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The following papers have been prepared at the request of the Atomic 
Energy Coiainission with primary reference to its program for encourag
ing private Industrial Participation in its Feed Materials production 
operations. 

This program has been outlined in press releases of October 2?^ 1955* 
and Novaaber 18, 195$» and in a "Formal Inquiry for Purchase of 
Uranium Products from Private Industry*' with its appendices and adden
dum. Briefly, the Commission announced its interest in receiving pro
posals to be used as a basis for negotiating contracts with qualified 
firms to process, for a five year period* uranium ores or concentrates 
to either uranium trioxide^ uranium tetrafluoride, or uranium hexa-
fluoride with deliveries to begin about April 1, 1959» 

To supply industrial concerns with technical backgound information for 
this undertaking, the Technical Information Extension at Oak fiidge is 
preparing a Bibliograpby of Confidential reports on technical aspects 
of Feed Materials process developnent efforts. Part I of this 
Bibliograpl̂ ŷ  "Uranium Ore Concentrate Hefining, Uranium Tetrafluorid© 
production, and Scrap Eecovery" has been issued as report TID-3081 and 
has been sent to all concerns having an approved classified repository 
under the Civilian Applications Program* The reports referenced there
in, however, were originally prepared for Comuission project distribu
tion and are in many cases interim or progress reports, and because of 
their nature may be incomplete in that insufficient background or only 
preliminary and tentative conclusions are presented. These reports 
also cover a period of many years and thus do not necessarily reflect 
the most recent applications of new discoveries and technolo©r. For 
these reasons, a summary report of the status of current Feed Materials 
technology pertinent to the Commission's Industrial Participation pro
gram was seen to be a desirable supplement to these historical docu
ments. Accordingly the Commission has requested its contractors to 
prepare a series of comprehensive technical papers suHmarizing ooth 
(1) the most current techniques and experience in accomplishing the 
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large scale processing of Uranium-bearing material from ores and con
centrates to UO3, UF]̂ * and UF5, and (2) accounts of alternate processes 
which have developed for processing ores and concaatrates to the afore
mentioned compounds, Dut have not been applied to large-scale produc
tion. 

The first of this series of papers, on current production .techniques, 
has been issued as report TID-5295 and is available from the Technical 
Information Extension, Oak Ridge, to all concerns having an approved 
classified repository under the Civilian Applications Program, for a 
charge of |1.60. The objective of these papers is to provide as com
plete a picture as possible of cxirrent production processes and plants 
within the practical limitations imposed by space, time and manner of 
presentation. In general, the principle has oeen followed of concen
trating on those features of the processes, equipment, and plant 
operation which depend upon, or have evolved from operating experience 
unique to the uranium industry. 

This, the second, series of pspers contains information pertaining to 
recently developed alternate methods of processing domestic ores and 
concentrates to intermediate uranium salts. It was felt that these 
alternate processes should be suamarized and this information made 
available to industrial firms for comparison with currmt production 
technology, even though they have not been applied on a production 
oasis« 

The following papers have been prepared by Commission contractors and 
include alternate methods for preparation of feed materials cur
rently under study| however, it shotild not be assumed that either the 
current technoloQr described in TID-5295 or the alternate methods dis
cussed herein, represent the only known methods of producing uranium 
salts. Many other methods have been pursued and investigated, i.e., 
Wu and UF5 were at one time produced by certain batch methods yielding 
satisfactory products. Reference to this historical information can be 
found in part I of the Feed Matenals Bibliography, TID-3081. 

It is realized that while the following reports are quite informative 
they may not De sufficiently detailed to permit cost comparison studies 
with current production processes. More detailed aspects of various 
parts of the new processes described here may be found in the biblio
graphy, TID-3081, and/or in the referenced reports. It msgr also be 
that such cost comparisons cannot be made without further investiga
tive efforts. 

No attempt has been made by the Commission to verify the factual state
ments ccmtained herein. In keeping with Consnission wishes, these 
papers reflect the philosophy, opinions and experiences of personnel 
and contractors who were responsible for their preparation, m areas 
of interpretation and evaluation of technolo©r and experience honest 
differences of opinion in variably arise between organizations. In no 
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case has the Commission felt it to be wise or proper to edit these 
presentations for the purpose of curtailing, arbritrating, or recon
ciling such expressions of opinion* 

Every attempt has been made to insure that references included in 
these reports are also available from the Technical Information Exten-
sioi, Oak Ridge. 

Of necessity, the various following papers were writtai simultaneously 
t?y different individuals. This has resulted in some variation in 
method of presentation and differences in viewpoints in papers, how
ever, it is felt that these anall inconsistencies will not detract 
from the information contained herein. 

These papers were presented at a technical infoimation meeting in 
Cincinnati on January 12, 1955s at which time those present were in
vited to ask questions following each paper. These questions and their 
answers will be published and available from the Technical Information 
Extension at Oak Ridge as report TID-7501 (Part II) for a charge of 
|0.i45. 
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OONBBENBAi 

NEfif DEVEIOPMEHTS IN THE PROCESSING OF URANIUM PEES 

B^t George G. Iifarvin, Thos, B, Upchurch 
Ernest C. VanBlarcom, Elmer F. Greenleaf 

INTRODUCTION 

In papers presented a t the previous meeting on December 8th in Washington 
concerning indus t r i a l pa r t i c ipa t ion in our Uranium Refining program, various 
methods of uranium recovery for ores in use a t mi l ls now in operation or under 
construction were out l ined. This background of knowledge of ore processing 
techniques was presented to permit be t te r understanding of the problems con
nected with the uranium concentrates fed to ref inery operation. 

To round out t h i s background, i t seems desirable t o describe scane of 
the new recovery methods which are being developed and studied, up to a p i lo t 
plant sca le , but which have not yet been incorporated into fu l l -sca le produc
t ion a t any p lan t . We fe l t tha t potent ia l operators of a refinery would be 
in te res ted in the possible effects of ore processing procedures which may be 
considered by uranium mills to be erected in the future . In addit ion, persons 
who are contemplating construction, enlargement, or revis ion of plants t o 
recover uranium from ores may be par t icu la r ly interested in some of the new 
recovery methods which may be able to produce refineary grade uranium oxide. 



NJÊ I DEVELOFIffiHTS 11̂  THE PEOCESSING OF UMNIUM ORES 

For several years, the Commission has sponsored extensive process 
development studies on recovery of uranium from its ores. As a result, 
several new and improved processing methods have been developed and tested 
on laboratory or pilot plant scale. In some cases, incorporation of these 
improved techniques into new production plants already is being contemplated. 

A modification of the conventional carbonate leaching process has received 
considerable study, and appears promising. The method utilizes a combiration 
of ammoniim carbonate anl ammonium bicarbonate. Laboratory studies and pilot 
plant work have shown that an ammonium carbonate pressure leach of ore at 
250° F for four hours would extract 90 percent of the uranium. A solution 
containing ten percent ammoniim carbonate and two percent ammonium bicarbonate 
is required for maximum extraction of the uraniwn when leaching at a pulp 
density of 50 percent solids and a pressure of 125 pounds per square inch. 

Tests run employing potassiiun permanganate as an oxidizing agent show 
that by adding five percent potassium permanganate, based on the weight of 
the ore charge, extraction of uranium can be increased to 95 percent. Because 
addition of an oxidizing agent improves the extraction of uranium, tests also 
were run at increased pressures on ore roasted in an oxidizing atmosphere, and 
on raw ore, to ascertain if the uranium could be oxidized to a soluble state 
without the use of chemical oxidizing agents. Roasting the ore did not increase 
the extraction of uranium beyond 90^. However, with a vapor pressure of 125 
psi and the addition of compressed air to give a total pressvire of 700 psi, 
extraction of 95 percent was obtained in laboratory autoclaves. Semi-works 
equipment operation yields the same results with a total pressure of 120 psi. 

Because the uraniim can be precipitated from the pregnant solution by 
steaming, no chemical reagent cost is incurred during precipitation. In 
addition, ammonia can be recovered from the steaming operation, recarbonated 
with waste flue pases from a steam boiler, and then be returned to the leaching 
circuit for a treatment of fresh ore. These facts indicate the possible 
developnent of a low-cost operation for extraction of uranium from ores. 

Recovery of uranium from alkaline solutions has been a subject of several 
investigations. Principal emphasis was placed on recovery by reduction, and 
subsequent precipitation of the uraniim. The techniques studied include hydro
gen redaction, sodiiau amalgam reduction, and electrolytic reduction. One of 
the most promising of these methods v.-as that employing reduction of uranitam by 
hydrogen in the presence of a nickel catalyst. It was found that the rate of 
precipitation was directly proportional to the amount of nickel and to the 
sqiiare root of the partial pressure of hydrogen. For a practical operation, 
temperatures of 100-l50° C and hydrogen partial pressures of 50-200 psi appeared 
most suitable, with the amount to catalyst variable to control the rate. The 
amount of catalyst would normally be in the range of 3-10 g/l. Although the 
process has the disadvantage of being a pressure operation, this is offset 
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partially by a rapid rate of precipitation. The advantage of this process is 
that no contaminating agents enter the solution and the nickel may be recovered 
readily by a magnetic separator. Recent laboratory tests have shown that the 
process can be used by using large nickel shot which are more readily separated 
frcm the solution. 

Another method of reduction that has been investigated quite widely uses 
sodium amalgam. The advantage of the amalgam is that mercury has a high hydro
gen over-voltage and very dilute solutions of sodium in mercury will not 
deccMpose water in strongly basic solution. For an efficient operation, it is 
important that the side reaction of amalgam and water be minimized. Conditions 
necessary to reduce the reaction between the sodium and water are a low con
centration of sodium in amalgam, low temperature, high pH, and fabrication of 
the vessels which contain the amalgam and solution from non-conducting material. 
In general, amalgams containing on the order of 0,02^ by weight soditan and 
operating temperatiires of approximately 25 C appear most suitable for the usual 
leach solutions. Under these conditions, sodiim efficiencies (ratio of equiv
alents of material reduced to equivalents of sodium expended) on the order of 
BO^ may be obtained. 

The rate of reaction between the amalgam and the uranium in solution is 
proportional to the surface area of the araalgam, and therefore all types of 
contactors have as their objective a fine dispersion of amalgam throughout 
the solution, A number of contactors including an amalgam spray tower, a packed 
tower with countercurrent flow of solution and araalgam, and various types of 
agitators acting in an amalgam pool have been investigated. All these methods 
are satisfactory, but care must be taken during the operation to avoid flouring 
the mercury. 

The classical method for production of amalgam is the mercury cathode cell, 
and since amalgam was found to be capable of reducing uranium and/or vanadiiM, 
an investigation of the mercury cathode cell for uranium reduction by electrol
ysis was undertaken. Since uranium and vanadium both go through a soluble 
intermediate stage during reduction, a diaphragm is required in such a cell. 
The function of the diaphragm is to minimize migration of soluble reduced 
compouxxis to the anode where they would undergo oxidation. In this respect the 
cell used for reduction differs from the conventional mercury cathode cell since 
no diaphragm is necessary in the production of caustic soda. Other principal 
differences are that the mercury is not cycled through the cell, and that the 
solution is agitated. Jost of the com-mon diaphragm materials such as canvas, 
alundum, and asbestos are satisfactory except when solutions obtained from 
salt-roasted ores are used. In this case, the CI2 or CIO"" formed attacks canvas. 
The development of ion exchange membranes, particularly the cation type of mem
brane, offers a good diaphragm material, since the reduced compounds are present 
as anions, and will not be exchanged by the cation. Hence migration is prevented 
theoretically. 

It was found that for a given current, the rate of precipitation or current 
efficiency increases with decreasing cathode current density, increasing tem
perature, agitation, and uranium concentration. In the case of reduction by 
amalgam it was found that increased temperature lowered the hydrogen over-
voltage which led to inefficient operation. However, in electrolysis the 
increased rate of reduction with temperature offsets the decrease in hydrogen 
over-voltage. A further advantage of elevated temperatures is that the cell 
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voltage is lower for a given current flow, thus reducing power consumption. In 
carbonate solutions which contain only Tarani\m, it usually is necessary to 
acccmpany reduction with heating in order to break up the soluble /I4. carbonate 
complex and precipitate uranium. However, if the electrolysis of cold solutions 
is carried far beyond the point for complete reduction of uranium, sufficient 
hydroxide will be generated to precipitate U(0H)|4., When vanadium is present 
it appears that sufficient hydroxide is liberated during the reduction of 
vanadium to precipitate U(0H)ij, and therefore the electrolysis may be conducted 
at room temperatures. Preliminary cost estimates indicate that optimum operating 
conditions are achieved using cathode current densities of 0.3 to 0,5 amp/in and 
temperatures of approximately 80 C. 

None of the reduction methods described above are in use on a production 
scale at present because they have not been sufficiently developed. However, 
further study on a laboratory, pilot plant, and larger scale is expected. 

Another technique for recovery of uranium from solutions utilizes organic 
solvents. To date, use of this method has been confined to acid solutions. 
Several plants xinder construction or in operation utilize this technique to 
recover uranium from phosphoric acid. In addition, development work applying 
the method to ores from the Colorado Plateau has progressed through the pilot-
plant stage. 

The process for recovery of uranium from phosphoric acid consists ofj 

1, Contacting the acid with a solution of an alkyl pyro
phosphate in kerosene. 

2, Separating the phases. 

3, Recovering the uranium from the solvent as a fluoride salt 
by precipitation with liB̂  HF, 

h. Reusing the solvent on a continuous basis with a required 
amount of fresh solvent make-up. 

Analyses of the phosphoric acid leaving the extraction system indicate 
that it is relatively unchanged except in uranium content. 

The extractants which have been used most successfully in this technique 
are esters formed by the reaction of phosphorous pentoxide with straight or 
branched chain alcohols of eight or more carbons. These extractants generally 
are mixed with a diluent such as kerosene. Depending upon the particular 
characteristics of the digest slurry involved, strengths of organic extractants 
rang11^ from 2 to 10^ might be employed. Other extractants are being investi
gated. 

The original application of solvent extraction was on clear solutions. 
Recently the technique has been adapted successfully to leach slurries. The 
coefficients are sufficiently high that quite efficient extraction may be 
expected in a very few stages. The organic and pregnant aqueous phases are 
contacted by mixer-settlers or colimns, such as are used in conventional 
'extraction. On an experimental basis pulse columns and centrifugal contactors 
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also have been investigated. 

The process has extracted uranium successfully from clarified liquors and 
acid leach slurries of a variety of Colorado Plateau ores. The extractant 
used in these studies was a O.IM solution of a canplex organic phosphate in 
kerosene. Howeverĵ ^ laboratory and pilot plant tests on other extractants are in 
progress, and particularly promising results have been obtained by the use of 
selected mixed primary, secondary, tertiary and quaternary complex amines. In 
pilot plant studies to date, slurries treated have ranged from desanded pulps 
containing five percent solids to high-density slurries of sixty percent solids. 
The types of slurry feeds and the extraction equipment were compared on the 
basis of uraniiam recovered and the amount of organic mechanically entrained in 
the slurry phase. 

Three different types of extraction equipment were used to process this 
range of slurry feeds, but the principles of contacting and settling remained 
the same. The extraction system was comprised of a number of stages. Each 
stage consisted of a mixing device and a settling chamber. The mixing device 
forced intimate contact of the two iraaiscible phases, permitting transfer of 
uranium from the slurry phase of the organic. In order to prevent emulsi-
fication of the two phases, it was mandatory to maintain the organic phase 
continuous while mixing, i.e., to disperse the droplets of slurry within the 
organic phase. This condition was maintained^ even though the slurry flow 
rate exceeded that of the organic, by returning the bulk of the contacted 
organic from the settler to the mixer. Gravity separation of the two phases 
followed the mixing step. A distinct interface marked the boundary between 
the lighter organic phase on top and the heavier slurry phase on the botton. 

Three extraction devices found most successful in contacting the acid 
slurries and the organic extractants were the conventional mixer-settler, 
the pimp-raixer, and the internal mixer-settler. 

In a conventional mixer-settler arrangement, the mixer was a baffled 
tank agitated bj a motor-driven turbine impeller. The settler was a quiescent 
tank of similar size. The mixed phases flowed to the settler through the lower 
transfer line and recycle organic was returned to the mixer through the upper 
transfer line, The contacted aqueous then flowed by gravity through the 
external overflorf leg. The solvent phase overflowed through an opening near 
the top of the settler. The mixer-settler stages were arranged on a cascade 
permitting gravity interstage flow of one phase, but necessitating interstage 
pumps for transfer of the other phase. 

The p-ump-mix extractor was a modification of the mixer-settler. An 
external centrifugal pump was substituted for the baffled mixing tank. Slurry 
and organic were fed into the pump with recycle organic stream. After pro
viding residence time of a second or so, the mixture was pumped into the 
settling tank. Phase separation occvirred at the interface in the lower sec
tion of the settler. The aqueous and organic phases flowed by gravity to 
the next stages. In this system no intersxage pumps were required other 
than the mixing pimps. 

The internal mixer-settler was a contactor which canbined the mixer 
and settler in one tank, A shrouded turbine impeller was located in the 
lighter organic phase. Slurry and organic were fed to this impeller through 
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a well surroxuiding the shaft. Recycle organic was drawn into the mixing blade 
from above, thereby maintaining the organic phase continuous. Separation of 
the phases occurred in the interface located well below the impeller. The 
stages were arranged on a cascade with interstage flow of the organic by 
gravity, and transfer of the slvtrry by pumps. 

Performance of these extractors in pilot plant scale depended on the 
type of feed. Operation was begun using clarified liquors and conventional 
mixer-settlers. Following this, runs were made treating desanded slurries, 
followed try high density slurries. 

Successful extractions of both desanded and high density slurries were 
made using the pump-mixer and internal mixer-settler. However, it was 
necessary to maintain a high organic-to-aqueous mixing ratio to prevent 
emulsion formation. Recoveries using either contactor were comparable, but 
use of the pump-mixer resulted in higher loss of solvent as entrainment. 

A settling tank was introduced after the last stage for reducing 
entrainment in the raffinate, A residence time of several hours was suffi
cient to float this solvent when treating desanded slurries. However, the 
high density slurries first has to be diluted with water to release the 
mechanically-held organic droplets. Usxially about 90 percent of this organic 
could be returned to the extraction system. 

The chief difficulties encountered in solvent extraction have been 
occurrence of emulsions and loss of organic extractant in the raffinate, 
fflith proper choice of equipment and operating conditions they usually can 
be avoided or controlled. After the organic solvent has been separated from 
the leached liquor, the uranium may be stripped in a number of ways depending 
upon the extractant used. Hydrofluoric acid has been used successfully to 
form uranous tetrafluoride, which is a final product. Other stripping agents, 
such as hydrochloric acid, are desirable when they can be used. 

Limited study has been made on processes whereby ore is contacted with an 
organic solvent substantially free of water phase. The ore may or may not have 
received an acid cure, and the solvent may or may not contain a mineral acid. 
An obvious attractive feature of this process is that the pulp clarification 
step is eliminated and therefore it is possible to handle a wide variety of 
ores without regard to their filtration or settling characteristics. This 
advantage is important when dealing with plateau ores, which differ widely 
in their properties, often within a single deposit. 

One solvent leaching process has been studied which consists of the 
following stepsI 

(1) Pugging crushed ore with sulfxiric acid and water, and 
curing. This opens the ore and converts the uranium 
to a soluble form as well as neutralizing any lime the 
ore may contain, 

(2) Repulping the cured ore with about ten percent by weight 
of ammonium nitrate solution, Uranyl sulfate formed in 

' 1. the pugging step is converted to uranyl nitrate in this 
repulping step, 
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(3) Gontactir^ the nitrated ore with five percent tributyl 
phosphate (TBP) in kerosene. This extracts uranyl 
nitrate and free nitric acid into the TBP. 

