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- ABSTRACT

FR e . . P
- The rates of the reaction of chlorine gas with uranium tetrachloride : -

'{J'dissolved in the LiC1-KCl eutectic have been studied in a wetted rod

' “ﬁiUClu concentratlons of 1- 3 w/o, ‘and chlorine partial pressures. of O 25

'fLNof the reactlon UClu (sol n) + Cl, (g) = UCl6 (sol n) at the *nter¢ace and

'7.1'iby U +h dlffus1on in the llquld phase.

fiﬁﬁcontactor. The reaction was studled at temperatures from MOO C to 7OO C,‘:p»"

“f;}fto L atm.‘ The productlon of UCl6 appears to be llmlted by the equlllbrlum : NN{N




. volatile and remain behind.

~l-

High temperature,non-aqueousireprocessingvbf spent fuel from nuclear

reactors has received considerable attention in recent years, and in some

‘instances can compete favorably with the standard agueous methods. In a

:.“typical volatility process, separation of uranium and plutonium from

fission products and cladding materials is effected by producing the

. volatile hexahalide of the heavy elemenﬁs by contact with the halogen gas.

The halides of the fission product metals are generally not appreciably

8

While considerable thermochemical information on high temperature

metalahaiogen_systems has been accumulated, ver&wlittle is known of the

kinetics of these reactions in fused salts. The overall rate of conversion

of a lower to a higher halide depends upon the interaction of the appro-

priate chemical and physical equilibria and the diffusional and chemical

rates. The only pertinent work in this area is the fluoride volatility

study by workers at the Argonne National La.boratory5 in which a UFueNaF-Zth

‘melt was sprayed’intb a quiescent atmosphere bfvfluorinevgas. Two.possible
rate-controlling steps were considered: <+the diffusion of UFu'in the fused
salt to the in%erface,'and transfer by diffusion-convection of the product h

- UF6 from the interface to the bulk gaé phase. Both of these mechanisms.

-

predicted essentially compiete removal of uranium from the salt, but the

. observed removal never exceeded'BO%. It was concluded that the rate was

limiteq by ‘chemical kinetics.

The fluoridetvolatility reaction is the most interesting\from an .

- application standpoint, but the corrosion and toxicity problems require
~ elaborate éafetyﬂp;ecautions.' Consequently, ﬁhe analogous chlorine

- system was chosen since chlorine is somewhat more manageable than fluorine.
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The purpose of this study was to investigate“the diffusionel and

chemical rate phenomenon associated with the reaction:
! . — t .
UClu(sol n)+C12(g) = UClé(sol n) , o (1)

The reection was carried out between gaeeous chlorine '::md‘UCl)+

V'dissolved'in the fused eutectic LiCL-KCl mixture (59 mole % LiCL). The

"eutectic melts at 350°C and experiments were carried out in the range of

fh00-700°0; At tﬁese temperatures, the pure'heﬁachIOride is volatile, end

| depending'upon the conditions of the reactien, may appear. either as a ’

gaSeous.or a dissolved species.: |
EQUILIBRIUM STUDIES

. To‘essist in interpreting the kinetic data, the solubility of 012

C,.in the fused salﬁ.euteetic at 400 and 5QO°C wae measured by the tech-

nique developed at 6ak R:’Ldge.:L ‘Chlorine wes sparged into a staihleés

. steel tank confaininé 500 cc of the‘molfennsalt for 1-4 hours, efﬁer

" which some of the satufaped solution was transferred to a stripping tank-

through a freeze valve. Dissolved chlorine was removed from the melt

s in the second tank by sparging w1th argon and absorbed in a NaOH solutlon

;for analysis. No measurable quantlty of chlorine could be detected
- hence the solubility of atmospheric pressure chlorlne in the LiCl-KCl -~
eutectic at 400 or 1500°C s less than 1072 3 mole/cc, which is the limit
., of detectability of the analytlcal technique. This result 1nd1caues that .Q
the chlorlnatlon reactlon must take place at the gas~llqu1d 1nterface
since nelther reactant is soluble in the other phase.

The equilibrium of reaction (1) was studied by spefging pure chlorine
gas into a fused salt melt containing 2 w/olUéih. Approximately 50 cc

of the melt was held in a pyrex test tube in a resistance furnace. The
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mixfure was sampled periodically‘by dipping a small glass cup into the’
melt and allowing the liduid to freeze under the chlorine atmosphere.

Three samples at each temperature were taken for spargings which

~lasted approximately one hour. Some volatilization of uranium was noted;

at 400°C, the total uranium content decreased by ~30% during an hour;
at 600°C, over 50% of the uranium was volatilized. However, while the

removal of uranium was a relatively slow process, the fraction of the

" uranium presehp as U+A appeared to equilibrate with greater speed. All

. + .
the samples taken at a particular temperature showed the same th fraction

(usually to within 1%) and permitted determination of the equilibrium

constant of reaction (1) by the method outlined in the appendix. The

results shown in Fig. 1 can be expressed by

m X = 3,11 - 3250/T _ , (2)

) ~

' The reaction is endothermic, with a heat of 6.k kcal/mole, and does not

go to completion: at hOO°C, equilibrium U+br fraction is 0.800, while at
600°C, it is 0.612. Details of the analytical technique are given in

the appendix. Production of UCl_ was not considered in the intepretation

5

vvof the equilibrium measurements.

