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oxalate and plutoniu.1.ldioxich,. ‘lb fluorides

have boon fropar~d by ~o:,wof thoso r6actions

i’luoridcoiithe oxid.~}ms been chosan Co:-the

..

. .

,.
.

1+

plutonium to+.refluor!ide,~~Leo.qui~ibrium constant for this reaotioa hao been

determined at z?OOoand at 6000Co To obtain tho r,ostrapid Lmci complatm reuctlc s

the 6ffects of the folloi;in~variables havu been studi~d:

‘1’cmyn’sturoof i~nition of’the oxide

‘T.+mpoz%turefbrreaction with ~lF

i;>ttioi’riso of temperature

i’.5,i30: L’lGwof &&S mixture

llepthOf oxido layer

f)rynoss of’ th gas nixture

I;ey.oosition of the @s lnixturo

I’hobijst co:diiicris Zo? ccnvprsion on the 8.~.to.25tigsaala srs described.
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LARGE-SCAL5 FR-2HW’tA’i’IOXOilTHE AXIYDROUS F’LWRIDES OF PLUTONIUM

Introduotion.—

Research on the lar~e.-scaleproparcitionof the anhydrous halides of

plutonium has been undertaken as a part of tho program for the production of the

metal. The initial studies dealt with the production of the fluorides beeauso

thay were considered to be the most promising compounds for reduation purposes~

Failure to obtain efficient reductions~ together with the possibility that traooa

of fluorine in the metal might prove harmfils caused attention at that time to be

directed to the production of the triohloride, This work was suocessfil~ Good

mhydrous plutonium trichloride was prepared in quantities equivalent to 10 g

element with which the metallurgists producod sat?.~~factoryreduction (LA-112)0

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

that the yields obtained in reducin~ the trichloride were never as high as desired

lead to a renewed study of’tho fluorides” The superior yields resulti~ from the

use of the tetrafluorido and the satisfactory purity of the metal indioate that

the fluoride isp to date$ the bast compound for use in reductions. Its non.

hygrosoopi.cnature is also a great advantage.

Cerous and.eerie fluorides were also prepared in

fyoiscerous oxalate for use as s’tnd.ins by R. Do Baker in

duc%ion prooodura~

Experim8utal

Ao General Reactions

ldlogram quantities

scaling up tho re-

The followin~ reactions have been employed for the production of the

fluorides of plutonium, thorium, urariiumand.ceriulm:

u :;:,i, ;,K!:
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Th(N03)@H@

Pu02(N05)20xH~0 t HF - ?@4

Pu02(N05)@Q0 + HP ‘} H2 -+ l%F3

Th(N03)44.H@ - Th02 ~ T2W40 incomplete

Pu02(N03)2°ti20-+

U02(N03)~G6H20—a

Th(C204)2@i20 +

C~2(C20q)3 ~iz~ -!-~ ~ C@3

CeF3 -I-F2- CQF4

U(C204)20XH20 ‘$ HI?~ UF4

?U2(@@4)30 xIQO + HF ~ PuF3

PuF3 +HF-# 02~PuF4

p~(C@4)3”fi20 ~ Pu02 --5 PuF3 or PuF4

The conversion of the fluorides back to oxide has been studied%

n) PUF3’or PUF4 + ,020H20 or NH3 ~ PU*

3* Wcperimental Proccduros “

f. The formation 0$’tluo~d~s by tho reactim Q2 i@ wifn cry$’wdline
—7 .——

.nitrakeo gave tho earliest successful preparations of the fluorides of thorium

and plutonium in this labor&tory~ ,The,fluoridesprepared in this way are rather

fine grained and bullcyo Because of their bulkiness this method of preparation

R’asnot con$inuede ‘1’hesepreparations are tabulated in Table 1.
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TABLE I

React.ionof Nitrates v;ithHydrogen Fluorids—

1A

89=9

90-7

89.25

8~-28

Sample

793 z TMlJoj)4*@20

3.5 tngPu as ?u02(~i03)~*xR20

Treatment
\

HF 25° tO 550°.
6 hrs

HF 21° tO 500°0
10 hrs

5.1 mg I% EIG PU02.(N05)L*XH20

50mgPu as &z02(l!Oj)bOxH2Cl

HF 20Q to 550~,
6 hrs

HP 20° to 32pQ,
9 hrs

I50 mg Pu as Pu02(N03)4.xH20HF 200 to 55000
62 hr.