(ii) Stripping uranium fran the pregnant solvent with water, 
and recycling barren solvent to the leaching circuit, 

(5) Recovering uranium from the aqueous strip solution by 
armonia precipitation, and recycling filtrate from this 
precipitation to ammonium nitrate repulping, 

(6) Recovering adhering solvent from the ore residue, and 
conditioning the residue for stockpiling, if necessary. 

The pugging operation involves mixing crushed ore with sulfuric acid 
and water at approximately 80 percent solids, and then curing for one to 
two hours either at ambient temperatuire or at elevated temperature, depending 
on requirements for good uranixam solubilization. Since only solubilized 
uranium can be extracted, the maximum overall uranium recovery is limited 
ty the extent of solubilization obtained by pugging. 

By using a pugging technique, the amount of aqueous phase is kept to 
a minimum, and a fairly simll quantity of ammonium nitrate (about 30 to 1+0 
pounds per ton of ore) is adequate for efficient uranium extraction. The 
fact that a high organic to aqueous phase ratio can be maintained without 
using an enormous quantity of solvent also contributes to high extraction 
efficiency. 

After the ore has been pugged with sulfixric acid and repulped with 
ammonium nitrate solution, it is leached with five percent TBP in kerosene. 
This leaching step has been successfully performed batchwise by such methods 
PS agitation leaching and percolation leaching, A countercurrent leaching 
process involving a moving belt or similar mechanism which affords continuous 
movement of both o3re and solvent should prove successful. 

In the percolation operation, solvent flows upward through a column 
of pugged ore. The solvent, which extracts uranyl nitrate and free nitric 
acid from the ore, is percolated through the bed until neither uranium nor 
nitric acid is detectable in the effluent solvent. The amount of solvent 
required is about 1000 to 1300 gallons per ton of ore. Actually, most of 
the uranium is extracted in the first 25 to 30 percent of the solvent 
collected, but the remainder of the solvent is necessary to recover most of 
the added nitrate and to extract the final few percent of solubilized uranium. 
In practice, solvent requirements may be diminished by employing the last 
500 to 600 gallons, which are relatively low in uraniiM, to leach a succeeding 
charge of ore. In this manner, a high uranium concentration is maintained in 
the pregnant solvent, 

pregnant solvent from the leaching step is stripped with water counter-
currently in five stages using an organic to strip volume ratio of 10 to 1, 
Barren solvent is recycled to the leaching circuit and the pregnant strip 
liquor is neutralized with ammonia to precipitate ammonium diuranate. 
The uranium product is filtered, and the amoaaonium nitrate in the filtrate is 
recycled to the nitrate repulping circuit. The filter cake is calcined to 
U3O8 and yields a product grade of 99 percent* 
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The only step in this solvent leaching process not yet investigated completely 
is the recovery and recycle of the l5 to 30 gallons of solvent found to adhere to 
each ton of leached ore residue. Various solvent recovery techniques such as 
water displacement, volatilization, steam distillation, and continuous centrifuga-
tion are being investigated. Another variation of the solvent leaching technique 
has been studied in which roasted uranium ores are leached with IC^ iso-octyl-
phosphoric acid diluted in isopropyl ether, and mixed with a very small amount of 
sulfuric acid. After separation from the barren residues, the loaded organic 
may be stripped with hydrochloric acid in a manner similar to that used in 
slurry extraction procedures. 

In still another solvent leaching method, dry ore is contacted with 
hydrochloric acid and a small amount of sulfuric acid, and then the acid-
cured ore is fed into a closed receiver of acetone. Solids separation is 
very rapid and a high iBCovery of uranium into the acetone is attained. 
The pregnant solvent is treated with anhydrous ammonia to precipitate uranium. 
This precipitate is filtered, washed, and then may be upgraded by conventional 
chemical means. 

Some advantages of the solvent leaching process are the followings 

1. No filtration or settling problems are encountered. 

2. A product of extremely high purity is obtained, 

3. With TBP as the active solvent, stripping of uranium 
with water is possible, 

U. Presence of vanadium offers no problem since it remains 
in the ore residue which may be stockpiled for future 
vanadium recovery. 

In addition to the uranium recovery methods described above, several 
other techniques which have been developed and studied on a laboratory basis 
are quite different in principle to those now in use. One such procedure 
uses a selectively permeable anion exchange membrane in an electrolytic 
cell. Acidic leach liquors may be placed in one side of a two-compartment 
cell. Upon passage of electric current through the cell, the leach liquor 
approaches neutralization, with acccmpanying precipitation of uranium, while 
the electrolyte in the other compartment becomes more strongly acid. Uraniim 
recoveries can be made quite high, and chemical consumption is very low. 
Filtration is usually no problem, and product grade nornrally is quite high. 

Still another technique employs an activated char prepared by treating 
a specially selected char with an organic phosphate such as dioctyl pyro-
phosphoric acid. A comparison of several chars indicated that a coarse, 
steam-activated, peach pit char offered the advantages of high surface area 
in addition to its resistance to abrasion. The process developed consisted 
of adsorbing on the char the desired modifying compound from an alcohol 
solution, agitation of the modified char in the solution or pulp containing 
uranium (in some cases, simultaneously with the leaching operation), and 
screening of the char from the solution or slurry. The char covld then be 
desoi'bed by contact with sodium carbonate solutions, after which the char 
may be recycled, and uranium concentrate recovered from the carbonate solution 



by conventional means. Variables studied which affected the adsorption of 
uranium were the amount of organic phosphate adsorbed, pH of the solution, 
sulfate concentration, interference of other ions, temperature of tiie solution, 
time of contact, and uranium concentration, Ihile this modified cnar technique 
has not been tested on a production scale, the n^thod is similar to the well-
known activated char techniques applied industrially to cyanide solutions for 
gold and silver recovery. 

Uranium concentrates produced by the techniques described above usually 
range in grade from 70^ to 90^ (as U3O8). Recently, however, a procedure 
supplemental to the ion exchange techniques previously discussed has been 
tested in laboratory scale. This procedure involves redissolving with 
nitric acid the uranium precipitate produced from ion exchange eluates. 
The resulting nitrate solution then is contacted with tributyl phosphate in 
kerosene, which performs a highly selective solvent extraction. The loaded 
solvent may be stripped with water, and the resulting aqueous uranyl nitrate 
solution then is evaporated to produce a highly pure form of uranyl nitrate 
hexahydrate, which in tvirn may be calcined to orange oxide (UO3), Details 
of the upgrading procedure are illustrated in the attached Figure 1, The 
data presented are based entirely upon the results of laboratory-scale experi
ments. 

Adoption of the upgrading technique would make it feasible to produce a, 
refinery-grade product at the mill which receives and processes raw ore. The 
organic solvent needed can be recycled, and the nitric acid used in the upgrading 
step is neutralized with ammonia and recycled to the eluant makeup of the ion 
exchange step, Ihus, at practically no chemical cost, the uranium concentrate 
from an ion exchange plant, either fixed bed or resin-in-pulp, may be converted 
from 70;̂  purity to refinery grade. 
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The Ion Exchange-Excer Process for the Production of Metal 
Grade UF| from Crude Uranium Sources 

by 

I. R. Higgins 

0.0 ABSTRACT 

The Excer process is described which is capable of producing 
metal grade UF̂ ^ from raw ore. The process steps consist of a) anion 
exchange recovery of uranium from unclarified ore leach liquors by 
use of the Higgins continuous countercurrent ion exchange contactor^ 
b) cation exchange conversion of the ore concentrate to UOpFp 
solution with the Higgins contactor, c) electrolytic reduction of 
UOpFp to UF, "S/^HpO in a mercury cathode ceU., and d) dehydration 
of tJFju • 3/4HpO to UFK. Decontamination is achieved in each of the 
ion exchange steps and in the electrolytic reduction step. 
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1.0 INTRODUCTION 

This paper discusses two separate developaents at ORNL which 
can be used together to produce UF. , starting with unclarified ore 
leach liquors or with ore concentrates as feed, without solvent 
extraction purification. The first development.is the Higgins con
tinuous countercurrent ion exchange contactor^ -' and its use in ,^^ 
producing partially purified uranium concentrates from uranium ores .' 
The second development involves the use of the Higgins contactor to 
convert crude uranium salt solutions to UOpFp, and the use of a 
mercury cathode electrolytic. (;ell for the subsequent reduction of 
UOoFp to pure UFî 'S/togO J3;4} -jiie UF^'3/4H 0 can be converted to 
annyarous UPu_ in an HF atmosphere, although current development work 
indicates that dehydration in a nitrogen atmosphere may be sat
isfactory. Both the ion exchange conversion step and the subsequent 
electi'olytic reduction provide ionic decontamination, such that a 
pure UFK, meeting all specifications, is attained as a final product. 

2.0 SUMMARI 

The Excer process for the production of metal grade UF. frcxa 
raw ore is presented. The process steps are a) recovery of uranium 
from ore pulps by continuous anion exchange using a Higgins con
tactor, b) conversion to fluoride by continuous cation exchange 
with a Higgins contactor, c) electrolytic precipitation of ^^'3/^ 
HpO, and d) dehydration of UFL'SAHpO. Typical overall de
contamination factors were > 1,000 for iron strontium, tin and 
cobalt and 30 to 3^000 for rare earths, zirconium-niobium, ruthenioaa, 
aluminum, and vanadium. 

The unit operations are versatile and may be fitted into a 
number of processing schemes at either the ore or central processing 
sites. An integrated flowsheet for conversion of ore to W^ (or 
metal) is presented since location at an ore processing site has 
many advantages. A Higgins continuous countercurrent ion exchange 
contactor with a k tt diameter loading section is required to process 
the flow of ore pulp in a 200 ton of ore/day installation for ore 
containing 0.25^ uranium. The elution sections of the column woixLd 
be 8 in. in diameter. Standard Ionics l8 In. x l8 in. ion exchange 
membranes would be used In k cathode compartments for the electro
lytic production of UFj,. About 2 ft of linear space is required for 
1,000 lbs of U/day. 

An overall econcsmic advantage in integrating all the steps in 
one plant is that all recycle streams fit into the main process steps. 
The wastes need not be washed clean from U or Gl since they can be 
combined with the original ore pulp. Hydrochloric acid waste from 
the cation coltmui may be discarded but its acid value may be used In 
the ore leach. The supemate from the electrolytic cell which may 
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contain as much as 1$ of the uranium can also be recycled to the 
ore leach pulp. The bomb liner and slag, which may contain as high 
as 5^ of the uranium, can be recycled to the ox*e ball mill. 

3.0 FLOy SHEET FROM ORE TO CRUDE URANIIM CONCENTRATE 

3.1 The Higgins Continuous Countercurrent Ion Exchange Contactor 

The Higgins contactor is described in detail in Reference 1, 
and its application to ore processing In reference 2, so that only 
brief descriptions of these Items will be presented in this paper. 
The contactor is a countercurrent solid-liquid contacting machine 
which retains most of the features of fixed-bed operation and has 
a gentle and controlled method for resin movement. The contactor 
is constructed of independent fixed-bed sections which are connected 
to form a single resin loop. (See Figures 1, 2A, 2B). Each section 
is equipped with a feed and take-off distributor and is isolated 
from its neighbor with either a valve or a \iater seal. A separate 
col\imn section Is used for each operational step in the processj, 
namely, sorption, wash, and elution (or stripping). The resin is 
moved within the sections, and from one section to another, as a 
dense bed much like a piston in a cylinder. The movement is 
brought about by applying a sudden hydraulic pressure across the 
bed. Valving and timing are such that the resin bypasses the pump 
that produces the pressure drop, and the resin moves into a re
servoir so that it never comes in contact with the pump. 

Feed, ̂ jash, and eluant (or strip) streams are pumped simul
taneously for several minutes through the appropriate sections of 
the dense resin bed, as shorn in Figure Ij the liquid flow is then 
automatically shut off for a few seconds while the resin is moved 
one increment countercurrently to the direction of the solution flow. 
The solution flow is then resumed and the cycle Is repeated. During 
the solution pump period, the resin is locked in place by a valve 
which is opened during the resin pumping period. A second valve is 
closed during the resin pumping period so that pressure Is applied 
to the resin bed but the resin Itself is isolated from the pump. 
Inlet and outlet solution flows are shut off or bypassed during the 
resin movement period to prevent jamming and fluidlzing of the resin 
bed. The liquid contained in the bed is sufficient to lubricate it, 
but not so much as to Introduce fluidization during the resin move
ment period. 

Column arrangements vary depending on the application. For 
example. Figure 2A gives a schematic diagram of a column arrangement 
used for recovery and concentration of an ion (one product recovery) 
while Figure 2B shows an arrangement used for the separation of txro 
ions (two product recovery). 
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3.2 Feed Preparation for Ore Treatment.Step with Higgins Contadtor 

The total operation from ore to crude uranium product consists 
of several steps: First, the ore is crushed and ground to about -
10 mesh, most of the ore being reduced to a fine powder at this 
stage. The ore is then leached with sulfuric acid in a 50-50 mixture 
by volume of solid and liquid, such that the pH of the leach is 
below 1 at the end of the digestion period. After a sufficient 
period of digestion, the leach is diluted with water to about three 
times its initial volume to reduce viscosity. A sand-slime se
paration is made in a countercurrently washed drag classifier, and 
if necessary the separation is completed in a Dorrclone. The leach 
then contains approximately 10^ by weight of solids which will pass 
through a 300 mesh screen. This "pulp" constitutes the feed for the 
ion exchange contactor. 

3'3 Uranium Sorption 

Figure 3 shows schematically an arrangement of components in 
the Higgins contactor for use with uranium ore pulps as feed, and 
also indicates the sequence of events in the operating cycle. The 
pulp and resin are contacted directly, uranium is sorbed as uranyl 
sulfate, anion complex, and the suspended solids pass through the 
sorption section of the resin bed and out of the contactor with 
the barren waste stream. Trace quantities of suspended solids which 
are carried to the resin reservoir are removed from the contactor 
by means of a water backwash in the reservoir. 

The sequence of operations depicted In Figure 3 was carried out 
automatically, and each operation is timed so that the loaded resin 
is moved out of the sorption section, through the reservoir and to 
the elution section at proper intervals. 

3.4 Elution of Uranium 

Once the uranium has been sorbed from the sulfate leach pulps, 
there is a number of eluting schemes available, depending somexfhat 
upon v;-hether further processing is to be done at the ore mill site 
or whether crude uranium concentrate Is to be shipped to a feed 
plant. In the latter case, uranium is stripped from the resin with 
dilute, acidified univalent salt solutions, such as 1 M HH.NO^ or 
1 M NaCl, from which it is recovered as crude ammonlurâ or sodium 
diuranate cake for packaging and shipping. Sodium chloride is 
attractive cost-wise but necessitates the use of corrosion resistent 
equipment, as well as precautions to eliminate chloride ion from 
the product cake. Ammonium nitrate is more expensive than sodium 
chloride but can be used in stainless steel equipment. 

With the use of acidified 1 M M. NO solution, a product con
centration in the region of 20 g U/l is obtained, and the Ml,.N03 
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consumption is about k lbs per poxmd of U. 

After recovery of the diuranate from the eluted solution, the 
KH|̂ KÔ  solution, now containing sulfate ion, can be recycled. The 
presence of sulfate lowers the efficiency of uranium elution some
what, but a saving of a factor of two in IH. 10„ costs may be achieved 
by recycling. 

One molar acidified NaCl is not quite as efficient an eluting 
agent as NĤ 1I0„. Product concentrations in the region of l6 g U/l 
can be expected with a HaCl consumption of 3-1/2 lbs per pound of 
urani-um. Diuranate cakes precipitated from chloride solution have 
been wkshed to 0.01^ residual chloride. 

A promising variation in the chloride elution step lies in the 
use of concentrated (5 M) rather than 1 M HaCl. With 5 M KaCl 
solution, the uranyl sulfate anion complex is converted to uranyl 
chloride anion complex which remains on the resin while sulfate 
ion and excess chloride pass on to the exit stream. The nature of 
the -uranyl chloride complex is such that it may be easily washed 
from the resin with water, so that a concentrated, approximately 
60 g u/l, UOpClp solution is obtained. Unlike the dilute HaCl 
elution, only neutral salts need be used in this scheme, thus re
ducing the corrosiveness of the solutions involved. The concentrated 
HaCl solution can be recycled after removal of sulfate with CaClp. 
In this application, CaClp is consimied at the rate of 1-1/2 lb per 
pound of uranium. 

This method of elution would certainly be recommended if the 
uranium concentrate were intended for conversion to UFL by the 
Excer Process (described in Section 4.0 of this paper), since 
the UOpClp solution may be used directly as feed in the Excer Process. 

3.5 Experience with 2 inch, 6 inch, and 12 inch diameter Contactors 

A considerable number of runs with various Western ore pulps 
(LOS Ochos, Utex, and Lukachukai) have been ma,de on 2 inch and 6 
inch diameter contactors at ORNL. Recently a 12 inch diameter 
contactor has been placed in operation at the Raw Jfeterials Pilot 
Plant at Grand Jvmction, Colorado. Yields from all contactors have 
been consistently over 99^ of the uranium from the ore pulp. For 
the most part, feed rates have been 450 gal/hr/ft of resin cross 
section, although the 2 inch contactor has been run satisfactorily 
at a rate of 90O gal/hr/ft^ and the 12 inch contactor at 6OO gal/hr/ 
ft^. In terms of ore capacity, the 12 inch contactor handles ore 
pulp feed at a rate corresponding to 10 to 12 tons of ore per day. 
On this basis, it is estimated that a contactor with a 4 ft diameter 
by 6 to 8 ft long loading section and 8 in. in diameter eluting 
sections would handle pulps at a rate corresponding to 200 tons of 
ore per day. 



Pulps, containing 10f> solids by weight, eure processed without 
plugging on 10-20 mesh resin, if less than 1^ of the solids is seuid 
greater than 200 mesh. On 20-40 mesh., or commercial woo. resin, 
pulps of % solids by weight are processed without plugging if less 
than 1^ of the solids is sand greater than 325 m.esh.. 

The anion exchange extraction of uranium from ore pulps provides 
excellent decontamination. The types and quantities of contaminant 
which may be ejqpected in the ore concentrate produced from the Higgins 
contactor may be noted in Table 1. These data are from a diuranate 
product obtained from White Canyon ore with the 12 inch Higgins 
contactor at Grand Junction, Colorado. 

4.0 FLOVrSHEET FROyi ORE COICEHTRATE TO W^ 

4.1 The Excer Process 

The aqueous processing of uranium concentrates to UFL, as de
scribed in this section, is referred to as the Excer Process^^ •*• 
(ion Exchange Conversion and Electrolytic Reduction). The process 
steps consist of conversion of uranyl salt solutions (sulfate, 
chloride, or nitrate) to UOpFp solution by means of cation exchange 
in the Higgins contactor, reduction of UOpFp to UFK.3/4HpO in a 
mercury cathode electrolytic cell, and dehydration of UFK.3/4HpO 
to UF. . Cost-wise, the operation is comparable to the dry moving 
bed process, described in a separate paper. However, the Excer 
process provides considerable decontamination in both the ion 
exchange conversion and the electrolytic reduction steps as 
differentiated from the moving bed process. 

4.2 Cation Exchange Conversion with the Higgins Contactor 

The operation of the Higgins contactor for the conversion of 
uranyl salt solutions to UOpFp solution is entirely analogous to 
the operations described in section 2.0 of this paper. Dilute 
solutions of uranyl sulfate, chloride, or nitrate may be used as 
feed. The uranixom sorbs on the cation resin in the loading section 
of the contactor and the corresponding acid is discharged in the 
exit stream from this section, along with other anions and suspended 
material in the feed. Uranium is eluted from the contactor very 
efficiently with aqueous HP since the fluoride ion forms an anionic 
complex with the uranyl (UOp ) ion. 

