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1. INTRODUCTION

This report is a -continuation of thermodynamic calculations related
to chloride volatility féprocesSing of reactor fuels.l’2*3 One of the
methods being considered for'recovering uranium from spent nuclear fuels
involves chlorination of the fuel, followed by at least a partial separa-
tion of the volatile uranium chlorides from the nonvolatile chlorides of
the fission products. If the volatile uranium chlorides are then“selec-
tively converted to a less volatile compound, they might be separéfed
from co-volatilized fission-product chlorides. Accordingly, calculations
were made to determine if the reduction df uranium pentachloride gnd
uranium hexachloride vapbrs with COnto the relativeiy nonvolatile, solid:
uranium tetrachlofide is thefmodynamically pOSSible. Determination of
the effect of CO on uranium chlorides during chlorination of oxides (with
CClh) was necessary, 1ln any case, because CO is a by-product. ‘

Although previous ca.lcula.tiongl indicated that the reduction of
higher-valent.uranium chloride to solid‘UCl3 with CO was not thermo-
dynamically feasible, the calculations in this report indicate that
reduction to the solid tetrachloride is thermodynamically possible under -
practical operating conditions. A temperature of only about 200°C must
be used, and the concentration of chlorine must be kept low.> The cal-
culations- indicate only that £he proposed process is thermodynamically
possible and which conditions of temperature and gas mixtures should
produce the best yilelds. Laboratory experiments will be needed to deter-
mine if the reaction rates are high enough to make it possible to ap-
proach the favorable equilibrium yields under operating conditions.

Based on the results of calculations in this report, a tentative process

flowsheet for the purification of uranium chloride is presented.

2. CHEMICAL REACTIONS

As a starting point, it is assumed that the fuel under consideration
is U02, one of the more important reactor fuels. The sintered oxide is .

first oxidized, forming U308 powder. The U308 is then converted to chlorides:

L V]
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U308 + uoc1u —> 2wy,

5 (gas) +_UCl6(gas).+ uco2 . (1)

Thus, the uranium chlorlde vapor to be reduced contalns UCl and UCl6,

>

in the molar ratlo of 2:1. In other processes the molar ratlo mlght be

different; although it is likely that a mixture w1ll always be present°

From Eg. (1) it is apparent that the uranium chloride vapor will be

diluted with CO, and unreacted CCl, . The effect of these, and. any other

diluent. gases, must be considered in calculations of -the yield of solid

‘UClh Therefore, gases which do not partic1pate in the- reactlons dis-

cussed below are grouped together in an "inert gas' term in the equatlons

derived in Sec 5

Three reductlon reactions occur:

UC]_6' + CO ‘-—-—-—> UClh(SOlid) + C(x_:l2 » S (2)
wig + 1/200 —>> Uci5 +1/2c0c1, , (3)
iy RO gy RO,

In addition, decomposition reactions to yield lower-valent chlorides

' occurlto'some extent and cannot be neglectedf

Uc16 —_ UClg + 1/2c12 s . - (5)
Ucls —= UClu(solid) * }/2012,, . | _yl(s)
Uy, —=> UClu(solid) +Cl, - (7)

| The decomposition of phosgene,

cocl, —>> CO0 +Cl, , ' o - (8)

must also be othidered, since this reaction liberatee‘CO, which has a

favorable effect in reactions (2)—(&);'and.C12, which has an unfavorable
effect in reactions (5)-(7).
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3. EQUILIBRIUM YIELDS OF SOLID URANIUM TETRACHLORIDE

Calculations were made to determine the effect of temperature and
the amounts of ClE’ CO, and inert gas introduced, relative ‘_t_o_UCl5 and
UCI6 vapor, on the yields of solid UClh at 1 atm pressure.

At the lowest temperature investigated, 470°K, the calculations
indicate that near-quantitative yields.of solid UClh can be‘obtained,
even in the presence of a few moles of . 012, if 10 to 100 moles of CO
are introduced with each 3 moles of uranium chloride vapor (Fig. 1).

