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0.0 Abstract

This progress report presents data and conclusions obtained during pre-
liminary laboratory development of the Thorex procesas, which was reguired to
separate and decontaminate thorium, uranium~233, and protactinium from irra-
diated thorium metal. Teutstive chewical flowsheets are degcribed.
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1.0 Introduction

The purpose of the laboratory development work presented in this report
wag to establish chemical conditions required for a plant procesg which has
been designated as the "Thorex process.” These conditions would be degigned
to separate and decontaminate thorium-232, uranium-233, and protactinium~233
from snort-cocled neutron-irradiated thorium, i.e.,

232 232 " 233 BTy £33 - ;
Th n Th B e P& n f FJE)’ -]
(f_,?’) 535 m ‘RW (,_,v__) e
The process was needed for the isolation of the fissionable y233 isotogpe
for power development, the highly radicactive Pa®33 ror

decay to isotopically pure ue 3, and {(2) the natural ™32 for re-
use as & spource .in "breeder” Lype reactors. The scope of the laboratory work
included the development of {a) the type of process and approach to the pro-
blem, (b} the primery chemisiry involved in various steps, and {¢) certain
chemical and physical data required for unit operation &nd/or pilot plant
demonstrations of the process. '

The type of process chosen was basically a solvent-extraction separation,
involving tributyl phosphate 1n sn insctive diluent, and combining the essen-~
tial features and knowledge of both the Redox and Purex processes for uranium
and plutonium separation, However, the uniqué problems assoclsted with the
bandling of the very active pa<33 isotope required the additiomal study and
uge of (8) other golvents, (b) surface adsorption, and {¢) ion exchange.

The prime responsidbility of the laborstory group was the evelution of a
final Thorex chemical flowsheet which would represent the opbtimum experience
with respect to: (a) & compatible system of chemistry for thorium, uranium,
and protactinium separation, (b) the engimeering feasibility of the process
baged on pilot plant experlence,and {c) the economic installation and opers-
tion of process planta. Consultation in weekly Thorex Committee meetings with
representatives of the Unit Operations, Pilot Plant, and Design Sections {(Chem-
ical Technology Division) has been important in guidipg the progress of flow-
sheet developwent. Chemical flowsheets of the Interim-23 process and two
alternate spproaches to a Thorex process are presented in the Summary of this
report. : ‘

The asslistence of membera of the Apalytical Chem. and Chem. Divisions in
the various phases of this development ls gratefully acknowledged. Special
thanks ars due to L. T. Corbin, G. R. Wilson, W. laing, R. W. Stoughton, P.
Thomason, C. Burros, S. Reynolds, and C. Feldwman.

The cooperation and asgistance of other members of the Chemical Techno-
Jogy Divigion are also acknowledged.
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2.0 Summary

¥etal dissolving, the usual firast congideration in separation processes,
has not been studied to date by the laboratory group owing fo the adequate
treatment of thig subject in earlisr ORNL work. However, the Unit Operations
group, in parallel Thorex studles, has investigated the feasibility of simul-
tangecus dissolving of aluminum Jackets apd thorium slugs ip nitric acid con-
taining F~ and Hg‘*+ ions., Thig procedure, with oatch or continuoua operation,
bas appeared to be an integral engineering comcept in Thorex process develop-
ment. i

- Three solvent-extraction process flowsheets {Figs. 2.0-1, 2; and 3) have
been derived from the laboratory development to date: (1) the Interim-23 pro-
cesa, which has already recelved Unit Operaticns, Design, and Pilot Plant
testing; {2) Thorex process No. 1, which has received testing ouly in labora-
tory countercurrent contactors; and {3) Thorex process No., 2, which has pro-

gresssd only through laboratory study and initial Unit Operations demonstrations.

The Interim-23 process, designed ouly for_U233 recovery and decontamina-
tion, wag paged on a 1.5% TBP extraction of 1233 from a feed prevared by dis-
solving both the aluminum Jackets and thorium slugs in 13 N H&Oq contalning
fluoride and mercury catalysta. Silica gel adsorption is used Tor final Pro-
tactinium decontamination, and Dowex~50 resin for the yR33 product concentra~
tion and isolation (developed by D. C. Overnolt). Pilot Plant resulis have
indicated (a) overall U233 1osses of less than 0.5%, (b) thorium separation
factors of »>107 (<0.003% Th in the final product), (¢) overall 8 and y decon-
taminstion factors of 1055 through the solvent extraction step, ~107°7 through
the silica gel step, and »107-5 through the rezin conceatrastvion step.

The Thorex process No. 1, a tentative approach to thoriumvb233»prat&c+i—
nium aeg&r&tion and decontamination, featured the following steps, in order:
(1) Pa233 extraction in diisobutyl carbincl, (2) U233 extraction in 5.0% TBP,

and (3) Th232 extraction in a 45% TBP-15% benzeneafho% Amsco solvent. Although

this process appeared potentially adequate from the gtandpoint of separation
and decontamination, certain objectlonable engineering and chemical features
were evident.

Engineering problems involved the necessity for: (a) operational control
of three different solvents; (b) three seta of solvent vessels for storage,
pumping, holdup, and chemical treatment; aod (c) six first-cycle columns, four
of which would be definitely "hot." Chemicsl problems involved:  (d4) the in-
complete stripping of protactinium from the carbinol; (e) the need for aroma-
ticas, e.g., benzene, in the extractant to prevent two-phase organic layera when
the TBP was saturated with thorium; {f) incomplets protactiniuvm decontamination
in the thorium step owing to its TBP extractability in acidic systews:; and (g)
the uncertsin attainment of equilibrium, or steady state, in the complicated
TBP-ThAHNO3 system.
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Step 1 above provided Pa recovery of 7104 with thorium and UQJ“ separation
factors of »107. About 85% of the nicbium, 5% of the z;rron‘um, 1% of the ru-

thenium, and 0.0% of the total rare earth fission products were axgrsvted with
the protactinlum. Step 2 provided U233 logses of €0.1%, thorium~U<-° separation
factor of »107, and a £-7 DF of »107. ‘Btep 3 was not proved sstisfactory with
regpect either to B~y decontamivation or to gteady.stats operation. laboratory
work on this flowgheet nas been discontinusd st the present.

Thorex process No. 2, the favored process on the bagis of enginsering
teagibility, mede use of & single solvent and the fellowing saccesasive gieps:
{1) thorium and 1233 extraction snd separation from protactiniuwm and fission
products by use of concentrated TBP (41 to 35%), {la} protactinium adsorption
on silica -gel, (2) thorium partition from L453 by preferentisl stripping, using
dilute H403, snd (3) 1233 stripping in very dilute nirric acid.

A drastic change in the chemical behavior of protactinium was & requisite
in this process. Protactinium, which will normally contribute wore than $0%
of the gross P activity in Thorex feeds, wvas observed £0 be more than 90% ex-
tractadble in the acidic thorium-TBP aygtems, as 1llustratad by the third step
in Thorex process Ho. 1. A method for converting protactinium to an inextract-
able sgecies wag thus required to allow &n initial gtep for separating thorium
and U233 from protactinium and fission products. Such an appreach was naturally
deairable, if not mandatory, to permit (&) a needed reduction in the number of
hot columns and (b) the use of a single plant solvent. Since laboratory studies
of protactinium dehavior had indicated an ionic-polymeric eguilibrium which was
subJect to rapid disproportiomation with chsnging pd, an acid-deficient system,
similar to that utilized in the ORNL Redox process, wms chosen to shift this
equilibrium toward the polymer speciesa Tre desired effect of decreased ex-
tractability wag reallzed.