The cation exchange conversion of uranyl salt solutions to 
UOpFp solution provides decontamination from anions and insolubles, 
whxcn do not absorb, and from cations which sorb on the resin, but do 
not elute with aqueous HF. Uranyl fluoride solutions have been 
prepared from uranyl nitrate, both vLth a fixed resin bed and a 2 
inch diameter Higgins contactor, such that the waste HHOo contained 
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Analysis of Diuranate 

S^Q 
V2O5 

^% 

Mo 

B 

CI, Br, I 

Insolubles 

with 

Ql.3% 

O.Olfo 

o.mii 

O.Olfo 

0.009fo 

0.03^ 

2.85/. 

Table 

Product 

the 12 

1 

/ Produced from White Canyon Ore 

Inch Diameter 

Cu 

As 

Ca 

SO4 

im 

F 

Fe 

Contactor 

0.26io 

0.07^ 

0.23̂ ^ 

0.52^ 

l.Ofo 

0.01^ 

2.39^ 
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less than 0.01^ of the uraniimi and 2-5 ppm of fluoride. The UOpFp 
product solutions contained from 2-50 ppm niti-ate. Decontamination 
factors obtained for the cation conversion of UOp(HO„)p to UOpFp 
are shoi-m. in Table 2, 

4.3 Electrolytic Reduction of UO^F^ to UF|^-3/4H^O 

Figure 4 is a picture of a 3 stage electrolytic reduction cell 
and associated feed, catholyte agitation, and mercury p-umps, as used 
experimentally at ORHL. The cell shown has a capacity of 50 lbs 
U/day. Each s-tage consists of a vertical cathode provided by 
flowing mercury over a monel screen, a vertical anode of sheet lead, 
and a cation membrane to separate the fluoride catholyte from the 
dilute HpSOh anolyte. The cation membrane is essential to prevent 
anode corrosion since fluoride ion cannot pass through the cation 
membrane. The most compact, mechanically simple, and easily scaled 
up cell is considered to be one constructed as a standard filter 
press, as shoim in Figure 4. The solution proceeds in sequence 
through the three cells. Agitation is provided in each cell to 
maintain the UFL in suspension by recirculating the solution through 
the catholyte agitation pumps. 

In a single s-tage, 90^ current efficiency is expected with 99^ 
reduction of the uranium. Power consumption is about 1 kwh per 
lb of uranium. To obtain a well crystallized UF^-'^/h'EJD precipitate, 
the electrolytic reduction cell must be operated at a temperature 
above 90°C. At 95°G, crystalline Wi'S/hEJ) obtained -with a 
current limitation of about 2 amp per in. Below 90°C, a very 
gelatinous UF|̂ -2-l/2HpO precipitate forms which is very difficult 
to liandle. 

Alternatively, by addition of Mj F to the UOpFp-HF feed to 
the cell, a crystalline double salt, UFL'IHJF, forms in the temp
erature range, 50O-60°C. The UF. 'IHLF may be deccmiposed to UF^ in 
an inert atmosphere, but it is known that the decomposition is in
complete at 400°C in 2 hrs. Further work is required to determine 
the exact conditions required foi- decomposition of the ammoniiim 
fluoride double salt. Following decomposition, the recovered 
ammonixim fluoride would be recycled to the reduction cell. 

If UF> •3/4H^0 is produced in the reduction cell, drying equip
ment, probably similar to that now used for the production of UFL 
from UOp with gaseous HF, would be required. Experiments have 
sho-wn that drying UF> •3/4H,30 in an HF atmosphere for 30 minutes 
at 400°C produces a product containing 0.1 wt ̂  HpO. A limited 
number of dehydration experiments are planned, however, since 
dehydration has been studied extensively at K-25.*''•* ) 

The electrolytic reduction step provides decontamination from 
cations which deposit in the mercury cathode and from ions which 

s^ 
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Table 2 

Decontamination Factors Obtained in the Conversion of 

U0p(H03)p to UOQFQ by Cation Exchange 

Ha 

Al 

Cu 

Co 

Fe 

Pb 

Mg 

Hg 

Hi 

3 

14 

400 

29 

3 

40 

9 

2600 

28 

Sn 

Zn 

V 

Si 

ZT-WD 

Ru 

Cs 

Sr 

Rare earths 

25 

22 

3 

77 

50 

20 

500 

5000 

300 

/ 

25 
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remain in the supernatant when the UP< is precipitated. The mercury 
is purified by acid washing during its recycle. Typical de-
con-taraination factors for the electro-reduction step are shown 
in Table 3. 

The overall decontamination factors ob-tained for the Excer 
process are summarized in Table 4. These numbers were obtained 
over a variety of experimental conditions which accounts for the 
large variation shown in some cases. It is expected that de
contaminations of this magnitude will permit the production of 
me-tal grade UF^. Tests are now in progress on ore solutions which will 
be passed through the complete Ion Exchange and Excer processes to 
determine the product purity under proposed operating conditions. 
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Table 3 

Typical Decontamination Factors Obtained In the Electrolytic 

Reduction Step 

Contaminants Decontamination Factors 

Fe 

V 

Mo 

Hi 

Cd 

Cr 

Co 

Pb 

Mil 

Sn 

B 

500 

1,000 

4,000 

>40 

200 

67 

330 

1 

330 

> 1,000 

125 



Table 4 

Overall Decontamination Factors for the Excer Process 

Al 

Co 

Cs 

Fe 

Hi 

Rare earths 

i^ 

Sr 

Sn 

V 

Zr-Hb 

Mo 

Cd 

Sn 

B 

30-3,000 

1,450 

500 

30-6,000 

1,100-14,000 

70-1,500 

60 

5,000-10,000 

>1,600 

30-1,000 

400-900 

> 4,000 

> 200 

25,000 

^125 
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by 

James E. Moore 

Oak Ridge National Laboratory 
Operated by 

Union Carbide Huclear Corapaî  

In the Fluorox process, new processing techniques are being de
veloped for low-cost production of -uranium tetrafluoride and uranium 
hexafluoride from crude or refined ore concentrates and depleted reac
tor fuels. Simple, efficient moving-bed reactors are employed. The 
feed mat'-rial is pelletized with starch and then reduced and hydro-
fluorinated in one step to UFi|,. To obtain UFg, the UFĵ  is reacted 
with oxygen and the by-product, UO2F2, is recycled to the pelleting 
step. The technical feasibilitjr of the pelleting and UF|, steps and 
the chemical feasibility of the UFg step have been demonstrated. 
Large reductions in plant investment and operating costs are expected 
due to (1) reduced number of processing steps, (2) simplified pro
cesses and equipment, (3) cheaper chemical reactants, (4) more 
efficient chemical utilization, and (5) higher equipment unit ca
pacities. This report summarizes the status of the development pro
gram, gives potential technical and economic advantages of the pro
cess, and outlinec contemplated future studies. 
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IHTRODUCTIOH 

The Fluorox process provides a one-step method for producing UFlj. 
from solid hexavalent uranium compounds by simultaneous reaction with 
starch and W by reactions of the following nature; 

6 UO + CgH^QO, + 24 HF »• 6 UFij 4- 6 CO -f 17 HpO 

6 UOpFp + CgH^Q© + 12 HF ^-S UFĵ  + 6 CO + 11 HpO 

In 8 second step, oxygen is employed to produce UFg from the UFl̂ . by 
the following reaction: 

2 UFĵ  + Op *'̂ °2-̂ 2 "̂  ̂ 6 

Moving-bed reactors and new processing techniques are being de
veloped for the Fluorox process in order to reduce both investment and 
operating costs in producing uranium feed materials. Cost reductions 
are anticipated because of (1) reduced n-uniber of processing steps, 
(2) sijirplified processes and equipment, (3) cheaper chemical reactants, 
(h) more efficient chemical utilization, and (5) increased equipment 
unit capacities. 

The suitability of moving-bed reactors for solid-gas contacting 
in a wide variety of chemical operations has been shown in a recent 
report (1). Another recent paper (2) gives information useful in the 
design of moving reactors. Die Catalytic Construction C6mpany pro
posed (3,) r̂ 'sviously that moving-bed reactors be used in the conven
tional two-step method of producing UFli, from UOo by reduction with. 
hydrogen and subsequent fluorination with TIF gas. The AEC Hew Binins-
wick Laboratory?- has carried out laborator-- ind bench-scale moving-bed 
studies (4) of this process, and th( national Lead Compare of Ohio is 
currently studying (5) the process on a semi-production scale. 

(1) Vener, E. E., "Moviiag Bed Processes", Chemical Engineering, 
July, 1955. 

(2) Berg, Clyde, "Design of Process Systems Utilizing Moving Beds", 
Chemical Engineering Progress, July, 1955. 

(2) Vener, R. E., "Status Report of the Hew Moving-Bed Green Salt 
Development Program", HTO-II8O, August 28, 1953. 

(4) Le Gassie, R. W., et. al., "Green Salt Moving-Bed Process", 
HBL-IO5, June, 1955. 

(5) Mulhauser, H. F., et. al., "The Evaluation of the Moving-Bed 
Reactor for the Production of Uranium Tetrafluoride: Interim 
Report", FMPC-52i!., January 1, 1955. 
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The similar but more novel Fluorox process is being investigated 
in laboratory- and pilot-scale equipment at the Oak Ridge national 
Laboratory. Techniques for pelleting the feed for the moving-bed 
reactors are being studied in commercial-scale equipment at rates ex
ceeding 1000 Ibs/hr. The reduction-hydrofluorination and oxidation 
steps are being carried out in 4-in.-dia. moving-bed reactors. The 
data obtained are being used to design larger equipment that could be 
used in either pilot or production plants. Detailed results of the 
Fluorox development program are contained in the monthly reports (6) 
of the Unit Operations Section, Chemical Technology Division, Oak 
Ridge national Laboratory. A summary of this work is contained herein. 

PROCESS TECHHOLOGX 

The feed for the Fluorox process is converted to a solid by pre
cipitation or calcination and then is pelleted. Moving-bed shaft 
reactors are employed for UFij. and UFg production. Studies of the 
various processing steps (see Figure I) have reached the following 
stages: 

(1) The precipitation of ammonium diuranate from uranyl solu
tions is carried out commercialljr and therefore is not being 
studied. Calculations indicate that there is a good possibility 
of utilizing impure precipitates directly from the ion exchange 
step, thereby avoiding the present refining operation. 

(2) The feasibility of continuous denitration of uranyl nitrate 
to produce a reactive form of UO3 has been demonstrated in a 
4-in.-dia. moving-bed reactor. A special 4-in. reactor has been 
fabricated to obtain additional design information. 

(3) Pelleting techniques have been developed and demonstrated 
on a plant scale with several mixtures of the probable feed ma
terials. Plant design and operating criteria for this step have 
been obtained. 

(4) The simultaneous reductlon-hj'-drofluorination of UOo to form 
high-grade UFi,, has been demonstrated in an adiabatically-con-
trolled 4-in.-dia. reactor. Sufficient information has been 

(6) Eister, W. E., et. al.. Unit Operations Status Reports for 
March through Hovember, 1955^ ORHL Central Files H-umbers 
55-3-190, 55-4-164, 55-5-179^ 55-6-180, 55-7-138, 55-8-157. 
55-9-150, 55-10-110, and CP-55-II-176. 
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obtained to provide reliable plant design and operating criteria'̂ . 
Additional studies of variations in this step are required to ade-
quatelj'̂  evaluate all of the promising alternatives of the Fluorox 
process. 

(5) The conversion of W^_ to UTg with oxygen has been demonstra
ted in a l-in.-dia. reactor. A special 4-in.-dia. refractory-
lined moving-bed reactor and the auxiliary equipment required for 
studying this step have been constructed and are being tested. 

Pelleting Studies 

Since the success of a moving-bed process depends upon obtaining 
a porous, stable, granular feed, much study has been devoted to de
veloping a suitable pelleting technique. Standard commercial equip
ment (Figtire 2) has been modified as required, assembled into an inte
grated facility, and successfully operated in the continuous pelleting 
of a variety of mixtures. The facility contains a hammermlll for mix
ing and extrusion, a heated vibrated-tray conveyor for initial cxiring, 
a storage belt for final curing, a granulator, and a screen. A motion 
pict-ure record of the pelleting facility in operation is available (J). 

Pellets of UO3 hydrate, prepared in the facility at rates exceed
ing 1000 Ibs/hr, are hard, stable, and reactive in conversion to UFij.. 
XJO-), hydrate-starch pellets have approximately the same reactivity as 
hot-slurry (8) UO3 hydrate. Satisfactory techniques have been demon
strated for continuously pelleting mixtures of molten uranyl nitrate 
and pulverized UO3. Batch tests indicate that it should also be feasi
ble to palletize wet UO3-UO2F2 and (Mi|.)2U20j-U02F2 mixtures in the 
equipment. 

Denitration 

The continuous preparation of UO3 from uranyl nitrate has been 
carried out satisfactorily in 1-in.-i.d, and 4-in.-i.d. moving-bed 
reactors. The feed for the reactors consisted of pellets containing 
up to 40 -vjt fo uranyl nitrate "hexahydrate and 60 -wt ̂  recycled, pul-

Ijn similar studies, adiabatically-controlled pilot plaiit moving-bed 
reactors, 3-in.-dia. x 4-ft high, are used by the petroleum industry 
to obtain design and operating criteria for production units having 
250 to 5,000 times the capacity of the pilot unit. Capacity and per
formance data for the pilot and production units are comparable. (See 
Eastwood, Homberg, and Potas, "Industrial Engineering Chemistry", 
39. 1685 (1947). 

(7) OREL Film Ho. X-10-31. 

(8) Fo;̂ , J. S., "Hydration of Uranium Trioxide for Improving Feed Jfcite-
rials Processing", IC-1043. August 10, 1953• 
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verized UO3. This was equivalent to a recycle ratio of 3 parts of UO3 
for each part produced. Air, preheated to 400°C, was used to supply 
the heat to the bed in the 1-in. reactor. A residence time ©f about 
one hour was effective in reducing the nitrate content to about 1^. 
In the 4-in. reactor, the pellets were heated to 355°C by externally 
heating the reactor wall. The nitrate content of the UOo product 
after a 2.6-hr residence time in this reactor was about 0,8^. In 
these tests, porous, hard pellets were produced without Belting or 
caking the bed. Calculations indicated that gas-to-bed rather than 
wall-to-bed heat transfer would be preferablej therefore, a 4~in. 
reactor was fabricated for use in more extensive denitration tests 
using heated air or recycled product gases. 

Reduction-Hydrofluorinat ion 

The simultaneous reduction-hydrofluorination of UO3 to Wk with 
HF-HH3 gas mixtures and with HF gas with starch in the pellet has 
been studied. Conversion to UF1|. was attained with HF-liH3 mixtures| 
however, the water vapor produced made complete conversion difficult 
because of the reversibility of the hydrofluorlnation reactions at the 
high temperatures that are required for HHo dissociation. In prelimi
nary batch tests, carbon from starch incorporated in the pellet satis
factorily auto-reduced both UO3 and UO2F2 ^* 6OOOC without impairing 
pellet strength. In these tests, the UOgFg. vhen heated in a glass 
bottle, was ccaaverted to an equal mixture of UFi,. and UOg. without loss 
of fluoride. 

Hie 4-in.-dia. moving-bed reactor was eiBtployed in eight runs in 
the continuous, one-step conversion of UO3 to W}^ with starch and W> 
Six individually-controlled wall heaters were employed to prevent heat 
losses. Altogether, over 25OO lbs of Wl^ were produced in 200 hr of 
operation. These tests demonstrated that the process should be feasi
ble for the production of 99^^ UFij. at rates as high as 65 lbs of UFij, 
per hr per cu. ft. of reactor (see Jlgare 3)« Design and operating 
criteria for a plant-scale reactor (see Figure 4) are as follows; 

(1) Prepare a pelleted feed from 80 wt '̂  UO3, S.'J'-fo raw corn 
starch, and 13.3^ '^2^' 

(2) Use less than lOfo excess HF, flowing counterctirrently. In
ject approximately 60^ of the HF at room temperature into the 
upper reaction zones uniformly across the bed, to compensate for 
the heats of reaction and thereby to maintain the desired bed 
temperature gradient. Preheat the remainder of the HF to about 
650^0 and feed it to the bottom of the reactor. A gradxially-
increasing bed tengierature gradient, from about 5OOOC at the gas 
outlet to about 65OOC at the bottom, is required for maximxm 
conversion with minimum BF consumption. 
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SUMMARY OF DATA 

UF^ PRODUCTION IN 4 in. i .d. MOVING - BED REACTOR 

RUN 
PERIOD 

(hr) 

11 

12 

13 

6 

4 

RETENTION 
TIME 
(hr) 

5 

2 

2.7 

3.2 

3.3 

UO 

STARCH-TO-
UO3 WT. 

RATIO 

0.083 

0.080 

0.080 

0.080 

0.080 

3 + STARCH + 

HF FED 
(% Stoich.) 

112 

117 

148 

102 

130 

HF -> UF^ 

AVE. TEMP. 
LOWER 60% 

AT BED 
(-C) 

630 

600 

465 

410 

370 

PRODUCT DATA 

PRODUCT 
WT. (!b) 

105 

230 

158 

82 

46 

CONVERSION (%) 

REDUCT. 

99.3 

98.0 

95.8 

94,1 

94.6 

FLUO. 

99.3 

99.3 

96.8 

95.9 

91.3 

Fig . 3 
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(3) Use distributor plates at the bottom to insure tmiform flow 
of solids through the reactor. 

(4) Keep the reacting bed under adiabatic conditions by insulat
ing the reactor to minimize heat losses. Zone-controlled wall 
heaters should also be installed to prevent excessive heat losses. 

(5) Keep the off-gas temperature as high as feasible (300°C or 
higher) if it is desired to have the carbon content of the pro
duct low (less than 0.2̂ o). Promising techniques for producing 
carbon-free UFi,, for metal production are being investigated! how
ever, it is anticipated that residual carbon in the UFij. will ac
tually be of benefit in the oxidation step, where the heat libera
ted in its combustion would facilitate reaching the high optimum 
bed temperatures. 

Oxidation 

In the oxidation step, the chemical feasibility of converting UFi| 
to gaseous UFg and solid UO2F2 by reaction with oxygen or air has been 
demonstrated in laboratory-scale batch (9) (10) ̂^^ moving-bed (11) 
tests. A 4-in.-i.d. reactor (Figure 5) has been constructed to fur
ther study (a) techniques for preventing corrosion at the 800-900°C 
reaction tei^eratures, (b) reactor capacity and efficiency, (c) the 
formation of Intermediate fluorides such as UF5, and (d) dust entrain-
ment. The reactor is quite simple, having a solids inlet, an inlet 
for the oxidizing gas, a shell equipped with a protective liner, ther-
mowells, a gas outlet pipe, and a solids discharge connection. The 
blocks for the liner were made (Figure 6) by calcining pre-cast blocks 
made from U3OQ aggregate and UO3-H2O cement. This refractory liner 
has excellent insulating properties, and is intended to keep the reac
tor shell from reaching a temperature higji enough to be corroded by the 
reactant gases. The lining also resists thermal shock, without spalling, 
at rapid rates of temperature change in the range of 20 to 1200°C. 

A preliminary design (Figure 7) shows that a full-scale reactor 
would be of simple construction, also. It consists of a refractory-
lined reaction zone with solids and gas inlets, a heat removal sec
tion, a perforated gas-solids disengager plate, and gas and solids 
outlets. 

(9) Hainer, P. H.> "Preparation of W^"^ USP 2,535^572^ I2/26/5O. 

(10) Kirslis, S. S,, McMillan T. S., and Bernhardt, H. A., "The Eeac-
tion of Uranium Tetrafluoride with Dry Oxygen", E-567^ 3/15/50. 