For example, when 1o'moles of CO are introduced, over 99% of the,UCl5
and UCl6 is converted, at equilibrium, to solid UClh, if less than 5
moles of‘ClE are introduced; with 100 moles of CO, aver 99% is converted
if less than about 10 moles of Cl, are introduced (Table 1).

Table 1. Selected Equilibrium Yields of Solid UClh at 470°K.
2 moles UCly, 1 mole UClé, and no inert gas

Moles Introduced Yield of Solid UCL,

co ' - CL, : (moles) o - (%)
10 0.0 T 2.9% . 99.87
o 0.1 2,995 . 99.83
1 ‘ 2.993 ' 99. 7T
2 2.989 99.63
3 2.984 99.47
L 2.9777 99.23
5 2.965 98.84
6 2.942 98.08
100 5 : 2,984 99.47
10 : 2.97Th ~99.13
15 2,963 98.76

20 . 2.950 98.35
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470°K, 1 atm. IR
_ 2 moles U_CII-5 o

1 mole UCI6 ldd moles ' CO lntroduced——j——é'

No Inért Gas Introduced .

YIELD. OF SOLID: UCI4 (moles)

Q—-————l mble CO ‘Introduced -%;—10 moles - CO Introduced

, 10 -
' CHLORINE INTRODUCED (moles\
Flg 1. At Temperatures as Low as MTO K, Near Quantltatlve Ylelds of

. Solid UCl,, Can Be Achieved, Even in the Presence of Several Moles of Clo, .
if 10 to 10C Moles of CO are Int“oduced with Fach 3 Moles of UCl5 Plue UCl6
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However, the yields drop fapidly with increasing temperature. The
near-quantitative &ields obtgined by introducing 10 moles of CO with 5
moles of Cl2
creased to 570°K (Fig. 2). In addition, at the higher temperature, phe

yields decrease more rapidly as the amount of 012 is increased. It is

at LT0°K decrease to only 30% when the temperature is in-

apparent that the reduction cannot be carried out successfully at tem~

peratures much in excess of 470°K, -

The introduction of much more than 10 moles of CO at 570°K does not
increase the yield, because of the unfavorable effect of dilution. Use
. of lOO‘moles of CO actually leads to a smaller yileld of solid UClh'than

does use of only 10 moles; when less than 5.5 moles of Cl2

are introduced
(Fig. 3). '

This unfavorable effect of dilution on yield when large amounts of
CO are introduced is of minor importance at temperatures below 500°K
(Fig. 4). As the temperature is increased above 500°K, the effect of
dilution becomes more pronounced. The maximum yields above 500°C occur
when between 10 and 20 moles of CO are introduced with each 2 moles of

UCl5 and 1 mole of UCl6.

As would be expected‘from'the above results; the introduction of
inert gas has only a very small effect on yields at 470°K (Fig. 5). How-
ever, af 570°K, when 10 moles of CO are introduced, increasing the amount
of inert gas tenfold (from 10 moles to 100 moles) decreases thé yield
nearly fourfold. This unfavoréble dilution effect at higher temperatures

emphasizes the advantages of using as low a temperature as possible.

L. ASSUMPTIONS REQUIRED .

Several assumptions were required before a solution to the problem
of detérmining the yileld of solid UClh could be developed. These as-

sumptions are listed and discussed in this section.

1. The uranium chloride vapor to be reduced contains 2 ﬁolés of UC15
per mole of UClg. This ratio is obtained from the stoichiometry
of Eq. (1). Thus, the results given in Sec 3 apply to the off-gas
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YIELD OF SOLID UCI, (moles)

_ ,] atm

2 .moles UCIS

1 ;mole UCI(S

10 mvoles. CO _ ,
NO INERT GAS INTRODUCED
0 {._ R

470 : | 570
 TEMPERATURE K

Flg 2. Near Q,ua.ntltatlve Ylelds ‘of Solid UCl)+ Can Be Achle Jed at 470°K,
Even When up £o 5 Moles of Clr are Introduced with Each 3 Moles of UC15 Plus
UCly, Using only 10 Moles of CO as the Reducing Agent. The yields decrea.se
rapidly as the temperature is 1ncreased above )+70 K
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3 : - .
S .~ 570°K, 1 atm.
' _ -2 moles UC,
- \ R ’ 1 mqle UCIb .
. \ ) NO INERT GAS INTRODUCED
(9} .
[a .
jur .
2 \ | \
wy
w .
S » \ .
[=]
e ™\ \
3 N
| Moles .CO Introduced: 100
10 '
0 - '\\ N,