TESTING OF THE WETTED ROD CONTACTOR
The primary criterion in selecting a contacting device in which to

study the kinetics of reaction (1) was knowledge of the hydrodynamics

of the gas and liquid phases. If the velocity distributioné in both

'phases are known, the associated diffusion problems can be solved.

Diffusional resistances can be theoretically extracted from overall rate

measurements, and any chemical kinetic limitation can be uncovered.

The device had to be simple and resistant to the corrosive effects



~ solution) caused rapid attack of even nickel.

~ of molten salts. It is difficult to use valves and transfer lines with

fused salts because valve packing is‘répidly attacked and fransfer lines
are susoeptible-to freezing. - A laminar jet.device &as attempted first,
but because of thevhigh surface tension of theﬂsalt (~100 dynes/cm), a
Jet could not be formed. A wetted wall column was discarded becauser of

the relatively large quantities of liguid reqﬁired and the mechanical

'intricacies of the feed and outlet systems. The system could not be
' constrﬁcted of metal, because the extremely corrosive nature of hot

2o 4.
- chlorine and fused salt saturated with HCl (required to stabilize Uru in

Consequently, ah all-quarﬁz wetted-rod contactor of the type

i depicted in Fig. 2 was chosen. The apparatus consists of an upper chamber
.into which the salt is charged, a lower chamber in which the melt is

_contacted with chlorine, and a collector at the bottom. The central rod

is provided with a tapered ground fitting to effect a gas and liquid seal v

between the two . chambers.- Raising the rod slightly allows the salt to

flow smoothly down the rod. The end of the'} mm diameter rod terminates-

'1n a sectlon of a funnel whose stem is 3 5 .mm 1nner diameter. It was found_
by trlal and error that a'O.25_mm annulus was sufficient to maintain a
”-e,'liquid level at the top of the stem and thus provide - gas seal between

“the chlorine section and the collecting-section. The autlet stem was

bathed in HC1l gas to prevent oxidation of the U+u by contact with air.

Visual examination of the flow of both water and the fused salt down

‘the rod showed that a- smooth thin film.could be obtalned on a clean rod.
No rlppllng was observed, but periodically a disturbance was lnlolaoed
" about half way down and would quickly move to the bottom, To insure

. that the flow pattern on the rod was that of a falling liquid film in
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| ; - laminér flow andlto assesé the effect of the disturbance noted, the
"‘;: o ‘system was tested by absorbing CO2 into watér.

vThe theory‘of'liquid phase tranéfér'in a wetted rod device is identical
to that developed for wetted wall columns.br Thé average outlet concentra-

- .tioh is related to the geometry of'the'system and the flow rate by:

. e [— 2/3 .
=% 1[31/5 27/6 116 1/6 DL a )

O'c,i

«

| This-relationrfequires an interfacial concentration, Ci’ which is
constaht aloﬁg the length of the rod. It further assumes a diffusion rate
sufficiently slow to permit the film to be apprOXimated by a medium of
" infinite depth‘moVing at the surface velocity. This assumption is invoked
:in nearly all falling film studies; its validity has been examined by
.Emmért'and Pigford.h Since the film thickness is small compared to the
rod'diameter,‘the cy;indrical surface has been approximated by a flat
plé.ne, to which Eq. (3) appliés.

Carboh dioxide in the lower chamber was'absorbed by watervfléwing"
down the rod from ﬁhe upper~chamber7 Sémbies were taken with a hypo-
dermic syringe inserted in the outlet tube, to prevent desorption of’

CO, to the air. TFlow rates were measured by timing the effluent rate.

2
' The results are shown in Fig. 3. The theoretical slope from Eq. (3)

B  is L.41. The experimental'slope is 1.29, or 8.5% below theoretical.
This Hiscrepancy is probably due to a stagnant film near the bottom end
vJ?r + P  of the rod whlch reduces the effective length of the rod. This effect'

. has been noted prev1ously in wetted wall columns, and generally results
"~ in a few centlmeter_reductlon in the length of contact.gv The deviation

" -of the point at'79%‘sa£uration is probably due to the failure of the



'infiniﬁe depth approximation inherent in Eg. (5).5’h _Tﬁe results demon-

: straté that the falling film model applies as well to the wetted rod as ©o
the wetted wall column, and that the small amount of rippling observed
~does not significantly affect the mass transfer.