Extraction conditions for step 1 were thus established to maintain: (a)
8 highly ecid-deficient aluminum nitrate scrub section to hold protactinium
extraction factors (0/A) below 1.0; (b) a slightly acid-deficient extraction
gection to limit protactinium and fission product extractablilty and prevent
thorium hydroxide precipitation or losses; {(c) sufficient aluminum nitrate salt
strength throughout the system t0o maintain thorium extractability; snd (4)
appropriate flow ratios and solvent capacity to prevent, without benzene addi-
tion, & two-phase organic sepsration. Step la required no agueous feed adjust-
nent, and the Bilica gel bed area and capacity were governsd by process flow
rates. BStep 2 malnly required the proper adjustuent Qf flow ratios and strip
solution acidity to remove thorium aud yet maintain U= 3 extraction in the
organic phase. B8tep 3 required principally a flew rstio adjustment of the
golvent and & very dilute nitric acid strip solution.

Step 1 was deponstrated to provide an easily maintained steady state,

thorium and/or U233 losses of less than 0.1%, gross B D.F.'s greater than 104,
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and protsctinium D.F.'s of ICE,Step la germitted 99% protactinium recovery by
adscrntion. Step 2 allowed a thorium geparatiocn factor of grester thao

10%, and any protsctinlum extracted in Step 1 was obaserved to follow the

thorium gtreen, BO taat 8 grotactinium D.F. of greater than 50 for the e

stream wvas cobtained. activity in short-cooled Hanford-irradiated thorium
way limit the 8 D.F. GI tﬂe thorium stream to about 10 Step 3 allowed

losses of less than 0.1%. The degree of the thoriume‘3 gepargation in siep 2

as well as of U233 losges 1in atep 3 appesrsd to be critically dependent on sol-
vent treatment, {.e., on fioite removel of TBP hydrolysis products. Operadbility.
of the solvevt—extraction steps of this process flowsheet has beea demonstrated
in 2-in. pulge columns.

Detailed discusslons of these three flowsheets, and variations, way be
found im Sec. 5.0.

3.0 Pfinciples of the Separations Prbcees (J. B. Bavolainen, A. T. Gresky)

The Thorex process 1ls being developed to recover, in higﬁ §§1ty, Thgae
and the products which it forms on neutron irradiation, i.e., and Fal3
The pr»dsminant nuclear reaction which occurs on neutron irradistion of tnorium
i3 The32 (z, 7)T8233.,  The Th?33 decays to US33 by the following scheme:

w233 s pa233 . 1233

1

The accompanying nuclear reactions are shown in Fig. 3.0-1.

hSome Ef the isotopes which are produced by the accompanying reac*ions are
TRe3% pe3% ) ana U232, Mixed fission groducus which are radicactive are also
produced by the neutron,fiasion of U2

The presence of Th23h limits the radiocactive decontamination of the irra-
diated thorium that can be attained by chemical processing. Uranium-232, which
will be one of the (233 impurities, decays with a relatively short half-life to
daughters which emit high-energy « perticles. These high-energy @ particles
can bring about {@,n) reasctions with impurities having a low atomic number (Fig.
3.0-2). The neutrons formed by theseuga n) reactlons may cause an effective
lowering of the critical maas of the

The fisgion of U233 has & yield distribution which varies from that of
1°35 ana Pu239 (Fig. 3.0-3). The chemical separations problems amssociated
with U233 figsion products therﬁfore §§ expected to be somevhat different
from those associated with Pu2d U%
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 FLGURE 3.0.1
SOME NUCLEAR REACTIONS RESULTING FROM NEUTRON IRRADIATION OF Th232

Energies of radistions ere given in MEV's following the type of radiation,

Neutron-capture troes-sections are given in berns with the reactions.

™23t g~ 0.2t 231 as.0

P -
4 5 h T 3.4 x 1045
{n, 2n) (n, 7
0.902 b 180 b
™32 pad32 8- 0.28 U2 gs I
144 ™ %y "
{n, 7) (n, f) Pission Producta
6.8 b 505 b
Th233 g 1.2 Pa233 £ 0.23 y233 @4.82 L ThA29 L
335w 744 1.62 x 1657y ™
{n, ¥) (n. 7) n,7)
1350 b* 37 b 55 b
r \
™h34 B~ 0.2(80% Pa234 B~ 2.3({98%) y23s a 4,78 _ Th230,
4.1 4d ~ 139 T = 26 x 100y

'Rcfcrcncc 3.

Dvg. 15880

atc,



- 10 - |
Deg. 15881
FIGURE 3.0-3
IMPURITY TOLERANCES FOR LICHT ELEMENTS 1N u233:
. EFFECTS OF U<4°% CONTENT

Data from Bef. 4. Plot indicates relative impurity tolerances of the light
elements under various cenditions of isotopic purity and storage, Tolerances
are based on probabilities of (&, n) reactions with igotopes of these elements.
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~ 11 - Deg. 15882

FIGURE 3.0-3

MASS YIELD CURVE FOR U233 Frssiow
QOMPARED WITH OTHER FISSIONABLE MATERIALS

Cuzves, taken from deca in National Nuciiar Ener§y Serviceé Div. 1V, Vol. 3, Books
2 wnd 3, show fisgion yield curves of Pu 39, ; 23 , and B3, {arves indicace isotopic
ahift roward lighter mass numbers in the group of lighe fission fraguencs. This ghift

is reflecred in variatioms of the fission product spectnm and limiting conteminants of
the Thorex (11’233). Purex (Puny). and 25 (U23S) processzs.
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Tae yield of the total potential of fissicuable material, i.e., 733 ana
Pa’ -, as & function of the irradiation time apd the neutron flux density is
shova ia Fig. 3.0-%. The mass of protactinium présent in the neutron-irradi-
ated thorium s & function of the newbron-flux density and the irradiation
tige ig showvn in Fig. 3.0<5. Graphic calculation may be made to determine the
Pa?33 igvel after gubseguent cooling by using the slope of the protactinium
decay curve. Figare 3,0-6 gives the amount of U233‘preﬁanﬁ in irradiated
thorivm 88 8 function of the flux and time a8t the end of the irradiation pericd.:
The azount of Pa?33 ang 33 produced by neutron irrsdiation of thorium for 100
and 150 days with & flux of 1003 n/cn®/sec is shown in Fig. 3.0-8. The subse-
quent decay of the Pa233 ig slso indicated. The amount of fission products:
incresses rapidly as a function of the flux and irradiation time (Fig. 3.0-~7).
A cozpardison of the curie production and decay of Pa?33 and 1a'%0 18 shown in
Fig. 2.0-9, : :

The restrictions which are placed on the process are those common to pro-
cessing high levels of radlcactive materials which require biological shielding:
{1} The equipment required to be in coatact with the radiosctivity should have
8 winizum number of parts which reguirs servicing or replacemendt after opera-
tions start, e.g., valves, agitators, centrifuges, filters,; pumps, and traans-
Ter jets; {2) after the thorium metsl has been dissolved, the radicactive pro-
cess solutione should not require extensive analyses or treatment before or
after satering the process equipment; (3) these radicactive solutions should
be confined to & minimum number of the units of the total equipment; (&) the
process should be operable continucusly over a wide range of conditions with
a aninizmum of externally applisd compensatiouns for these variables. It is de-
girable to have 2 minimum oumber of steps in the process. Waste volumes and
the aize of the equipment sbould be kept at a minimum by operating at as high
concentrations ag possible. GSeparations processes in the order in which they
satis?y thege requirements are:

1. BSolvent extraction

2. Jon exchange or surface adsorption {fixed bed)
3. Electrodepoaition

k, Distillation or sublimation

5. Coprecipitation

Sclvent extraction is considered to have the greatest advantages for the
major separation steps.. Ion exchange and adsorption afford means of isolating
& counstituent with large volume reductions after bulk separation from the other
congtituents. These separations are more adaptable than precipitations since
no filtering medium is required. One drawback, which is not insurmountable,
is the batch iype operation required at the present timpe. Electrodeposition,
although convenient, does not appear applicable. Distillation can be used with
only 8 few substances and ig not applicable. Sublimation of one of the compo-
pents of a systen from the others, such as of protactinium from thorium, re-
quires that the bulk thorium be in the form of a compound such as a halide or
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FIGURE 3.0-4
PRODUCTIEN OF U233 aND Pa233 [N 1RRADIATED THORIUM
AS A FUNCTION OF FLUX AND TIME. Duats from ORML-34(1)
The sum of PaZ33+ y?33 represents the totsl potential fissionable
wsarerial produced by thermal-neurron irzradietion of therium,
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FIQURE 3.0-6
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OF FLUX AND TIME. Dete from CRAL-24(1)
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FIGURE 3.0-7

PRODUCTION OF U233 FISSION PRODUCTS IN THORIUM AS A

PUNCTION OF FLUX AND TIME. Dats from ORML.34(1)
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FIGURE 3.0-8
GROWTH AND DECAY CURVES FOR Pu?3 AND U233 rroM THORIUM IRRADIATION

Curves obrained from ORNL CF-52-1.31(5)
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FIGURE 3.0-9
APPROXIMATE CURTE QUANTITIES OF Lal40 anp pa?33 vs cooLiNG TIME
Curves taken from ORNL CF-52-1-31(5)

Curves indicate (1) the relative advantage of Pa over fission product

production as a source of high beta end gamma activity, snd (2) the

limiting nature of the La gamma activity in shielding considera-

tions for short-cooled marerial.
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oxide so‘tbat the protactinium helide can be formed and subvlimed. The gepara-
tion of precipitates is difficult to carry out in the presence of high levels
of radiocactivity. Servicing of the filtering medium or the centrifuges used
in the separation of a precipitate must be considered as well as methods of
redigsclving a precipitate and separating the components of a coprecipitate.

Solvent extraction was selected for the Thorex process since {1} opera-
tions can be carried out continuously, (2) bandling of fluld flows can be con-
trolled readily, and (3) prior engineering sxperience indicates its practicality.

3.1 Solvent Extraction Principles (J. E. Savcolainen)

In solvent extraction of ideal solutioms the ratic of the concentra-
tions, Cy and Cp, of a component in the two liquid phases is a constant at
constant temperature:

C1/Cp = & constent

Thig constant is called the distribution constant (D.C.) or partition coeffi-
cient. 1If more than one component is involved in ideal solution, the Nernst
lav of independent distributlion applies, in that each component distributes
itaelf independently of the others. However, the behavior of the systems which
are uged in the geparation and the purificaticn of the materials with which
this study is interegted are not idsal soluticns. Some of thes components are
pregent in such large amounts that the one phasge becomss saturated, which al-
ters the distribution of the other components. Evidence presented in Sec.
3.2.2 shows the complexity of the intersction which occurs in some solvente
extraction systems. The observed nonidesl behavior of the systems prompted a
clasgification of solvent-extrsction systewms to 8id the developuent of pro-
cespes in which these gystems are used.

The types of solvent-extraction systems in which & material is parti-
tioned between an aguecus and an organic phase may be clagsified according to
the type of species In which the extracted material exists in ihe two phases
end the type of interaction with the organic golvent. Four tentative classes
of systems can be consgidered:

1. Carbon tetrachloride and other nonpolar, water-immiscible sclvents
can extract lodine, bromine, chloripne, or chromyl chloride from
aqueous solutions. The colors exhibited by these materials are
gimilar to those exhibited in the gaseous or vapor state. This
indicates that these materials may exlst as ges-like molecules in
the organic phase. The noupolar carbon tetrachlcride molecule s
expected to have practically no interaction with these moplecular
substances. '
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The extraction of & metal chelate, or inner complex, by a nonpolar
solvent, e.g., benzens of carbon tetrachloride, is widely used in
analytical procedures,{fj In thege cages the extracted metal ion
forms a compound with the chelating ageunt so that electrical neu-
trality is attained, co-ordinate positions are occupied, and the
metal is enclosed in a particle having high solubility in an organic
golvent. '

The extraction of metal salts by solvents vwhose molecules have a
large electric moment may be pictured ss follows: The metal lom in
polution combineg with a gufficient aumber of apions to produce 8
neutral complex, which iz ordinerily expected to be labile or um-~
gtable in an agueous golution. However, certain molecules, e.g.,
an ether or tributyl phosphats, with large electric momsnts and 2
single polnt of negatiwve charge can fit into the remaining co~
ordinate positions surrounding the wetal ion. The salt-like com-
plex is thus expected to be stabilized and may exhibit high solu-
bility in the organic phase. In this type of solvent extraciion the
polar solvent molecule is used to stabillze & salt-like molecule and
give the co-ordinated compound properties that permit solubility in
a nonpolar diluent solvent. This is presumably exhibited in the
systems in which tributyl phogphate 1z used &3 a solvent to extract
uranyl nitrate or thorium nitrate into a diluent solvent such as
carbon tetrachloride or a liguid hydrocarbon. The effect of the
dielectric constant of the diluent on the electric moment of the
active solvent molecule is expected to influence the extraetion
reaction egquilibrium,

Another type of solvent extrection, which is dependent on the exis-
tence of ions in both the aguecus and the organic phase, requires

that the solvent molecules have sufficient dipole moment so that

the bulk solvent exhibits & moderate dielectric comstant. An elec-
trolyte can be extracted in an ionic state into the orgenic phase if
the ionic radii are sufficiently large to compensate for the lower
dielectric constant. The interaction of the solvent and the extracted
electrolyte iz that wvhich is ¢ommon between sn electrolyte and a di-
electric medium.-

The above classgification indicates the extreme classes of solveni-extrac~
tion behavior. A specific system may exhibit s nybrid behsvior when it con-
sists of two or more of the defined classes, or of some other class not des-
cribed here. i ;

The mathematical expressiocrs depicting the reactions which govern the dis~
tribution of a gubstance between an organic and an aguecus phase may be rela-
tively complicated. This theoretical information, as well ag empirical data,
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is in 8 usable form when it predicts £he emount of material which can be trans-
Terred from one liguid phase %o another. In this report the ratic of the con-
centration of a specific material in the organic phase over the copcentration

in the agueous phase is the distribution coefficient, D.C.(O/A), of the material.
The extraction factor, EDFU(O/A), is the ratio of the total amount of materiel
in the organic phase over the total gmount in the aqueous phase. The extraction
fector is related to the distribution coefficient:

volume of organic phase . g v (o/a
D.C.(0/A) x Tifume T agueous phase (0/)

In & continuous countercurrent extraction aystem, the ratic of the volume flow
rates of the two phases can be uged 1n the above expression.

