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INTRODUCT ION

The bzsic constituent in the propegation of the fis-
glon process in nuclear reactors is uranium. More explicitly,
uranium enriched in the isotope 235. Reactors mey be fueled,
however, wlth any one of the heavy elements having a large
fisslon cross sectlon and & high ratio of fisslons per neutron
absorption. This limitation leaves only three logical cholces,

elther U233, U235 oy S 2D Since Pu239 is artificially

239"
produced by neutron cepture in U238 end 1s yet not a commer-
clal reesctor fuel, the chemistry of fuel element puriflcetion
1s restricted, 1n this paper, to the lsotopes of uranium.
Reactor fuel, after & predetermined exposure, must be
reprocessed regardless of the fuel type. The clircumstances
necessitating fuel removel end reprocessing are different
for various types of reactors. 1In solid fuel reactors the
fuel 1itself most llkely becomes physically damaged and
changes dimensions before resctivity 1is limited by the actual
burnup of flsslonable material. Reactors employlng homogen-
eous solutlons or molten sslt suspensions lose their
ability to sustain the chain reaction due to the depletion
of the flssioneble material., In elther of the mentloned
reactor types, or in egny chein reacting nuclear system, the
accumulstion of fission products and non fission capture
reaections will continually decrease the reactivity of the

system untll the concentration of parasitic atoms completely

polsons the reaction. GChearacteristically at this time only



2
a small portion of the fissionable atoms have been utilized
and the spent fuel still contesins & large amount of fisgion-
able materlial. Therefore, fuel processing must be carried
out in such & manner that esgentially all of the remaining
fissionable specles are recovered.

Recovery of the fisslonable specles 1s hampered by
the Intense redlation of the fisslon products and heavy
element bulldup. BSome 200 separate 1isotopes have been
detected as primery fisslon particles and beta decay daughter
products of the unstable fission particles. These 200 1so-
topes represent about thirty different elements. Since the
chemistry of element seperetion 1s not dependent upon the
number of isotoplc species, the 1list of thirty elements cen
be divided into eizght grours for separetion purposes. The
degree of radloactivity in irradiated fuel 1s dependent upon
the length of fuel exposure end the coollng off time allowed
before purificatlion 1s commenced. A one hundred dey cool-
ing time ellows ample décay of most short lived radioactive
specles and ellows equilibrium formetion of heavy elements
which are produced by parssitic capture in the fissionable
specles and fertile meterizl; even then severel curles per
grem of activity still persists.

There are two primery reasons for fuel purification;
these are eliminstion of polsons and restoratlon of fuel

prhysicel properties. Only & few fission products are severe
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polsons while others are extremely radioactlve. These two
mein species must be removed while low concentrations of
the other flgsion products are quite tolerable. This
requires that a reting as to the objectionablility of each
lsotope must be determined. The time which may be ellowed
for fuel coolling is limited by the hold up of both fission-
eble and fertile materisl. Economlc reesons demand that
fuel charges continue even when the fuel 1s not being
lrradiated. An economic balance 1s thereby requlred to
determine the most desirable time for processing.

Fuel element purificstion has been necessary since
CP-1 was constructed in the latter part of World Wer II;
however an accelerstion of the reactor progrem and the
economic entrance of nuclear power has taxed the technology
avallable for fuel purificetion. The methods employed to
date include lon exchenge, fractionel distillstion of the
fluorides, pyrometallurgical techniques, solvent extraction
and preclplitetion. CPP at Arco, Idaho presently purifies
90% of the United States fuel by the solvent extresction
method. If nuclear systems are to play an important role
in the near future, the fuel cycle cost must be improved.
The solvent extractlon method 1s very expensive &and 1lnvites
lmprovement 1in cycle costs from eny one of the above men-
tioned methods.

An especially ettractive method for ursnium purifi-
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catlon lies in the perfection of the aqueous peroxide per-
cipltation of uranium from the uranyl nitrate solution as
uranium peroxide. Feed preperetion 1s immensely simplified
and exceptlonal seperation coefficilents have been obtained
for most fission products and cladding materiesls. The end
product 1s essentizlly identical to the end product of the
gsolvent extraction process and must be reduced toc the metal
if metellic elements are required. Urenium dioxide 1is
rapldly replecing metel as & fuel. Uranium dioxlde may be
dlssolved directly in nitric aclild to produce the feed and
urenium peroxide 1is reduced directly back to uranium diox-
ide above 600°C mzking sn extremely simple single stsze
purification cycle. Fuel hold up and cycle time may be
meterielly reduced by such a scheme. Achileving the optimum
cycle process should cut equipment end chemlcel cost and

substantislly reduce purificatlion cycle cost.