(11) OREL-1881, p. 24, "Chem. Tech. Dlv. Semiannual Ept.", 3/31/55. 
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Since non-volatile impurities in the feed will accumulate in the 
UO2F2 recycle stream in the Fluorox process, a relatively small amount 
of the UO2F2 Hiust be reprocessed to remove these impurities. There 
are several techniques for recovering the uranium from this hlow-down 
stream, including ion exchange, precipitation, and direct fluorination 
with waste fluorine from the diffusion plants. Calculation^ show 
(Figure 8) that an almost negligible amoimt of blow-down would be re
quired for the highly purified feed materials now in use and that a 
fairly h i ^ percentage of inipurities in the feed might be tolerated. 
For exaarple, if an ore concentrate containing 1% of impurities that 
would accumulate as an inert ash were used, and if the ash content of 
the recycled DO2F2 were permitted to build up until the ash content 
of the mixed feed were 50^, then 10^ of the uranium would be processed 
in the blow-down equipment. If the mixed feed ash concentration could 
be permitted to build up to 1%} then only 3^ of the uraniwa would be 
in the blow-down stream. If it is found that ore concentrates can be 
processed in this manner, by the Fluoroz process, refining operations 
could be eliminated. 

ECOIOMIC IVAinATIOT 

Since the development program has progressed far enough to pro
vide plant design criteria for the feed preparation and Teductlon-
hydrofluorination steps, and to make the oxidation step appear pro
mising, preliminary cost estimates for full-scale Fluorox plants to 
product IIFg from W-^ have been made. Because of the slE5)l'ioity, higl" 
capacity, and efficiency of the equipment, the Fluorox process offers 
substantial savings not only in new plants but also in operating and 
maintenance costs in all plants that produce W\ and UFg. 

A flow diagram of an installation for producing W\ and UFg from 
UOo (Figure 9) shows the major equipment needed for materials handling, 
pellet feed preparation, and UF2, an.̂  'DFg production. Necessary items 
that are not shown include facilities for supplying HF gas, for fil
tering and scrubbing the waste gas, for filtering and cold-trapping 
the W g product gas, and for treating the small blow-down UO2F2 stream. 
The incoming and recycled materials are stored in hoppers, indivi
dually metered to a dry mixer, and then fed to a wet mixer-extruder. 
Bie blended solids and water are extruded onto a belt drier, where 
hydration occurs and the paste hardens. ThB cake is allowed to cure 
on a storage belt. Both belts are totally enclosed and exhausted by 
a scrubber-eductor. Kie water and any entrained dust from the scrub
ber are metered to the mixer, TbB drj cake is granulated in a combi
nation roll-crusher and haramermill and elevated to a screen. The 
fines are returned to the pelleting operation and the pellets are 
gravity-fed to the reductor-hydrofluorinator. Biis unit is about 
20-ft high and will be between 2-1/2 and 4-1/2 ft in diametersWfiF" 
plaiHtl that produce 10 to Ji-O tons of uranium as UF5 per day» ""lAn HF 
heater is supplied with this unit. The oxidation reactor, which pror 
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duces the IIP5, is assumed to be the same size as the first reactor. 
The UO2F2 by-product is elevated, pulverized, and recycled to the pel
leting equipment. The small blow-down UO2F2 stream is sent to a 
cleanup reactor. 

The pixrchase price and installation costs for each of the units 
shown in the flow diagram have been estimated (1) for 10, 20 and 40 
tons of uranium-per day plmbss, The estimates show that the invest-
ment costs for 10--«©i-TO=ttHip'luorox plants would be much less than,_ 
those for plants of any'existing tjrpe. Perfected Fluorox equipment 
could replace present-type equipment and be amortized from the 
resultant savings in chemical costs alone. 

It is estimated that considerable savings would be available in 
a perfected Fluorox plant due to the reduced cost of HF and fluorine. 
For example, up^^,,,.^^,000/yr might be ssved in a 15-ton plant by-
eliminating the'f^^^^Scess of HI' that is required in the present —-'• / 
reactors, which is returned to the vendor at a loss of more then 5'5)̂  / 
per lb. Even greater savings would become available (Figure 10) by 
eliminating fluorine usage. On the basis of stoichiometric usage of 
oxygen, starch, and EF at current prices, instead of fluorine, the 
savings will vary with the operating cost of the fluorine plants. 
The break-even cost of fluorine would be 32/̂  per lb| consequently, 
money would be saved if the fluorine cost is more than this amount. - -
AiF'fhe pr̂ essnt operating cost of fluorine in the largest and most 
modern fluorine plant, k6^ per lb, the savings due to its elimination 
would amount to about 0250,000 per year in a 15-ton plant. --"'̂  

-—- tjt^Q chemical cost savings, which alone sre quite worthwhile, are 
only a part of the over-all potential savings of the proposed process-
Several millions of dollars in investment, operating and maintenance 
costs could be saved by a perfected Fluorox process. For example, a 
plant for converting 15 tons of urariium per day from UO3 to UFi|. might 
require several screw-type reactors plus appertenancies. By compari
son, a single moving-bed unit, plus a non-operating spare and the 
associated auxiliaries, might process the same tonnage or a much 
greater amount of UOo to UPij. and require much less equipment to be 
operated and maintained. 

FUTUEE WOEK 

Although the UOo-to-IIFij. portion of the process could be placed 
in new or existing plants now, the following studies will be required 
before the process can be employed to its fullest advantage; 

(1) Moore, J. E., "Preliminary Economic Evaluation of the Fluorox 
Process for Mmufacturing m\ end tIFg"/ OEHL CF-55-9-51^ 
September Ik, 1955* 

/ 
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(1) Conduct tests of the oxidation step in the i(—in.-i.d. refrac
tory-lined moving-bed reactor. 

(2) Operate an Integrated system, containing the pelleting, re-
duct ion-hydrofluorinat ion, and oxidation steps, at a minimum rate 
for a period long enough to determine whether problems will be 
encountered from build-up of impurities. 

(3) Continue studies of promising techniques for producing low-
carbon, metal-grade UFij.. 

(k) Determine whether crude ore concentrates could be processed 
directly without expensive refining. 

(5) If necessary, test on© or both of the steps for short 
periods in larger than ii-in.-i.d. moving-bed reactors. This 
could be done at low cost by utilizing the existing auxiliary 
facilities. 

The pelleting and moving-bed equipment on hand in the Chemical 
Technolo®r Division, Oak Eidge lational Laboratory, are adeqmEte for 
studying each step of the process, and, la view of the potentialities 
of the Fluorox process (summarized in Table I), an appreciably expan
ded development program is conteffiplated. 
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Table I 

Advantages of Moving-Bed Eeactors in the Fluorox Process 

(1) High Capacity. One set of comparatively small reactors 
could easily process 5^000 t/y TJOOQ equivalent. 

(2) High Efficiency. Complete conversion with efficient uti
lization of reactants due to intimate gas-to-solids con
tact and true counterciarrent flows. 

(3) Simplicity. Simple, compact construction, with no moving 
parts in corrosive gas streamsj few auxiliary units re
quired. 

(h) Product Purity. Minimum of jrietal in contact with process 
materlalj refractory linings can be used to prevent corro
sion and contamination. 

(5) Heat Economy. Heating or cooling is done directly in the 
bed, thereby avoiding large external furnaces. 

(6) Dusting Minimized. Bed itself serves as a filter. 

(T) Flexibility. Production rate can be varied over a wide 
range. A series of reactions may be carried out in a 
single reactor. 
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FLUIDIZED-BED PROCESS FQR THE PRvlDUCTION OF 
URANKJM TETRAFLUGRIDE FKIM UMMYL NITRATE SOLUTION 

b y 

A. A, Jonke, N, M. Levitz, E» J, Petkus 
Chemical Engineering Division 

Argonne National Laboratory 

Appi'oximately two years ago a program was undertaken at 
the Argonne National Laboratory to investigate the applications 
of the fluidized-solids technique to chemical processing 
methods in the nuclear energy field. One aspect of this 
program involved the development of an improved, low-cost 
process for the production of uranlura tetrafluoride from 
purified uranyl nitrate solution— the latter being the 
product of the solvent extraction plants used to purify ore 
concentrates or to recover uranium from spent nuclear fuels. 
This paper describes the proposed, new processing technique, 
which involves the application of the fluidized-bed principle 
for the contacting of gases with powdered solids. 

FLUIDIZED-BSD PRT̂ IGIPLE 

Flaidization may be described briefly as the phenomenon which 
occurs when a fluid, normally a gas, passes upward through a bed of 
solid particles at sufficient velocity to prevent the particles from 
remaining in intimate contact with one another. In this condition, 
each particle is surrounded by a film of fluid, and a certain degree 
of freedom to move is imparted to the solid particles. In the 
fluidized state the solid~gas phase behaves much like a liquid, having 
the ability to flow readily under the influence of a hydrostatic head, 
4t high gas velocities a large percentage of the gas flows upward 
through the solid particles in the form of bubbles or pockets of gas. 
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and a vigorous agitation of the solids occurs. 

The use of the fluidiaed-bed teclinique has significant advantages 
in reactions involving a gas and a finely divided solid. These 
advantages may be summarized as follows; 

1. The mobility of the fluidized solids permits the ready 
transfer of solids to and from a reaction vessel, 
thereby permitting continuous operation. 

2. Excellent temperature control is obtainable, 
3. Iligh heat transfer coefficients are obtained between 

the solid particles and a heating or cooling surface, 
due to solids agitation, 

k» High reaction rates are obtained because of the large 
surface area of the fluidized particles. 

In addition, two recent developments resulting from the work at 
Argonne have increased the utility of fluidization in chemical 
processing. First, a technique has been developed whereby solutions 
of dissolved salts, such as uranyl nitrate, may be injected into a 
fluidtzed bed and calcined to a powdered oxide. Second, a multistage 
fluid-bed reactor has been developed, which permits countercuri'ent 
contact between gas and solid, 

Fa)GESS DESCRIPTION 

The fluidized-bed process, in its current stage of development, 
utilizes the same process chemistry as in the existing production 
process and consists of three operationsj namely, (l) evaporation 
and denitration of uranyl nitrate solution to form uranium trioxide, 
(2) reduction of uranium trioxide with dissociated ammonia to form 
uranium dioxide, and (3) hydrofluorination of uranium dioxide with 
hydrogen fluoride to form uranium tetrafluoride. 

The process requires three fluidized-bed reactors in series, two 
being multistage reactors, and one being a single stage reactor* The 
single stage reactor, which is used for the denitration step, is 
shown in a simplified form in Figure 1, It consists of a cylindrical 
vessel containing a bed of powdered UO3 supported on a perforated or 
porous plate. Preheated air is passed upward through the plate to 
fluldize the bed and agitate the solids, the entire dense mass 
behaving much like a vigorously boiling liquid. Uranyl nitrate 
solation is injected into the bed through several pneumatic spray 
nozzles spaced around the outer periphery of the reactor in a single, 
horizontal plane. The fluidized bed is maintained at a temperature 
of about 100°C by means of electric or gas heaters on the outer wall 
of the reactorJ and, if necessary, by additional electric heaters 
located in the fluidized bed itself. The heat transfer coefficient 
between the heating surfaces and the fluidized bed, which may be as 
high as 100 BTU/(hr)(sq ft)(F), permits the transfer of large 
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quantities of heat through a relatively small area. Entrained UO3 
dust is removed from the off-gas by multiple banks of porous filters 
at the top of the denitrator. At least four banks will be used, and 
these will be provided with appropriate valves so that one filter can 
be blown back with air while the others are in operation. The UO3 
product is continuously removed as a granular pox̂ rder through a 
discharge pipe at the bottom of the reactor. 

The multistage, fluidized-bed reactor which is used for the 
reduction and hydrofluorination steps is shown in Figure 2, It 
consists of a vertical vessel containing several fluidized beds in 
series, one above the other, interconnected by downcomer pipes in the 
manner of a sieve-plate column for distillation or gas absorption. 
Granular solids are fed continuously into the top stage of the reactor 
and, due to the liquid-like behavior of the fluidized mass, pass 
do^mward by overflow through the downcoraers from one stage to the 
next, being continuously removed by overflow at the bottom, Reactant 
gas passing upward, countercurrent to the solids flox'?, provides the 
energy for fluidization« The heat liberated in the exothermic 
redaction and hydrofluorination reactions is removed by means of 
cooling jackets on the reactor wall. Heat removal is simple because 
of the high coefficient of heat transfer obtained with fluidized beds* 
Initial heating of the solids during start-up is achieved by passing 
hot gases through the reactor and by electric heaters on the wall* 

The overall process flowsheet is sho^m in Figure 3, Uranyl 
nitrate solution from the solvent extraction plants is evaporated to 
70 per cent uranyl nitrate hexahydrate and pumped to the denitration 
reactor where it is converted by thennal decomposition to uranium 
trioxide. Off-gas from the denitrator is filtered to remove entrained 
UO3 dust and is then sent to the nitric acid recoveiT" plant. Granular 
UO3 is continuously removed via a rotary feeder and transported by 
gas lift to the top stage of the multistage reduction reactor where 
it is reduced to uranium dioxide by countercurrent contact with 
cracked ammonia. The product overflows into a standpipe containing a 
rotary feeder, and is transported by gas lift to the multistage 
hydrofluorination reactor where it is converted to UF4 with hydrogen 
fluoride* The UF4 product is in the form of a granular pox̂ der, 
believed to be suitable for charging directly to the reduction bombs. 

It should be pointed out that the use of multistage reactora is 
not an essential feature of the process, since two or more single 
stage reactors in series can be used. However the multistage reactor 
is believed preferable from the standpoint of economy of capital 
investment and of excess reagent requirements. 
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ADVANTAGES OF THE PROCESS 

The major advantages of the fluid-bed process are (1) no 
limitations in the size of the component reactors, (2) simplicity of 
design, and (3) efficiency of gas-solid contacting. 

Since there is no limitation on the size of a fluidized-bed 
reactor (20 ft diameters are common), it is possible to use one set of 
reactors rather than a large number of small reactors and pots as are 
used in the existing feed materials plants. Auxiliary equipment such 
as filters, hoppers, feeders, and conveyers will be consolidated and 
simplified. Piping needs will be small. Operating and maintenance 
labor for a system using a single set of reactors will be low. 

The fluidized process is truly continuous from uranyl nitrate 
solution to UF4, The reactors reqdlre no moving parts, except rotary 
feeders, pumps and valves. Agitation of the solids is provided by 
the reactant gas itself. Shutdown time for repairs and maintenance 
should be low because of the basic simplicity of the process. 

Temperature control and heat removal are simple. Uniformity of 
teroperature in the bed precludes overheating of the solids and avoids 
sintering and loss of chemical reactivity. 

Because of the lai-ge surface area of the powdered solids and 
because each particle is surrounded by a film of gas, the efficiency 
of gas-solid contacting in the fluidized bed is veî "- high. This fact 
combined with the countercurrent flow, which is made possible by the 
use of multistage reactors, permits the use of veiy small excesses of 
the reactant gases and low solids retention times. 

Since the hydrogen fluoride expense represents a large fraction 
of the total operating cost of the green salt process, a reduction in 
the HF excess can represent a potent:^^x»ii£SSMS«S2^S ^" cost. 
Present practice requires the use of ccess, which is 
recovered and sold as 70 per cent ]̂ ŷ j.g-ŷ Qjr£3~aci5i The cost of the 
excess acid therefore depends upon the market value of the recovered 
acid. 

The amount of excess reactant required for the fluidized process 
can be made as small as desired by increasing the number of stages in 
the reactor, and in any practical case an economic balance must be 
made between the cost of additional stages and the saving in reactant 
cost. 
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DEVELOPMENT OF THE PB3GESS 

The development of the fluidized-bed process has required the 
investigation of techniques which are new to the chemical industry 
and have not yet been widely adopted. The application of the 
fluidized-bed technique to the evaporation and calcination of a 
liquid solution, such as uranyl nitrate solution, has not to our 
knowledge been previously reported. Likewise the use of multistage 
fluidized-bed reactors has heretofore been limited to a single 
application, namely, the calcination of limestone. For these reasons 
a considerable amount of the experimental effort has been spent on 
equipment development. 

The denitration step has been extensively demonstrated in a S-inch 
diameter reactor at XJ% production sates of 20 to 30 Ib/hr for periods 
up to lij hours. The reduction and hydrofluorination steps have been 
investigated on a smaller scale in a 3-inch diameter reactor in both 
single stage and multistage runs« A small pilot plant for 
demonstrating the process in 6-inch diameter multistage reactors is 
being designed at Argonne, 

Denitration 
fhe equipment used for the experimental work on the denitration 

step is shown in Figure k» The unit, which is constructed of type 30k 
stainless steel, is 6 inches in diameter at the reaction chamber and 
12 inches in diameter at the disengaging section. The overall height 
of the unit from bottom of gas chamber to top of the disengaging 
section is 6ii inches, A pneumatic spray nozzle is mounted 
horizontally through an opening in the side of the reaction chamber 
six inches from the bottom of the bed with the tip of the nozzle 
flush with the inner wall of the reactor* 

The reactor is heated by thirty 1000-watt tubular electrie heaters 
set into grooves in the chanber wall. The weight of solids in the 
fluid bed at any time is determined by measurement of the pressure 
drop across the bed» The disengaging section contains eight porous, 
stainless steel filters divided into two banks by a baffle, one bank 
being used to filter the off-gas while the other bank is blown back 
with air to remove the dust cake. 

Auxiliary equipment includes hoppers for charging the i^actor 
with UO3 and collecting the product, feed storage tank, feed pvmp^ 
air preheatera, off-gas condenser, and instrumentation* 

Some 30 runs of about 8 houi^ duration each were made in the 
denitration reactor during which a total of about 5000 lb of UO3 wei^ 
produced from uranyl nitrate solution. The capacity of the reactor 
operating on 70 per cent uranyl nitrate hexahydrate (UNH) feed was 
about 20 Ib/hr of uranium trioxide which is equivalent to 
100 lb/(hr)(sq ft) of sectional area. Using 100 per cent UNH feed 
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Figure k 
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the production rate was about l5 Ib/hr of uranium trioxide» The 
limiting condition which deterrnined the production capacity was the 
rate of heat transfer between the sheath of the electric heaters and 
the reactor wall. To avoid burning out the electric heaters the 
sheath temperature was limited to l500 F. 

The uranium trioxide product was granular with a size distribution 
of about 90 per cent between 20 and 125 mesh. The individual 
particles were rounded in shape* The bulk density of the product was 
10 to 20 per cent higher than that produced in the existing process, 
probably because of a lower pei-centage of voids in the particles. 
Under normal operating conditions there was no tendency for lumping 
or caking to occur. 

Since corrosion is a matter of some importance in the existing 
"pot" denitration process, a study of possible corrosion or erosion 
of the fluid-bed denitrator was made by analysis of the product for 
corrosion contaminants« A low corrosion rate was expected since 
denitration in the fluidized bed occurs as a result of contact 
between hot uranium trioxide and feed solution rather than contact 
between a hot metal surface and the feed as is the case in conventional 
equipment. The results showed that within the accuracy of the analyses 
(factor of two) no detectable increase in these impurities occurred in 
going from feed to product. 

Control of the particle size of the UOg product was investigated 
extensively. Under some conditions there is a tendency for the 
particles of UO3 in the bed to grow in size continuously during 
operation of the unit. This growth tendency was pronounced at high 
operating temperatures but completely disappeared at temperatures of 
300 to 350 C, In this temperature range the product attained a 
constant particle size distribution as shown in Table 1, which gives 
the sieve analyses of samples removed at hourly intervals during a 
typical run. 