0. 1 2 3 4 5 6 7 8
CHLORINE INTRODUCED (moles)

Fig. 3. Yields of Solid UCl), are Poor af-'l‘emperatures as High as 570°K,
- Even if Small Amounts of Clp and lf&rge Amounts of CO Are Introduced. , '
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470°K
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500°K

530°K

S~ 550°K

1 atm.

" 2 moles uci,

13 ‘mole UCI6

No Inert Gas or. Cl2 Introduced

10
CO INTRODUCED (moles)

Fig. 4. While the Introduction of up to 100 Moles of CO with Each 3
Moles of UCl; Plus UCl. Increases the Yield of Solid UCl), at UT0°K, the

Introduction”Over 20 Moles of

Yield.

Temperatures of 500°K or Above Reduces the

100 -

-1T-
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.470°K. 10 moles co Ilnfroduc.e'd_—_/_

470°K, 1 mole CO lnfroduced—/ :

570°K,
10 moles CO Infrqduced)

/l mole CO Introduced

"No CI.

™~

1 atm.

2 moles UCI5

! mole UCI,.

2 Introdbf.ed

| 10 ' 5 S 100
INERT GAS INTRODUCED (moles) . '

Fig. 5. La.rge Amounts of Inert _Gas Severely Reduce the>Yie1d of Solid
ucl), at 570°K, but Have Only a Small frfect at L70°K. .
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- from a process invoiving Eq.  (1). ' Other ratios might well be
encountered in chloride-volatility processes. For example, con-
densation followed by revolatilization of the U'Cl5 and UCl6
products of Eq. (1) would probably affect the ratio.. This ratio
has an effect on the amount of free chlorine at equilibrium, and
therefore must -be specified. The fact that the introductionzof
Cl, during the chlorination process [Eq. (1)] will decrease the
ratio to below 2 moles of UC].5 per mole of UClg does not affect
the calculation of equlllbrlum ylelds (that is, the starting
ratio of ' 2 to 1 is still valid) as long a5 the number of moles
of Cl, introduced per:mole of uranium chloride . vapor is known

and included'in'the-calculations."

2, - Carbon tetrachloride and CO2 do not react with UC16, UCls, UClu;
COC12, Cl oy OT CO

3. Literature estimates of the standard free energies of formation

of UCl. and UCl6 1k are accepted as the best'available data.

>

4., The equations for AF of 0016 and UCl5
from the’ mlnimum temperatures for which the equations were pre—
sented (550 -and 690°K, respectively*) to 470°K, the minimum tem-

.. perature used in the calculations below. These extrapolations -

vapors ‘can be extrapolated

can be. justified if the'partial*pressures~of"UCl6-and UCls do
not exceed their saturation pressures, that is, if none of the

vapors condense.

5. No condensation of UCl5 occursh"The'vapor pressure of UCl5 is-
lower than that of UC165Jtherefore the vapor pressure of UCl5
is needed. Unfortunately, this vapor pressure is not known.
However, in laboratory experiments, the mixed uranlum chloride
vapors have been observed to pass through tubes heated to about
470°K with very little condensation. If deS1red, diluent gas
could be added to prevent'EOndensation; since the calculations
below show that diluent gas has’alsmall effect on the yield of
solid UCl) &t temperatures as low as 470°K. . In addition, if any

chlorine is present, the partial pressure of U015 will be reduced
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;
due to the reverse of reaction (5). Although the calculations
would be upset by the condensation of part of the UCl5

it should be pointed out that such condensation should affect

vapor,

the yield of solid UClu favorably, since solid UCls_decomposes
rapidly to solid UCl) at 470°K. Thus, the least favorable case,

that is, that no UCl_ condenses, is. assumed.

p)

6. Total préssure is 1 atm.

5. DERIVING AND SOLVING THE EQUATIONS

Examination of Eqs. (2)-(8) shows that it is possible to obtain all
seven equations from only three of the equations. Thus, all seven equili-
brium constants can be obtained from KE’ K5, a.nd,K7 using the following

relationships:
2 . 2
K, = K3Kh = K7/K8 = KSKE/KS’ and K ° = K2K7/K5 .