OBJECTIVES

Aqueous preclpitetion of urenium as the peroxide has
been used as a purification procedure since the early days
of the Manhattan Project. The procedure has successfully
produced an extremely pure product when handled in small
batches. Heretofore peroxide precipltatlon has been util-
ized for relatively pure fuel from gaseous diffusion plents
or in purifying column extraction product from salvage
processes. £ search of the unclessified literature had
rendered no Information upon the feasibillity of separating
fission products and fuel cledding materials by selective
preclplitation of uranium peroxide.

The primary objective of thls research was to pro-
duce & uranium oxide which is sultable free from nuclear
polsons so that the urenium may immedilately be refebriceated
for use as reactor fuel. The purified product must be
decontaminated with respect to the radiocactive impuriltiles
so thet fuel fabricatlon may proceed with the use of stan-
dard fabricatlon technigues. The product of precipitetion,
urenium peroxide, should settle at & rete which will allow
a continuous processing method to be employed.

A secondary objectlive was to discover a technlque
which would lmprove the existing purificaetlion procedures
presently in use substiltuting one precipitation where two
or more are presently required. The effect of organlic com-
rlexling on the settling rete of the precipitete was studiled
In an effort to improve the technology of sinzle stag

puriflcation.




PROCEDURE

Ursnium formg & peroxide which is precipitated by
the eaddition of hydrogen peroxide to dilute scld solutions
of uranyl nitrate. The resulting preclpltate may vary in
color from an oranze yellow to & light creamy yellow &end
In texture from a dense crystalllne mass which settles
rapldly to a suspension which 1s slmost colloidel in its
nature. The beasic resction produclng the uranium peroxide

precipitate 1igs:
U0, (NO5 ) o+ Hp0p —>UOY| +  2HNOs

The charscteristics of the urenium peroxide produced from
the above reaction are strongly dependent upon the acldity
of the solutlion es is its reversibility. In order to deter-
mine the effect of acidity on the reaction, the pH was held
constant by the addition of ammonium hydroxide. In the
course of geveral hundred stendard runs it wes determined
that in addition to pH nlne other varliables affected the
charecteristics of the precipitate and its purity. They
are in order of thelr effect except for the last.

1. Temperature of solution

2., Uranium concentration

3. Hydrozen peroxide addition rete
4, Mixing rete
5. Impurity level



. Ammonium hydroxide strength

6
7. Digestion time
8. Hydrogen peroxide strength
9. Resgent addition
Uranyl nitrate feed solutlions are prepsred by dissolv-
ing U3O8 and uranium metal in fifteen normal nitric acid.
If the solutions are prepared from recycle batches the

cycle 1ig:
UOQ(N03)2+-2NH4OH&-HQOQ——~UO4¢—kzNH4N03ﬁ—2H20

g 00°¢
H,0 U0+ 2HNO#— U0+ 1/2 02@——1104
2NHZNO5+ 2H 0

Urenium peroxlde may elso be dlssolved in hot concentrated
nitric acld, however any orgenic reagents present remain in
solution.

The first series of determinations established the
effect of pH on urenium peroxide density and purity. Urenyl
nitrate solutlons contalning 250 grams of urenium per liter
were prepared in 200 ml portions by dilssolving uranyl nitrate
hexahydrate in water. The pH was adjusted by addition of
14.8 normal (concentrseted) chemically pure ammonium hydrox-
1de. Two fifty ml burets were pleced in position above the
400 ml beaker of uranium solution. The beaker wes pleced

on a Magne-3tir magnetic mixer end the entire epparatus



was loceted adjecent to a portable Beckman pH meter. The
pH was measured wilth stendard calomel and gleass electrodes.
See FIGURE 1.

Hydrogen peroxide was asdded at a constant rate of
four ml per minute end the pH was kept constant by eddition
of concentreted emmonium hydroxide from the edjolining buret.
Determinetions were performed et pH. 5.5, 50,2y 2,0 and
1.5. ©See FIGURE 2. Thils range was selected due to the
formetion of ammonium diurenate at and above a pH of 2.
and colloldal uranium peroxide formatlon at and below & pH
of 2.0. Preliminary chemicael anelysls indicated very poor
purification coefficients for this set of determinetions.
The best purity level is achleved at a pH of about 2.2,

In an effort to complex iron in the solution, citric
and malonic aclds were added. An immedlate improvement in
the precipltate characteristics and purity level was noted.
The first set of determinestions was reperformed with the
addition of one gram of citric and one gram of malonic acid.
The results caused an additilonzl determinatlon to be per-
formed at & pH of 1.0. This last run was the only one
where & colloldel suspension wes noted. The runs gt 1.5
were marginal.