The decontamination factor, DF, is the measure of the increase in the pro-
duct purity attained in an overall process or in oné of 1ts stepa. This is
geperally calculated as the ratio of the smount of contaminant per unit weight
of product before and after the process. The separation factor, S.F., iz cal-
culated on the same basis as the deccontaminmation factor, but generally refers
to the decrease in the contamination of a constituent present in macro concen-
trationa.

3.1.1 General Survey (J. B, Savolainen)

Several systems for the sxtraction of uranium, thorium, and protactinium
from agueous golutions have been studied for the separation and purification
of these materials. The extraction of thorium an%Byranium from nitrate solu-
tions using diisopropyl ketone has been reported; however, decontamination
from protactinium wvas poor. The purification of thorium nitrate by extraction
with hexone from an squeous ?o%ution containing calcium nitrate and nitric
acid has also been reported. 9 However, at high thorium apd nitric acid con-
centrations a spontaneous oxidation reaction occurred with the hexone and ni-
tric ecid, which constituted a safety hazard. Solvents w?ic may be uged for
the separstion of ursnium from thorium have been studied, 19) and thoge show-
ing preferentisl extraction of wranium over thorium were 2-ethylhexyl acetate,
ethyl benzoate, n-butyl ether, and a,~8-dich%O{oeth{l ether. Tributyl phoa-
phete diluted with butyl ether has been used 11, 12) por the extraction of
thorium; however; hexane as & diluent was reported 3 tﬁ provide greater sol-
vent stability and appeared to be the best extractant(l ) for the r?coyery of
thorium and uranium. High nitric acid concentrations were reported 15) to ve
required to salt the thorium and the uranium into the organic phase.

3.1.2 TBP Extraction (J. E. Savolainen)

Tributyl phosphate was Jjudged the best available solvent for the Tnorex
process, which required principally the extraction of thorium nitrate.
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Barly studies of TBP extraction of heavy wmetals were disgcouraging owing
to the physical problems of wmixing caeused by high viscosity. To bring about
geparation of two liquild phages afier they are contacted,it is advantagecus
for the density difference between them to bz a5 great as practical. For this
purpose & diluent having a dengity either greater or less than that of the
agueous solutlion was needed, and hydrocarbeon solvents cootaining no unsaturated
compounds appeared to offer the greatest advantages.

3.2 Thorium Seperation

Thorium forms only one geries of =zalts, i1.e., those of the tetra-
valent gtate. The thorium ion forms insolubles salts with carbonate; phosphate,
and oxalate ions and has & tendency to form complekes with excess carbonste,
oxanlate, sulfate, or phosphatz ions in adidic or neutral solutions. Complexes
may be formed with fluoride, thiocyanate, end nitrate ioms. Thorium slso has
& tendency to form double salts and basic salis. :

Precipitation methods for the geparation of thorium from wanium sand pro-
tactinium have been reported. Toorium can be separated from wranlum by preci-
pltating thorium oxalate from acid golutions; however, protactinium is carried
from solution by this precipitate.(18) At 1.5 to 1.8 M HNO3 concentrations
dense preclpitates are obtained and can be filtered or ceptrifuged, while at
lower acid concentr tions8 e.g., 0.4 to 0.6 ¥, the volumes of the precipitate
are twice as large. ~!? )

Thorium can be precipitated from aqueous golutions by hydrogen peroxide.
When made in alkaline or neutral solutions, the precipitates are gelatinous,
vhile in acid solutions thzy are in & dense form.‘\*- Peroxide precipitates
made in sulfate golutiong are stable and do not peptize on being washed with
water. The composition of the peroxide precipitate made in moderately concen~
trated s?lf?ric acid solutions is presumably Th(CC)S0y°3Hp0; however, it is
reported 20) that the composition varles with the gulfurilc acid conmcentration.
The composition of the precipitate also depends on whether the thorium or hy-
drogen peroxide is present in excess at the time of precipitation.

Thorium may be geparated from both protactinium and uranium by precipi-
tating thorium fluoride from acid solutions with hydrofluoric acid. These
conditions, however, would introduce severe corrosicn problems to the process

development program.

For procegs considerations, precipitates which require furthe® processing
by dissolving and reprecipitation are not desirable, since the radicactivity
pregent in the supernatants or filtrates require that they be stored until the
radiocactivity decays to a tolerable level. Also, separation of & precipltate
from radiocsctive materials in solution is generally not completely effective,
since trace quantities of these materials tend to become embedded in the pre-
cipitate or to wet the precipitate after filtration.
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Studies of ion-exchange methods for thorium sepsration have been repdrted(el)
in which an Amberlite IR-1 resip columm was us2ad. The thorium absorbed by the
- column was eluted with a potassium acid sulfste solution. The tetravalent
thorium ion is held by 2 cation exchange resin very tightly and is usually eluted
with a complexing agent.

In general, solvent extraction chemigtry and techniques appear to offer
the best procedureg for separations processes.

- 3.2.1 BSolvent Extraction of Thorium (J. B. Ssvolainen)

The extraction of thorium nitrate into an organic solvent from an agueous
phase has been proposed in process development studies. Extraction of thorium
is similer to that of wranium, although uranium tends to be extracted more
readily then thorium by organic solvents from sclutlons containlang vltrate loms.
A solvent .which extracts thoriuT nitrate will therefore also extract uranyl
nitrate. It has been inferred, 22; 23) from the extraction behavior of thorium
in the presence of golvent~-goluble nitrate galts, that the extraction mechanism
may be dependent on the existence of a thorium nitrate complex anicn.

The use of methylisobutyl ketone has been reported(lT’ 2k) for the extrac-
tion of thorium from egquecus solutions using nitrate aalts 8s salting sgents;
however a spontsneous oxidation reaction of the ketone at h%g? thorium nitrate
and nitric acid concentrationa constituted a safety hazard. Also, protacti-
nium is reported(e) to be extracted by methyliscbutyl ketone, which limite the
thorium decontamination.

3.2.2  Extraction with TBP (J. E. Savolainen)

The use of tributyl phosphate aag a molvent for the recovery a?d purifi-
cation of thorium ss well as uranium has been reported.(lei 3,°25) pure TBP
containing thorium nitrate has 8 dengity nearly the zame ag that of agueous
solutions; therefore the separation of phases was slow when highly concentrated
TBP was used as the organic phases. Various orgenic diluents have been used to
increase the density difference betiveen the TBP and the aqueous phasge in order
- to eliminate this phase geparation problem. Carbon tetrachloride has been uzed
to make the organic phase more dense than the aqueous phase; and hydrocarbon
diluents, as well as butyl ether, have been uged to make the organic phase less
dense. .

3.2.2a8 Nature of the TEP-Thorium Complex

The nature of the mechanism of the extraction reaction has been studied
by using dilute (7.5% by volume) TBP solutions in hexane. The results indi-
cate that the overall extraction reaction is

4 . s (504"
Thog + MN0Ja, + UTBPR,.. T=== Th(NO3)y MTBP,.,




ook .