Because of ?he insolubility of Cl, in the fused salt and the low
partial pressure‘of UClu, reacﬁion (1) occurs'only at the salt-ges inter-
facé. ' The interfacial concentration, Ci’ of Eag. (5)‘can be replaced by

" the equilibriﬁm‘U+11L concentration if the following restrictions are
satisfied: (1) the diffusivities of U+u and U+6 in the:;iquid are‘equal;
.(2)- the product UClg remains in the liquid phase; (3) gas phase resistance
' to mass transfef is negligible; (4) the reaction attains equiiibrium at
the intetfaée. Assumptions (I)Iand (2§ are sufficient to insure that
V‘thg total uranium concentration is evefywhere equal fo its initial value.5
Siﬁcghby assumption (3) the interfacigl partial pressure'of 012 is equal
ﬁo its known bﬁlk value,.thé interfacial concentration of U'-H'L is‘constant
-along fhe iength.of the fod-and can be computed from the equilibrium
+ constant of'reaqtion (1). The dimensionless concentration variable in |
.'gEq;'(j) can then be written as: |

C (%)

Cuo=Cheq  Cuo/Co = (C1/Coleq
" Experimental verification of assumptions (2) and (3) will be discussed
'later.ﬁ_Thefmethod of pbtainihg the variable G from the meésured U+u

fractions is discussed in appendix.

N

GAS PHASE RESISTANCE

- In the preceding development, the gas phase resistance was assumed

negligible in comparison to the liquid phase resisténce. While this
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assumption cannot be assessed for the general case, the liguid and gas

phase resistances can be compared for a rapid, irreversible surface

. reaction., In this case, either the liquid or gas phase concentration
- must be zero at the interface, since the two reactants cannot coexist.

 Wé will computé the average transfer rates of UClu from a bulk concentra-

tion of C) to a zero interfacial concentration and that of Cl, from a

partial pressure of p.to zero interfacial partial pressure. The component

~ which exhibits the slowest transfer rate will be depleted at the, surface

and constitute the rate controlling step. . ,
. The length-average molaf flux of UClh from-the liquid to'the surface

under a constant driving force (cu-o) iss

e

ﬁﬁ%('zrz?l}")}/?cu - (5).

In reference 3, the gas phase hydrédynamic and diffusion equations

have been solved by'thé momentum integral method for the case of a moving

. rod whose radius is much greater than the gas phase boundary layer thick-
" ness (i.e. a moving plane). The length-average molar flux of Cié from

"the gas phase to the surface under a constant driving force (p-0) is:

-

L o sy M85 v/ o o
T, - o8k ng MO (P2 £ ©

»For a gasfphase Schmidt number of unity, the ratio of these maximume-

-, driving-force transfer rates is:

& =&7_5<_’é_>1/2"]\/_2_“ , NG



The follow1ng are typical of our experiments: a 2 w/o'solution of UClL

~ in the fused LiCl-KCl eutectic and a 50p Clg-argon gas phase at 600 C;

D ='~IL.7><'.LO-5 cm /sec, Dg % 0.47 cm /sec.  With these figures, the ratio

J4
of Eq. (7) is 10, which indicates that the gas phase coniridbutes ~10% to

- the overall resistance and the reaction is ljiquid phase diffusion con-

trolled.
EXPERIMENTAL PROCEDURE

The quartz rod was cleaned with hot chromic acid followed by soaking

in molten salt for 15 minutes. With the rod in place, a smal l amount of

<molten salt was poured into the upper chamber of the contactor (Fig. 2)

~and was allowed to run down the rod. The rod was quickly lifted out of

the chamber to ascertaln that complete wettlng was occurrlng. This could

- be verified by notlng that the adherlng salt’ froze uniformly over the
" rod. The rod was inserted and_50 cc of the molten salt were poured into
© the upper chamber. With the rod seated in its ground joint, no leakage

‘of the salt to the lower chamber occurred. The molten salt was purified

by bﬁbbling with anhydrous HCl gas for 15 minutes. This method of puri-

fication of the LiC1l=<KCl eutectic is similar to that employed by Gruen

and McBeth. 7 Suff1c1ent solid UClu salt was added to glve a ~2 w/o

i‘:solutlon. After ~lO addltlonal mlnutes of sparging with HCl .all of the

'1YUClh had dlssolved, formlng a’ clean dark green solutlon Wluh no sediment.

HCl flow to the collector outlet tube and the 1nner chamber was

"et.begun The rod wa.s ralsed sllghtly and & blank sample collected for
' analy31s.; The blank runs analyzed okg U +h in all cases, indicating that
. no detec@able oxidation of the U b by oxygen or water vapor contaminants

"f in the HCl had occurred. The 6% of U+6 was probably due to U02012
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uranium in the fused salt. Gruen and McBeth

~Qw

+z;

preeent.in the as-received salt, which analyzed 92% U . All gases were

.h dried by passing through 1 liter of CaSOu at flow rate less than 0.1 CFH.

The resulting contact time of > 20 minutes was sufficient to reduce the

o

water content of the gases to a point which did not sensibly affect the

T

have noted that even traces

of water vapor produce a purple uranium oxide precipitate.

After the blank had been collected the rod was re-seated and the

- chlorine flow to the lower chamber initiated. After ~1 minute, the rod

' was raised slightly and adjusted to a reasonable flow rate (10-12 cc/min).

As the salt level in the upper chamber fell, theﬂflow rate decreased. At
the end of the run, which lasted about 5 minutes, the flow rate was ~3 ce/min.