I1000mgPu as PuOp(N05)bOxH20HF 20° to 550°a
8 hrs

Product

ThP4

PuF3(a~

PUF4

PUF.
?

PuF4

PuF~

PUI?4

PuF~(b)

Analysia

Ignition

X-ray; ignition
oxygen 0.24$
nitrogen O.lO%

X.-ray;oxygen Oti3~
nitrogen 0.0%

X-ray; ignition

X-ray

X-ray; oxy~;en OoO~
nitrogen 00006j%

X-ray; ignition

a) At early stages in the reaction the product was first IiCht brown an~ thqn
gray in color. X-ray diffraction patter]~?of this material showed the presenoo
of both tri-and tatrtiluoride~

5) Observed after treatment with HF at rooiit8np3rature~ The light-tan-colored
tetrafluoride had formed. still wet with the water of crystallization of the
nitrate.

It is to be notod that tho product

caseo tetrafluoride and in some s mixturo of

was in

bothe

some cases tri- and in some

Later the Chicago group showed

(Kf-lj72) that either the tri~ or tetrafluoride could be prepared by ad-’:.xing

Ma or 02 , re~pectivelywith the HF.
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110 The fcrmation of fluorides b.ythe reaction of iiFon oxalates WaG

.
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r

I

i

also succeB13ful. The results o.fstudies with thorium$ uranium, cerium and

plutonium are given in Table 110

‘7:.BLF.11

Heaction of !iFon Oxalatea

90=420

09-14

90-04

90-84

90=87

90-88

30==88

9049

W-77

90-302
.

90-105

90-.107

-.Q..&—. —-a

Se.mple

345 W4 IIh(C204)206H20

%CO mg Th(C20L)2~6H20

~4 mg u(cao~)z

24% w U(c204)2

1200 mg CQ2{C204)3010H20

WY/ mG CC3F3

W mg Ce2(CzO@joH20

@l mg CeF3

LOO mg CeF3

17.5 g Ce2(C204)3”H20

11.4mg F’uas PU2(C204)3

;320 mg X.%as Pu2(C204)3

11~~~ PU as P~(C204)3

)47mg Pu as PuF3

t.——--—. m

Treatment

iw, 200 to 550°5
6 hr6

HF9 20°’to 550°0
6 h-s

UFe 220 to 5500.
2 km

HF* 200 to 5000.
b hr6

Hl?&020 20° to
5000$ 1 hr

“~#,20* to 5000.
lhr

y..>, 20°, 45 min

F2. 210°0 1~ hr

HP, 500°, 3 hrs

HF+02S 25° to
6000, 3 hra

m, 250 tO 6000
lhr

HF+02, moo,
-;hr

,
!5. ● 9 ● ● _.,. . ..%OCK.:.=...
● O::. O

●
●

.0 : :.● e
● .0 ●:O●oo ●.. 000

Prcxiuc$;

100X ThF4,

100~ ThY4

UF4

100/;UF4

l!JO,~CeF3

100~ COF3

100,%CeF3

no change

100~ CeF4

100;4PUF’4

loofiPUF’4

loo/x Pul?3

100;: PUF4

,0) ● _,-–-,-)*,*,*B*

—

Analysis

ign~ to Th02

ign. to Th02

wt. increase

X-ray; F analysis
ign. to Puo~

wt. change

wt. change

wt. change
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This reaotion represents the ~sicst ~etiod for the Preparation Of tlh~Qefluorides

in all case~ where the oxalate is available. In the case of uranium, the *4

oxalate is somewhat difficult to prepare ii-.good yiold&.A critical study of the

preparation of UF4 is gives byVdsh and Lasovick in L&J1590

111. The fo~ation of fluorides by the action of HF on oxides has been———.

mccessful in the preparation of PuF5~ PuF4 and UF4 but was unsuccessful for the

preparation of

i.eo, compound.

kihen

in dry airO it

ThF~}v The ease of reaction depends upon the nature of the oxide$

from which made and temperature of ignition.

crystalline plutonyl nitrate is dehydrated at elevated temperatures

rsaches a weight corresponding to that of the anhydrous nitrate

at 3.500 tO 175°co It begins to decomyose at aboat this sane tanperature~ 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 wwight only after being heated to 8000 to 1000°C. The oxide formed is

.Pu020 No evidence of a higher oxides corresponding to U05 has been’observed

.
(IA-172).

