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The enhydrouc fluorides of plutonium have buen prepured by the
reaction of anhydfous hydrosca fluoride on plutoryl nitrats, trivalent plutont
oxalate and plutoniunm dioxide. The fluorides of uranium, thorium and ceriun
have boon prepaied bty sono of those roeactions also. The reaction of hydrogern
fluoridc ou the oxidu has boen chosan Cor the largu-scale preparation of
plutonium totiefluorids. The oquilibrium constant for this reactina hag beon
determined at 400° and at 600°C, To obtain the most rapid und complote rauctic
the effects of the following variables have been studied:

Tewosoraturo of iznition of the oxide
T mporsture for reaction with HF
ioto of riso of temperature
Fsia of tlow of gas mixture
Uepth of oxide layer
Drynoss of tﬁe ges mixture
Leowposition of the zas mixture
Yhe best conditicnms for conversion on the 8ug-to-25.g scale ars deséribad)

The convorsion of fluoride hacik to oxide is mlso described,
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LARGE-SCALS FREPARATION OF THE AJHYDROUS FLUORIDES OF PLUTONIUM

Introduction

Research on the large-=scale proparation of the anhydrous halides of
plutonium has been undertaken as & part of the program for the production of the
metal, The initial studies dealt with the production of the fluorides bscause
they were considered to be the most promlising compounds for reduction purposes-
Failure to obtain efficient reductions, together with the possibility that traces
of fluorine in the metal misht prove harmful, ocausod sttention at that time to be
directed to the production of the trichloride. This work was suocceasful. Good
anhydrous plutonium trichloride was prepared in gquantities equivalent to 10 g
element with which the metallurgzists produced satisfactory reduction {LA-112),

A 1little later, the lowering of the purity requirements together with the fact

that the ylelds oblained in reducing the trichloride were never ss high as desired

lead to a renewed study of tho fluorides. The superior yields resulting from the

use of thoe tetrafluorido and the satisfactory purity of the metal indicate thet
the fluorlide is, to date, the bast compound for use in reductions. Its nome
hyproscopic nature is also a great advantege.

Cerous and ceric fluorides were also prepared in kilogram quantitios

from cerous oxalate for use as stand-ins by k. D, Baker in scaling up the re-

duction procedure.

Experimsntel

A, General Reactions

The followinz reactions have been employed for the production of the

fluorides of plutonium, thorium, uranium and cerium:
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&) Th(NO3)y,-LHRO + HF -—3 ThF)

b) PuO?_(N05)2°xH20 + HF —> Pth

©) PuOn(NO3)pexHp0 -+ HF + Hp—> PuPy

d) Th(NOz)y,"LHp0 —> ThOp —= THF), incomplete
©) PuOp(NOz)p°xip0 —» PuOp—> PuF3 or PuF),
£) U0p(NO3)p-6Hp0 —-> U0z —» Uz0g—> U0y —> UF),
g) Th(C20}, )2°xH20 -+ HF —> ThF)

h) Cep(C0),)x xtip3 + HF —> CoF3

i) CoF3 + Fp—> CeF), -

J) UiCg0y)2-xHz0 -+ HF—> UF)

:)  Fup(C20y)3°xHa0 + HF ~——> PuFj

1) PuFz + HF 4 Op —> Puf),

g

m) Pup(Cp0),)3°xHp0 —> Pulp —> PuFz or PuFj,

The conversion of the fluorides hack to oxide has been studied;

n) PuFz or PuFj,. + Op, Hp0 or Nz ———— FPulp

B, TWxperimental Procedures

fo The formatiom of ﬂuor'idae,by the reactien of HP wit}.rc.:xrysta.lline
nitrates gave the eérliest successful préparations 6f'the fluorides of tho£iqm
and plutonium in this laboratory. The fluorides prepared in this way are rather
fine grained and bulky. Because of their bulkiness this method of preparation

was not continued, These preparations are tabulated in Table I,
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TABLE I