‘In the interim, five samples of the outlet salt were collected in 1 cc

glass cups. The time ?equired.to fill the cup was measured to give the

flow rate. The cup was 1mmed1ately 1ncerted into a flask containing an

‘aqueous HCl solution, for dlssolutlon and analy51s by the method outlined

in the appendix.

Temperatures were varied from MOO;700°C.c The tempereture in the lower

chamber was within 10°C of the desired temperature over the entire‘length

B *
of the rod. Mdst experiments were conducted in pure chlorﬂne and 2 w/o

UClh in the feed solutlon. At 600°C, however, runs at-l.and 3 w/o were

‘_conducted in a pure chlorine atmosphere, and at 2 w/o UClA, gas phases of

50% Cl, -Ar, 25% Cly-Ar and 50% Cl,~He were 1nvest1gated.,

RESULTS

s ) .‘ : ) L ) . K . 2
The date obtained at 600°C are shown in Figs. 4 and 5 in which C

. of Eq. (4) is plotted egainst l/Q,z/3 as suggeoued by Eqg.- (3). The scatter

* Temperature proflles in the lower chamber at a oarulcula” furnace power
" level were measured with argon flowing and the -central rod removed.



=10=

of the data is primarily due to the'necessity of measuring the three Ch/co 5;3

ratios (each of which consists of two analyses) required for each C¥.
Eigﬁre 4 indicates tﬁat there is no signifiéant difference in the extent:

v of'convérsion, as measured by C¥, wheﬁ the UClh.concen£ration is. varied by
_é factor of three. This is in accord with tﬁe assumption inherent in the
»analysis tﬁatvthe overall rate is diffusion coﬁtrolled and ﬁhat_@* of
.Eq. (%) is the appropriate concentration variable.

Figure.5 shows the effect of diluting the chlorine with inert gases.
According to the theory, the wv riatién of C* with Q\should.be indéﬁendent
'of chlorine partial pressure, ‘the effect of which_ is enmbedded in the"
ratio Kch/co)eq' The results for 25 and 50%'diluent—chlorine mixtures are
indistinguishable but lie above the line of Fig. 4 for pure chlorine. The
measurements at reduced chlorine partial préssures are hot on as firm a
basis as those in pure chlorine, since only for theildtter was the equili~
brium AU-'-LL fraction measured. As shown in the appenaix,'the equilibrium
 ’ﬁ+h fraction of the gas mixturés can bé estimatéd-ffom the equilibrium data
for pﬁre chlorine if the fraction.of pentavalent uranium is known. The:
‘v ordihates of Tig. 5.forvthe gas mixtures was based.upon thé assunption that

6. If the product had been assumed to be all.U+5; Table

" a1l product is U'
X ih the appendix #hows that the equilibriﬁm U+% fractions a?e'reduCed;
This would have-the effect on Fig., 5 of réising all of the points for the
gas mixture;-thus incréasing;thé discrepancy with tﬁe pure chlorine results;
The calculation which indicated a negligible gas phase fesistance is
vVerified.indirectlyvby the agreement betweén the results shown in‘Fig. >
~at p = 0.5 atm in helium and argon diluents. If the gas phase resistance
were important, the diffusion coelficient of Clé in the cafriei gas should
Ahave~affecéed the overall conversion. The diffusivity of Cl

, in helium is
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'~1ndependent of position down the rod. If the dlffu31v1t1eS'of_U +h and U

roughly three times that than in argon. Even though the gas phase mass

transfer coefflclent depends upon the square root of the diffusion co-

'eff1c1cnt the effect would have been noticable 1f gas phase resistance

were significant.

. In all kinetic experiments the total uranium concentration of the

outlet liquid remained constant, indicating that no volatilization of
. higher uranium chlorides occurred. This seems somewhat uneipected at

first, since the very name "volatility process" implies removal of gaseous

uraniuvm halides. However, volatilization is assured only if the entire

1

t . + +
_bulk liquid phase contains an‘equilibrium ratio of U +toU . When, as

in our experlments, the 1i quld phasc is only partially saturated with

46

- U ., the dlsp051tlon of the U pends upon the gas and liquid phase
res;stances ‘and the Henry's law constant of the volatile species. Assum-

" -ing both physical and chemical equilibrium at the interface, the experi-

mental observation.Of'no uranium loss from the solution'permits an estimate .
of the Henry's law constant for UCl6 in the fused salt. According to the

: . : . mar , + . '
assumptlon of chemlcal equilibrium at the interface, Unh fraction at the-

. surfacde is a functlon of the chlorine partlal pressure only, and is thus

/

are equal, and if no. uranium volatilizes, the total uramium concentration
' v

‘ isvindependent of both axial and radial location in the ligquid film. These

. -+ '
two requirements imply that U 6'concentration at the surface is also inde~-