The conversion oi’the oxalate t~ oxide proceeds smoothly. The hydrated ‘.

oxalate becomes anhyclrousat about 2~5° and begins to decompose at jOOOO The

decomposition is rapid at 325° and essentially complete at 400° though the weight

is not constant until

. of a stable carbonate

from the oxalate does
.

the material has been heated to 800° to 1000°C~ No evidence

or sesquioxide has been observed (LA-172). The oxide prepared

not adhere to the platinum boat as does that prepared from

the nitrate~ The so-called ‘thigh-temperatureoxiden~ i.e., ignited to lCOO°C, tvas
-.

chosen for use in preparing the fluoride becau.eethe resulting fluoride possesses

-- the most suitable density. ●e* ●
●*. ●** ●*

●°0 : : : .

- ::>;$;:

.**
● **: ●

● ● O*..00.em ● ● ●**.0:.
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Four reactions have been studied:

R) PU02 “1”3HF + &H2 -.-+ ~uF3 + 2H.#

b) pu~ + @lF (+02) --+ PuF4 + 2M20

c) PuF4 + 4H2 &iF) + PuF3 + Ill’

d) 2Pul?5+ 2HF

Of these reactions (b) was

~.ar~e-scalepreparations.

1.,

20

30

J.I.

50

6.

7.

G..

+ 402—>2 f’uFL+li20

&tudied most thoroughly because it is to be used in th6

The study consists of the follov.inzparts:

betcrmination of the equi-l~bri,um constant for reaction (b).

Effect of temperature of ignition of the oxide.

Effeot of temperature on reaction with li?~

Pd’fcotof rate of rise of tcmperat.uredurin: reaction.

Zffect of rate of flow of gases over.the chargee”

Rffect of depth of the layer of oxide.

Effect Of moisture in the gas mixturci~

Composition of GRS mixture$ ratio of H’/02P 11F\H20

In ordor to study the effect of.those factors on the rates of reaction.

an apparat.uawas constructed in which tine sampleO suspended from the beam of a

tor~ion balance, could be wei~hed continually @rinG the course of the reaction,

‘l’heapparatus is shown in FiL~ J.,which ia self=explanatory~

1. Determination of the Equilibrium Constant for the ileaction:-—.

Pu02~4HF -- PuF4 + 2H20

Tho concentration of H20 vapor in the gas stream was progre~~ively in-

cr~ased until the ratio. H20/HF,,

as judged by change in weight of

were used. In

was found at whioh reaction ceased or was reversod$

the sample on the torsion balance. Fixed rates of’

0:” :“” ;+ rate of flow of HP Wust%?sn”~~~wl !~er:ia
●● 0:0:.

●

● 0 ●:6 ●00 000 000 :0°
.** ● ● ●

● 9 .*. ●.e . ..00
.*B
● 00::

● 9* .

.9.*
● m*

.00
● 0.●.* : . ●9
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accurately determined durirq~the experiment bJ

reaction ‘cubethrou~h etandrsrdalkali and back

.

.

.

..

.-

9; i ● -
● ee
● 9**

drawing the exit Cases from the

titratinG the excess alkali. At

these elevated temperaturesHF is known to be unassociated. OxyCen was measured

by means of the usual glass flow meters The oxygen vmB buboled through water and

the concentration of v.atervapor calculated from the temperature of’the flask.

The oxygen was considered as an inert gas, serving merely to carry the water Va~JOr

into the reaction tube. Its presence iG necessary8 however= to prevent reduction

of the tctrafluoride to trifluoride by the traces of hydro~en present in tilehydro=

~en Sluoride*

Tho equilibrium constant was determined at 400° and at 600°C~ At

t~p~ratures lower than 4000 tie reaction was found tO be too slow for a reliable

determination by this mcthodo I’hedeta are present@ below:

—. —— —-

Temperature Partial Pressurt3s0atm.
C?c 1 %=

nF

400 O.yik

I 600 I 005351

H20 I 02 P21i20‘/PjF
,—. .