Severzl determinctions were performed at & pH of 1.8.
The urenium peroxide wes allowed to settle and the guper-

natent liquid removed by vaecuum. The precipitate was



FIGURE 1

ARRANGEMENT OF EQUIPMENT




FIGURE 2

EFFECT OF pH ON PRECIPITATE DENSITY

10



1
weshed two times with distilled water and filtered in &
fritted glass fllter of fifteen to twenty micron porosity.
A fluorometric analysls of the filtrate ylelds a typilcal
enalysis of .01 ppm of uranium. Emlission spectrogrephic
enalysls of the uranium peroxide ceke yieided the following

results in parts per million: (typical)

TABLE I
L1 1 Be o e o N (5 Mg me el 1
Kosia] Geig Vil - Op 4 Mo o2 SEeRGE (Co 2
N e 1 e ) el Mo es eGE e sRe RS L]

‘In most cases thig represents a purificetion factor of 10
For Mg, Al end Ca purlficetlon coefficients of lO4 are often
obtained.

Variations in citric acid concentration, solution
temperature end pH st which the determinsetions were per-
formed were noted to give large differences in the precipi-
tate esppearance and purity. A basic relationshlp relating
preclipitate density and purity wes derived from observetion
of results from eight hundred determinations. Precipita-
tions carried out below a pH of 2.5 zive a product: whose
purity 1is directly releted to the ursnlum peroxide cske
density and inversely proportionzl to the pH of the
determination.

Using the above relationshiﬁ the remalinder of the

regsearch weas devoted to the production of dense precipi-
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tates at the lowest possible pH.

Effect of Complexing Agent Concentration. The first

anelysis 1in this series was determination of the effect of
varlation of cltric and melonic ecids. Fifty grams of
urenyl nitrate was dissolved 1n 300 ml of distilled water.
The solution was pleced in & 400 ml becker and heated to
60°C. One grem of melonic acid was added to the solution.
The pH was edjusted to 2.0. The stirring rate wes set at
6.5 on the Magne-Stir and hydrogen peroxide addition was
commenced. The pH was maintained st 2.0 +.1 by ammonium
hydroxide addition. Eleven ml of 35% hydrozen peroxide was
added in three minutes and the precipitate was ellowed to
digest for en additlionel three minutes. The precipitate
end solution was transferred to a 500 ml bell top cylinder
and the settling rete observed. This procedure wes
repested for solutions containing 200 grems uranium per
liter with thetdddition of i G2y T end L5 ml of iclitric
acid reagent. The observed settling rates indicated that
citric resgent sddition st this pH had reletively little
effect, however.the determinetlion with only melonic acid
falled to settle. The blank run llkewlse fzlled to settle.
Evidently citric acid 1s required for satlisfectory precipi-
tatlon at this pH but only smell amounts &are necessary.

See FIGURE 3.

4 grephlcel representation of the results relating
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Denslty

0.40 |-

0. 38l

QR se s

0.30 ) | ] T | ] Ve P i ] (] |

2 4 6 8 10 12 14
Grams of citric aciad

FIGURE 3
CITRIC ACID EFFECT ON PRECIPITATE DENSITY
PRECIPITATION CONDITIONS
1 phi 2,0

2. Temperature 50°C

3. 125 grems uranium per liter

4. Four minutes precipitation time
5. GConcentreted reagents

5. Settling time ten minutes
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the uranium density in the precipitate to the method of
precipltation 1s given for each set of determinations. The
volume of preclpltate was measured after tgn minutes; this
volume 1s the reference 1n calculeting the uranium density.
The density,®, is:

(;_Uran;um weizht in precipitation
Meagured volume

Effect of Temperature. The effect of tempersture upon
preclpitation of uranium peroxide was determined by holding
nine of the ten varlables constent and sltering temperature.
The selectlion of values of the nine veriasbles used wes one
that had glven good results in past precipltations but was
near the borderline pH. It was difficult to constantly pro-
duce good preclpitates below a pH of 2.0. The selected
range should megnify effects of temperature variation. The
results are shown in FIGURE 4.

Effect of Uranium Concentration. The effect of

uranium concentretion in solution was determined by holding
ell factors constant and precipitating the urenium peroxide
utilizing informetion galned in the first two sets of deter-
minatlons. Ageain e pH of 2.0 was chogsen for the first get

of concentretion determinations so thet the verlstion effects
would be magnified. See FIGURES 5 and 6.