; + :
pendent of distance down the rod. The-U 6 transfers from the interface

(where it is created) to the bulk of the gas and llquld phases oy length-

1ndependent driving forces, and the transfer rates can be described by

2 relatlons appllcable to s1mnle mass transfer, ”he average rate of bCl6

transfer to the liguid is glven in Eq. (9) with Cu replaced by C6eq

which denotes the constant U016 concentratlon st the interface. The rate
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at whlch UCl, transfers to the gas phase is given by Eg. (6), with p now
designating the equllibrlam pev*lal pressure gene”a ted by a 1iquid phase
concentration of CGe . The ratio of Ule transferred to the gas and

liquid phases is given by Eq. (7), in which the ratio (p/Cu) is now the

v

Henry's law constant of UCl6_in the salt. The limit of detectability of
‘uranium loss from solution is ~ 1% or ﬁ;/ﬁé <°0.01l. Assuming the dif-
. . =3 -

_fusivity_of UCl, in Cl, to be ~1/4 of that of argon in Cl,, the maximum

~value of the Henry's law constant is ~_6X_lO-3 atm/(mole/1it), or on a

mole fraction basis, 0.2 atm. By extrapolation of the low temperature
data in Refs. 11 or 12, the vapor pressure of UC16 at 600°C is between 10.

,. = : o v +6 :

" and 500 atm. The maximum activity coefficient of U © in the melt is -
_ - W L i
between  2X10 2 and UX10™ ', which is reasonable in view of the considerable

complexing of uranium by chloride ions.

Equation (5) permlts the data to ‘be compared dlrectly to the theoretl—

'“,”cal predictions. The coeff1c1ent of 1/Q /5 1n Eq (5) is a function of

:the transport properties of the_melt and the geomeury of the rod. The
 diffﬁsivity of U+h'in the LiCl;KCl eutectie has been measuied by Thalmeyer

.iet al,ljvand the.density and viscosit& data are also available.lofe_
Typical yelues at-hOO?C are D, - 0.49x10™ eme/sec; p = 1.67 gm/cc,

m - 4.7 ep,’”The rod fadius‘a = 0.15 cﬁ and the length i = 9.2 cm. A
comparison of the slopes of the lines such as that in Fig. L with the

" coefficient of l/Q,e/5 in Eq.”(ﬁ) is presented in,Table_I;

The agreement is satisfactory at low temperatures, where the experi-~

';mentai'siOEes are someﬁhaﬁ‘greater than theory. At higher'temperatures, ¢
'however; tﬁe experimental slopes are considerably smeller than thevfheoreticaif
v values. ﬁhereas tﬁe expefimental slopes are nearly fempere*ure iﬂdebendent;j

the theoreulcal slopes exhlbLt the actlvatlon energy o™V D /v / , which is
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5.0 kcal/mole. It should be noted that the amount of reaction increased
:_With‘tempgrature; at Q = 6 cc/min, the ratio CA/CO decreased during feact;on
~ from 0.9'h2 to o.§08 at L00°C and from 6.9142 to 0.85L at 700 °c.. lowever,

the equilibrium ratio (CM/CO)eq’ which fixes the driving force, also de;

‘creased, dropping from 0.800 at L0O0°C to 0.535 at T700°C. As a result,

‘1the dimensionless concentfation of Eq. (k) was the same a2t both temperatures.

‘Although the conversion increased with temperature, it did not increase as

rapidly as predicted by the temperature variation of the equilibrium and

theftransport properties.

DISCUSSION

Althougﬁ.the data‘were analyzed with the assumption of chemical -
._equilibriﬁm at the interface, the discrepancies iﬁ Tablé T cannot be
attribﬁted fo a chemical ;ate restriction at the interface; the devia- -
tions 5ecamé greater as the température increased, which would requife a
negé.tive aétivation energy for f}'le chemical step.
A more reasonable cause is the inequalit& of the diffusion coeffi-
cients of U+u and U+6 ip the salt. Because of the exténsive complexing
. §f uranium ions which probably dccufs, in chloride salts,6 the diffusivify
v'of U+6 is‘prbbably less than that of ﬁ+h; fhis would result in.a build up
in the total uranium concentration at the_interface, ;gd the U+ concen-
tiéti§ﬁ'at'the surfacé would be larger than if the totai uranium concen-
tration remained at tﬁe bulk vélué. With a greater Ufh concentration at
the.interfaée, the driving force for.diffusion is reduced, and the overall
conversibh;correspondingly less.
.Anothér possibie source of the observed deviation is a systematic

error introduced by the method of sampling. The samples were collected

by placing & small cup at the botﬁom of the tube surrounding the funnel
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"decompose to UClh and Cl in the process of drop formation and fall through

- sparging w1th chlorlne.. They found that when U +h was the starulng material,

3 e

stem from which the elfluenu salt. dropped. To avoid oxidation,'uhis‘

tube was flushed continually with anhydrous HC1. However, if reaction .

(1) is revers1ble, some of the UCl6 formed in | the reaction section could

HCl. This effect was noted in the 002 absorption studies and required

'sampling by a hypodermic syringe before contact with air. Unfortunately,

the high melting point and corrosiye'nature of the fused ealtvprevented
sampling by this method.
Another possible source of the discrepancies noted in Table I and

Fig. 5 is the contamination of the chlorine gas . with oxygen. It is con-~

~ceivable that traces ol oxygen in the reactant gases and not the chlorine .