0.175 0.442 1.l+o

00141 0.325 0.244
——

‘i’heobserved change in X with temperature requires the heat of reaction

to be .9000 cal/molo (heat evolved), Tho thermal clataare not known for plutonium.

~or the conversion of U02 to UF~ the heat of rcacbion is -M K cal/mole at 600°C

and one may ussume that the heats of formation of PU02 and PuF4 are reasonably

comparable to those of U02 and UF~.,

20 The temperature of ignition of the oxido has little effect cn the

rate of rcaotion (b) unless the ignition is carried above 1200°, 4Oxi e ignited

cituOOoC reacts with M’ only about half as rapidly as oxide ignited
4
0 1000°.

I●,: ● *.

igniting at lowr ternperc.turesdoos not materi~~+y;~w:eass tOhcor~act~vityo The
● D :•~●o: ●e ●: : ●.

I

comparison of the rates for 10000 and lLLCJ oxides ca,n%&%&s. ~oN~’ig~”110
:00: : ●

- .:.::: :::”.:(:
● . .
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5. The tmnperature used in the reaction with liF has a great effect.

At room temperature ‘&e oxide will

?’hiscorre~~onds to the additiea of

75..1of this weight increeae is lost

Iibsorb15 to lL:~of its wei~ht of anhydrous W’,

2 mols of i!!”per ml. of PuOP~ Abcut ‘iOtC

again on va~-rningto 150°0 If tiieHF is not

aciiriittedto the oxide until the temperature has reached 150° then no appreCiEible

ractlon occurs until the tc-mperaturareaches 250°~ ‘iithSO.m~~CS Of 7 t.O ~ fTO.mG

.i.i;i,a.sbeen found &\at the product fomed in the rom-tmpcrs:cure reac~ion iG corc-

verted only very slowly to totrafluoricicat higher tcmperature~~ 1%0 conversion

to tetrafluoride is accomplished more rapidly when HF is not admitted until the

temperature is well above 150°0

The rates of conversion

(renctiona) at 250°. 550°@ 450°0

of 20()-mgGamplcs of oxide to the trifluoride

550° and 6500 are given on ~’iEOIII. In ea~h

experiment 50 rnl/min~H2 and 175 ml/kI HF wore useds

after the desired temperature had been reached.

‘rherates of conversion Of ~~mg $S-mplcsof

(reaction b) at tho cxunetemperatures and rates of gaG

the M“ bein~;admitted only

oxide to tetrafluoride

flow are given on Fig. IV.
.

.

.

J

A comparison of Fig. 111 and IV shows that the reaction to form tri-

~’].uoride(a) in considerably faster than the formation of tetrafluo~ide ~b). The

~.($,.,f~ionswere not carried to co~~etion~, only the weight change during the fir6t

.Alrhour being recorded-

‘1.’.hcoxidation of trifluoride to te,trafluorideand ‘&e reduction of this

le~ter back to trifluoride have been studied with ‘te torsion apparatus. The re.

iiuctiion proceedg from

on ?igo VI. The same

obtained in the firct

means of UF and 0~ to

~ to 8 times as fast as the oxidation~ as shown by the curves

sample was u~ed in all these reactionk$ the trifluoride

reaction$ A, prepared from the oxide, was then oxidized by

:*9;
● OO : ● : ●

● ● ●°:
..* : : ●● 9:● * 4::

● --0 ● ●
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r

‘(1X1at @o”. with 175 ml,/minof HI’and 50 ml/rx!.nof Up or H20

?he reactj.onswere run only for a short time. It ic to be noted t!:,e.t

-.\:Jjc,z~dc’tionn.,ndrodu.:kionbrinys the con-rcrsionmore nw.rly to cornpletiuuo

!{edvct;iofifollowed by oxidation is a tric!:that has been used i.r.this laborntor’,-

;.L1~ases wilerethe sample has refused to convert comnlGtely b.ydirect rcz,?:i0J7W*fi~

*IFand 00s [ieactioncan be forced by ?.ltcrnatereductions and oxidstiom~.~;-.tnn”

‘~hi~tre~h~nt re5UltS in a prO~reSSiVe SWGllinfiOf the fluoride ~nd is PO;:d,=~z-’”i.