Reaction of Nitrates with Hydrogen I"luorids

Prep.ko. Sample Treatment Product Analysis
90-18 7+3 § Th(}O0z)), L0 HP 25° Zo 550, 1ThF}, Ignition
hre
89-6 303 mg Pu as Pu02(N03)h'xﬁgo HF 21° to 500°, PuF5(a) X=ray; ignition
10 hrs oxygen 0.24%
nitrogen 0.10%
8g=9 3.3 mg Pu as PuOo(NO0z)) ~xH,0JHF 20° to 250°, |PuF X-ray; oxygen O.33
23 L krs b nitrogen 0.02% !
90«7 3.1 mg Pu a8 Pu02(N03)h°xH20 HF 209 to 5500, Pqu
6 hrs
89-21 50 mg Pu a8 Pu0p(M03)),-xHp0|HF 20° to 3209, fPuF), X-ray; ignition
9 hrs
69--2% 50 mg Pu as PuOp(X03)},-xHa0lHF 20° to 5500, PuFz Xeray
62 hrs
89-25 1000 mg Pu as PuOp(NO3)), xHpOHF 200 to 550°,|Pur), X=ray; oxyzen 0.03%
8 hrs nitrogen 0,006%
89--28 1000mg Pu as Pu(m03)h HF 20° to 550°, Pth(b) X«ray; ignition
. 53 hrs

8) At ecarly stages in the reaction the product was first light brown and then
gray in color, Xeray diffraction pattern: of this material showed the presence
of both tri~and +tetrafluoride,

o) Observed after treatment with HF at room temp3rature. The light-tan-colored
tetrafluoride had formed, still viet with the water of crystalligation of the

‘nitrate.

. It is to be noted that tho product was in some cases tri- and in some
cases tetrafluoride and in soms s mixture of both., Later the Chicago group showed
{Cr~1372) that either the tri- or tetrafluoride could be prepared by ed- xing

Hp or O , respectively with the HF,
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I, The fermation of fluorides by the reaction of i’ on oxalates wug
aleo successiul. The results of studies with thorium, uranium, cerium and
plutonium are given in Table 1I.

“LBLE 11
Reaction of HF on Oxalates
Prop, lio}, Semple Trsatment Product Analysis
30-9 35 mg Th{Cp0))p°6Hp0 | P, 20° 20 550°, |100% ThFy, | ign. to ThOp
hrs
90=20 | 2500 mg Th(Cx0) )po6Ha0 | HF, 20° to 550°, 1004 Th¥, | ign. to Thop
6 hrs
89-13 1277l mg U(Cp0},), HF, 22° to 560°, UF,,
15 hrs
89-1; |56 mg 0(Co0,, ) HF, 22° ;okssoO. 1005 UFj, | ign. to Uzdg
o )
90-8L, 1200 mg Cex(C20y,)3°10Ha0 | HF, 20° thsoof’. 1004 CeF3z{ F analysis
rs '
90=-8L, n87 mg CeFs HF 405, 20° to 11004 CeF3z | no wt. change
5000, 1 hr
9087 500 mg Ceg(Cgoh)BoHQO we. 20° to 500°,}100% CeF‘3
1hr
90-88 (U0 mg CeF3 %-, 20%, 45 min |no change
90-88 3400 mg CeFz Fp, 210°, 13 hr [100% CeF) wt, increase
90~89  %7.5 g Ce2(C20))3°Ho0 HF, 500°, 3 hrs
90=77 {8l.l mg Pu as P“Z(CZOL:)B HF+ 0p, 350°, 100/ PuF|, | X=ray; ¥ enalysis
1 hr ign. to Puly
90-102 33320 mg Pu as Pus(Co0),) HF +0p, 25° to {100/ PuF | wt. change
2¥2t 3 600°, 3 hrs L
90=105 8,7 mg Pu as Pue(czoh)g’ HF, 25° to 600° {100% PuF | wto change
. 1hr
90-107 847 mg Pu as PuF‘3 HF 4 0o, (3000, 100/ PU‘FL; wto, change
g hr :
LSEEE SR E R o ese 3. ;_275_0_.50;“_.50.:_ -
. .:0 o.:o :00 .:' voe o’
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'*his reaction represents the easiest method for the preparation of thess fluorides
in all cases where the oxalate is available. In the case of uranium, the .
oxalate is somewhat difficult to prepare i.i. good yields A critical study of the

preparation of UFh is pgiven by %walsh and lasovick in LA-159,

I1I. The formation of fluorides by the action of HF on oxides has been

successful in the preparation of PuFs, PuF), and UF) but was unsuccessful for the
preparation of ThF'I_!_V The ease of reaction depends upon the nature of the oxide,
i.es, compound from which made and temperature of ignition.