Therefore, only the three independent equations (2), (5), and (7) need
be considered in the calculations. The method used to obtain the equili-

brium constants for these equations is described in Sec 6.

Equations (2), (5), and (7) contain six unknowns, the values of UCle,
co, UClu, COC12, UCl5, and 012.- Therefore, three additional equations
involving these unknowns are needed before the yield of~UClu can be cal-

culated.

\

The number of moles of COCl2 present at equilibrium will equal the
amount of CO used in the formation of COC12:
Ncoc12 = Neo,1 ™ Yoo | | (9)
where N denotes number of molecules, and i denotes the amount introduced

as contrasted to the amount present at equilibrium. The amount introduced

is arbitrarily selected for each calcuiation.

The number of moles of Cl, present at equilibrium will equal the

2
amount introduced, plus one mole for each mole of UC16 converted to UClu,
and 1/2 mole for each mole of UCL

used in forming COClQ:

converted to UClh, minus the amount

5
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N, =N + (N . ) + 1/2(N - N ) - N . (10)
o 2,1 UC16,i UCl L ;W ¢9012

The number of moles of UCl6'and UCL. introduced was taken as 1 and 2,

p)

respectively, in all calculations, from the stoichiometry of Eq. (1).

Thé.total number of moles of gas present at e@uilibrium, NT,-equAls
the number of moles of uranium chlbride vapor introducéd NU (or
)

UCl + NUCl6 i), minus the amoun?lconverted to UClh, plus the other

gaseg’present

‘:NT =N.., - N._... +N ' +. N, .+ N..

1175 St 1 P co,i * C16 7 (11)

2

1G 0,1

where N,  is the number of moles of "inert gas . and N , is the sum
of Ny plus NCOCl [see Eq. (9)]

The equillbrlum—constant equations for Egs. (2), (5), and (7) are:
'.COC12

4 - —_e . ) (12)
% PUCl6 qu T |

o
P P '
( UCl5) ( Clg)

K. = ' ., - (13)
5 P, ; ' ,
.," . :,,. UCl6 ‘ “
and '
P012 ‘ ()
= : : 1
K Pioa, s _

- where P denotes partial pressure. Considering that the partial pressure

is the product of mole fraction times total pressure, when the total

pressure is 1 atm Eqs. (12)-(14) become:

. Ké 5'§r'7_—i§‘*” ’ S ' (15)



K. = 2 5)' ) (16)

and

V'KT:N

UCl6

Thus, Eqs. (9)-(11) and (15)-(17) are the six equations needed to
solve for yield of UClh. From considerations used in deriving Eq. (11),

N =N_, ~N._. -N_. . ' (18)
wl; C Ui T weL, T oWl T
From Eq. (17),
N
CclL ‘
N._.. =—2. | (19)

Giving N.. , the value of 3, substituting Eqs. (11), (18), and (19)

U,1
in Eq. (16) and rearranging, one gets

BRI NUClLF - Nc12

K. = (20)
5 7z . , 12
(Noy )77 (3 = Ny + Ny + Mo+ Ny)
2 b 2 i
From Eq. (15),
N00012 NT ( )
N = m—— 21
co NUC16 KQ '

Substituting Eqs. (9) and (19) in Eq. (21) and rearranging, one gets

NCOi NT K7 :
N..= =— . (22)

co N012 K2 + K7 NT

an

()

A\

L
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Substituting Eqs. (9), (11), (19), and (22) in Eq. (10), giving