Hydrogen lon concentration hes proven to be the
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Density

0034 =t

QeH2 =

0.22 | | | | | ] |
25 50 5 100
Temperature %

FIGURE 4
TEVMPERATURE EFFECT ON PRECIPITATE DENSITY
PRECIPITATION CONDITIONS
1. pH 2.0

2. 165 grams uranium per liter

N

. Four minute preclpltation time
4, Concentrested reasgents

56 «2:grams, cltric aecld added

6

. Dettling time ten minutes



FIGURE 5

EFFECT OF CONCENTRATION

0

N SETTLING
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Densilty
0.34

Q32 I

pH 2.5

0,22 | | | | |
50 100 150 200 250

Grams of uranium per lilter

FIGURE 6
CONCENTRATION EFFECT ON PRECIPITATE DENSITY
PRECIPITATION CONDITIONS
1. Temperature 50°¢
2

. Four minute precipitetion time

\N

. Concentrated reagents

4, One ml citric acld reagent

5., Stirring rete 6.5 (Magne-Stir)
6

.« Settling time ten minutes
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variable most seriously affecting uranium peroxide density
snd purity. Although the precliplteate characteristlcs are
strongly affected by pH, selectlon of the orgenlc reagent
and its concentration mey be more importent as the solution
acldity 1is increesed. More work will be performed on pH
effect as the precipltation characteristics develop during
the course of the experimentel progrem. 3ee FIGURE 7.

The Effect of Reagent Concentration. The effect of

peroxide and emmonium hydboxide concentrat?on on the
precipitate density was not dilstinguishable ag long as
the addition time 1s melintained nearly constent. Very slow
or very fast addition rates resulted in poorer preclpl-
tations. Very fast addition retes Pesultedvin locel precipi-
tatlion of ammonium diuranate which became occluded &nd wes
carried down with the hydroxide impurities. Slow stirring
rates also result In agglomeration of impurity hydroxides
while fast stirring rates result in & shearing actlon which
breaks up the precipitate. The effect of preciplitztion
rate 1s & major fector only when the rate 1ls very slow or
very fast. Temperature egnd pH affect precipltation rate so
gstrongly that they must be lavestigated simultaneously.
Seé FIZURE 8.

Effect of Hy0, Addition Rete. Addition rates fester
than six ml of 35% hydrozen peroxide per minute cannot be

controlled manuelly. Consilderable zmmonlum dlurenste is
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citric
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19

€+— No organlc reagent
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148 2.0 2482 2.4 2.6

pH of precipitation

FIGURE 7

pH EFFECT UPON PRECIPITATE DENSITY

PRECIPITATION CONDITIONS

l‘

Tempereature SOOG

125 grams urenium per liter
Four minute precipitation time
Concentrated reagents

Orgenlc resgents as listed

Settling time ten minutes



Dengity
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Hydrogen peroxide additlon rate
FIGURE 8
PRECIPITATION RATE EFFECT UPON PRECIPITATE DENSITY
PREGIPITATION CONDITIONS

1 cpH 240

2. Temperature as listed
125 grems uranium per liter
4, Four minute precipitation time
5. Five ml citric acid reagent added

6. Ten minutes settling tilme
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present throughout the precipitste for the gix ml per minute
rate.

The impurity level affected the precipitation char-
acteristics when those elements which decompose hydrogen
peroxide, such as iron, are present in concentrations greater
than epproximately 40,000 parts per million. Repld precipi-
tatlon rates are required for solutlons with high impurity
levels; this coupled with & minimum digestion time has
produced the best precipltates from high lmpurity solutions.

In an effort to lncrease precipitate density end
settling rete, various surfeace active agents such as Sepsran
I and II have been employed both durlng and upon completion
of the preclpitation to coagulate the colloidal particles.
No apperent effect was noted; however melonic zcid in addi-
tion to citric acid gave an increase in precipitete density
while exhiblting no effect when used by itself.

By selecting the best results obtained in the
research program, a preclpitate density of .37 grems of
uranium per cc wes obtained by precipitation of uranium
peroxide with the addition of citric ecid and maelonic acid.
A survey of parameters producing this precipitate quality
is given 1n TABLE II. Usinz the .37 grems per cc precipi-
tate density and determination pH of 2.0 as & reference,

a survey of other vossible uranium complexing azents was

commenced. See FIGURE 9 and FIGURE 10.
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TABLE II
PRECIPITATION CHARACTERISTICS

BH oG le e R e e e L e D O

TeMperature il e 600

Uranium concentration ,..eeesss+s0 125 grams per liter

Hydrozen peroxide addition rate .. 4 ml per minute

MAIXING ratel (i oh tiiehio e smese by Magnenst i

Impurity level (approximate) ..... 1500 ppm total impurities

Ammonium hydroxide strength ...... Concentrated ammonium
hydroxlide and dlstilled
weter 1:1