About 10 per cent of the product consisted of coarse particles 
larger than 20 mesh with a fraction of one per cent attaining a size 
as large as I/8 inch in diameter. The percentage of coarse particles 
was slightly higher at high temperatures and high throughputs than at 
low temperatures and throughputs. The presence of the coarse 
material may necessitate a coarse screening step prior to feeding the 
UO3 to the reduction reactor» 

The effect of the operating temperature on the residual nitrate 
and water contents of the UO3 is shown in Figure 5«> A temperature 
of 300°C or higher was sufficient to reduce the nitrate to 0,6 per 
cent, which is considered adequate, and the water content was very 
low at all temperatures investigated. 
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Sieve 
Number 

+20 

- 2 0 , +iiO 

-I4O, +60 

- 6 0 , +100 

100, +200 

200, +^25 

125 

0 

IS 

i*.o 

11,14 

21 .Ii 

kk.2 

7.8 

5 .7 

Table 1 

VARIATION IN UO3 PARTICLBi SIZE DISTRIBUTION 
DURENG A TIPICAL DENITRATION RUN 

(70% UNH 

Percentage 

1 

2 .9 

5.0 

11 .6 

2li ,6 

Uli,8 

7 ,1 

2 ,0 

f eed | 110 C operaiting teuqserature) 

of Each S ize 

2 

1*«8 

5.9 

12.6 

21 ,6 

U5.5 

6.ii 

1,1 

3 

U.6 

5.7 

11,7 

2i | ,0 

li?,5 

5.2 

1.1 

Range f o r I n d i c a t e d Hourly Sample 

h 

6 ,0 

6.ii 

10 ,7 

2 3 . 6 

1*5.5 

5.7 

2.2 

5 

7.1^ 

6 , 1 

9 . 1 

21 .9 

ks.-^ 

5.0 

2.2 

6 

5.6 

6.2 

10.il 

26 ,1 

I46.I 

k.3 

l . l i 

7 

5.ij 

6 ,2 

10 ,9 
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U1.7 

1*,8 

i«5 
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6 .9 

6 .9 

10«6 
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F i g u r e 5 
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The concentration of the feed solution in the range between 70 per 
cent and 100 per cent UNH was found to affect the particle size of the 
UO3, High feed concentrations had a tendency to promote particle 
growth. Although it was possible to operate the reactor with 100 per 
cent molten UNH feed, somewhat better results were obtained when the 
feed concentration was between 70 and 90 per cent. 

The chemical reactivity of the UO3 toward reduction and hydro
fluorination was found to be lower than that produced by the pot 
method. Reactivity is important in subsequent steps, since it 
affects the retention time required for conversion to UOj, and UF4, 
In order to produce a highlv inactive UO3 a small amount of sulfate 
iqnj[8p0^ppm based on uranium) ̂ was^ added to the urawl nitrate 
solution before denitration,I Nearly all of the sulfate was removed 
in the denitration step, and the remaining trace is believed to be.-' 
tqaJ.ow to influence corrosion in subsequent reactors. »,^^ 

REDUCTION AND HIOroFLUOHINATION 

The experimental equipment used for the reduction and hydro
fluorination studies is shown in Figure 6* The reactor is 1-inches 
in diameter and is constructed of monel and nickel. It contains 
three fluidized beds, each being supported by a perforated plate 
containing l/l6-inch holes on l/2-inch centers. The downcomers are 
1 inch in diameter and extend four inches above the perforated plates. 
The depth of the fluidized bed on each plate is slightly less than 
tne height of the downcomer. 

The reactant gas after being preheated enters at the bottom, flows 
upward through the three fluidized beds and into the disengaging 
section, where two porous monel filters remove the entrained dust 
particles» Solids enter at the top through a solids feeder and are 
collected in a hopper at the bottom, Sach stage of the reactor is 
heated by a 1000-watt tubular electric heater on the outside wall to 
maintain the solids at temperatures in the range of UOO to 600 G, 
In addition to the multistage experiments, much of the development 
work on the reduction and hydrofluorination steps was done in & 
single fluidized bed, using the same reactor with two stages removed. 

Although the effects of all the variables have not been completely 
evaluated, the following information has been estab]ishedi 

(1) UO3 has been reduced to UO2 with solids retention times 
of 6 hours in a single stage or ii hours in multiple (3) 
stages. The reaction rate can be increased and the 
solids retention time reduced by increasing the operating 
temperaturei however, at reduction temperatures above 
575 C the chemical reactivity of the UO2 in the subsequent 
hydrofluorination step is adversely affected. 
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(2) Conversion of UOg to UF4 has been 9'^ per cent completed 
with solids retention times of 8 hours in a single 
stage or h hours in three stages. This degree of 
conversion is considered acceptable if the UF4 is to be 
used for the production of UF^, 

(1) Conversion of UO2 to UF4 has been at least 96 per cent 
completed, with a maximum of 2 per cent of unconverted 
UOg, in two passes through the reactor. This corresponds 
to a total retention time of 16 hours in a single stage 
and 8 hours in multiple stages. This degree of 
conversion is considered acceptable if the UF4 is to be 
used for the production of uranium metal by bomb 
reduction, 

A summary of typical reduction and hydrofluorination runs is given 
in Tables 2 and 3, 

It is believed that the optimization of operating variables will 
result in appreciable reductions in the required solids retention 
times, with corresponding decrease in the size of the reactors needed. 
Work on this phase of the program, that is the study of variables 
such as temperature, gas flow rate, and gas composition, is currently 
being carried out. 

There is also reason to believe that more efficient gas-solid 
contacting will be obtained in large scale equipment. The 
experimental work ha^ required the use of fluidized beds with large 
height-to-diameter ratios, with the result that slugging and reduced 
contacting efficiency occurred. It is well known that small height-
to-diameter ratios, which can be obtained in large equipment, 
improves the quality of fluidization appreciably, _̂̂'*' 

ESTIMATED OSTS OF THE PIOCESS 

Preliminary cost estimates have been made for a plant producing 
one\on per hour of uranium as UF4 or 12 mill^n pounds per year 
(assumng 250 operating days per year). F^i»^his estimate the 
reactorâ xwere sized by extrapolation of^^e existing experimental 
data, and^ere determined to be as follwss 

denitrator — 5 ft diameter by 10 ft tall, 
reduc^— 1,5 ft dia^ter by 12 ft tall, 
hydrofWbq^inator -^0.5 ft diameter by 18 ft tall. \ 

/^\ The process equipi|rft costs and the total plant cost are 
î abulated in Table Ly/ xh^ total capital investment is estimated to 
pe $2,560,000, |A|j>rfual ope^^ing costs are given in Table 5. The 
'total "annual cd's'ts, including'X^O per cent return on investment, 
is estimatê ,'4't =12,915,000, The^it cost of the UF4 is 2ii.3 cents 
per pound xS'f uranium, which is aboufr*«|ie half of the cost for th^ 
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Table 2 

SUMMARY OF TYPICAL CONTINUOUS REDUCTION HUN 

Equipment; 1-inch d iameter , s i n g l e - s t a g e r e a c t o r 

Condit ions j 

Bed Weight 
Feed Material 
Feed Particle Size 
Feed Rate 
Bed Temperature 
Gas Composition 
H2/JO3 Mole Ratio 
Gas Velocity 
Solids Retention Time 

17.3 lbs (UO2) 
UO3 (from fluid-bed deni t ra tor ) 
kO to 325 mesh 
3,2 Ibs/hr 
575 C 
7l4̂  H2, 26^ N2 
3.7 
Oak ft/sec at bed conditions 
5»li hrs average 

Sample 

1 

2 

1 

k 

5 

No. Hours After S ta r t 

1,5 

3.0 

1̂ .5 

6,0 

7,l4 

UOa Assay i%f 

96.0 

96.8 

96.2 

96.2 

95.0 

Sswsples were exposed to air after cooling* A final 
sample maintained in a nitrogen atmosphere analyzed 
97.0^ UO2, 
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Table 3 

SUMMARY OF TYPICAL HYDROFLUORINATION RUN 

Equipment; 1-inch diameter, single-stage reactor 

Conditions t 

Bed Weight 
Static Bed Depth 
Feed Material 
Feed Particle Size 
Feed Rate 
Bed Teii5)erature 
Gas Composition (Inlet) 
Gas Velocity 
Solids Retention Time 

17 lbs (UF4) 
18 in (approx) 
UO2 (from fluid«*bed reducer) 
kO to 125 mesh 
2«15 Ib /h r 
U50 G 
8ki HF, 11^ Ng, $% Hg 
0,li7 f t / s e c a t bed conditions 
7,9 hrs (each pass) 

Houre M 
Star t of 

0 

1,5 

1.0 

I1.5 

6.0 

7,5 

9.0 

10.5 

12,0 

r ter 
Hun UO2 

2.ill 

?.6ii 

2.1*6 

k.k9 

3>k$ 

1.91 

1*.82 

6,71 

5.11 

F i r s t Pass 

UO2F2 

0,29 

0 , l 4 

0.11 

0,10 

0.211 

0.22 

0.21* 

O.ll* 

0.16 

UF4 

96,5 

95.7 

96,5 

93 J4 

9U.8 

9l*.6 

91.7 

91.9 

91.5 

UO2 

„ „ 

1.82 

2.19 

0,55 

1.55 

1.15 

1.17 

1.21 

mm 

Second Pass 

UO2F2 

«»«« 

OJ47 

0,32 

0,28 

0,2? 

0,21* 

0,21* 

0.21* 

9U(f» 

UF4 

- » 

96,9 

96,5 

98.2 

97.8 

98.1 

98,1* 

98,1* 

•WinW 
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Table li 

PRELIMIMARY ESTIMATE OF TOTAL PLAMT COST 
FLUIDIZED-BH) GHEIN SilLT PROCESS 

Major Process Equipment 

Denitrator and Aisxiliaries 

Reducer and Auxiliaries 

Hydi^f luo^nator and Auxiliaries 

, Miscellaneous Equipment 

Total Installed Process Equipment 

Process Piping / 

Instruments / 

Building 

Auxiliaiy Facilities (20^ of 755,.iOO) 

Outside Lines to Auxiliaries { ^ di 755,000) 

Total Physical Cost ^* 

Installed Cost 

1 

J~-

t 

180,000 

200,000 

270,000 

105,000 

755,000 

100,000 

100,000 

200,000 

150,000 

75,000 

11,580,000 

Engineering and Constrciidtion 

Contingency (30^ of 1*,580,000) 

Total Plant Co î* 

/ 
/ ' 

Not jftcluding HNO3 recovery system* 
/ 

Basiss 1 ton/hr, ?50 days per year* 

500,000 

i»80,000 

$2,560,000 

/ 
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Table 5 

PRSLTMTNARY ESTIMATE OF OPERATIMG GÔ TS 
FLOIDTZED-BED GREEM SALT PRDCESS 

jerat ing Costs 

Operating Labor and Supervision $ 95,000 

Maintenance (labor and materials) ' 200,000 

U t i l i t i e s ^ 150,000 

Labora,tory (li men<§ 20,000) SOjOvOO 

Chemica l^ / 960,000 

Operating Xupplies 25,000 

Miscellaneous^^ ' 25,000 

Total OperaWng Cost, $l ,5l5,000 

Overhead (85:^ of labo\ qdst) 180,000 

Depreciation (10^ per A ) 250,000 

Property Taxes and Insurable (2- l /2^) 60,000 

General Administrat'ive Expenses 265,000 

Total Cost ^, \ $2,290,000 

/ 
Annual Charges'(net earnings and\federal 

income tax/— 50.''̂  of average i^fivestment) 625,0(30 

$2,915,000 

Basis J l / o n / h r , 250 days/yr 

Total Padduction - 12 million Ibs /yr ^ 

Unit ^Pbst of UF4 « - j ~ i ^ X 100 - 2l4»1 ^/l\^ of U 
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__̂ ,»lsting process »_̂  fin preparing the estimate an effort was made to use 
^̂ .,|--»̂ «jg„̂ .̂ ^̂ .̂ gjjg--̂  ̂ ^ ̂ ^^ ̂ ^^^ factors, so that the cost figures 

presented here are believed to be conseinrativê  If two or three 
parallel lines of smaller reactors should be used in place of the 
single set of reactors, costs would be somewhat higher but 
considerably less than for the existing process* 

STATUS OF THE PROCESS 

The development work on the fluidized-bed process has been 
limited to comparatively small-scale experimentation« The denitration 
step has been extensively demonstrated at the 20 Ib/hr-scale of 
production* It is felt that this step of the process is on a sound 
basis, and that a large pilot plant or interxm production plant can 
be designed from present knowledge. 

The reduction and hydrofluorination studies have thus far been 
carried only through the bench scale* The techniques of the single-
stage fluidized bed are sufficiently well-known, however, that a 
large pilot plant using single stage reactors can be designed at this 
time* The techniques of the rraaltistage reactor need further 
development and demonstration on an intermediate scale* Satisfactory 
operation of a 3-.inch diameter, rmiltistage reactor has been achieved, 
but it is necessary to demonstrate that the present design can be 
scaled-up to pilot scale and ultimately to full-plant scale* As a 
first step a small pilot plant capable of processing 20 lbs of UO3 
per hour is being designed at Argonne, 

J 
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MEOZHODS OF IMPROVING THE REACTIVITI OF 
URANIUM miOXIDE FOR THE REDUCTIOM 
AND HYDROFLUORINATION PROCESSES 

By 

S. H. Smiley and D. C, Brater 

Oak Ridge Gaseous Diffusion Plant 
Union Carbide Nuclear Company 

Oak Ridge, Tennessee 

ABSTRACT 

Significant differences between the rates at 
which various oxides can be converted to -uranium 
tetrafluoride have been observed. Since both the 
capacity and the operating cost of the uranium 
tetrafluoride production facilities are greatly 
influenced by the characteristics of the uraniian 
trioxide feed material, several methods of increas
ing the reactivity of oxides have been studied on 
a laboratory, pilot plant, and plant scale. 

Varying degrees of activation have been 
realized by the slurry hydration of uranitim tri
oxide, the addition of certain compounds to the 
uranyl nitrate before denitration, rapid denitra
tion of the uranyl nitrate, and other exploratory 
techniques. The methods of preparing these more 
reactive oxides and the results of evaluations of 
the materials by laboratory reactivity and thermo-
balance measurements are presented. In addition, 
pilot plant and plant vibrating tray reactor tests 
with some of the powders are discussed. 
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INTRODUCTION 

As a result of the increasing feed requirements for the gaseous 
diffusion plants and the nuclear reactors at Hanford and Savannah River 
during the past decade, it has been necessary to build and plan new 
facilities for the production of uranium tetrafluoride. Originally, 
this material was prepared from uranium dioxide which had been produced 
by the reduction of uranium trioxide with hydrogen in a batch process 
employing deep beds of powder and furnace temperatures of 1500°F. The 
resulting uranium dioxide did not oxidize in air and was only slowly 
converted to uranium tetrafluoride with anhydrous hydrogen fluoride , 
The first vibrating tray reactor plant, which was built in I95O , for 
the continuous production of uranium tetrafluoride utilized this uranium 
dioxide as the feed, and the hydrofluorination capacity was about one 
pound of vccanlxm. per hour per square foot of reactor surface. 

With the emphasis placed more and more upon expanding feed faci
lities, the development of methods for increasing the capacity of 
uranium tetrafluoride production facilities became a fruitful line of 
research. Pilot plant tests were carried out to determine the effect 
on the throughput of the hydrofluorination trays of the temperatuire at 
which the uranium dioxide was produced. It was shown that lower 
temperatures during reduction, i.e., 1200°F., resulted in about a 50^ 
gain in the hydrofluorination reactor capacity. Reduction trays were 
subsequently installed in the feed plant, and pilot plant results were 
substantiated by plant performance. 

It was then found in the pilot plant that uranium trioxide powders 
produced at the various AEG installations reacted differently in the 
hydrofluorination step. Reactor temperature profiles had to be optimize 
for each feed material, and throughput rates differed markedly in some 
cases. In an attempt to learn the reasons behind the apparently 
anomalous behavior, careful analyses were performed on all available 
oxides. Density and surface area measurements, x-ray patterns and 
electron micrographs, chemical purity and screen analyses revealed a 
limited amount of useful information. It was determined by a laboratory 
reactivity test that the presence of greater than 100 ppm. of sodliaa was 
harmful^, and from electron micrographs, it appeared that the more pro
ductive oxides were crystalline rather than amorphous in appearance. 

At about this time, several methods of improving the reactivity of 
uranium trioxide were developed. It was shown that slurry hydration of 
the oxide increased the reactivity many fold, and that a smaller but 
still a significant improvement was realized by the addition of certain 
compounds to the uranyl nitrate hexahydrate prior to denitration. The 
report which follows is primarily a discussion of the activation of 
uranium trioxide by hydration and by the addition of small amounts of 
sulfate, and of the plant and pilot plant tests with these materials. 



In addition, brief mention is made of several interesting experiments 
which have as yet been attempted only on a small laboratory scale. As 
an aid in comparing the materials, the methods of evaluating oxides 
arc also discussed. 

EVALUATION OP OXIDES 

At the present time, the processing characteristics of an oxide 
are determined in a vibrating tray pilot plant. Reduction and hydro
fluorination tests are performed with conditions of temperature, gaa 
excess, and powder residence time and bed depth similar to those 
employed in the larger production reactors. This method of evaluation 
has been proven dependable by the experience with all of the materials 
which have been processed in the feed plant trays. 

Unfortunately, relatively large amoimts of powder are required for 
the pilot plant studies and small scale comparison tests must be 
employed to evaluate the oxides prepared in small quantities in the 
laboratory. For all but the very reactive materials, this has been 
accomplished by exposing the subject oxide and a standard pot-calcined 
oxide to similar reduction and hydrofluorination conditions and com
paring the conversions to uranium tetrafluoride for both samples-̂ . The 
ratio of -uranium tetrafluoride in the tmkno-wn material to that in the 
standard is termed the reactivity ratio. The original reactivity tests 
were made with reduction and hydrofluorination temperatures of 1095 and 
770°F., respectively. Recent experience^ however, has shown that, with 
some of the new materials, a better evaluation is obtaiaed if the test 
is run at higher reduction and hydrofluorination temperatures for a 
longer time to simulate more closely the conaitions of the relatively 
deep beds of powder enco-untered in the larger equipment. The reactivity 
ratios are presently being measured with reduction and hydrofluorination 
temperatures of 1700°F. and 1110°F., respectively'^. 

With the extremely reactive powders prepared by some methods of 
acti-vation, complete conversion to uranium tetrafluoride resulted at 
770°F. and it was necessary to lower the hydrofluorination temperature 
to 4l0°F. in order to have a meaningful comparison. In addition, it 
was expedient to adopt a standard of high reactivity hydrated oxide 
(reactivity ratio of about 2.5 as compared to the standard pot-calcined 
oxide at 1̂ •10°F.) for these very reactive materials, and reduction and 
hydrofluorination temperatures of 590 and 260°F., respectively, were 
employed in the reactivity tester. Some of the oxides were also 
evaluated by laboratory thermobalance^ measuî ements which, in general, 
confirmed the reactivity ratio measurements. 

ACTIVATION BY HYDRATION 

The activation of uranitim trioxide by hydration was first noted in 
laboratory experiments in which an impure, pot-calcined oxide was leached 
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with water in an attempt to decrease the sodium content . Examination 
of this powder after drying at 220°F. showed that the material had 
changed from orange to lemon yellow in color and contained about 6^ 
water. Although no significant p-urification had been realized, the 
reactivity ratio had increased from 0.8 to greater than 1,0 , as 
compared to the standard pot-calcined oxide at 770°F. 

This effect of hydration on the reactivity of oxides was then 
further investigated and it was fo\md that (l) uranl-um trioxide 
hydrated by moisture in the air or by steam is not reactive, (2) 
uranium trioxide monohydrate prepared by mixing stoichiometric quanti
ties of water with uranl-um trioxide powder is not as reactive as the 
hydrate prepared with a large excess of water, and (5) if a small 
amount of ammonia is added to the water at the beginning of the hydrate 
preparation, the product is not reactive, but if the ammonia is added 
at the end of the hydration period, a reactive powder is obtained. 

It appears from these tests that recrystallizatlon of the -uranium 
trioxide is responsible for the increase in reactivlxy. When the 
hydration is accomplished in the presence of ammonia or by water vapor, 
the uranium trioxide is not dissolved and recrystallizatlon does not 
occ-ur. The chajoges in crystalline struct-ure due to hydration under 
proper conditions are shown in figures 1 and 2, In general, it was 
shown that hydration resulted in an increased number of sharply defined 
crystal faces. 