NU i the value of 3, and reérranging, one gets.
s e T SRR _ - S P
. -B + V32 - hac - S o
2 . 2A o . : :
where A
= K7(2K7 + 1)(3-NUClh + N+ Ncoi) - KéK7(gNCl2 . +1 +_NUClu—2NCOi)
o 7 s

2; -. | 2
)

and
= K72 (ENCi Do+l o+ NUClﬂv;tzNCo )(3-'7NUC1 \+VN1G +:Néo )+ ENCO K72
2,1 Sho Yy T 1 1

(3 --NUClh~+ Nig.* Ncoi) y

Using Eqs,.(20)Vand-(23),,£he_yleld4cf UClg,canipc calculated when
temperature (that is, K, Ks,,gnd Kﬁ) and the amounts of Cl,, CO, and
inert gas introduced with each Ermolestof.UCls_and.l mole-of UC16 are .

~specified. Because these two equations are complicated,‘ap iterative
method must be used to solve them. The method used resembled that des-
cribed in a preﬁious report.,l The Oak Ridge National Laboratory CDC- 1604A

computer was used in the calculations

6. STANDARD FREE ENERGY CHANGES AND EQUILIBRIUM CQNSTANTS

The standard free energies of formation of COC12, SOlld UClh, and
CO have been given in a previous report, where the standard free energies

of formation of UClh, UClS, and UCl6 vere displayed grgphically,lAlThe‘
' i

expressions for the standard. free energies of formation‘of U'Cl5 and UCl6
are: - B '

_ - _ | L g
AF; UCl5 = 228,270 + 5.2 T In T - ‘0.6x10'3 T2 91&%39—*- 3.9T
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o

and | ' : S . 0.
- _ > :

AFS UCL, =-251,850 - 0.5 T In T + 2x107> 7 - 9—%-9— + 64.6T

The standard free energy changes in equations (2), (5), and (7) were ob-

tained by subtracting the sum of the standard free energies of formation

of the products in each.equation.from.thatiof.the reactants. The equili-

brium constants were calculated‘from the relationship:

AF° = -RT 1n K__ .
eq

Values of the equilibrium constants and standard free energy changes in

the temperature range of interest are listed in Table 2.

T. THE PROCESS FROPOSED FOR PURIFICATION OF URANIUM
IN URANIUM OXIDE FUELS

Based on the results of calculations in this report, the conditions

(]

for efficient reduction of'UCl5 and UCl6‘vapors in a single~-stage process

®

would have to approximate those shown in Fig. 6. In order for such a
process to work directly on the off-gas from'fhe chlorination (with

mixed CClh and 012) of U'308 without'a'preliminary condensation and re-
volatilization of the uranium chlorides (to separate the uranium chlorides
" from the 012, CO2 and'unused'001h), it would be necessary to operate the
chlorination process with the minimum amount of 012 in the mixed chlorinst-
ing reagent. In addition, it would be desirable to achieve higher ef-
ficiencies in the use of CClh than the 20% efficiency observed in large-
scale laboratory tests in order to keep the amount of "inert gas" (a

term which includes ﬁnreacted CClh) at a minimum. The calculations show
(sec 3) that the equilibrium yield of solid UClh decreases only slightly
as the amount of "inert gas" increases, but decreases rapidly as the

amount of‘012 increases.

Actually, it has been shown”in recent work that the addition of Cl2

to CClh is not necessary during the chlorination of U308 if the tempera- : .