Digestion LMe o v e eleibisineiete s sias sl imlinute

Hydrogen peroxide strength ....... 17.5%

Reagents ugedi & . .. .. A e, 2NgpamE et 6. a6id
: 2 grams malonic acid




FIGURE 9

EFFECT OF ORGANIC REAZENT VARIATION



FIGURE 10

EFFECT OF ORGANIC REAGENT VARIATION

24
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Use of Other Complexinz Azents. The success with

lpolycarboxyllc aclds dictates the field of zreatest inter-
est. Aromatic compounds were eliminated early in the seearch
due to their limited solubility in water ahd relatively
negliglble effect as complexing agents. Alcohols, ketones
and aldehydes were investigated next. The polysubstituted
reagents gave the best results; however some 1lmprovement
was noticable for additions of each resgent. As expected,
polycerboxylic acids geve the best results. Small sdditions
of 1taconic acld showed definaste improvement in preclpitate
density and quality. The precipitat? density wes steady at
«39 grams per cc from the solution déscribed in TABLE II.
The additive reagent which achieved the sought &after
effect was ethylenediaminetetrsacetic acid (EDTA). The
acld was prepared by edditlon of concentrated hydrochloric
aclid to a concentrated solution of the tetresodium salt of
ethylenedleminetetraacetic acid (versene). The &cid,
slightly soluble in cold weter, was washed several tlmes
with dilute hydrochloric acid solution to remove residual
sodium. Upon addltion to the urenium nltrate solution EDTA
was first dissolved and then aprears to coagulate with the
uranium, possibly es & lerge complex molecule. Stirring
tends to bresk up the mess. Severel runs were performed
with EDTA eddition. The results of the versene progrem are

given in FIGURE 11.
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FIGURE 11
EDTA EFFECT ON PRECIPITATE DENSITY
PRECIPITATION CONDITIONS
1. Temperature 5OOC

2y 128 grams uranium per liter

AN

. Four minute precipitation time
4. Concentrsted resgents

5. 1 gram EDTA
6

. Settling time ten minutes
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EDTA became less soluble &s the acidity of the uran-
lum solution increesed. The utility of EDTA below a pH of
1.5 wes questionable although considerable effect was still
noticeble. An additional dividend wes geined in the use of
EDTA; the precipltate was so dense thaet complete settling
was accomplished in four minutes rather than the ten minutes
accorded to the best precipitations completed with addition
of citric acld. B8See FIGURE 12.

Addltionel precipltetions were performed with combin-
atlons of organlc reagents giving the best results. The
combination of one half grem each of citriec, malonic,
itaconic ecid and EDTA gave a precipitate density of .48
grams per cc wilth the gettling complete in four minutes.

The determination varlables used for the azbove precipitation
are the same as those used for the preclpltation at pH of
1.6 in FIGURE 11. See FIGURE 12 for results of EDTA and
multiple reegent preclpitations.

Recovery of UO=. At the termination of the research
program, the uranium wes recovered from the golutlons end
precipltates and stored as the trioxide. The method for
convefting to the trioxide follows: The preclpltates were
dissolved in bolllng concentreted nitric acid. The nitrate
solution weé evaporated to APyness ylelding yellow hexahy-
drate crystals. The hexahydrate 1s pleced in a furnece and

dried st 120°C for four hours. Urenium hexehydrate becomnes
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EFFECT OF MULTIPLE REAGENT ADDITION

28



9
molten above 50°C with some evolution of nitric oxide fumes.
After the molten uranyl nitrete solidified, the temperature
wes reised to 210°C where conversion to uranium trioxide

wes completed in two hours.



THEORY

Build-up of radioasctive impurities occurs from the
fisslon and parasitic cepture of neutrons in uranium 235

and uranium 238 by the followinz scheme:

capture 226 (myn) - b 2y caistiels SRR 237
n 225 107 barns 92V 6 barns 92U ~ B.75 days 93P
92° 4n i
fission )+
O T Fp (200%)+2.46 neutrons
238 2% i 0z Y 2%
2.75 barns 23%.5 min. 56 hours
and resonance
capture

Fuel element processing must be delayed beascuse of 1nduced
activity of urenium 237 contributing more than allowable
tollerances of gamma radistion. The same statement may be
mede for the shorter half 1life neptunium 239. Plutonium
239 1s a valuable fissionable isotope with both a military
and reactor application which commands a high price when
extracted from irradiated fuels. Insufficlent cooling off
time will allow some logs of thisg isotope. Plutonium ls
Importent in the separation chemistry of urenium due to the
chemicel similarity and formetion of an insoluble peroxide.
The relative production of fission products 1s gilven
in FIZURE 1%. More than 200 separate nuclides occur (3Flas-