_ were primarily responsible for the increase of the-oxidation state of the-

uranium.
The discrepancies in Fig. 5 between the results for pure chlorine and

the gas mixtures could be attributed to this cause. If most of the uranium

oxidation were due to oxygen, then the basis upon which the equilibrium U

' fractions were calculated for the gas mixtures is in error; there is no’

‘ -. reason to expect that the fraction of Oecohtaminant of the bottle of pure

Cl would be the same as in the bottles of the gas mixtures. Secondly,

" the salt- solution took on a dlstlnct yellow tinge after long chlorine

spergings in the equilibration experimente.l This is just the color of

UO Cl dissolved in the eutectic. Thlrd Gruen and McBeth7 have examined ”

" the absorptlon spectrum of uranium soluulons in LiC1l-KCl alter prolon"ed .

. there was no change in the speCorum From this they concluded that the

‘higher valence uranium chlorides are unstable .in the fused salt at L00°C.



would be required to attain the eqﬁilibrium U—Hr rut¢o if U02012 was the .

—Lb=

However, in our equilibrium experiments, it was noted that at LOO°C the

+ L
equilibrium U 6 fraction is 0.2, and the preponderance of U .may have

. +6 s . e en
swamped the U = spectrum. In addition, prolonged sparging by chlorine

' . +6
does not continually build up more U ~; after several minutes, the
uranium concentration decreases due to volatilization while the frzction

+h , .
U remains constant.
Tlnally, ev1dence for O as the oxygenating agent rather than Cl

is provided by the lack of uranium volatilization in the kinetic ex-

periments. This effect may have been due to the formation of non-volatile

U0 012 rather than UC12. However, the lack of . uranium loss could also

be explained by assigning low, but not unreasonable, activity coefficlents

- to U+6 in the fused salt. Moreover, considerable volatilization was ob-

'i served during the equlllbrlum experlments.

In addition to the observed loss of uranium dquring chlorine sparging,

- there are other reasons for regectlng the hypothesis of considerable oxygen.

+4
reactlon w1th the U, '. The first is the amount of oxygen required to pro-
duce the increase in uranium valence observed in the equilibrium measure-

ments. The Cleisparging rate in the equililretion experiments was ~ 0.1CFH,

. or, ~ 50 c¢/min. If X. is the mole fraction of O, impurity in the chlorine,

Op T2

-this corresponds to a feed rate of ~ 2x1o“5.x mole Oé/min; The fused'salt

O2

contained ~ 2gm of UCL) per change. At 600°C, about 40% of this was U’

' which'corresponds to 2X10 5 mole of U 6. The time reguired to produce

2)(1.0"3 mole’ of U0 Cl at an oxygen feed rate of 2XlO-3X mole/min (assuming‘

2 05

all the oxygen introduced reacts) is 1/X02 min. A reasonable upper limit

for the oxygen impurity in the chlorine is ~ 1%, and nearly two hours

sole'produét. _Ih practiée, it was observed that the U h ratio dropved
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-ﬁthat the primary oxidizing agent in the equilibrium experiments was Clg;

o in the two cases are nearly equivalent, the equality in.the outlet U

-,t most reasonable sources of the d1screpanc1es between theory and experiment-

“‘iat hlgh temperatures. Nevertheless, the order of magnltude agreement bew L.

.A,ﬁftlon of" UClh in a fused salt by elemental chlorine is controlled by llquld

ﬂ-;_phase dlffus1on of U and an equlllbrlum restriction imposed by reaction ;

w16

to its equilibrium value within-5-10min.This comparison strongly suggests

‘__rnot_oet . :

' +h4 ,
Finally, to assess the effect of oxygen on the oxidation of U in -

_the kinetic experiments, a run was made at 600°C with a reactant gas

" consisting of 20% O2 in HCl. After contact with this gas in the wetted
‘rod contactor, the salt remained clean and precipitate-free. The results

'Pﬁ indicated that a 20% O2 gas produced approximately the same equilibrium

+4 .
U  fraction or pure chlorine at the same temperature: at a salt flow rate

' : +
“of 0.1 cc/sec, the U b fraction in the outlet salt was 0.85 for pure

-chlorine and 0.83 for 20% okygen. Since the diffusionadl characterstics

+4

fraction reflects a correspondlng equality in the equlllbrlum 1nterfac1al

L U+h fractlons generated by the two reactant gases. If the oxygen mole
H.:?; fractlon is l% instead of 20%, its ox1dlzlng power would be roughly com~
o :parable to a 5% chlor;ne gas and would not contrlbute apprec1ably to the :

' increase in uranium valency in the kinetic experiments.. Moreover, wﬁeo

lthe oxygen is a contaminant in chlorine gas, U02012 formation is probably

suppressed by the reaction:

Ublh(sol'n} + Oe(g).= U02012(soi'n) +_012(g) (8)‘\

. In sum, the unequal diffusivity and sampling error effects are the
LA

]

‘.,tween predlcted and observed conversion suggests that the rate of chlorlna- X

(1) at the interface.
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.The wetted rod device developed fof this study was found to be
'.simpie to operate, sturdy enough to resist corrosion by the reacfants;
xv‘f?z'f:f ;., and to.exhibit diffusional characteristics theoretically predicted by