Wwhen crystelline plutonyl nitrate is dehydrated at elevated temperatures
in dry air, it reeches a weight corresponding to that of the anhydrous nitrate
at 150° to 175°C., It begins to decompose at about this same temperature., Tho
decomposition is essentially complete at 275°C though the resulting oxide shows
continual small decreases in weight when heated to higher temperatures; attaining
constant weight only after being heated to 800° to 1000°C. The oxide formed is
PuOo. No evidence of a higher oxide, corresponding to 003 has been’observed
(LA=172),

The conversion of' the oxalate to oxide proceeds smoothly. The hydratad
oxaiate becomes anhydrous et about 225° and begins to decompose at 300°, The
decomposition is rapid at 325° and essentially camplete at L0O® though the weight
is not constant until the material has been heated to 800° to 1000°%C., No evidence
of a stable carbonate or sesquioxide has been observed (LA=172). The oxide prepared
from the oxalate does not adhere to the platinum boat as does that prepared from
the nitrate, The so-called "high-temperature ozide", i.s., ignited to 1C00°C, was

chosen for use in preparing the fluoride because the resulting fluoride possesses

+he most suitable density. s e s ae e e,
¢ : : : L J L ] : :
° . :. : :. [ N
— .oo 0:0 see 000 o°° (X
:.. :.. ... .:.. .:..: ..:
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Four reactions have been studied:
@) PuOp + 3HF + 3Hp —3 Pufy  + 2H0
b) PuOy + LHF ($0p) —2 PuF), + 210
c) Pub) 4 FHo (HIF) —S PuFz 4 ¥
d) 2Pul 5 + 2HF + 30> 2 PuF} 4 Hp0
Of thesc reactions (b) waz studied most thoroughly because it is to be used in the
large=scale preparations. The study consists of the following parts:
l, DUetermination of the equilibrium constant for reaction (b).
2, Lffect of temperature of ignition of the oxide.
3o Lffect of temperature on reaction with hL#.
L. Fffcot of rate of rise of temperature durins reaction,
5. Effect of rats of flow of gases over the chargee«
6, Fffect of depth of the layer of oxide,

7. Effect of moisture in the gas mixture,

U.- Composition of pas mixture, ratio of KF/0p, IiF/Hpo

In order to study the effect of these factors on fhe rates of reaction,
an apparatus was constructed in which the sample, suspended from the beam of a
torsion balance, could be weighed continually during the course of the reaction,
The apparatus is shown in Figé J, which is selfwexplanatory,

1. Determination of the Fguilibrium Constant for the Reaction:

PuOp+ LHF ——— PuF) + 2Hp0
The concentration of Ho0 vapor in the gas stream was progressively ine
creased until the ratio, HZO/HF» was found at which reaction ceased or was reversed,

as judged by change in weight of the sample on the torsion balance. Fixed rates of

L 3]
flow of IIF and Op were useds In tk‘.t"iﬂ'?.'::ieri.‘é;eré;.s. Eh? rate of flow of HF was
. o o0 : 2 e e
[ ] o0

R - e
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accurately determined during the experiment by drawing the exit pases from the
reaction tube through standerd alkali and back titrating the excess alkali. At
these elevated temperatures HF is known to be unassociated, Oxypen was measursd
by means of the usual glass flow meter. The oxygzen was bubbled through water and
the concentration of vater vapor calculated from the teamperature of the flask,
The oxygen was considered as an inert gas, serving mercly to carry the water wvapor
into the reaction tube, Its presence is necessary, however, to prevent reduction
of the tetrafluoride to trifluoride by the traces of hydrogen present in the hydro=
sen fliuoride,

The equilibrium constant was determined at 4,00° and at 600°C, At
temperatures lower than LOOC the reaction was found to be too slow for a reliable

determination by this mcthod., The deta are presented below:

Temperature Partial Pressures, atm. Ky =
o¢ - )4
HF HoO 0 2
2 2 P00 /P ue
1,00 0.38L | 0,175 0.lL2 | 1.40
600 1 o535 0,141 0.325 0.2l

the observed change in K with temperature requifcs the heat of reaction
to be =9000 cal/molo (heat evolved), Tho thermal data are not kmown for plutonium.
¥or the conversion of UO, to UF; the heat of reaction is 16 K cal/mole at 600°C
and one may assume that the heats of formation of Pu0, and Pth are reasonably
comparable to those of U0, and UFuo

2, The temperature of ignition of the oxide heas little effect cn the

rete of rcaction {(b) unless the ignition is carricd above 1200°. 0xi4e ignited

&t 1400°C reacts with HF only about half as raepidly as oxide ignited #o 1000°,

fgniting at lower temperetures does not materiq‘ll.iy icgeasey the reuct:qvityo The
o o °®°° ed o o ° !
: 00 4o3 o : g L] i
somparison of the rates for 1000° and 11(C° oxides cuh’b&*tusds it Figs Il
° o o s °
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%, The temperature used in the reaction with HF has a great effect,

At room temperature the oxide will wrbsorb 13 to 1L of its weipght of anhydrous HF.
This corresponds to the additica of 2 mols of i per mo) of Pulp. About 70 to

/5., of this weight increese is lost again on wairming to 150°% If the HF is not
admitted to the oxide until the temperature has reached 150° then no appreciable
reuction occurs until the temperature reaches 250°, iPith samples of 7 to 8 rrams
it tag been found that the product formed in the room-temperature reaction is con-
verted only very slowly to tetrafluoride at higher temperatures. The conversion
to tetrafluoride is accomplished more rapidly when HF is not admitted until the
temperature is well above 1509,

The rates of conversion of 200-mg samplcs of oxide to the trifluoride
{reaction a) at 250°, 450°, 450°%, 5502 and 650° are given on Fig. 1II. In each
experiment 50 ml/min. Ho and 175 ml/hin HF wore used, the HF bein; admitted only
after the desired tamperature had been reached,

The rates of conversion of 200-mg samples of oxide to tetrafluoride
{reaction b) at the came temperatures and rates of gas flow are given on Fige. IV.

A comparison of Fig. III and IV shows that the reaction to form trie
‘luoride (&) is considerably faster than the formation of tetrafluoride fb)n' The
vavctions were not carried to completion, only the weight change during the first'
.x1r hour being recorded.

‘the oxidation of trifluoride to tetrafluoride and the rcduction of this
1ztter back to trifluoride have becn studied with the torsion apparatus. The re-
Juction proceeds from 5 to 8 times as fast as the oxidation, as shown by the curves
on ¥igo V. The same sample was used in all these reactions, the trifluoride
obtained in the first reaction, A, prepared from the oxide, was then oxidized by

oo
means of UF and Op to the tetrafluoride, curvd f;wimttetyag noride being then
o L d

reduced to trifluoride azain using HP and Hp, :c:.u:‘:f.e Ve e ol -“.;': ine resctions wero
mEBERVED FOR PUBLIC RE(EASE § o8 *1
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cin at 600° with 175 ml/min of IIF and 50 ml/min of Oe'or Hpo

The reections were run only for a short time., It is to be noted thet
tevia czadetion end roduriion briniss the conversion niore neerly to completion.
teduntion followed by oxidation is & trick that has been used in this laboratory
L0 cases wiere the sample has refused to convert comoletely by direct reoantion wirh

HE and O». leaction cen be forced by slternate roductions and oxigdatiors at +0NO

This trestment results in a progressive swslling of the fluoride and is not dosir- i

wien the highest density is required. As an example of the effcctivensss ci thia
procedure the data on Lot 201 P are pgiven. This lot of 8,45 g oxide almost ceased
to react after being 9234 converted to tetrafluoride, After a reduction to trie

ifluvoride it was then converted to tetrafluoride 93.44 in AQ minutes.