stone 1955) from fission of uranium 235. Many have such
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Short half llves that these may not be accurastely measured.
Eech nucllde exhlbits a different problem to cope with in
separetion chemlstry. Even though neutrons ezre liberated
in flsslon, the average figslon product 1s overly rich in
neutrons and progresses toward a more stable state by succes-
silve beta decay. In most instences, the beta decay 1is
accompanied by one or more gemma emisslons of various ener-
gles. Other isotopes exhibit an egbility to paresiticelly
absorb neutrons thereby polsonling the nuclear reaction. The
relative objectionabllity of e particular isotope was deter-
mined bybweighting the production, radloactivity and neutron
absorptlion cross sectlon and combining into one fector. The
objJectlonabllity fector, OF, was computed by the following

orocedure for thls research:

oF = &rams of isotope , logyp_curies x logjip_barns
figslon gram . atom

An example using Semarium 149 ig:
OF (gm 149) = +013 x 1 x 4.3 = .056

Other fission products exhibiting high objectionabililty
fectors are given in TABLE III.

The estimated curle level of one gram of mlxed fission
products is 471 curies. (Benedict, 1957) According to the
above reference, a decontamination fector of 5 x 106 is

required before the fuel may be reprocessed by ordinary
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fabrication techniques. Since the twenty two elements
listed in TABLE III contribute almost 2ll of the objection-
able characteristics, the decontamination program may be
tallored to their removal. Of the twenty two elements
listed, four ere geseous at some phese of feed preparation
leaving elghteen remeining elements, five are lenthanldes
and exhlblt almost 1dentlcal chemical characterlstics lesv-
ing thirteen separate elements. These thirteen elements
mey be divided into five groups and treated independently
as such. The peroxide precipitatlion process is successful
In removing these groups in verying ratlons.

Uranium is removed from fission products by precipi-
tatlon of urenium peroxide from dilute zcid solution of
uranyl nitrete. Some fission products form insoluble
hydroxides or ammonium complexes in a dilute'acid solution.
Although the ammonium complexes and hydroxides may be soluble
at the pH of the precipitetion, they are formed locally
when reaction zcid is neutrelized by ammonium hydroxide and
resist dissolution. The heavy urenium peroxide precipitate
occludes the impurity thereby serlously lmpering the purifi-
cation coefficient of the occluded group. Various methods
may be employed to breask up or prevent formation of the
locel impurity preciplitetes; these are: 1increased stirring
rete, higher temperature, 1incressed acildity and decreezse

of preclipltetion rate. FEach of the eghove, except tempersture,
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hempers the precipitetion of urenium. The two most effective
methods of dissolving locel impurity precipltates are by
inereesing temperature end decreasing pH.

Uranium has three steble oxidation stetes. They ere
compared with other lanthenides end actinides in TABLE IV,
(Seaborg, 1954) The most stable oxidation stetes of the
elements listed in TABLE IV are underlined. The expected
. oxidetion state of urenium in an oxldizing solutlion then
1s six. The tendency of a glven atom, M, toward hydrolysis
for various oxidetion states, and within the same chenical

series, 1lncreeses eccording to
uoh L w3 a2 Lt

A pertinent example 1ls the precipltation of the hexevalent

uranlum ion, UOp, as the dluranate above a pH of 3.6. The

acldity at which the preclpitetion of uranium pefoxide is

carried out must be considerably less than 3.5 since certailn

tetravalent lanthanides end sctinldes hydrolyze below urenium.
The characteristics and purity of uranium peroxide

precipitates are closely releted to solution acidity. Uran-

lum peroxide,'UO4, carries two molecules of weter to form

a stable crystel. Loss of the water of hydration results

in decomposition of the UO, to a compound UOz,5. (Seaborg,

1954) Tridot (same reference) suggests that the urenium

peroxide should be formulated, (UOy),U0g8°'9H, 0, however due
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to an almost exact mole to mole ratlo of hydrogen peroxide
to uranlum required for precipitation a more plausible
formule would be UQCy*2H,0 with & structure

0
it

0 = '—O *2H
)

-0
where the peroxide linkage 1g transferred directly upon
reaction with the divelent urenyl nitrste complex.

The effect of solutlon acldity in the role of uran-
ium peroxide purity 1is well defined; es the ecidity 1s
increased hydrolysis of the metal lons 1in solutlon decreasges.
Local centers of ammonium diurenate breek up more rapildly
and the impurity precipitates are not cerried down by the
heavy urenium pricipitate. Urenium, as the pH of the
solution 1s decreased below 2.5, forms a finely divided
preclpitate which resists settling; when the fine precipi-
tate 1s filtered (with difficulty) the impurities are
absorbed on the sponzgy preciplitate surfaces giving poor
decontamination. The effect of acidity upon the lenthanide
elements 1s noted; above a pH of 2.0 some cloudiness occurs
upon addition of excess hydrogen peroxide. Below a pH
of 2,0 this cloudy suspension dissilpates returning the
-clear llght yellow solutlon characteristic of the investi-
gated 1anthgnides. Upon eddition of ammonium hydroxide, =

deep brown precipltate occurs and is dissipated only when
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the pH ls returned to a value below 2.0. An Increase in
temperature speeds up disipatlon of the hydrolyzed
lanthanides.