The complex Tu{X0,)y +4TBP is thus considered as ?eing the primary complex
which 1s extracted. It has been inferrediZ2, that some of the thorium
aitrate mey extract into methylisobutyl ketone a8 a complex anion analogous
to the uranyl ion behavior; howewer, qualitative measurgments show that, in
the dilute TBP system, conductivities are leas than 107° ohm/cwm’, and the
contribution of the lonic component to the extraction mechaniszm would be
negligible in this case. At higher TBP comcentrations ionic material may

.l s

nonetheless be present, owing to the existence of bigher dielectric constants.

The complex which is extracted in dilute TBP ig assume? “© have g ¢o-
ordination suzber of 8 and a cubic configuration, with the TBP and the ni-
trate ions occuprying slternate cornmers of the cube. ith all the co-ordinate
positions of the thorium ion occupied by either nitrate iona or the TBP di-
polea, the compliex is aggumed to be gtabilized. The TBP in the complex per-
mits its solubility in an organic solvent. At high thorium and/or TBP concen-
trations other reactions are asssumed to take place, and will be discussed in
the following sestions.

3.2,2% TBP Extraction (J. E. Savolainen)

The general reactions governing the extraction of both pitric acid and
thorium nitrste by dilute TBP were studied in order to furnish & background
for the more complicated process systems.

The extraction of nitric acid is expected to follow the sequence of
reactions :

. ) ,
Bpq + N03aq =57 HNO3aq (1)
ENO3aq I H¥O36p {(2)
HHOBorg + mporg m H}IO3~TBP (3)

giving an overall reection,

+ - Scrnns
Hyy + 035, + TBPypy =~ HNO3-TBP (#)

Studies indicate that the composite equatior holds in the region of dilute
TBP, 2.g., 7.5% by volume in hexane, and at moderate nitric acid concentra-
tions in the agueous phase, e.g., 1 to 2.5 M. At higber equilibrium acid
concentrations, 2.2., >8.0 M, apparently uncomplexed nitric acid exists in
the organic phase. .
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At higher TBP concentrations, e.g., *10% by volume, the simple reaction
of Eq. (4) becomes wore complicated. The digtribution ccefficlent a2z a func~
tion of the agueous nitric acid concentration is not a smooth curve but shows
definite inflectioms. These 1aflections ocowr at organic phase concentration
ratics of HNO3/TBP equal to 1/4, 1/2, and 3/4, the integral nature »f which
guggests pre-complex or aggrsgate structures. This behavior introduces an
uncertainty in the predicted behavior at high TBP councentraticus, not only of
the nitriciacid extrsction but also of any organic-goluble nitrate salis pre-
gent, such ag thorium nitrate ard uranyl nitrate, which would be extracted
simultaneously (Sec. 7).

In & system of three extractables, e.g., HNOy, Th(FO Ju, and U0p(NO3)p,
"1t may generally be considered that the components compet» for TBP, as follows‘

0

+ -
CHgy + NO3q + TBPypg T~ HNO3-TBP, ) By = 0.377 (1)
Thgy + UNOJuq + TBP.. T Th(NO3)yMTBP,.., E = 0.85  (2)
oSS 4+ 2NOI .+ 2TBP T U0 (103), -2TBP 5 = 7.7 (3)

2aq - 3aq org 2 ﬁ03 2°elBYgpg, By (- .

However, in the TBP-thorium system at equilibrium with aqueous concentrations
above 2.5 ¥ N03, it wvas evident that a change occurred in the mechanism of
Th(KO3)u extrattion. This change has been postulated as a mechanism of poly~
merization.

3 2.2¢ Polymerization of TEP-Thorium {(J. E. Savolainen)

At high thorium nitréte concentrations {n the organic phase, st which the
TBP/Th ratio becomes less %than 4, and when a normal hydrccarbon diluent is used,
two organic phases may appesar. The dense orgasnic phase contains practically
all the TBP and the thorium nitrate, while the light orgenic phase contains
only small amounts of TBP and thorium nitrate.

To account for a TBP/Th ratic of less than 4, that of the primary com-
plex, a polymerization reaction is assumed to0 occur. The co-ordination nume
ber é of the thorium ion is expected to remain comgtant in this reaction. Two
of the primary complexes, baving & cublc configuration, are apparently coupled
together by nitrate lons at two adjacent cormers of each cube, liberating two
TBP molecules, as follows: :

2 [Tn(Nog)y -41BP] === [Th(No3)y-3TBP], + 2TBP
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The polymerization reaction may continue, forming polymers of a higher
order. As the polymerization nuwber increases, the TBP/Th ratio approaches
2.0 83 a limit. The tetramer, hTh(HO3)4 10TBP, has appeared ag an obgerved -
limit.

Polymer chains which are close to mach other in a normal hydrocarbon sole
vent may exert attractive forceg analogous to van der Waals' forces. Thege
forcés way overcome the golvation by the normal hydrocarbon diluent and bring
about the formetion of a dense phase by a process analogous te the condensa-
tion of a vapor.

: If an aromatic solvent such as benzene is present in the diluent, sn in-
4 duced dipole can be formed in the ring structiwe of the aromatic molecule.

: This aromatic wmolecule with its induced dipole csn then be attracted along
the thorium nitrate-TBP polymer chain and solubilize the polymer chains, pre-
venting the formation of a dense phase.

3.3 Uranium-233;5eparation (J. E. Savolainen)

~ Uranium exhibits valence gtates of III, IV, V, and Ié only Yhe IV
and VI stateas are atable in aqueous solutions. ”be etiste ce ) of the 003
fon in aqueous solutions and {ts optimum stability range,'®() pg 2 to &,
hatg been reported; however the concentration of this jon is very low, e.g.,

M, when at equilibrium with U(IV) and U(VI). The hexavalent uranium ion
in aqueous solutions forms uranates with alkelies end uranyl compounds with
acids.

The most effective method of separating uranium from aqueous solutions I1s
by solvent extraction of uranyl nitrate. Conslderations of other methods of
separstion show that direct pre%igitation of uranium from soluticns with dilute
concentrations are ineffective.

Volatility wethods have been ?Egd gn 8 small scale for uranium and pro-
tactinium separation from thorium. The thorium 1g converted to an

oxide or fluoride from which volatile protactinium and wanium flucrides can -
be removed by a stream of hydrogen flwride at an elevated temperature.

Ion exchange methods are useful in the Tinal {solation and volume reduc-
tion steps in the recovery of uranium; however, the separation of uranium from
large amounts of thorium by use of fixed resin beds does not offer adventages
over that by solvent extraction.

3.3.1 Solvent Extraction of o33 {(J. E. Savolainen)

A common method of sepsrating and purifying uranium involves solvent ex~
traction of uranyl nitrate by diethyl ether from aqueous solutiong. Many other
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solvente have been found to extract UOQ(NO3)2,(3 ) e.g., ethers, alcohols, ketones)

and esters., Alcohols which are immiscible with water tend to have the property
of preferential extraction of protactinium in the pregencs of uranium and
thorium, indicating that a different type of extraction occurs with protacti-
niwm,

Results of diethyl ether extraction of uranium from agueous thorium solu-
tione show the influence. of various inorganic nitrates used ag salting sgenta.
The data indicate that uranium extraction descreases when thorium 13 present as
compared with a system having no thorium. This may be interpreted as indicat~
ing thorium and uranium cowpetition for selu.llity in the organic phase. High
nitrate ion concentrations incresge the extractability of thorium st the ex-
penge of uwranium, which indicates a higher order of dependence of the thorium
extraction mechanism on nlirate ion concentration.