Lot 201 P 8.45 & oxide
iy « On, 2 hrs, 6007 0l .l1,0 conversion

WP » 0o, 2-3/4 hrs, 650° 92,05 conversion
HF - Ho, 1 3/h hrs, 6500

HF - Oc, LO min, 600° 99.ly4 conversion

;o Tho rate of rise of temperature was found to be very inportant

ancel waine larger semples of oxide (7 to 8 g). As indicated in sectisn -, the
mresence of moisture at low temperatures vwroduces a nore slowly reactine substance.

o

tae this reazon the reaction must not bs startod at temperatures below 200° and tie
woirtbure formed in the reaction must not be formed too rapidly but must be iemoved
4& ravidly as possible, 1 the reaction is started at too low a temperature, some
¢ the unreactive nmaterial montioned above (sec. 3) is formed. If the rcaction is

started at 600° with a rupid flow of HF, the rapid evolution of water will causs

ceking., These difficulties can both be elimiqf?%’:q.iGCroducing the ilF when the
P4 [

APPROVED FOR PUBLI C REMBABE §
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charge has reached 400°C at which temperature the reaction is s6ill rether slow,
wnu increacing the tempcrature to 600° in the course of sn hour, using & rapic
10w of gases durins ths whole conversica.
The data on lots 200 I', 205 i' and 206 !* illustrate these points.
Lot 200 P, 8.2 g oxide
Temp, raised to 600° in 38 min.
Taap. held at 500° 2 hrs, Q1.2 conversion
Jeated at 600%, 3. hrs. lonrer 9L.1% conversion
Heated at 600°, 1 hr. longer Q4 .8,0 conversion
Lot 265 P 7.89 g oxide
Temp, raised to 200° in oxygen only
HF and Op on at 200°
Temp. raised 200° to LOO® in LO min,
Tewp, raised LOO® to 600° in 1 hr.
Tem~, held at 600° 1 hr, 99,0, conversion
Log 206 P 8.21 g oxide
Taape raised to 200° in oxygen onl}
¢ and Op on at 200°
vanp, raised 2009 to 600° in 18 min.
vemp. held at 600° 2 hrs, Q3% conversion
Temo. held at 600° 2 hrs, lonper $5.86% conversion
vha affect of rapid heating from 200° to £00° is shown by the voor
sunversion or lot 206 P compered to that of lot 205 P. The still more barmful

vi'’ect of admitting HF at room temporature, together with rapid rise of iemperature

is illustrated by the performance of lot 200 P,

APPROVED FOR PUBLI C RELBASES o § «f § §
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5. The effcct of rate of flow of gases over the charge could not be

stndied viith snall samples., In all preparations to date the rate of flow has beon
considerably in excests of actual requirements, This factor will be determined
vhen larpger samples are available,

6. ‘The effect of depth of layer of oxide has been investigated in a

preliminary way by using approximately the same conditions for the conversion of
several sizes of samples and noting, the time requiroed to secure 98 to 9U. conversion.

fhe data are jivon below:

Lot No. g Oxide Arégﬂcmz mg/bme Time, ﬁ;sc “Z“??Z:??EESH?
120 P 0.623 | 11 . 56.7 0.78 B
203 p 8.174 30 272.5 2.50 98.6
205 p | 7.80 30 263.1 2.67 99,0
207 P G036 30 %01.2 1400 98.0

213i§1u, 26,3064 30 6597.5 10,00 97,0

215 p

Theae date indicate that. as & first approximation, a nearly linear
relation exists between the thicknecss of the charge and the time reguired to secure
¢S to 99y conversion of the oxidoe to the tatrafluoride.

7. The effcct of moisture in the gases is illustrated by the three

curvea in Fig. IV, Curve A shows the rate of reaction using dry oxygen and
anhydrous (.02 Hao) HF, Curve B shows the rate using anhydrous lIF and oxygen
bubbled -through vater at L48°C (v.p. 85 mm). ‘ith large samplcs the effcct of small
concenvrations of water vapor seems to be more pronrounced as showa by the following

datas

. 2 o o
®e o o 2o
toq s
6 00q .4 - 0o’

[ d
o
*
o

$%qpe
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Lot 208 P 0.7 £ oxide :.: .:E .E. .:3 .E o’
M-SR T s o

Tenp. reised to 250° in iab. air onl; (~3038 relutive hunidity)
HI* < lab, air on at 250°

Tempo, raised 250° to 600° in 2 hrs.