.-fw’nthe hi~eot density is requireci~ As un example of the ef’fcctivenessCi’ thin

procedure the data on Lot 201 P are ~>ven~ This lot of 801A5g oxide almost ceased

to react ai”terbeing 92?!converted to tetrafluoridoo After a reduction to tri-

JIuoride it was then converted to tetrafluoride 994A in UO minutes,,

Lot 201 P 8,.!@~ OXidO.-

?ii’A 02, 2 hrs~ 600< ?1.4;;conversion

&m ‘ ?i2, 1 3A hrs, 6500

HE’* c!~p&o rein, 6oo~ 99.Mo conversion

h6 Tho rate of rise of Ixznperatura was found to be very hii~O~klt

8 f-?). As indicated in secti:n j,,the

nroduces & cmre s).ow]yre~ctiu~ scbstance.

stertod at temperatures below 200° and the

be formed too rapidly but nuct ‘a iemovsd

is @srted at too 10M a tempcsat,ure$some

c.~x’‘Lheunreactive material mentioned above (sec~ 3) ‘isformed~ If the reaction is

started at 6000 with a rw~id flow of HFP the rapid evolution of water will cause

caking. These difficulties can both be elimi%:”~t”:,zoifi~rcdu~ingthe kLFwhen the

::.:
●* ●*e .*,

●

:.; !●U:s..
● ● * ● ●9:
..O: : ● m.

●
●0..:0:-.
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●am b ● ● bee

● * ●O
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●

✎

400*C at which

temperature to

tc~eraturc the reaction is &ill r~thcr slow~

600° in the cou.rscof an hour. using c rapid

r’jn~.;fjf”~,-vqgefidur~n;:the vi!mle cor.version.

Lot 2C5 f 7.89 g oxide

Tempo raised to 2000 in oxygen only

W md 02 on at 200°

Temp. raised 200° to bOOO In 40 mino

m ..te!l!u0 raised Moo to 600° in 1 hr.,

?r?m”.held at 600° 1 hr. 99,0$ conversion

!..(-)v206 P 8V21 g oxide

in oxygen only

* l’h=eff’ectOf rapid heatjinr from 200° to 60S” is dloWl by the Poor

.;I,jr~i,eraiOI~oi lot 206 f’compe.redto that of lot 205 To Tho still more harmful

“v?ct of admitting Ml?at room temperaturcj,‘w”A together with rapid rise ~f temDcrature

..
is illu~tratcd by the performance of lot 200 Pe

!
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5.

studied t,ith
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Yhe effect of’rate of’flow of ~ases over the char~e

small sanples~ In all preparations to date the rate

could not be

Of flO%’h.aSbeOrA

in exccsc of actual requirements. l%is factor will bc dotermincd

6. ‘i’heeffect of d~pth of layer of oxide has been investigated in a

preliminary way by usinG approximately the same conditions for the

several sizes of samples and notj.n~; the time required to secure 98

The data are ~ivon below:

Lot NOc

120 P

203 i’

m~ P

207 P

213.24,
215 F

—.—
g Oxide
,——

0.623

8.174

7.8544

5*O%

26e3@

cmnveroion of

to 9~);lconversi.Qll-

. .... -—- 1r11 “56,7

30 263. I

30 301.2

30 69’7.5

—-.—.

“ -oe~fjT
W.’u . .

9905

2.50 98.,6

2.67
I

99,0
boo

1
98.0

10.OO

L

97.0

—.. ,*.-. q

These data indicate that. as a first approximation~ a nearly linear

relation exists between the thickness of the charge and the time roquirad to flecure

‘?O The effect of moisture in the gases is illustrated by the three

curves in Figo IVO Curve A“shows the rate of reaction using dry oxygen and

nn.!ydrous(~02;;H20) HF. Curve B showfitic rate usin~ anhydrous llFRd. oxygen

bubbled through water at .40°C (vopo 85 mm).. ;.ithlarge samples the effect of small

concentrations of water vapor seems to be more pronounced as tihowzaby the following

uaias
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Lot ZW P

‘Tcxq3.

j-j1,’+.