Since it was recognized that increasing the reactivity of the 
uranium trioxide could decrease substantially the cost of producing 
uranium tetrafluoride, hydration by the hot slurry method" was studied 
on a pilot plant and plant scale. In this process, vcca-nxms. trioxide 
is mixed thoroughly with a large excess of heated water and then pro
cessed to a dry powder by standard methods of filtration and drying. 
The effects of the operating variables, such as liquid-solid contact 
time before ammonia addition, temperatixre, and water excess, were first 
determined in bench-scale tests in which small amounts of powder were 
prepared and evaluated by reactivity ratio measurements. The perfor
mance of larger quantities of material, prepared in a pilot plant -unit, 
was then studied in the vibrating tray pilot plant and, finally, 
sufficient -uranl-um trioxide hydrate for an extended feed plant test was 
prepared with available production equipment. 

The res-ults of the bench-scale tests made to determine the optimum 
conditions for the production of ixranium trioxide hydrate are presented 
in table I. The following conclusions can be drawn from these data; 

1. Increasing the residence time decreased the reactivity of the 
powder. This is explained by the increase in the size of the 
hydrate crystals with time sho-wn in figures 2 and 3. Since a 
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TABLE I 

REACTIVITY AND DENSITY OF HYDRATED PRODUCED IN 
BENCH-SCALE TESTS OF HOT SLURRY PROCESS 

Run 
Number 

L-5 
L-6 

L-7 
L-8 

L-101 

L-102 

L-103 

L-lOU 

L-105 

L-106 

L-107 

L-108 

L-109 

L-110 

L-111 

L-112*** 

L-115 

L-114 

L-115 

L-116 

L-117 

L-118 

L-119 

L-120 

Weight 
Ratio, 
UOj/HgO 

1:2 

1:2 

1:2 

1:2 

1:2 

1:2 

1:2 

1:2 

1:2 

1:2 

1:2 

1:2 

1:2 

1:2 

1:2 

1:2 

1:2 

1:2 

1:2 

1:2 

1:1 

1:1 

1:1 

1:1 

Hydration 
Temperat-ure, 

°F. 

200 

200 

200 

70 

200 

200 

200 

200 

200 

200 

200 

200 

120 

150 

180 

180 

180 

200 

165 
180 

150 

165 
180 

200 

Hydration 
Time, 

Minutes 

10 

ko 
130 

575** 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

Reactivity 
Ratio* 

2.li+ 

1.57 

1.15 

1.94 

2.25 

2.13 

1.22 

1.5^ 

2.23 

2.22 

1.23 

1.13 

1.81 

1.81 

2.13 

1.93 

2.00 

l.Tk 

2.15 

1.9̂ + 

1.88 

1.89 

2.^1 

2.li^ 

Packed 
Density, 

1.6 

2.6 

2.2 

1.5 

1.6 

1.5 

2,6 

2.6 

1.6 

1.8 

2.5 

2.8 

1.9 

1.6 

l.i+ 

1.6 

1.6 

2.2 

1.7 

1.7 

1.8 

1.8 

1.8 

2.1 

NH 

Added 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

No 

Yes 

Yes 

No 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

-̂  Compared to the standard pot-calcined oxide at hlO°'F. 

** This time required to complete color change. 

*** Allowed to s e t t l e for 2l| hours. 



period of about 10 minutes was required for the orange to 
yellow color change in most cases, this was~the minimum 
time tested. 

2. Under similar conditions, the sample to which ammonia was 
added after hydration had the higher reactivity. It is 
probable that the precipitation of the soluble uranium by 
the ammonia prevented f-urther crystal growth d-uring the 
drying operation, 

3. The packed densities of reactive hydrates were as low as l.k 
grams per cc. (as compared to 3.5 g* per cc. for standard pot-
calcined oxide) and were inversely proportional to the reactivity 
ratios on a semiquantitative basis. 

k. There was no reactivity difference between samples prepared 
with a one to one and a two to one water to powder ratio. 

Of significance during the experimental program was the observation 
that, regardless of the source of the starting luraniiJm trioxide and its 
reactivity, the hydrated oxide products were all comparable. Materials 
from five different sources, with reactivity ratios before hydration 
ranging from 0,8 to 1.2 compared to the standard oxide at 770°F., were 
tested. 

The information obtained In the above tests was, in general, con
firmed by the operation of a pilot plant facility. It was found, 
however, that a hydration time of 35 minutes and temperatures of lii-0°P. 
was the optimum for continuous production. Hydrate prepared under 
these conditions was evaluated In the vibrating tray pilot plant, and 
96^ conversion of the uranium dioxide to uranl-um tetrafluoride was 
predicted in a feed plant tray line with a feed rate of more than 6OO 
pounds of uranium trioxide per hour. A powder residence time of only 
1 hour was required in the hydrofluorination step and the maximxmi 
tray temperature was 750°P. as compared to the normal processing time 
and maxim-um temperature with standard powders of i|- to 6 ho-urs and 
1100°F. 

Laboratory thermobalance measurements verified the high reactivity 
of the pilot plant product. The results of these tests with the hydrate 
and with standard pot-calcined oxides are presented in table II. Further 
indication of the high reactivity is shown by siirface area determinations 
which gave values of 6 and ik sq.m./g., respectively, for the -uranium 
trioxide hydrate and the \n:'ani\mi dioxide prepared by reduction with 
hydrogen. Corresponding values for the standard pot-calcined oxide are 
1.2 and l.k sq.m./g. 
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After the hot slurry method of hydration was proven feasible by 
the pilot plant tests, available filtration and drying equipment, and 
a hydration facility similar in design, but larger than that used in 
the pilot plant, were^employed to activate 100 tons of uranium trioxide 
for a feed plant test . 

A flow diagram of the plant is showi in figure k, In operation, 
uranium trioxide, received in 30-gallon drums, 1B transferred to the 
powder feed hopper by a pneumatic conveying system. The oxide is then 
fed into the first of two hydrators where it is mixed with li|0°F. 
water, Hie resulting slurry flows into the second hydrator through a 
crossover near the bottom of the hydrators and overflows into the 
neutralizer. Here, aqueous ammonia, about 2-5 pounds per h-undred 
pounds of uranium trioxide, is added to the slurry to precipitate the 
soluble -urfittium and stop the crystal gro-wbh before it overflows into 
the trough of an Oliver continuous-vacuum filter. The filter cake is 
fed to a rotary dryer while the filtrate is pumped through a filter 
press to remove any eollds which ma-j have passed through the Oliver 
filter cloth. 

The product leaving the dryer is loaded into drums and the off* 
gases which contain some -urani-um. oxide dust are passed through a 
Rotoclone Hydrostatic Precipitator before being discharged to the 
atmosphere. T!he Rotoclone slurry is circulated through a filter press 
to recover the solids removed frcaa the gas. 

The design of the two hydrators and the neutralizers, figure 5, 
was based on reccaamendations by J. H. Eushton7^1° Q^ ^-^^ Illinois 
Institute of Technology* The three units are similar and are 20-
Inch diameter stainless steel tanks equipped with agitators and baffled 
to improve the agitation and to minimize short circuiting. Each tank 
has three stages of agitation with horizontal baffles located 12 and 
2^ inches from the bottom-̂ . Four stainless steel vertical baffles 
extending the full height of the tank and spaced 90° apart around the 
inside of the shell are also provided. Agitation is supplied to each 
stage by a turbine-type impeller. 

After initial essploratory operation of the equipment to detenalne 
the conditions required to produce a high reactivity material, the 
product was prepared with a feed rate of ̂ 00 to 500 pounds of uranl-um 
trioxide per hour, a water temperature of lUCF., and a liquid residence 
time of about 55 minutes in the hydration tanks. The water to uranium 
trioxide weight ratio under these conditions was about 2.5 to 1.0. The 
reactivity ratio of 90/0 of the product fell be-cween O.97 and 1.02, as 

* During the plant operation, solids were deposited on the top baffle 
and impeller of the first hydrator and it was necessary to remove 
them and to operate -with only two stages. 
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TABLE I I 

Material 

UO Hydrate* 
.• 

THERMOBALANCE 
ACTIVATED 

Reduction 
Temperature, 

°F. 

lOltO 

101+0 

1700 

Spray Dried UO 10i^0 

Pot Oxide A 

Pot Oxide B 

Pot Oxide C 

* Prepared by 

1040 

1700 

lOl+O 

1700 

10i|-0 

1700 

lOi+0 

1700 

the hot slurrj. 

HYDROFLUORINATION 
AND POT-CALCINED 

Hydrofluorination 
Temperature, 

°F. 

1110 

770 

1110 

1110 

770 
1110 

1020 

1110 

1020 

1020 

770 

1110 

1020 

1020 

770 

1110 

1020 

r process. 

TESTS 
OXIDES 

WITH 

Time to 

50fo 

1.5 

1.3 

1.5 

1.5 

1.2 

2.0 

1.7 

2.5 

2.5 

1.5 

1.8 

1.8 

1.8 

1.8 

2.1+ 

1.8 

2,0 

50/0 

2.1 

1.8 

2.1+ 

2.3 

1.8 

2,1+ 

i+.O 

5.8 

8.0 

2.2 

3.8 

2.8 

3.5 

5.5 
6.5 

5.Ĵ  

i+.o 

Reach Conver 
Minutes 
icyfo 

2.7 

2.8 

3.0 

3.1 

2.1 

5.0 

15.0 

19.0 

28.0 

5.6 

9.3 

9.h 

10.0 

8.5 

2I+.0 

10.0 

15.0 

5.5 

5.0 

5.9 

5.5 

5.7 

8.0 

55.0 

60.0 

87.0 

50.0 

55.0 

50.0 

55.0 

78.0 

50.0 

65.0 

slon. 

, 95^ 
5.6 

7.2 

1+.2 

9.5 

6.0 

16.0 

76.0 

86.0 

117.0 

52.0 

88.0 

100.0 

85.0 

99.0 
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compared to the hydrate standard at 500°F., while the minimum and maxi
mum reactivities were O.^k and I.06, respectively. 

Performance of the equipment. In general, was satisfactory. After 
drill motors which were used as temporary agitator drives in the hydration 
units were replaced with standard motors and gear reducers, the plant was 
on-stream 97^ of the time. The processing rate of 5OO pounds per ho-ur of 
uranium trioxide through the rotary dryer which was operated at 81+0 to 
950°F. was achieved with a feed containing about 50ŷ  free water on a dry 
monohydrate weight basis and a product bound water content of 0.5^ or 
less-̂ . This rate is equivalent to 1,1 pounds of uranium per square foot 
of heated dryer shell per hour. 

The hydrate prepared in the production facility was then processed 
in the feed plant-̂ -̂ . and the pilot plant tests with slurry activated 
oxide were verified". With feed rates up to 6OO pounds of uranium tri
oxide per hour, i.e., approximately k po-unds of -uranium trioxide per 
square foot of hydrofluorination reactor surface, the average reduction 
to uranium dioxide was 96.7^ and the average conversion to uranium tetra
fluoride was 95.2^. In the reduction step, a tray temperat-ure of 1200°F. 
and a powder residence time of 1+5 minutes were employed. The total resi
dence time in the hydrofluorination reactors was about 60 minutes and the 
wall temperatures, at the beginning of the test, were graded from 1+00 to 
500°F. on the first tray and from 5OO to 550°F. on the second tray. 
During operation, the heat released by the reaction increased the tray 
temperatures to a maximum of 650°F. on the first tray and to 570°F. on 
the second tray. 

It was evident that most of the conversion was occ-urring on the 
first tray and that either the percentage uranium tetrafluoride could 
have been Increased by raising the temperat-ure of the second reactor or 
that the throughput could have been increased with no loss in conversion 
by decreasing the powder residence time and slightly increasing the tem
perat-ure of the second tray. Analyses of samples from the end of the 
first tray showed that about 92^ of the urani-um dioxide had been converted 
to uranium tetrafluoride by the time the powder reached this point. 

* No more than 1^ water can be tolerated in the urani-um trioxide feed. 
The reduction trays are only 15 feet long and do not have sufficient 
capacity to both dehydrate and reduce. 

** Only 70 feet of hydrofluorination reactor was used, a 1+0-foot and a 
50-foot tray. The present tray lines are 80 feet long. 

61 



/ At a later date, additional uranium trioxide was activated and 
tests were made in tne screw reactor facilities at another Installation 
No operating difficulties were encountered and metal grade uranium tetra
fluoride was produced with hydrogen fluoride excesses as low' as 10^, The 
capacity of the reactors was not determined since the size of the feed 
screw limited the processing rates to about 525 po-unds per hour of the 
low density uranium trioxide. 

ACTIVATION BY SULFATE ADDITION 

The effect of the addition of sulfate to uranyl nitrate hexahydrate 
before denitration was first noted at Hanford when sulfamic acid was 
added to a pot charge in an attempt to reduce corrosion, and a reactivity 
ratio increase of about 10^ was observed. The higher reactivity was 
verified by pilot plant and feed plant tests with urani-um trioxide that 
had been activated by the addition of about 500 ppm. of sulfate. The 
capacity of a vibrating tray reactor line was increased about 25^ with 
no loss in the conversion to uranium tetrafluoride| 90^ of the uranium 

1 dioxide was converted to uranium tetrafluoride with a feed rate of l+60 
pounds of -uranium trioxide per hour-'--̂ . 

This method of activation has been used for about one year by one 
I supplier of -uranium trioxide, and no operating difficulties have been 
( encountered in the feed plants. In the screw reactors at another facility, 
i however, excessive corrosion of the reduction screw flight occurred when 
material containing 750 ppm. of sulfate was processed. 

It should be emphasized that the addition of sulfate does not 
always improve reactivity. For example, during the past several months, 
samples of uranium trioxide prepared in a continuous calciner have been 
examined in the laboratory tester and in the pilot plant. Reactivity 
measurements using the high temperature reactivity test have Indicated 
no significant improvement over untreated material from the addition of 
1,200 ppm. of sulfate. Both oxides are markedly inferior to the standard 
pot-calcined uranium trioxide^ reactivity ratios of about 0.75 are ob
tained with the higher temperature reactivity test. Pilot plant results 
with the sulfated powder substantially confirmed the laboratory data. 

ACTIVATION BY OTHER ADDITIVES 

The effect of other additives on the reactivity of uranium trioxide 
Was also studied in the laboratory, and it was found that potassi-um 
dichromate, chromic oxide, potassium permanganate, manganese dioxide, 
and potassium hydrogen arsenate, as well as sulfates, increased the 
reactivity of the resulting oxide. Phosphoric acid, selenious acid, and 
eerie, ferric, and cobaltous cations were found to he deterimental. 
Hydrogen peroxide and perchloric acid had no significant effect. The 
results of the tests are presented in table III. 
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TABLE III 

REACTIVITY OF URANIUM TRIOXIDE PREPARED BY VARIOUS CHEMICAL 
ADDITIONS TO URAIiTYL NITRATE 

Chemical Wt. of Added Chemical 
Addition g/lOO g. of UHH Reactivity Ratio-» 

None 

KgCr^O^ 

Cr^Oj 

KMnO, 

MnOg 

NagSOi^ 

\^o^ 

ZnSOj^ 

(^k^2^2% 

Al2(S0j^)^l8H20 

V^ 
HgSeO 

Ce(N0^)j6H20 

Fe(N0j)^9H20 

Co(N0j)2Hg0 

HgOg 

HClOĵ  

0.00 

0.857 

0.1+35 

0.900 

0.1+95 

0.207 

0.570 

1.6i+ 

0.61+9 

1.26 

0.558 

0.755 

2 .50 

1.65 

0.188 

0.57 

1.00 

1.56 

1.58 

1.25 

1.15 

1.16 

. 1.51 

1.13 

1.29 

1.39 

0 .75 

0.86 

0.39 

0.56 

0.52 

1.05 

0.96 

* Compared to the standard pot-calcined oxide at 770°F. 



PREPARATION OF REACTIVE OXIDES BY OTHER METHOIB 

Other methods of producing reactive oxides have been investigated 
in a preliminary manner. A cursory evaluation has been made of a urano-
uranic oxide (U^On), prepared by the decomposition of ammonium di-uranate, 
with interesting results. Employing a reduction temperature of 10ltO°F., 
extremely rapid conversion to urani-um tetrafluoride was realized with 
both the thermobalance and reactivity testers at hydrofluorination tem-
perat-ures of 500 and 770°F.| in fact, the specific rate constant was 
even larger than the value obtained for oxide prepared by the hot slurry 
hydration process, A marked decrease in reactivity was noted, however, 
when the high temperature evaluation, i.e., reduction at 1700°F. and 
hydrofluorination at 1020°P., was made. This observation was confinaed 
by pilot plant data and, so far, attempts to Improve the conversion to 
uranium tetrafluoride in the vibrating tray reactors have been -uns-accessful. 

Limited reduction and hydrofluorination tests were conducted with 
material which was hydrated in the denitration pots following the deni
tration cycle by the addition of approximately 10^ by weight of water. 
The resulting oxide was about equivalent in productivity to sulfur 
activated pot-calcined powder, even though the reactivity of the oxide 
before hydration was considerably lower than the standard. No further 
work was done with this material since it appeared that the capacity of 
the pot-calciner facilities would be ins-ufflcient as a res"ult of the 
increased time required for hydration. In addition, an expensive 
dehydrator would have to be installed prior to the reduction step. 

Encouraging results were obtained when oxide was prepared in a 
laboratory spray dryer-̂  . Employing a wall temperature of 800°F., a 
fine brick orange product with a packed density of 1.6 grams per cc. 
was produced. Thermobalance tests (table II) at both high and low 
reduction and hydrofluorination temperatiures Indicate that this material 
is almost as reactive as hydrate activated oxide. Additional laboratory 
experiments show that a rapid denitration will, in general,produce a 
reactive, low density product. 
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Mechanical and thermal processes for 
increasing the density of uranium tetrafluoride 
have been investigated on a development basis. 
Several of the methods appear suitable for use 
on a production basis as an adjunct to processes 
yielding low density uranium tetrafluoride. 

The production of the salt, uranium tetrafluoride 
as it is now being produced, has been described.^»^* 

The uranium tetrafluoride is used to produce uranium 
metal by magnesium reduction or to produce uranium 
hexafluoride (UP6) ̂ Y fluorination. In both cases the 
quality of the uranium tetrafluoride must meet certain 
chemical and physical specifications. The specifications 
are presented in Table I. 

It is possible to produce UP4 by processes other than 
those now in use. These alternate processes are attractive 
because they may make it possible to attain higher capacity 
UPif production with smaller excesses of reagents at lower 
operating temperatures. Certain of the alternate processes 
produce uranium tetrafluoride with a density below the 
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TABLE I 

URANIUM TETRAFLUORIDE SPECIPIGATIOIS 

Assay 

Tap density 

Maximum impurities^^) 

Gd 
Dy 
B 
Th 
Cd 
Ag 
V 
Cu 
Ni 
Or 
Fe 
C 
Si 
Mn 
Mo 
P 
3 

Elements forming 
Non~Volatile fluorides 

96.0^ UFi| Minimum 
1.9^ AOI Maximum 
1.0^ UOgPg Minimum 
2.5^ UO2P2 Maximum 

3,0 g/cc Minimum 

0.05 
0.10 
0.20 
50 
0.20 
1 
30 
70 
65 
20 
60 
100 
20 
10 
1 
50 
100 

250 

ppm Maximum 
ppm Maximum 
ppm Maximum 
ppm Maximum 
ppm Maximum 
ppm Maximum 
ppm Maximum 
ppm Maximum 
ppm Maximum 
ppm Maximum 
ppm Maximum 
ppm Maximum 
ppm Maximum 
ppm Maximum 
ppm Maximum 
ppm Maximum 
ppm Maximum 

ppm Maximum 

(a) On uranium basis 
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specification value. 

Several processes for increasing the density of UP4 
have been Investigated on a development hasis. These are? 