Temp. held at 600° 2 hrs, 72.8,c conversion

Temp., held at 600° 2 hrs. longor 79.7.: conversion

Temp. held at 600° 2 hrs., longer 83.64 convereion
Lot 209 P 8.8 g oxide

Temp. raised to 2500 in dry air

HF & dry air on at 250°

Temp. raised 250° to 600° in 2 hrs.

Temp. held at 600° 2 hrs, ‘ 93.1/4 conversion

Tomp, held at 600° 2 hrs, longer 98,95 conversion

Thus for most rapid comversion the gases should be as dry as possible,
it does not seem feasible to attempt to dry the HF. The water content (0,02%4) of

the best obtainable anhydrous HF is probably low enough.

8. The effecl of the composition of the gas mixture, i.e., ratio HF/0Op

has been studied, The reaction will proceed over a wide range of HF concentrations,

- The ratio §£~E£l§i5 has beon varied from 15.8 to 0,18, At the lowsr ratios thé
0o rl/min .
reaction is somewhat slower as shown by the following data:
a) Sample 90-113 3,91 g oxide HF/0p = 0,178
2 hrs. at 600° 80,5% conversion
. 2 hrs. longer at 600° 96.2)% conversion
v) Semple 90-11L 3,91 g oxide . HF/0y = 0,428
. 2 hrs. at 600° 98, %4 conversion
’ 2 hrs, longsr at 6009 99.3% conversion

APPROVED FOR PUBLI C REFBASE ° 3
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vince the concentration of oxyien required in the reaction iz wery low «-
onply enough to remove the traces of hydro;en present in the hydrogen fluoride, <he
wiuad practice i1s to employ a ratio HF/b2 = 4.2, ' The concentration of oxvren in
zuch a mixture should not noticeablyvarfect the rate of reaction,

*he best conditions for conversion of pluteonium oxide to vlultonium

eirafluoride on the 8ugeto«25-g scale can be described in the follevin - =i.~a.

n. JIpnite the oxalate in air to 900° to 1060PC.

n, Heat the pample. contzined in =« platinum boate‘in & nickel rescins to
i30° to 400° in Op allowing time enough for the interior of the mass of povder o
reach this temperature,

¢o Turn on the HF at 300° to LOO® =2t a rate of approximately 500 ml/min.
esulate Op to 100 to 125 ml/min, |

G, Haise the temperature to 600°C in one hour.

6, Hold at 600° until reaction is complete, which reguires 2 to i hrs on tno

=y¢ scale and approximately 10 hrs on the 25-g scdle.

i~y

» ool in HF and 0o to 100 to 150°C.
e shut off HF and allow O, to sweep out the reactor until cold.

‘¥: tonversion of flucrides to oxide cam be accomplished by heating to

LogY to 6CO°C. in air or oxvien. The reaction of idry oxygen on the fluorids is
«2iher slow. %The reaction can bec made verv rapidiby adding HpO or FH3 to the air
ne osvgeon.  Ammonium carbonato is most convenient fwhen using a muffle furaace for
vhe ipgnition, ' ’
+1* the temperature is raised rapidly, in the absence of cuch reagents
'as 120 or BHz, an oxyfiuoride will be formed which melts between 900° and 950°C to
2 very hard black solid, This can be converted toioxida readily in the way described

noove, yielding, however, a very hard black oxrsf‘W33nn doos not react readily with
o 9 o o

oo °° o * o S o
[ ]
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iF. 'he comparison of the reaction rate of this oxide with that of ordinarv 1000°

caive is showa in Fi¢. VII., The so0lid chunk of oxids was carefully vnowdered in a

wvi.cl mortar before being used so that the zrein size was reasoneblv ccmrarnble

with that of ordinary oxide,

Ine X-ray diffroction pattern of this oxide, determined by Groun o=,

snovwsd the structure to be identical with that of ordinary diexide. The lou

renctivity of the material may be due to lack of porosity.
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