‘I%mp.

‘N3mp.

Temp.

6.7 g oxide

r:.isodto 250°

lab. air on at

raised 250° to

held at 600°

held at 6000

‘I’anp.held at 600° 2 1

● m ..* ● 0.
● m● 00: :
● 00
b. :

● 0 ●0:
in lab. air

●V*:: 9c:. .
● *:*9*

only (-f 30,~ relative humid i t;rj

2500

600° in 2 hrs”

2 hrs~ 72.,8,:conversion

? hreu longor 79.7,;conversion

arsa longer 83.6% conversion

Lot 209 P .808g oxide

Temp. raised to 2500 in dry air

.HF+dry air on at 2500

l’emp~raised 250° to 600° in 2 hrs.

Temp. held at 600° 2 hrs~ 93Gl;dconversion

‘fmn~held at 600° 2 hrs. longer 98.9J conversion

‘l%usfor moat rapid convcraion the gaaes should be a6 dry aQ poasibleo

it doeG not seem feasible to attempt to dry the HF. The water content (0.02$) of

‘Lhebest obtainable anhydraus liFis probably low enough.

80 ‘Me eff.scl,of the composition of ‘&e gas mixtures i~e..,ratio HF/02.— —

has been studiedo The reaction will prooeed over a wide range of W concentrations.

The ratio
HF ml/min

has been varied from 1506 to 0.180 .%tthe lowsr ratios the
L% ml/min

reaction is somewhat slower aa shown by the following data:

a) SamplIY90=113

2 hrs. at 600°

2 hrs.,longer at

h) Sample 90.14

2 hrs~ at &lO”

2 -hreolongar at

3091 g oxide klF/02=00178

800~~ conversion

6~0 9602~ conversion

so~l g oxide .HF/02 =<Ool&8

980% conversion

&Joo
9902% conversion

● ☛ ● ☛✌● ee

::e: :.*
● D w

●@●O: ●
: ●::-
● * ..: ●

●:. ● m ●

●O. : :
●

●
●8. ●: ● **

.Oe : : : ● *.
● ●9**~b:.
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9* 89:

~i.nco the concentration of oxy::enrequired.

On].y enough *O

WUM1 practicl?

&lJcila Elixturcf

is to employ a ratio HF/02 =4.2. The concentration of ox~~~cniil

6~LOU~d not notico~bly af.frC”Lthe rRtc of l“eWtlOn,,

The best conditions for conversion’ of plutonium oxide to t)lubllium
.

20

reach this temperature~

CO Tui”non the Hk”at @OO to 400°

rie~mlate02 to 100 to 125 ml/minO

(i. Raise the temperature to 600°C

ad Hold at 600° until reaction is

r2t a rate of approximately ~CO ml/rmin..

in one hour,.

corLp~eteP~+hichrequires 2 to 4 hrs on ML(>

I.A~ecale nnd approxima%el,y10 hrs on the 25ug .acUe~.

1,, Cool in HI’and Op to 100 to 150*C.-,

i;0 Shut off HF and allow 02 to sweep out the ‘reactor until coldo

,“V: (conversionof flucritiesto oxide can be accomplished by heating ,to_ ....

!Jl)G~to 6(X)% in air or oxy;ew The reuc~ion of;dr~-omyqen on the fluoride is

J

R very hard black

temperzix~reis raised ropidlyo i’mthe absonco of cuch reagents

oxyfiuoride will be formed wllictimelts between 900° and 950°C to

solid. This can be converted totoxide readily in the way described
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Ii.li’c Ihe comparison of the reaction rats of this oxide with that of ordinarv 1000°

~?-~~.:oiS shows in Fig,.VIIO The solid chunk of oxids was carofullv awid.erea in a

.,.,.1mortar before bciny used GO that the zrain size was rt)csoncblv cc.mmrable

;ji~hthat oi’ordinary oxide. ,

L’n.e.Y=ray diffraction pattern of thi6 oxidcO determined by CZTCG’JC?~-8P

identical with that of ordinary dioxide. ‘he Iq%f

may be due to lack of porosityo
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