-:%.:{'    _falling film flow. The theoretical and experimental results indicated
:,lthat the'ove%all rate is not affected by a gas phase resistance. Al-
“though the surface boundary indication for the diffusion equétion of
b the falling film was one of.chemical equilibrium in this study, the
.': anaLytical solution has also been obtaingd for a slow, reversible first-
order surface reaction at the in‘cerface.3 These featﬁres may permit
the wetted rod contactor to be uséd in investigat%ons of gas-liquid
.- reactions ih which the surface kinetics are:sufficiéntly slow to con=-
.-_'stitute the rate-limiting step.f
- Table I. Comparison of experimental and theoretical

slopes. Data for pure Cle--initial uranium
concentration of 2 w/o

Slope (cc/sec)2/3

"_Teﬁperatur¢'(°c) g Theoretical Experimental:
hoo R .0.043 . 0.055
450 . 0.055 0.063 |
500 S 0.060 -~ 0.05k
550 . 0.083 .0.050
600 S 0.097 - 0.057
650 ok L 0.055
v 700 o 0.13%2 -+ 0.0k9
SRR o |
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| NOMENCLATURE
" rod radius,>cm- o
:'iﬁTotal'uranium‘éoncentrainn in salt;'gm molg/litf‘“
ltaVerage}éﬁtlet.liquidicénCenfraﬁidn, gmvmole/lit
. diffusion cbefficient; éme/sec
"ajg ‘ >f acégleration of gravity, cm/sec2

*‘K'A:f .eqﬁilibrium constant for reaction (1), atm-l

u?'ifequilibrium.constant for reaction (A-1), atml/2
:,;vlength of rod. cm |
ﬂ;r.molar‘flux éveraged’ovér lenét£ of rod, gm mo1e/ph2séc G :‘f"
" Schmidt Number | o |
P 3?é‘chlorihe-partial pressuré, atm
. é:Q iﬁ“;fliqﬁid.flow rate down rod, ém;/sec
: R : - -

tZﬂﬂgas constant_:,

ftemperatﬁré,‘fK .
?surface.velopitjﬂof'liquidvfilm, cm/sec.“ﬁ

fjxd;ﬂfﬁ mole fraction oxygén impurity in chlorin¢<'7»ﬁ;."y'; a

_‘..GREEK LETTER -
| f{¢fkinematic viscosity éf‘iiQuid, cme/s;c L}:i?k.w ‘  $ f?;;f: ; f}i;fj,} ER
. SuBsCRTPIS
uﬁ;gaS“liﬁuid‘intefféce';f;‘ S ‘;1v<'{.{#ff%vIA;"f ﬂ{}f  ij'“ -
llinlet__[. Covndit‘ions' o v | -
:.téélf?iiaﬁeéﬁiiibfium :11 1;}*ff fj-. liff ;i 5 “i ‘f;:ifn«Q;-}{f}{f;ul"jJ; %“L.,,
;teq(Ai:atm)f dénotés éégilibfiﬁm:reéﬁlts sﬁtaiﬁedIWifhjﬁﬁré éhloriﬁe gééﬂ

f:ifatfiﬂatmosphere‘gf¢;A]J



vy, 5

5

wel, -
6 ey,

) liquid phase

'f“idlg v"‘» gas phase

oxidized species in salt _ - f‘ e S "Q;fﬂji ‘;é
.. SUPERSCRIPT

h diménéionless quantity defined-in text

'denotes apparent UCL) or UCl, concentration obtained by analyéis ~v  
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" TIGURE CAPTIONS q

afiFig;'lL ;'V.Equilibrium constant of reaction (1), measured with pure -

chlofine in 2 w/o UCl, solution. UCL production neglected.

2

- 'Fig. 2 '”‘;Qpaftz wétted rod contactor. '
“?Fig. 3 “? Carbon dibxide desorbtion in:wettqd.rod ;éntactof:- 25°C.'jv”””'
_;:Fig.vh'  ?£«UClg chiorination in wétted_rod contactor~~pure chlorine; :
- 600°C.
~63f Fig;v5 .l: ’Effect of chlorine partial pressure on UClu chloriﬁatioﬁ--
B 600°C, 2 w/o UCLy. . | |

TLee -
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APPENDIX - ANALYTICAL PROCEDURE . : .

In addition to UCl) and UClé,'the salt samples collected in the
E equilibrium and kinetic studies contained two other species: an oxid-
ized species which could not be removed by prolonged sparging with HCL

gas and which analyzed as U+6; and UCls, formed by the reaction:

UClLg(sol'n) = UCL(sol'n) + 5 Lo (g) - (a-1)

Before contact w1th chlorine gas, the uranium solution in the fused

+h
salt (which had been treated with HCl) contained U and the oxidized

’

o . Ak
As a result of contact with chlorine, some of the initial U was con=-

- verted to U’5 and U+6:

CO=C}-|-+C

5 * Cot+C | f (A-3)

. The frozen salﬁ sample Qas dissolved iﬁ an aqﬁeous.HCl soiution,
‘”‘Qﬁich reeulﬁe in disproportination of the.I.J+5 to equal amounts of U+% N
.. and U+6. |
o '.Part ef the‘solution was treated with FeClB,_whiep-oxidized U+l+