An Increase in solution temperature tended to dissi-
pate locel formetion of hydroxides, thereby preventing
occlusion of impurities in the repidly settling urenium
precipitate. The precipitete, in addition to beling of
greater purity, tended to Increase in density as the tem-
vereture of the determinztion wes increesed to approximetely
60°C and then was retarded for higher temperatures. Thig
effect is expleined by the formation rate of uranium peroxide
and mey be compared with the effect of hydrogen peroxilde
addition rates. As the reaction rete 1s retarded, the num-
ber of precipiteate formatioh centers iﬁcreases. When the
reaction 1s complete, the centers of precipitation no longer
grow; water ofihydration becomes attached and the centers do
not congeal. Above 50°C, the hydrogen peroxide tended to
decompose causing visual demege to the precipitete. The
concentration of urenium in solutlon and strength of the
hydrogen peroxide also effected the precipitate characteris-
tics by a similar mechenismw involving crystel formatlon A
centers. The urenium peroxlde dlhydrate has a deflnlte
crystal structure when a repldly settling preclpltate occurs
but does not when collold slze particles are formed.

The epvearance of & deep orange color wes notlced at
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the end of each determinatlion. Thls color, although is does
not persist except locally below & pH of 3.0, 1s attributed
to the formestion of an ammonium peruranate complex with a
formula (NHy)pUO,. The color wes dissipated repidly with
mixing but serves as an excellent end point indicator.

The contribution of'organic complexing agents 1n
urenium peroxide precipltation and purification is one of
utmost importance. 1In addition to holdinz lnmpurity ioms
in solution, the orgenic complexing agents materielly
improved the uranium peroxlde precipltate density.

The tendency of metal lons to form stable complexes
in solutlon 1s in general directly proportional to the lonile
charge and inversely proportional to the atomlec volume.

This reiationship coupled with the fact that the actinides
and 1anthaﬁides contrect in volume as the charge increases
indicates tﬁat both groups tend to complex. Ions which exist
in solution with greater ionic charges would tend to complex
more readlly, however they also tend to hydrolyze and
generally form lons such as UOp2. These lons also may form
stable complexes and in the instence of UOp, behave as 1if
the charze 1s between three and four. The tendency to form
complexes asgs the oxidation staete of an a@ctinide element

decreages 1s:

w4 >0,%2 >3 >0t

for a given anlon.
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Examination of the effect of the anlon on the com-
plexes formed by a specific catlon shows & rough similarity
between the stability of the complex and the weakness of
the acid formed by the anion. The anions of dibasic acids
carry a double negative charge and therefore generally form
more stable complexes than do singly charged anlons. The
aniong of weak orgenic aclids therefore generally form gteble
neutrel complexes with the actinides and to a lesser degree
the lanthenildes.

At low acidltieg hydrolysis of the ectinides 1lncreases
end the normal equilibrium is shifted to the rizht. Due to
the hydrolysis of hishly chergzged vogsitive: lons 1n solutions
of low acidity, preclpltation of a baslc szlt or & complex
cation containing one or more hydroxide groups occurs. Thisg
precipitate 1s insoluble in water but frequently remains in
golution as & colloidel suspension, particularly at lower
concentrations. In the presence of anions which form com-
plexes, the tendency for hydrolysis to occur at a zgiven
acldity 1s decreased.

W“hen the oxidation or reductlion process 1involves a
chenge in the number of hydrogen lons, the potentisals are
affected by the acldity of the solution. 3ince uranlum is
already in its hizhest oxidation state iIn a uranyl nitrate
solution, the only consideration 1s keeping other iong in

solution. Increased acldity tends to meke the oxidation

9
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reduction potential more positive. When oxidation occurs
the atoms tend to complex and remain in solutlon rather
than form insoluble hydroxides or colloldal solutions.

The uranyl lon complexed in solution resists forma-
tion of uranyl peroxide. As the amount of peroxlde 1s
Increased local centers of crystaline urenium peroxide are
formed. Once this formation commences, the crystal grows
rapldly as the urenium peroxide dihydrete. The formetion
of fewer crystal centers allows zrowth of lafger crystels
and provides z denser precipilteate.

The tetrabasic EDTA forms very stable complexes with
uranium allowing formation of large crystel centers. The
complex 1s probably four uranium atoms per EDTA molecule.
The formation of a hexadentate 1s unlikely due to steric
hindrance. Excessive sddition of organic aclds may reterd
uranium peroxide formation to such a degree that the precipi-
tatlon center effect 1s lost as was evidenced during the
research program.