ture is 550°C or higher.5 However, there is considerable incentive for
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Table 2. Standard Free Energy Changes and Equilibrium Constants
T(°X) OFS : AF; AF; ' K, Ky K7
470 6.149 x 103 7.336 x 100 4.936 x 103 7.245 x 102 3.868 x 107" 5.057 x 1073
500 -5.067 x 1o3 6.423 x 103 5.088 x 103 1.642 x 1o2 S 1.541 x -16'3 A5,9v61 x 1073
- 510 4,709 x 103 6.131 x 103 5,136 x 105 1.04k x 102 2.353 x io;_3 6.288 x 1073
520 4353 x 103 5.832 x 105 5.182 x 105 6.7641 x 10~ k.64 x 1073 6.629 x 1073
530 -3.999 x 10°  5.533 x 103 5.226 x_1Q_3 L.46L x 100 5.221 x 1073 6.985 x 1073
540 -3.646 x 100 5.23% x 103 5.269 x 103 - 2.992 x 100 7.601 x 1073 7.356 x 1073
570 -2.595 x 105 l+;.31+2 x _10_3_ 5.390 x 105 9.891 x 1°  2.160 x 1072 8.562 x 1073
670 8.191 x 102  1.399 x 103 5.705 x 103 5.40k x 10'1,‘ : 3.495 x io'l._ | 1072

1.376 x

'6T'
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20 moles CCl, :
9, V-mole Cl, 10 moles CO
. CHLORINATION- REDUCTION TO
3Jg|es CONVERSION TO Us0gl "y aTiLIZATION ucl, UCly - - soLID ucl,
JO, —» 400° | ° — 200°
2 e e VOLATILE ooc n -
: : FISSION 7
l ~ PRODUCTS - - l
- NON-YOLA]’IL_E PURIFIED UCI,  '0.003 mole U CHLORIDE:
- FISSION PRODUCTS | 120 moles (CO,+CCl,)
. 3 moles CO.CI'2 .
7 moles CO
' _ VOLATILE FISSION PRODUCTS
Fig. 6. Propdsed_‘Process for Purification of Uranium in Urenium Oxide
Fuels. Conditions for the single-step reduction of U015 and UClg are based
on Results of Equilibrium Calculations. : '
A *

'y lio
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not increasing the chlorination temperature much above 550°C because the
corrosioh-rates of the more suitable metallic conStructioh materials,
such as nickel, increase rapidly with temperature in this temperature -
range. Thus, Fig.16 represents a compromise in that iny 1 mole of-ClE
is introduced for each three moles of uranium chloride formed in the

chlorination process.

8. CONCLUSIONS AND DISCUSSION

The calculations in this report shéw that the single-stage reduction
of UCl5
dynamically possible at a temperature of about 200°C. It is not known

and UCl6 with CO to produce so0lid UClu in good yields is thermo-

whether equilibrium would be approached closely in all the reactions
involved and under operatingvéonditiohs. An éxcessively slow approach
to equilibrium would not necessarily mean that yields would be lower
than‘those,calculated_in this report. For example, the slow rate of
decomposition of phosgene might actually be beneficial and cause ex- -
perimental yields to exceed the équilibrium yields, since the 012 1ib-
erated by decomposing phosgene decreases the yield in the equilibrium
case. The decomposition rate of COCl2 has been ob;erved to be (very
approximately) 1% per minute at U51°C in the presence of Cl,, and slower
in the absence of Clzu The decomposition rate decreases with decreasing

temperature.

The calculations indicate an equilibrium yield of 99.9% for the
process outlined in Fig. 6. The uranium chlorides passing through the
reduction chamber would be recovered in a cold trap, perhaps along with
COCl2 and unused CClho A method of recyéling this small amount of

~

uranium chloride would have to be developed.

In a process for chlorinating uranium oxide fuel contsining plutonium
oxidé, in which volatilization of both uranium and plutonium chlorides
during chlorination is desired, it would be necessary to introduce con-
densation and revolatilization steps previous to the reduction step; in
order to separate the uranium chlorides from large amounts of Cl2°

Previous calculations2 indicated that at least 20 moles of Cl, per mole
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of uranium would be required in such a chlorination process to ensure N
volatilization of the plutonium chloride, The calculations in this
" report show that the CO reduction process could not operate successfully
with this much 012 present. ,
The generally favorable results of the equilibrium calculations in
this report suggest that the use of CO for reducing UClg and UCL, to
solid UClh should be investigated experimentally. The conversion of
uranium oxide to, first, volatile chlorides, and, second, to nonvolatile
UClh would bring about separation from both volatile and nonvolatile
fission-product chlorides. o '
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