;7 and.U+6 .Back titration of the Fe with K20r207 gave the apparent

4l
U content, whlch is related to the original concentration of UClu

A::;i, a ';' 4 end UCl5 in the frozen sample by'

DRI L 1., o - :
L R L e

The rémainder of the aqueous solution was first passed through a
' lead column to reduce all of the oxidized specmes, then analyzed for
o '
U as descrlbed above. This procedure yielded the total uranium content

[ of the semple A
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The uranium tetrachloride‘usedlin these experiments was obtained
- from the Oa2k Ridge National Laboratofy. When aﬁalyzed in this mannerA
. : thé raw salt showed a CMO/Cb ratio of 0.92. After dissolution of the
‘?f? : . ',_v-salt in HCl- treated fused salt followed by an additional 10 mm of
sparging with HC1l gas, the C&O/CO ratio was_0.9h2t0.00l, averaged ove?
17 determinations. Since the uranium-free KC1-LiCl milture showed-
essentially no apparent U+u'or U+6 when analyzed, the 6-8% of oxidized
impurities originated with the as-received salt, and was probably U02Cl2

. formed by contact with air.

5

- From the equilibrium constant of reaction (A-1) the ratio pf U

to U+6 in the fused salt is fixed by the temperature and chlorine partial

pressure: .

_ - ,c K, -
- <6§ f: » . (a-5)

-+, The fraction of U b in the frozen salt can be obtained from Eqs. (A-2)

to (A-5) as:

X ( 1+K1/f1°"-) | ‘/KI‘L/?\[}.'D‘

‘o Yo N /2Np \ 14K, /2 Vp

>Cho | (-6)

o

C
-(—:—-::

' “Similar1y,.the ffdction of U+6 in the frozen salt is: .

C . . C ) .C ' N . _v .' . .t
6 < 40 Y4 > - L

== T - 1+X, /2 Np . - (Aa-T)
Co <, <, ) "1 s S C

s

.'“{Equilibrium of Reaction (1):

The Eqhilibrium constant of Reaction (1) is: {

i

" using Eqs. (A-6) and (A7), this is:

«
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.Cho/col--(ch'/cb)eqq- : (4-9) ’

Kp =
’ (1, Alp) (€)' /0g) o = (K /alp) () /C0)

In order to obtain values of X from the equilibrium measurements,
all of the chlorinated UClu was assumed to have produced U016 (i.e., K =0).
Since the equlllbrlum determlnatlons were performed only w1th P = l atm,
Eq. (A-9) reduces to:
_ Cuo/ o

(Ch'/co)eq(l atm)t

-1 ' (A-10)

These results are plotted in Fig. 1. S

- Kinetic Experiments

The prlmary variable .in the analysis of the kinetic experlments is

the dimensionless concentratlon defined by Eq. (4). For klnetlc and

: equlllbrlum experiments performed at the same temperature and chlorine’

_partlal pressure, substltutlon of Eq (A-6) into Eq.. (k) yields:

ot A - (¢,'/ Coleq | (A-11)
C10/C0 = (O /Co)eq '

The concentration uariable 5* otteined from the measured U+h fractions
| is independent of tne U+5/U+6 ratio in the chlorinatedfproduct, provided
‘that reaction (A-1) is at equlllbrlum at the interface. The kinetic re-
fsults at 1 atm chlorlne pressure are valid despite the presence of U 5

-For klnetlc experlments at reduced chlorine partlal pressures,

however, the ratio (Ch'/C ) has not been measured end must- be estimated

"tfj for the équilibrium data obtalned-at 1 atmosphere of 012. Fquation (A-9)

| is first solved for (Ch'/C ) in terms of K, Kl, and p.j The equilibrium’

. constant K is ellmlnated by use of Eq. (A-9) once again w1th p'= liand

-
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_,:(Ch’/Cd)eq equal to the meaSured_values in pure Cl . The result is:

<cu) < uo> [1+K 1- —@)J(@--) eq(l o) Ly - ~/§>)< LcD
eq .
| +

(19}, (1~ Vp)] (

Eqﬁation-(A-l2) provides a means of ‘calculating the equilibrium'U
fraction required in Eg. (A-11) for reduced chlorine partial pressures.
Thgse'estimates, however, require a value of Kl’ the effect of which is

- shown in Table II.

Table II. Effect of U'Cl5 on U ks Equilibrium
at Reduced Chlorine Pressures

= 600°C; (Ch'/co)eq(l atm) = O 612 Cuo/c = 0. 92+2

‘(Ch'/co)eq
P
K, =0 Ky =
I 1 E 0.612  0.612
/ , S ,
: 0.5 | S N £ 0.647
v o.25 . .0.831 . 0.691

The limit K,

1

= O assumes the product to be entirely U+6;‘Kl = ®

- . denotes production of U 2 only. The analysis of the kinetic. data shown

~in Fig. 5 is bésed'upon Kl = 0.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the

Commission"” includes any employee or contractor of the Com-
mission,
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.

or employee of such contractor, to the extent that
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