3.3.2 The TBP-Uranium System (J, E. Savolainen)

The solvent which has the grestest promise in regard to separation from
impurities, eagse of operation; and chemical stability is tributyl phosphate
digsolved in an inactive solvent such as a hydrocarbon or carbon tetrachloride.
To exploit the extractlon properties of the TBP, use is made of & saturation
effect; i.e., the preferential extraction of uranium is used to reduce the
amount of dmpurities which are extracted with the uranium. When the smount
of TBP is sufficlent to extract only the most extractable material, the con-
tamigation by other materials will be reduced. In comjunction with this
saturation effect, the nitrate ion dependency of the thorium extracticn resc-
tion can be used to reduce the amount of thorium which is extracted with the
wranium, thus enhancing separations.

1t has dbeen reported(sz) that diluents with low dipole moments allow high
dlstribution coefficientrs for the TBP extraction of uranium. The extraction
reaction of uranium can be written as

2+ - ' _
Woaq *+ 28034, + 2TBPy., ™= U0y(NO3)p-2TBP,

and has an equilibrium constant of K = 7.7 at 25°C when the organic phase con~
sists of 20% TBP in carbon tetrachloride. By compariason, the reaction by
which nitric acid 1s extracted, ’

+ - anmnrngaa i
Euq + 8035.51 + TBPorg -q-—-—-—— HROs “TBPorg,

has an equilibrium constant of X = 0.177.
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3.5 Protactinium Separation {J. E. Savolainen)

s Prmtactiniumwagg is an intermediate in the nuclear reaction by which
0433 is produced from Th<32;

232 233 8" 233 B o 233
Th (nf 7)Th W Pa W 9’2 .

This protactinium isotope will coumstitute the bulk of the radiocactivity pre-
gent in short-cooled irradisted thorium. Its presence will coustiiute a pro-
tlem in the recovery of U233 ynlezs it is allowed to_tramnsform to uranium
during & long decay period. The recovery of the Pa253 would serve as & source
of high levels of radioactivity and also as a source of small amounts of iso-

topically pure ye33,

Protactinium exists in two wvalenre states, IV and V. ProtactiniumiV)
appears to be the more stable state and protactinium is expected to be in this
state in the process solutions. It is considered to be a homologue of tantalum,
regexbling the latter in wany of its chemical properties, e.g., 1tz great ten~
dency to hydrolyze in neutral and slightly acid agueous solutions, to precipi-
tate as a hydrous oxide at high concentrations, and to form hydrated colloids
at low concentrations. ' ;

The conclusive identification of Palp, PaCly .aad Fa0S establishing the IV
valence gtate for protactinium, has been reported,t33 The reduction of P gvg
salts to Pa(IV} by CrClp, TiCl3, and zinc amalgam has also been reported.

It 1s sptated that the agueous ﬁ?lugion‘chemistry of protactinium{IV) reseumbles
zirconium rather than tantalum.(35

The recovery of protactinium from thorivm pitrate solutions by coprecipi-
tation with hydrous mangacese dioxide and with thorium iodate has been report-
ed. 30) Toe effective separation by mapganese digxide diminighes st high con-
centrations of nitric acid and thorium nitrate. 30,37} ‘

The ag§arent existence of two different states of protactinium has been
reported(3 as a result of experiments in vwhich a zirconium iodate precipitate
wag found to carry that fractionm of the protactivium from solution which was
inactive to other chemical reactions. The fraction which was carried with the
iodate wvas not extracted into diisopropyl ketonme. This behavior suggests the
existence of a polymerized or colloidsl form of protactinium in solution. In
this extraction the protactinium adhered to the surfaces of the apparstus, pro-
bably because of the low scid concentrations.

The absorption of 88 to 549 of the protactinium present, from a solution
0.1h to 0.4 M zn yranyl nitrate, by IR-1 resin sstureted with uranyl ion hss
been reported.(39) oOne gram of IR-1 i{on-exchenge resin absorbed about S0%
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of the protactinium from 50 ml of solution coataﬂning 15 g of thorium nitrate
and 1 ¥ in aitric acid.  The protac*i 1‘m zay be present ag a radiocolloid
since ionic sbsorption from golubiong of such high ionic strength would be
expected to be negligible. Possgibls masthods for the separstion of radiocol-~
loids from lonic materisls are auggeatsd, e.g., ultralfiltration, dialysis,

or sdsorption on large-surface-area sclids from v hi&h the colloid can be
removed by the use of complexing agests. The absorphion of protactiniug ?y
ion-exchange resins at low acid concentrations hﬁ@ alsc bzen obsgerved.

Under these conditions carrying on mangacsse dioxids precipitates or extraction
with diisopropyl ketonme did not take plgcw

3.4.1 Solvent Zxtractionm of Pretactinium [J. E. Savolainen)

Investi at}ons of the golvent extraction of protsctinium by various sol-
vents showed(#1) that diiscpropyl carbinol gave the best distribution coeffi~
cients for the extraction from mitric acid solutions, and that the highest
distrivution coefficlent occurred pear 3 M HNO3 concentrations. High fluoride
ion concentrations in the presence of thorium did not change the distribution
coefficlent materially, but high temperaturss were found to decrease the dis~
tribution coefficient. Water-immiscible alcohcls apparsntly extracted protac-
tinlum from aqueous soclutions quite readily.

The extraction of protactinium by TBPF was usad for its isolation,(hz)
The diatribution coefficient wag dependent cn the asid concentration of the
agqueous phase, as in the extraction with other aolvents. The varistion of
the distribution coefficient with acid conzentration was indicative that the
extraction of protactisium into organic ‘sclvents could be controlled by the
squeous scid concentration. The TBP conceniraticon was also an important fac-
tor controlling the distribution coefficient.

3.5 Associated Problems in the Thorex Process

The followlng discussion deals with genesral limiting features and
associated problems’ which have affected laboratory developmesut of the extrac-
tion process.

3.5.1 Dissolution of Aluminum-Jacksted Taorium Slugs
(J. E. Savolainern)

The thorium is neutron-irradiated in thz metsllic stste in the form of
aluminum~clad rods. The initial atep in the separaticns process is the dis-~
solving of the aluminum and the thorium in nitric acid. Te bring about the
rapid dissolution of the twe metals 1t is nezesssry 4o sdd zatalysts to the
nitric acid.

In most previous separstions preocesses,; the aluminum jsckets, 1.e., those
P P ;
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bonded to uranium slugs‘by Al-81 alloys, have bzen removed in an inltial, sepa-
rate step by a caustic dissolution; sodiunm nitrate is included to prevent hydro-
gen evolution:

Al + 0.85Ra0H + 1.05RaN04 ———pr FeA10s + 0.9 RalOp + O,ISWH3 + 0.280

whereas Al + NaOH + Hp0 ~——3 KaAlls + 1.5Hp. With unbonded aluminum jacketed
thorium slugs, simultaneous dissoclutiozm of both the aluminum and thorium was
possible with, two catalysts, Hg*™ and ¥~ joms. The reaction with aluminum was

++ .
AL + 3.75HNO; —2fs AL(NO3)3 + O.225H0 + 0.15M30 + 0.11258, + 1.875Hp0

The Eg"'+ ion is apparently reduced by The sluminum metal to Hg, which amaiga-
mates the surface and prevents the ususl formation of passive aluminum oxide

fiims.