Uranium has en orbital electron configurstion:
5f3, 6d1, 732. In the hexavalent state all of the electrons
are utilized. The uranyl ion forms covalent bonds with
oxyzen zlving a probable arrangement:

5 0000000
668 € 0 000
Ts O
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for UO,. The complexing actlon for complete utilization
of the characteristic six complexing number of uranium is
probebly:

5 0 0 0 S8 898
54 @ 8§ 800
7s O
where the 5f orbitals are filled first.



CONCLUSIONS AND RECOMMENDAT IONS

This research program wes successful 1in determining
the preclpltetion characteristics of uranium peroxide from
dilute acid solutlons of uranyl nitrate. Since the precipi-
tate dengity and purity is a functlion of nine separate vari-
ables including reagents, rates and concentrations, an opti-
mum precipitation condition may be determined. These nilne
varliables, however, are a functlon of a tenth which 1s the
organic complexing agent zdded to the solution before preci-
pitation.

The precipitate, uranium peroxide, sccepts two mole-
clues of water of hydration. These molecules may not be
separated from the uranium peroxide without decomposing the
precliplitete to & lower oxide state. It is assumed, then,
that these hydration molecules are necessary for crystel
formation. It was noted that uranium peroxide dominated the
preclpltate below a pH of 3.5 but dild not completely replace
the diuranate formatlion until the precipitation was performed
below & pH of 2.5. Local areas of diuranate formation caused
hydrolysis of forelgn ions which precipltate with the diura-
nate giving an impure precipitate. These locallzed areeas
of diluranate are brokenm up by lncreased temperature, stirring
rate and ecidity. The optimum stirring rate was determined
to be 5.5 to 7.0 on the Magne-Stir maznetic stirrer. The
determination temperature must be kept below T70°C due to

hydrogen peroxlde decomposition; the optimumr temperasture ls
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between 60°C znd 70°C. The use of orgenlc complexling egents
allowed the precipitation pH to be lowered to 1.8 in the
case of citric or itaconic acid and to 1.5 with the e2ddition
of EDTA. The precipitate densitles at the given pH was
increased to 0.325 and 0.45 respectively which is & gain of
50% in the latter case. These are density increases &t
lower pH levels and produce a superior uranium finel product
both from & purity and processing standpoint.

Althouzh this program determined the basic character-
istics of uranium precipitatedvfrom ecld solutions as the
peroxide, time did not allow extensive anglytical work on
the finel product. Future work should determine the purifi-
cetion coefficlent for each of the objectionable fission
products and the more common cladding and alloy materizls.
Work should elso be commenced to determine the exact degree
for which the oxidatlon states of urenium and impurity atoms
are stabllized by eddition of various organic polycerboxylic
complexing agents. The mechanism by which precipitation
centers are formed and the manner 1ln which the uranium
peroxide dihydrate crystal grows will require further research.
A greeter understanding of these phenomena will undoubtedly

allow further purificetlion to be achileved.



SUMMARY

Uranium 2325, upon exposure to a flux of thermel neu-
trons, fissions liberating two to three neutrons end 1in
general two flsslon particles. The fisslion particle spec-
trum lleg between atomic numbers thirty four end sixty four.
Most are radioactive undergolng first beta and then gamma
traensformation to achleve e stable state. Eleven of the
figsion particles are serious neutron absorbers and will
poison the nuclear reaction if their concentration 1ls allowed
to increase indefinitely. 1In edditlion to the above reasons
for reprocessing, the fuel also changes 1lts physlical charec-
teristics when 1lrradiated for long perlods.

Figssion produéts msy be removed by selective precipi-
tetion of uranium peroxide from a dllute acid uranyl nitreate
gsolution. The precipitation was performed by addition of
hydrogen peroxide to the uranyl nitrate solution. The for-
metlion of uranium peroxide liberates two molecules of nitric
acld; this acid is neutrslized by addition of emmonium
hydroxide in order to meintain a constant pH. Bulld-up of
acld in the solution during the precipitation results in an
impure colloldal suspension of the uranium peroxide.

The purity of the uranium from the precipitation is
a function of nine variebles inherent to the preclipitation.
Ezch of these variasbles was examined with respect to the
others to determine the optimum selection of preclpitetion

variables which will produce the highest quality precipitate.
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Certain organic aclds effect the quality of the precipitate;
a survey of these acids was performed.

The eddition of certaln polycarboxylic orgenic acids
gave a very improved precipitate even from gsolutions precipil-
tated at a higher acldity. The addition of EDTA at & solu-
tion pH of 1.6 geve a precipitete a factor 1.5 denser than
precipitation without any organic complexing reagent end en
improvement of 1.2 better than solutions with citric =cid

added.
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