater to Crystal
o¢ hours Oxygen Ratio | Urgnium Retio | Stiructure
Room Temp. - 4,005 2.3 alpha
310 1.5 3.53 0.85 amorphous
502 1.5 2,988 0.00 amorphous
720 . 1.5 : 2-666 - UBDB
1150(8) 4.0(8) 2.6€6 - U30

(a) Hested at 1077 mm of mercury but sir sllowed to come in contact with
gsample before coolling started.

IV. SUMMARY

temples of uranyl peroxide were prepared under wildely varied con-
ditions of precipitation end drylng. It was founc that tLe conditions of
precipitiation do not affect the composition of the precipitate but do affect
its physicel characterislics and its rate of 1lkermal decomposition. The dry-
ing conditions affeclt the cowposition only when the condiiions are extreme,
i.e., when large lumps ere aried for short intervals or when the temperature
is Ligh enough to ceuse thermal decomposition. The formula of the compound
ls U0 °2hp0. Two of the oxygens are peroxide oxygens, and no sulfste or ni-
trate ions were found in the molecule., Except for the water to uranium ratio,
wet samples Lave the same composition as dry samples.

4 very rov h thermodynamic celculation incicetes that U0,-2h0 is
unstable with respect *o UO3 (aohydrous) even at 25°C. The uranyl peroxide
is completely converted to UO3 at 150°C anc can probably be so converted at
lower temperatures, although the rate of conversion decreases rapidly with
decreusing temperature. Becuuse of the slow rate of conversion, reprouucible
values for compositions between UO,-2H30 ana UO3 can be obtained on heating
for gkhort intervals, bul these values do not correspond to equilibrium condi-
tions. The initiml rate of thermal decomposition appears to be affected by
the conditions of preparstion of the sample.

On thermally decomposing the uranyl peroxide, some oxygen is found
to be present whiclk is neither peroxide oxygen nor normal divalent oxygen.
This oxygen is liberuted as molecular oxygen immeciutely on lmmersing the
sample in water.

Two crystel forms of UO4-21120 exist, an orthorhombic structure and
another distinct yet unldentifiea phuse. The transition from the bete {(un-
igentified) crystal structure to the alpha (orthorhombic) crystal structure

is accelerated by stamiing at reduced pressures.
A-20
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