1. Mechanical densificatlon 

a. Extrusion 

h. Briquetting 

2. Thermal denslficatlon / 

a. Sintering 

b. Prilling 

Each of the processes has its advantages and disadvantages. 
The purpose of this paper Is to describe the development 
work to date. 

MECHANICAL DEISIPICATION 

EXTRUSION 

A technique used by Industry for increasing the 
density of a wide variety of products Involves compaction 
of the material by forcing it through an extrusion tube. 

The equipment used for the development work was a 
Bonnot Company, Canton, Ohio, "Terrier* model extruder 
adapted with a denslficatlon tube extension fitted to 
the end flange of the pug mill unit. The material being' 
denslfied is retarded in this tube by a circular steel 
plate located about I.5 to 2 inches from the end of the 
densifylng tube. The length of the tube and the distance 
between the tube and the retarding plate are the primary 
variables. 

Denslflcatlon was attempted on UP^ with a bulk density 
of 2.78 g/cc and of I.50 g/cc using a 12" tube length. 
Retardlng-plate distances were decreased to the point of 
overloading the electrical motor drive without achieving 
a significant density increase. 

BRIQUETTING 

Compaction of powders may also be realized by 
briquettlng or tabletlng under pressure. The Atomic Energy 
Establishment, Harwell, Berks, England, has reported 
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development of sintering and hot pressing conditions for 
fabrication of uranium tetrafluoride compacts. This work 
appears notably successful. Work of a limited nature 
was done in this country with 0P4 and calcium metal.5 
For this reason, experimental studies have been conducted 
to determine the feasibility of briquettlng the combined 
UPa|.-Mg charge used for metal reduction. The reslilts of 
the studies to date indicate that this method of 
denslflcatlon may have application to utilization of low-
density UP||.. 

Equipment manufacturers were contacted with regard 
to the feasibility of pressing cylinders of a UPji-Mg 
mixture on a production basis* Prom previous industrial 
experience on similar problems, it was decided to compact 
a small quantity of material and perform reductions on 
a laboratory scale. Arrangements were made through the 
Elmes Engineering Division of the American Steel Foundries 
Company to press approximately one thousand pounds of a 
mixture into briquettes 3,25 inches in diameter. 

Briquettes of UF^-Mg mixtures were successfully 
prepared in a 100-ton press with a double-acting die. 
UF4 produced in screw reactors was used. This press is 
shown in Figure 1. The press had a variable pressing 
speed and pressure control. The cylindrical die was 
loaded with a measured amount of UPji-Mg blend, and the 
top and bottom dies were Inserted a.z the ends. A 
horseshoe-shaped die support was inserted under the 
cylinder so as to eliminate action from the bottom punch. 
When the machine was started, pressing action occurred 
only from the top punch. The die support was then 
removed to bring in the action of the bottom punch when 
pressure was again applied. The die support was then 
replaced and the press was actuated to push out the bottom 
die and briquette, respectively, from the bottom end of the 
die cylinder. Since clearance between the cylinder wall 
and punch was only 0.001 inch, this action served to 
clean the die wall of any adhering magnesium. The 
complete pressing operation took approximately two minutes, 
A representative briquette is shown in Figure 2. 

The UPii-Mg mixture before compaction had a bulk 
density of 2,24 g/cc and a tap density of 2.61 g/cc. 
Table II presents the briquette densities with variations 
in briquettlng pressure, together with the per cent 
increase over the initial tap density. Figure 5 graphi
cally presents these changes. Extrapolation to a 17-ton 
per square inch pressure gives a briquette with a density 
of 3.90 g/cc, a 74 per cent Increase over the bulk density. 
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FIGURE 1 

100-TON BRIQUETTING PRESS 
WITHOUT DIE SET-UP 
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FIGURE 2 

TYPICAL BRIQ;J3TTE 
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TABLE II 

VARIATION OP BRIQUETTE DENSITIES 

with 

BRIQUETTING PRESSURES 

PRESSURE 
(Tons/sq.in. 

5 
6 
7 
8 
9 
10 
11 

LENGTH 
(cm) 

15.6 
15.0 
15.2 
14,8 
14.9 
14.4 
14.7 

DENSITY 

3.43 
3.45 
3.49 
3.53 
3.58 
3.61 
3.66 

INCREASE OVER 
TAP DENSITY m 

31.4 
32.2 
33.7 
35.3 
57.2 
38.3 
40.2 

During additional studies it was observed that 
hydrofluorinated UO2-source uranium tetrafluoride pressed 
at seven tons/sq. inch and above withstood severe shock. 
UPta produced from uranium hexafluoride did not exhibit 
the same briquette stability. 

Metal reduction properties of the briquettes were 
superior to those of control powder charges. 

No briquettlng work has been done on alternate process 
or low density UFi|. 

THERMAL DENSIFICATION 

SINTERING 

Denslflcatlon of many materials has been accomplished 
by thermal treatment. It has been known for some time 
that UP|̂  density can be increased by sintering. 
Development work investigating these problems has shown 
that thermal denslflcatlon may be used as an adjuct to 
processes yielding low density Wh to meet the density 
specification. Problems which arise in conjunction with 
such treatment include! Selection of an optimum tempera
ture, selection of materials of construction, effect of 
various atmospheres, change in product purity, and change 
in reactivity of the sintered product to further processing 
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LABORATORY DEVELOPMENT WORK 

Since little information was available for an 
evaluation of the extent or these problems, laboratory 
data were obtained on uranium tetraf]uoride from (l) 
normal screw reactor production with a bulk density of 
2.59 g/cc, and (2) an alternate process with a bulk density 
of 1.32 g/cc. 

The laboratory data were obtained by use of a small 
tube furnace through which different gases could be passed. 
The sample was placed in a small boat within the furnace. 
Data were obtained on the effect of temperature in the 
range, 1400°P to 1900°?, the effect of the gas atmosphere, 
and the effect of residence time. The information for 
normal process UPĵ  is presented in Table IIIj whereas. 
Table IV presents data for an alternate process UP4. 

From these data, it was concluded thati 

1. For screw reactor process UF4, bulk density 
up to 28 per cent may be achieved using an 
H2 atmosphere and 1800<̂  P temperatxire. 
Significant Increases are also attained using 
HP, He, and N2 atmospheres. 

2. For the low density UP|̂ , bulk density increases 
up to 150 per cent may be obtained with an HF-N2 
atmosphere. 

3. The low density UP4 can be converted to the 
minimum specification tap density of 3*0 g/cc or 
greater, thus making feasible continued study on 
alteT>nate processes which produce a low density 
UP4. 

4. A residence time of five minutes appears 
sufficient for thermal denslflcatlon. 

PLANT DEVELOPMENT WORK 

Screw Reactor - Plant development work with the 
low density UFij produced by an alternate process had 
indicated that the third hydrofluorlnation reactor could 
be released for other use since chemical specifications 
were met with the product from the second hydrofluorlna
tion reactor. 

A plant test was made to determine the suitability 
of the third hydrofluorlnation screw reactor as a 
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TABLE III 

UF^ SINTERING STUDIES 
Norma! Process UF^ 

Treatment 
Atmos
phere 

No treatr 

HF 

HF 

HF 

HF 

HF 

Ha 

H2 

H2 

»2 

Ha 

»-2 

»2 

»2 

H2 

Ha 

Ha 

Ha 

Ha 

Ha 
He 

Na 

Temp.°F 

lent 

1600 

1700 

1750 

1900 

1900 

1400 

1500 

1600 

1700 

1700 

1700 

1700 

1800 

1800 

1800 

1800 

1900 

1900 

1900 

1900 

1900 

Time 
(min) 

60 

5 

60 

5 

60 

5 

5 

5 

5 

15 

30 

60 

5 

15 

30 

60 

15 

30 

60 

5 

5 

Bulk 
Density 
(g/cc) 

2.51 

2.31 

2.25 

2.84 

3.37 

3.34 

2.31 

2.55 

3.04 

3.31 

3.24 

3.46 

3.42 

3.62 

3.28 

3.79 

3.86 

3.69 

3.76 

(1) 

3.41 

3.35 

Tap 
Density 
(g/cc) 

3.51 

3.30 

3.00 

3.65 

3.96 

3.92 

3.09 

3.23 

3.68 

3.87 

4.05 

4 . 1 ! 

3.97 

4.31 

4.08 

4.26 

4.50 

4.32 

4.27 

3.97 

4.10 

Physical Appearance 

Powder. 

Powder; darker than starting material. 

Sample unchanged in appearance; 
small amount of sintering observed. 

Sintered powder. 

Melted; britt le mass resulted. 

Bri t t le; solid mass. 

Light in color; some sintering. 

Light in color; some sintering. 

Sample appeared fused together; 
Not completely melted. 

Sample melted 

Sample melted 

Sample melted 

Sample melted 

Sample melted 

Sample melted 

Sample melted 

Sample melted 

Sample melted 

Sample melted 

solid mass. 

solid mass. 

solid mass. 

solid mass. 

solid moss. 

solid mass. 

solid mass. 

solid mass. 

solid mass. 

solid mass. 

Sample melted; solid mass very br i t t le. 

Sample melted; solid mass. 

(1) Apparent density by H2O displacement; 5.03 g/cc 

Apparent density of some fragments by alcohol displacement; 4.01 g/cc. 
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TABLE !V 

UF^ SINTERING STUDIES 
Alternate Process UF^ 

Treatment 
Atmosphere 

No treatment 

HF 

HF 

HF 

HF 

HF 

HF & Ns 

HF & N 2 

HF & N 2 

HF & N2 

HF & N 2 

H 2 & N2 

H 2 & Ng 

H 2 & Ng 

H 2 & N 2 

H 2 & N2 

Temp.°F 

900 

1400 

1500 

1600 

1700 

1800 

1400 

1500 

1600 

1700 

1800 

1400 

1500 

1600 

1700 

1800 

Time (min) 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

Bulk Density 
(g/cc) 

1.36 

2.29 

2.38 

2.48 

3.05 

3.13 

2.26 

2.34 

2.76 

3.24 

3.36 

1.60 

2.11 

2.69 

3.22 

3.23 

Physical Appeorance 

Light in color. 

Dark in color; some sintering. 

Dark in color; some sintering. 

Dark in color; some sintering. 

Sintered and melted in some places. 

Hard glossy sol id; melted and 
formed a solid mass. 

Small amount of sintering. 

Small amount of sintering. 

Well sintered; some melting in 
corners. 

Well sintered; some melting in 
corners and on bottom. 

Well sintered; almost completely 
melted. 

Dark in coloi'; no sintering. 

Some sintering; brownish discolora
t ion on UF^at gos inlet end of 
boat. 

Dark; well sintered. 

Dark in color; completely melted. 

Dark in color; completely melted. 



sintering furnace. Temperatures from 1200°P to l400°F 
were investigated using an HP atmosphere. Estimated 
residence time was two hours. Table V presents the 
data obtained. A density increase was observed and 
agrees well with the observed laboratory data. The 
test was terminated at the 1400° level due to plugging 
of the reactor. 

TABLE V 

DENSIFICATION IN THE THIRD HYDROFLUORINATION REACTOR 

Temperature, °F Bulk Density, g/cc 

1050 1.36 
1200 1.85 
1300 2.06 
1400 2.20 

BELT SINTERING FURNACE 

To develop information on the applicability of a 
belt-type sintering furnace, arrangements were made to use 
a 22-foot unit which consisted of a 2-foot preheat section, 
a 10-foot heating section and 10-foot cooling section. 
Nitrogen with a dilution of 5 to 7 mol per cent hydrogen 
was used as a controlled atmosphere in the furnace. 

Uranium tetrafluoride at two density levels was 
investigated with respect to residence time, temperature 
and bed depth. 

The results obtained are presented in Tables VI and 
VII. 

Figures 4 and 5 illustrate the effect of sintering 
temperature and of residence time respectively on the 
tap density for varying bed depths. 

The sinter cake was easily discharged from the belt 
in all cases. In milling the cake to a powder, the 
importance of the size reduction method on the resultant 
product density was established. An example of this is 
shown in Table VIII. 

With the N2-H2 atmosphere used, the uranium dioxide 
content Increased from 0.5 to I.5 per cent while no 
change was observed in UOpPo content. For this reason, 
a hydrogen fluoride atmosphere may be advantageous. 
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TABLE VI 

URANIUM TETRAFLUORIDE 

THERMAL DENSIFICATION DATA 

Blends 80^ Regular UFii 
20^ Alternate Process UPjĵ  

Temperature 
(Op)(a) 

Starting UF2|, 
1600 
1650 (1573) 
1700 (1624) 
1750 (1678) 

1600 
1650 (1573) 
1700 (1624) 
1750 (1678) 

1600 
1650 (1573) 
1700 (1624) 
1750 (1678) 

10 Minutes 
Bulk Tap 
Density Density 
(g/cc) (g/cc) 

2.38 
2.06 
2.12 
2.35 
3.08 

1.86 
2,01 
2.35 

2.02 
1.98 
2.10 

20 Minutes 
Bulk Tap 
Density Density 
(g/cc) (g/cc) 

0.25-INCH BED 

3.06 
3.19 
3.22 
3.25 
3.88 

2.22 
2.42 
3.02 
3.12 

0.50-INCH BED 

3.09 
3.15 
3.25 

2.22 
2.34 
2.49 
3.27 

0.75-INCH BED 

3,50 
3.00 
3.28 

2.00 
2.34 
2.39 
3.11 

DEPTH 

3.26 
3.47 
3.96 
3.74 

DEPTH 

3.40 
3.32 
3.56 
3.89 

DEPTH 

3.14 
3.32 
3.42 
3.98 

30 Minutes 
Bulk Tap 
Density Density 
(g/cc) (g/cc) 

2.32 
2.62 
3.19 
3.11 

2.40 
2.47 
3.19 
3.14 

2.32 
2.34 
2.92 
3.18 

3.17 
3.65 
4.19 
3.88 

3.28 
3.44 
3.97 
4.07 

3.27 
3.26 
3.69 
3.97 

(a) Muffle furnace surface temperature,' bed temperature 
foiHid to be as indicated iu,parentheses. 
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TABLE VII 

URANIUM TETRAFLUORIDE 

THERMAL DENSIFICATION DATA 

Alternate-Process VFu 

10 Minute 20 Minute 30 Minute 
Bulk Tap Bulk Tap Bulk Tap 

Temperature Density Density Density Density Density Density 
(Op)i^) (g/cc) (g/cc) (g/cc) (g/cc) (g/cc) (g/cc) 

0.25-INCH BED DEPTH 

Starting UFk 1.25 1.98 
1200 ^ 1.10 2.28 
1500 2.22 3,22 

0.50-INCH BED DEPTH 

1650 (1573) 2.77 3.66 3.27 3.86 
1750 (1678) 3.49 4.06 

0.75-INCH BED DEPTH 

1700 (1624) 3.33 3.96 3.44 4.09 
1750 (1678) 3.37 4.17 

(a) Muffle furnace surface temperature; bed temperature 
found to be as indicated in parentheses. 

TABLE VIII 

COMPARISON OF GRINDS 

Bed Depth; O.5 Inches 
Residence Time; 30 minutes 
Temperature; 1700°F 

Bulk Tap 
Density, g/cc Density, g/cc 

Micropulverlzer 2.32 3.85 
Disk Mill 3.19 3.97 
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1750 

1700 

1650 

1600 

0.25" 

3.0 3.2 3.4 3.6 

Tap Density g 'cc 

3.8 4.0 4.7 

" FIGCJRE 4 

SINTERING TEMPERATURE VERSUS TAP DENSITY 
AT 30 MINUTE RESIDENCE TIME 

FOR VARY'ING BED DEPTH 
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Prom this work, the following items of importance 
were developed; 

1. I^nsificatlon of screw reactor produced and low 
density UP4 can be effected at temperatures 
within the normal operating range of a moving 
belt sintering furnace. 

The test results show that the density increases 
with increased temperature and residence time 
and decreases with Increased bed depth. 

It Is also Indicated that sintering has considera
bly greater effect on low density UP4 than on 
screw reactor material. 

2. A tap density increase for a 80-20 blend of 
screw reactor producted UP|i- alternate-process 
UPî  from 3.06 to 4.19 g/cc at 1700° P, 30-
minute residence time, and O.25 bed depth was 
obtained. This represents a 63 per cent Increase. 

3. Particle shape, particle size and distribution of 
particle size contribute to the ultimate density 
of the powder. 

STATIC BED SINTERING 

A sufficient quantity of UPij. for metal reduction tests 
was prepared in electrically-fired batch muffle furnaces 
with an HF atmosphere. Sintering was conducted by the 
following procedure; 

The material was placed in Hastelloy C boats, 
(approximately 18-3/4 pounds per boat) and charged to the 
furnaces on a batch basis. The furnaces were heated as 
rapidly as possible -until the muffle wall temperature 
reached approximately 1750°P. The furnaces were then 
cooled to 400°P by an external blast of air and the UF4 
sinter cake removed. Times required for heating and 
cooling were about 6 hours and 2 hours, respectively. The 
atmosphere used was anhydrous EW.TMi%h a short purge of 
N2 at the beginning and end-'0f the ehtlre cycle. The bed 
depth in the boats was a tMbximum of two inches to 
facilitate rapid processing of the UP^. 

No serious operating difficulties were encountered 
other than excessive corrosion of the Hastelloy C 
containers. This corrosion was attributed to the alternate 
cooling and heating cycle with resultant HP condensation. 
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The sinter cake was passed through a jaw crusher 
and a Denver disk grinder. An average bulk density of 
3.35 g/cc and an average tap density of 4.47 g/cc 
was achieved, compared with 2.54 g/cc and 3.53 g/cc, 
respectively, for the starting material. This represents 
an Increase of J>2% in bulk density and 27^ in tap density. 

Metal reduction of the sintered UPii compared favorably 
with the reduction of a control lot of uPij.. The results, 
however, indicated that the particle size distribution 
yielding the highest density powder UPh may not be the 
optimum distribution when the magnesium reductant is 
added. 

PRILLING 

ThR.observation that UPj, produced from the reduction 
of UP5^5i has a higher density (i.e., bulk density, 2.96 
g/cc, tap density, 4.35 g/cc) than that normally produced 
from UO2 suggested that, the process of prilling by 
allowing molten UP4 to drop through a tube similar to 
a shot tower would offer a method of producing high density 
UP4. 

Equipment used for study of this process, Figure 6, 
consisted of; 

1. An induction heated graphite crucible with a nlug 
in the bottom containing two l/8-lnch-O.D. I/32-
Inch-I.D. graphite tubes which extend 3/8 Inch 
below the plug. 

2. A twenty foot, by six inch, stainless steel tube 
mounted below the induction furnace. 

The UPh, powder to be denslfied was melted by heating 
it to a temperature of 1950° P (which is above the melting 
point) in the furnace using a helium atmosphere. Fifty and 
one hundred pound charges were used. When the charge 
melted, it poured automatically Into the twenty foot tube 
at a rate of 42 pounds per hour. A countercurrent stream 
of helium at 100 CPH was used to cool the molten UPh. 
Argon gas used under the same conditions was found to 
provide insufficient cooling. 

Pour holes of 3/32-inch and l/l6-lnch were found 
unsuitable due to agglomeration of the prills. 

A 95 per cent yield of the material has been obtained. 
The tap density of the UPi|, was Increased from 3.4 g/cc to 
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4.2 g/cc, an increase of 24 per cent. 

The screen analysis (Table IX) shows that the prills 
are uniform in size and, therefore, do not produce the 
maximum packing (tap) density. Figure 7 illustrates the 
uniformity of the prills. 

TABLE IX 

Screen Size 
(mesh) 

- 8 / 1 2 
-12 / 20 
-20 / 40 
-40 / 60 
-60 / 80 
-80 /lOO 

-100 

SCREEN ANALYSIS OF PRILL 

Per 
Cent 

53.27 
39.70 
5.92 
0.62 
0.12 
0.12 

. 0 ^ 

Ctimulative 
Per Cent 

55.27 
92.97 
98.89 
99.51 
99.63 
99.75 
100.00 

lOOTOO 

The chemical composition of the UP4 used for this work 
was significantly altered with respect To UO2F2 content. 
The feed UFit contained 1.11 per cent U025'2l the average 
UO2F2 content of the prill was 0.22 per cent. 