The primary thorium reaction has not yet been snalyzed accurstely. Nitrice
acid consumption at about 5 moles par mole of thorium and gss production at
about 0.5 mole per mole of thorium hasg been indicated in Unit Operatlon studlies.
Thae gas composition in one dissolving rua was 51% Ry, 32% KO, 3% 80, 8% M50,
and 5% Hpy. In t?&a vgr§ the thorium dissolving procedure was based on earlier
studies at ORNL. In & bateh dissoliving step sufficient metal was uaed
to allow a 200% metal heel. Nitric acid at s concentration. of 13 M, with.

0.05 to 0.10 M ¥~ catalyst,vas used. AfTer reacting for 7 hr the dissolver
solution was about 2. 3Min Thh+ and 1.% ¥ in free HN03e The mole ratic of
acid to metal in the resction vas 4. T t@ 5 8 with an average ratic of 5.3
from eight dissolvings.

3.5.2 Decomposition Products uf¥ TBP (Hydrolysis)

The decomposition products of tributyl phosphate which are expectad to be
present in the extraction of thorium nitrate are thoge formed by bhydrolysis
reactions. énitial hydrolysis rescitions of alkyl phoigﬁﬁteg bave been
studied using to trace the mechanism of the reaction. In alkaline
solutions essentially 100% of the hydrolysis follows the mechanism

o.?B-oa + O —————a 0-P-OR + OR"
R 't

OR 4+ HO*H -t BOH  + OXH”

In autocatalytic hydrolyéia and acid bydrolysis, T0% of the reaction results
from splitting of the O-R bond of the ester:
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9R + o, R
o-gmm + H E* --- 0-P-0R
R ' OMR
PR R
: o-gioa + HpO* H-0-P-0R + RO* + H'
o

The primary hydrolysis of a trialkyl ~n¢aphste apparsotly is catalyzed by both
hyﬁrogen and hydroxyl ions.

Regults have been reported which indicate that im basic solutions the rate
of formation of the di- and tribasic phoaphoric acids from & trialkyl phosphate
{8 much less than the rate of formation of the monpobasic acid. However, in
acid solutions the hydrolysis reaction coptinues to form the di~ and tribasic
aclds also.

Studies have shovn(hS) that 0.00H ¥ TBP in 5 M aqueous nltric acid solu-~
tions at T5°C was 50% decompcsed in 40 %o 50 hr. In a similar solution using
hydrochloric acid 50% decompogition reguired only 10 hr. The difference in the
reaction rate may be due to differences in the hydrogen iom activity. These
decomposition rates st 75°C are substantislly grester than those at room tem-
peratures.

N The decomposition products of tributyl phosphate have been found to cause
. precipitates, e.g., thorium mono~butyl or didbutyl phosphate, in the counter-

current extraction of thorium nitrate. o Decomposition products also form
stable organic soluble compounds with the uranyl lop which are difficult to
gtrip from the organlc phase with agqueous nitric acid sclutions.

The bebhavior on thorium extraction indicates that these decomposition
products are accumulated within the countercurrent extraction system so that
- concentrations are reached which are sufficient to cause precipitation of
i thorium sslts. To ensure the operation of the thorium extraction system and
the uwranium stripping step it was desirable to eliminate these decomposition
- products.

Weshing with concentrated caustic solutions, e.g., 1.0 M NaOH, causes
the formation snd partial extraction of sodium buiyl phospnates in the orgauic
phase. Further washing with dilute (0.1 M) NaOH or NapCO3 allowa a distiribu-
tion of these salts which favors the agueous phase. Finite removal of the
substances apparently depends on couwmtercurrent washing procedures. Final
vashing with water is ususlly required to ensure removal of entrained caustic,
which would acceatuate hydrolysis during solvent storage. Because of the auto-
catalysis of the decomposition reaction, it sppeared advisable in any case to
use the solvent as soon as possible after treatument.
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3.5.3 Baturation in the TBP-Th~U~HNO, System
(W. T. McDuffee, J. E. Savolainen)

The extraction of nitric acid has been found to follow the overall re-
action

+ Wit

Haq + Eogaq + TBPorg ~—— HNO3-TBForgs
and that'of the wranyl nitrate

+ - oo { :
S, 4 BMO3.  + 2TBR, T U0,(NO3)p-2TEP,

vhile that of thorium nitrate appears to be
l“ - tor———
g Thyy + UN0Jaq + BTBP,.. T Th(NO3)ybTBPpg,

with gubseguent effecﬁa which can be explained by "polymerization™ reactions
gimilar to

x [(n(No3 )y, -4TBP ] ==X Th(N03)y-(2X + 2)TBP + (2X - 2)TBP

The effects that thorium saturation of the organic phase would have on
the digtribution coefficients can be deduced from the nitrate ion and TEP
dependencies. As the orgenic phase becomes saturated, the thoriuan dismtribu-
tion coefficlent will decreage. If the thorium nitrate concentration is in-
creased in the aqueous phase after the organic phase hag been saturated with
a large amount of thorlum and small amounts of uranyl nitrate, the distribu-
tion coefficient of the uranium can be expected to decrease somewhat, because
{#) the wranium extraction has a gecond-order dependency on the aqueous nitrate
ion concentration, while (b} the thorium extraction has & fourth-order depen-
dency., The TBP dependency of the thorium extraction 1la expected %o vary,
decressing as the thorium concenmtration increases. These effects will result
in the "salting out” of a portion of the uranium from the organic back into
the aqueous phase. ‘ '

The reactions by which nitric acid is extracted are expected to be

Hiq + FO03gq == HNO3aq, o (1)

| ENO3p, T HNO3G:0, and (@)

HNO34rg + TBPopg w—— HNO3TBPqrg. _ : (3)
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At very high acid concentrations it is expected that a portion of the meid
way be exitracted ip an uncomplexed form in the organic phase; however, it would

- generally consume the TS8P by the formation of the HNO3 °TBP complex. A large
portion of the nitric acid is thus extracted inio the organic phase at the .
expense of thorium extrscticn,

From the point of view of solvent capacity It would be of advantage if
the salilng effect could be obtaiped with a nitrate which ig not extracted
into the organic phase. Subsesquent stripping of the organic phase would be
simplified by the sbgence of high acid concentrations.

3.5.% Salting Effects (W. T. McDuffes, J. BE. Savolainen)

A nitrate salt affects the extraction of thorium and wranyl nitrate by
increasing the nitrate lon concentration aznd by changing the activity coeffi.
clent of the salts in the 2queous phage which ars extracted by the organic
phase. The extraction reactions of uranyl snd thorium nitrate are dependent,
regpectively, on the second and fowrth power of the nitrate lon concentration,
The agueous ion concentrations of the proposed procegs solutions are in that
range wvhere the activity coefficlents Increase with incrszesing ionic atrength.

If nitric acid is used ss 8 salting sgent a8ll its potential nitrate lons
_ do not contribute to the nitrate ion concentration or the ionic strength of
. the mqueous solution becsuse a large portion of the acld ie in sn associated
é form. Also,a portion of the nitric acid is extracted dy the TBP phase.