Reduction of the UP4 prill, as produced, to uranium 
metal indicates that the reaction is inhibited because 
of the small surface area presented. Satisfactory metal 
reduction has been achieved with blends of prill and 
powder. 
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APPLICATIONS OF FLUORIDE VOLATILITY 
mOCESSES TO FEED MATERIALS 

by 

R. K. Steunenberg and R. G. Vogel 

Argonne National Laboratory 
Lemonbj Illinois 

I INTRODUCTION 

Fluoride volatility processing methods have generally been con
sidered in terms of recoverir^ fissxonable materials from spent re
actor fuels,(1*2) Because of the ba&ic position uraniism hexafluoride 
occupies in AEG operations, and the excellent purification datainable 
by its distillation, possible applications of fluori.de volatility 
processing schemes to feed materials should not be overlooked. This 
paper will attanpt to point out fruitful areas for research in the 
application of fluoride volatility processes in feed materials pro
cesses. This field, in getmral^ has had little attention and offers 
excellent opportunities. 

The current methods by which uranium is obtained in a form suit
able for reactor fuels involve a rather loJig sequence of steps through 
which the uranium in ores is eventually converted into the tetra-
fluoride or hexafluoride of high purity. It is probable that improve
ments in the present operations can be made by adopting more refined 
engineering techniques. This discussion, however, is concerned 
mainly with seeking simpler^ less expensive routes in the over-all 
sequence of operations. 

No attempt will be made to discuss these economic factors beyond 
sorae rather obvious general conclusions, 

II TH3 CURRENT PROCESSING SCHBffi 

There exist many different methods for the concentration of ores, 
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but in general they involve a leaching step followed by a concentration 
procedure such as precipitation, ion exchange or solvent extraction as 
shown in Figure 1. During these operations valuable side prt)ducts, 
such as vanadium or radium, are sometimes recovered. 

The resulting concentrate, which assays from aboui 60 to 90 per 
cent as U3O8J is then purified from gangue materials by solvent ex
traction procedures to give a nitric acid solution of essentially pure 
uranyl nitrate. This solution is denitrated to solid uranium trl
oxide by evaporation and heating. The trloxide is reduced by hydrogen 
to the dioxide, which, in turn^ is hydrofluorinated to form uranium 
tetrafluoride, or "green salt," This material may be induced by 
magnesium to metallic uranium or it may be converted by fluorine to 
the hexafluoride for isotope separation. Both the tetrafluoride and 
the hexafluoride of uranium are regarded as desirable end products of 
the over-all procedure, 

III FLUORINATING AGENTS 

In principle^ the uranium at almost ai^ stage of the feed 
material processing sequence could be converted directly to the 
hexafluoride by any of~a variety of fluorinating agents. 

Elemental fluorine will convert the oxides or the tetrafluoride 
of uranium to the hexafluoride. This ^s-solid reaction is normally 
carried out as a flame reaction in a high-temperature converter. The 
principal disadvantages of this technique are the heat renraval prob
lem, and ihe tendency of uranixm oxides to produce oxygen fluorides 
when they react with fluorine. 

Chlorine trifluoride, because of its volatility (b.p, 11,8°C), 
requires low temperatures for liquid-phase reactions. In the vapor 
phase it behaves chemically much like fluorine. In both instances 
chlorine and chlorine monofluoride are formed as reduction products 
which can be regenerated to the trifluoride by reaction with elemental 
fluorine. 

Bromine trifluoride (b.p, 12?.7°C), l?eing much less volatile 
than fluorine or chlorine trifluoride, permits operation at higher 
tatiperatures without excessive pressure. Bromine pentafluoride, 
which is intermediate in volatility (b.p. Ul.3°C)j is probably best 
used for vapor-phase fluorination reactions in which it is desired to 
condense the vapor for recycle. Both the trifluoride and penta
fluoride of bromine form lower fluorides cr elemental bromine, either 
of which can be regenerated with fluorine. 

Since elemental fluorine is a relatively costly reagent, its use 
is avoided wherever hydrogen fluoride will accomplish at least a part 
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of the fluorination. Hydrogen fluoride converts uranium dioxide 
directly to the tetrafluoride. Other uranium oxides, however, tend 
to produce uranyl fluoride, so they are reduced by hydrogen to the 
dioxide prior to hydrofluorination. Ifydrogen fluoride will not con
vert uraraum compounds to the hexafluoride, but it can almost certain
ly be used to economic advantage in proceeding to the uranium tetra
fluoride stage in ai^ process. 

Uranium hexafluoride can be made without the use of fluorine or 
halogen fluorides by the following reactions 

2UFl^ + O2 > UO2F2 + UF5(3,'4,5) 

Potent ia l ly s igni f icant savings in chemical costs ex i s t i n the use of 
th i s reac t ion . Unfortunately, i t has been characterized by ra ther 
poor yields I(3) furthermore, the stoichiometry allows only a 50 per 
cent conversion, so the uramrl fluoride must be recycled. Work on 
the Fluorox process a t 0RNL('i*.5), however, has indicated that by op
timizing the operating conditions and by recycling tiie uraryl fluoride 
a sa t i s fac tory use of t h i s reaction i s qui te poss ib le . The recycled 
uranyl f luoride i s converted back to uranium te t ra f luor ide by t r e a t 
ment with a mixture of ammonia and hydrogen f luor ide . A few scouting 
experiments on t h i s react ion were perf owned a t Argonne, giving the 
r e su l t s i n Table I . VJhether the react ion was car r ied out i n a fused 
s a l t medium or simply as a gas-sol id system appeared t o make l i t t l e 
difference. The react ion came much nearer completion a t 800°C tiban 
a t 6000c, which i s in agreement with the ORNL data . The po ten t ia l r e 
duction i n reagent costs a t ta inable by the use of th i s react ion j u s t i 
fies further work on i t . 

TABLE I 

STUDIES ON THE REACTION 2\JFk + O2 -->U02F2 + UF5 

Temp. State of UF^ in Time O2 Flow Ufl̂  U Volati l ized 

OG Reaction Vessel hr,^ co/min g % of Theory 

800 Wl^ powder (fixed bed) 1 liO 2,217 25.3 

800 UF|̂  in molten NaF-?r%* 1 50 3.U65 22.9 

600 UF|̂  in molten NaF-ZrF|^* 2 30 5,0l4 0,002 

« equimolar 
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I? FLUCBIDE VOLATILIZATION SHORT CUTS 

A, Crude Ores 

Prom Figure 1 i t i s evident t ha t crude ores could be fluorinated 
d i r ec t ly to give uranium hexafluoride, which should be read i ly 
separable from the gangue elements by d i s t i l l a t i o n (Table I I ) , This 
f luor inat ion, however, i f f luorine or halc^en fluorides were used, 
would be prohib i t ive ly expensive due to excessive fluorine consumption 
by the gangue. That uranium hexafluoride of good quali ty can be 
obtained by a hvdrofluorination-fluorination procedure has been 
•demonstrated,(6) The use of a hydrogenation-hydrofluorlnation pro
cedure followed by f luorinat ion would lower the cost some^at « per 
haps t o the point where i t might be subject to considerat ion for high 
grade ores , especial ly i f the oxygenation method of producing uranium 
hexafluoride could be applied. 

The chemical cos t s , especia l ly when ooxjpled with ttie problem of 
recovering valuable*by-products such as radium, place the f luor inat ion 
of crude ores in a borderl ine pos i t ion a t bes t , 

B, Ore Concentrates 

The fluorination of ore concentrates, which assay fron 60 to 90 
per cent as U3O8, would still eliminate a rather lerigthy sequence of 
refining steps. Here again the purification is accomplished hj the 
distillation of the uranium hexafluoride product. The same consider
ations apply here in favoring a hydrogenation-hydrofluorination-
fluorination or an ojsygenation procedure over the direct fluorination* 

A few data are available on the fluorination of ore concentrates, 
although no thorough investigation has been made, A group of experi
ments performed in the Chemistry Division at Argonne(7) indicate that 
a direct treatment of various concentrates with liquid bromine tri
fluoride at 80°C for 17 hours resulted in volatilization of 10 to 80 
per cent of the uranium. The addition of 5 per cent antimony penta
fluoride j a Lewis acid, to the bromine trifluoride increased the 
uranium removed to 98,5-99*9 per cent, on the basis of residue 
analyses. No material balances were given* 

More recent work by our group in the Chemical Engineering 
Division has shown that esentially all the uranium is volatilized by 
liquid bromine trifluoride when the tempeiature is raised to its boil
ing point. No additives were used (Table 3)» The low material bal
ances are believed to arise from analytical errors. The initial re
action with the powdered material was violent, occasionally producing 
flajr.e, Pelletiisation of the powder was found to mitigate the reaction 
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somewhat, A possible method of reaction control would be to gradually 
feed the solid material into the liquid bromine trifluoride. Such a 
procedure has been successfully carried out with both uranium tetra-
fluoride and uranium oxides,(w 

TABLE II 

VQIATILITIES OF PERTINENT FLUORIDES 

All data in degrees centigrade 

A. Ore Constituents 

High Intermediate / 

NF3 -209 C^oF6 35 ' 
CFII -18U # 6 56.U(s) 
OF2 -lli5 VF5 l l i o c ( s ) 
BF3 -127 ^ " 
PF5 - 9k 
S i % - 90(s.1318mm) 
SF6 - 6k (s) 

B. Fluorinating Agents and Reduction Products 

F2 -187.9 
O2 -183 
GIF - loo.a 
CI2 » 3li.O 
BrF e s t , -10 to ~20 
CIF3 11.8 
HF 19.5 
BrF< 1*1.3 
Br2 58.8 
BrF3 125.7 

Kon-V( 

Pb% 
KF 
H>F2 
CuFg 
NaF 
AIF3 
CaF2 
MgF2 
CrF3 
FeF2 
RaFg 

>lat i le 
m.p. 
600 
880 
885 
950 
992 

loUo 
1330 
1396 
1000 
1000 
1000 

A fused fluoride system might be used as a solubilissir^ medium 
for the f luorinat ion of ore concentrates . Although an inexpensive 
melt such as the ciyolite-aluminum fluoride eutec t ic would probably 
be used for t h i s , a few data have been obtained i n connection with 
other work in which the sodium-zirconium fluoride system was used. 
Uranium t r ioxide and U3O8 ore concentrate were exposed to fluorine 
gas in th i s medium a t 710^0, In the former case, 75 per cent of the 
uranium was vo la t i l i zed in 3 hours, and i n the l a t t e r , 86 per cent 
in 2 ,5 hours, 
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TABLE III 

TREATMENT OF ORE CONCENTRATES WITH BROMINE TRIFLUORIDE 

MaterialI South African Ore Concentrate Assaying 83^ as U3OQ, 
Time of Exposures 6 hours 
Temperatures 125°C 

Sample Weight U Volatilized U in Residue !faterial 
g Relativey % Relative, % Balance, % 

0.210 99.9 0,1 93.? 
0.200 99.9 0 .1 89,2 
0,200 99,8 0.2 97.0 

As mentioned previously, the hydrogenation-hydrofluorination-
fluorination (or oxygenation) parocedures to produce uranium hexa-
fluoride offer the best possibilities, especially if they can be 
accomplished in an advanced form of equipment such as a fluidized 
bed reactor,(9) This appears to be a fertile area for future ex
ploration, 

C. Purified UO^ 

The fluorination of purified uranium trioxide is, in essence, the 
current procedure. It cannot properly be regained as a fluoride vol
atility process in that the uranium is not purified by distillation. 
It would be possible to fluorinate the trioxide directly with fluorine 
or halogen fluorides, but this route is less economical than the pre
sent one while offering no particular advantages. 

The potential improvements in this segment of the feed materials 
sequence lie largely in the means by which the steps are accomplished. 
It is not, however, the purpose of this paper to point out the rela
tive merits of fixed beds, moving beds, fluidized beds, fluorine 
burner reactors, etc, 

D, Slags 

As indicated in Figure 1^ Vtie usual s^thod of obtalnirg uranium 
metal from the tetrafluoride consists of reduction by magnesium in 
vessels lined with magnesiim fluoride. Substantial amounts of uranium 
are lost in this magnesium fluoride slag, and its recovery appears to 
be a very favorable point for the application of a fluoride volatili
zation process. 

Experiments performed by the Chemistry Division at ArgonneC?) 
have shown that treatment of the slag with liquid bromine trifluoride 
for 7 days at llOOC will remove 93 per cent of the tiranium, When the 
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s l ^ was t rea ted with bromine t r i f l uo r ide containing 5 per cent 
antimoj^r pentafluoride a t 2liO°C for 3 days, about 9^ per cent was 
recovered. 

Recent work by the Chemical Erglneering Division has indicated 
t h a t about 96 per cent of the uranium i s recovered by treatment with 
bromine t r i f l uo r ide for 6 hours a t 1 2 5 ^ . In ttsis case , however, the 
slag was ground, with some d i f f i cu l ty , in a mortar. 

Economic considerations again suggest t ha t hydrogen fluoride 
could be used profi tably to convert the metal l ic tiranium to the t e t r a 
fluoride prior to i t s v o l a t i l i z a t i o n . The s i t ua t i on i s more favorable 
here, however, since the s lag , being primarily magnesium f luor ide , 
should not consume s igni f icant quant i t ies of the flu<a*inating agent. 

After Vae uranium has been removed, i t might be possible to r e 
cover the fluorine value of the slag by t rea teen t with sulfur ic ac id . 
In t h i s way, the hydrogen fluoride recovered as a by-product i s an 
economic a s s e t . 

? GENERAL CONSIDERATIONS 

A, Fluorine Cost 

A,. Any processing method involving fluorine or halogen f luorides ^ 
, Y w i l l show chemical costs that deperai ul t imately upon the expense of /^ 
\'', ,. genemt i i^ and handling f luor ine , ^ I t i s r a ther generally assumed a t \ y 

7 present t h a t a plant la rge enough to jus t i fy the generation of f luor - \ 
ine on the s i t e should be able to produce i t a t about#1 ,00 per pouiKi.f 
Halogen fluoride operat ions, in addi t ion to th i s cos t , require an i n 
ventory of bromine or chlor ine , and probably some losses . These must 
be balanced against the d e s i r a b i l i t y of the i r physical proper t ies fm* 
the j a r t i c u l a r application* 

^ ' Reactions with Uranium Oxides 

Fluorine and the halogen fluorides reac t vigorously with the 
uranium oxides, and the control of t h i s reaction may be a problem, 
al thot^h the iixiications are t h a t i t can be carried out successfully, 
(6) while bromine t r i f l uo r ide produces only oxygen. (10) This problem 
of fluorine consumption by oxygen, however, i s not serious since an^ 
prac t ica l scheme wi l l most l i ke ly involve p r io r hydrogenation aM 
hydrofluorination. 

Certain mechanical problems are a lso l i k e l y to a r i s e , e i ther i n 
the gas-sol id or l iqu id-so l id reac t ions . Par t ic le s ize and inclusions 
within ine r t or insoluble matter can have a bearir^ on the yie lds 
a t t a inab le , 
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C, Reactions with Oai^ue Elements 

The fluorides of most gangue elements are e i the r e s sen t i a l ly non-
f§3,ftt41?» or much more v o l a t i l e than uranium hexafluoride (Table 2 ) , ^ 

^ A reasonably good d i s t i l l a t i o n would be required to separate the van- • 
\ adium and molybdenum from the uranium^jRadium fluoride i s non- |-"*~-**-~̂ ' 

^-^5j5Q3^^-.Y5g--p,ggXej-atf'~«^ a l k a l i or a lkal ine 
earth fluorides may form non-volat i le complexes, such as M(I)UF7,(11) 
which could prevent quant i ta t ive v o l a t i l i z a t i o n of the uranium hexa
f luor ide . This problem needs study, as dues the possible necessi ty 
for recovering valuable by-products such as raditua or vanadiume 

D, ^ d i a 

A var ie ty of methods and media have been proposed for these r e 
ac t ions , Fluidi^ed beds(9) seem to be a good approach to the gas -
sol id reac t ions , since the i r high theiroal corxiuctivity permits 
e f f i c ien t heat removal from the system, Hytlrogen, hydrogen fluoride, 
o^gen , f luorine, chlorine t r i f l uo r ide and bromine pentafluoride are 
a l l adaptable to gas-solid reac t ions . Bromine i»ntafluoride has an 
advantage in t h a t i t i s eas i ly condensed for recycl ing. 

Liquid halogen fluoride systems possess the advantages that good 
l iqu id-so l id contact i s possible and that hea t can be removed from the 
system by a reflux condenser. Also, the iroblem of rec i rcu la t ing off-
gases i s avoided. Corrosion problems are not ser ious , provided nickel 
or Monel equipment i s used. For the final f luor inat ion s tep in the 
l iquid phase, bromine t r i f luo r ide i s probably the bes t medium. The 
use of l iquid f ^ r o f l u o r i c acid , e i ther aqueous or anhydrous, for the 
f luorinat ion step a lso merits consideration,(12) Many of the gangue 
element fluorides are soluble in hydrofluoric acid, suggesting tha t i t 
might be used to leach them out of the insoluble uranium t e t r a f luo r ide . 

Fused fluoride media have been suggested for these operations be
cause they generally lead to fast react ion ra tes and high recover ies . 
The high temperatures required and the at tendant corrosion problems^ 
however, tend t o discoura.ge t he i r appl icat ion, 

E, The Product 

The application of a volatilization procedure at any |»int in the 
feed materials sequence (Figtire 1) results in uranium hexafluoride as 
the final product. Furthermore, this is necessaiy if the purification 
is to be accomplished by distillation of the hexafluorideo 

The relative demands for the hexafluoride and the tetrafluoride 
are an important point. It might be difficult to Justi fy a fluoride 
volatility process if the tetrafluoride is to be the end product un
less the reduction of the hexafluoride to the tetrafluoride by 
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hydrogen(l3) should r e su l t in a product of unusually high pur i ty or 
desi rable physical proper t ies . I f a te t ra f luor ide were produced, far 
example, which showed superior r e a c t i v i t y in i t s reduction to the 
metal, the shorter cycling times or higher yields may offset the cost 
of the hydrogen reduction. 

? I CONCLUSIONS 

A favorable prospect for the applicat ion of a fluoride v o l a t i l i 
zat ion scheme in the feed materials area appears to be the recovery of 
tiranium from magnesium fluoride-uranium s l a g s . In th i s case, l i t t l e 
fluorine i s consumed by material other than the uaranium. Such a p ro 
cess might, for instance, simply consist of a treatment with hydrogen 
fluoride followed by bromine pentafluoride, the uranitM then being 
recovered as the hexafluoride. 

Much in t e r e s t i s apparent in the appl icat ion of one or a cc 
binat ion of these methods to ore concentrates . This would probably 
consist of a hydrogenation-hydrofluorination-fluorimtion sequence, 
possibly in ttie same vesse l , followed by a pur i f ica t ion d i s t i l l a t i o H 
of the uranium hexafluoride. 

The use of oxygen in conw'erting uranium te t ra f luor ide t o the 
hexafluoride i s a pa r t i cu la r ly a t t r a c t i v e prospect i n that i t would 
obviate the necessity of generat i rg and handling fluorine. The r e 
cycling of uranyl fluoride and i t s reduction to uranium te t ra f luor ide 
may present d i f f i c u l t i e s | in ary event, t h i s react ion deserves serious 
study. 

Final ly , i t i s appropriate to i n se r t a note of real ism. Although 
fluorine technology has progressed tremendously within the past 
decade, there s t i l l remains nany unsolved prctolems. Thus, i n order 
to supersede other processing methods, fluoride v o l a t i l i z a t i o n schemes 
wi l l be required t o demonstiate a f a i r l y high degree of super ior i ty . 
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