Analysis of data from experiments showing the effects of salting sgents
on the digtribution of thorium nitrate between 30% TBP in hydrocarbon solvent
and an aqueous phase gave an empirical expression for the extraction coeffi-
cient ag a Tunction of the salting agent (Fig. 3.5.4-1). In these systems the
concentration of pitric acid aud thorium nitraste were below the saturation
1imit of the TBP phase. Plots of the logarithm of the distribution coefficlent
of thorium as & function of the nitrate ion concentration have slopes which
vary with the charge of the cation of the salting agent. These slopes are:

B Selting Agent Slope of log gg Ratio of Slopes
vs., Formality of KO3 (Related to Monovalent Ion)
Nal0y 0.517 1
Ca(N03)o 0.568 ‘ 1.k
A1(RO3)3 0.833 1.99

Th(NO3 )} 1.18 (caled) 2.83 (calca)
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The increase in the ratio cf the alope with increasing cstion charge of
the salting agent i8 equal to ( = l where ¢ is the cation charge. The
galting effect which thorium ni+rate hae on its own extraction is calculated
from this relation. The following equation describes the effect of "salting”
on the thorium distribution coefficient when using {a) 30% TBP in a hydrocar-
bon solvent, (b} low thorium concentrations, and {c) greater than 1.15 ¥
equilibrium nitrate lon concentration:

log B3 Th = (N - 1.15)(0.517) (/3 )L - 0.097,

vhere N is the nitrate ion normality and c ls the charge of the cation of the
solute. Similar relstions are expected to hold for different TEP concentra=-

tions.

3.5.5 Problems in Steady-State Eguilibrium
(W. T. McDuffee, J. E. Savolainen)

TBP extraction of wranium, thorium, and aitric acid from an aqueous solu-
tion takes place gimultaneously in a countercurrent extraction column, and the
relative solvent affinity ia in the order listed. Thoge materisls which are
extracted by the organic phsse and which are preszent in high concentrations,
e.g., thorium and nitric acid, will have the greatest influence on the changes
of the column behavior as the steady state of the column operation 1s approached

or attained,

Distribution coefficient changes, owing to (a) varying dsgrees of solvent
gaturation and (b) varying salting strength throughout the column, peruit an
unusual type of reflux operaticn, ag follows: (1) As the two phases are con-
tacted initially, a large fraction of the thorium and a smaller fraction of
the nitric acid will be extracted from the aqueous phase; (2} as fresh organic
solvent contacts this aqusous phage again & larger fraction of the nitric acid
can be extracted; (3) when this portion of the organic phase contacts a new
portion of the squeous phage and extracts more thorium,the nitric acid from
the organic phase will pass back into the aqueous phase, and (&) as the column
continues operation, & higher concentration of nitric acid will bulld up below
the region of high thorium comcentration, which in twrn will increasse the
extraction of thorium intc the orgenic phase. This constitutes the general
mechanism of "reflux” in the TBP-extraction systems.

By definition the steady state of the column ia reached only when the
constituent concentrations in the two phases, along the entire cclumn, no
longer vary. Before the gteady state is reached; the behavior of the extrac-
tion column may vary over wide limits with reaspect to thorium recovery aod
decontamination. Some of the fission products, such as zirconium and the rare
sarths, way behave in a manner similar to that of nitric acid, so that regions
of high concentrations develop below the region where thorium saturates the
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organic solvent. This constitutes the usual wechanlem of "decontamination by
saturation” in the TEP system, &s exemplified and utilized in the Purex procesd.,

If thorium accumulates in the column It will force the region of high
nitric acid concentration toward the bottom of the column, where it will be
removed by the aquecus raffinate leaving the column. The rate of thorium accu-
mulation in the column may be slow, 1.2., 1 or 2 percent of the feed amount
per volume change. Then the prediction of column behavier from the conditions
in the entering and exii streams becomes very uncertain, and depsndent on high
accuracy in analyti~al determinations and flov-rate messuremsunt. Therefore the
complete behavior of as sxtraction column operating with the Th-HN03~TBP system
caunot ve predicted at present with sufficient accuracy from batch equilibrium
data alone. The steady-gtate condition cannot be readily calculated, in view
of the complex interdependency of the extraction of tue individusl components.

However, the be“avior of a column can be pictured by a countercurrent
"profile,” in which {a} the total equivalents or (b) the concentrations of the
extractable materials in each phage are plotted as functions of the distance
along the "column." Applications which explain this methed of approach to
coluzmn behavior are found in Sec. 4.1.2. These graphic plots will permit an
empirical aralysis of stage-by-stage digtribution and, 4t is hoped, an apprcach
to eventual mathematical treatment of steady-state problems in the JNO3~Th ~TBP

aysten.

3.5.6 The Acid-Deficient System (A. T. Gresky, J. E. Savolainen)

Av "scid-deficient” aluminum nitrate system was used in the DRNL Redox
process to provide a degree of figsion product decontamination unatteinable
in neutral or acidic systews for uranium recovery. In the Thorex development
uge has been made of & similar chemical device to provide optimum protactinium

and fission product decontamination.

A method has been reported(kT) for preparing aluminum dihydroxy nitrate
solutions, i.e., AL{OH),NO; or ALONGy°Hp0, by dissclving aluminum metal with
percury catalysis into aluminum nitrate smolutions. A typical solution has &
composition of 4.62 M Al, ?u§§ M NO , and 8.35 M 047, and has a pH of about
2.0. It has been reported that thorium hydroxide precipitates from aqueous
solutions at pd 3.5. It iz thus expected that thorium nitrate, provided the
thorium is in equilibrium with an extractables species, will remain soluble in
an squeous solution of acid-~deficient aluminum nitrate, the use of which would
afford smeintenance of a fairly constant pH ir an extraction system.

3.5.68 Hydrolysis of Th(NO3lhiand Al(u0313 {(J. E. Savolainen)

The hydrolysis reactions of the thorium ion have been investigated and
1nterpreted, 9) from pd data of dilute-~solution ions in perchloric acid, on
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the basis of the reaction
i+ 3E0 = moet & EH3O+,

2Thh+

b 3E0 == Thpo®t 4 2H;07.

Equilibrium congtants of these two reacticns are 3.1 x lO‘"8 and 2.7 x 10'5,
respectively. Calculaticns indicate that, at a p of 2.0 and a bulk thorium
concentratio& of 1 M, & substantial fraction; about 0.7, cf the thorium may
be in the Th™* form. Since the Thorex process solutiocus contain large con-
centrations of nitrate ioms, the formation of intermediate thorium nitrate
complexes, which enhance the extractability of the thorium, will reduce the
fraction of thorium which may be present as hydroxy complexes.

The relatively high acidity of the aluminum hydroxy nitrate solutions
indicates that the aluminum ion undergoes hydrolysis reactions. The types of
aluminum hydroxy ions and their behavior in agueous golution will require fur-
+ther investigation. The extraction behavior of thorium, waniuvm, and protacti-
nium from these solutions may be influenced by the aluminum hydroxzy dons. The
ionic strength of these solutions and the degree of bydration of the aluminum
hydroxy ion complexes are expected to influence the sctivities of the extrac~
table salts. The mono- and the dihydroxy aluminum salis may behave as di- and

mooovalent lons. This would cause the effective ionic sirength to be lower than

that calculated from the bulk concentrations by sssuming the alumipum to be
present &s the simple trivalent ion. The effects of the salting agents {5ec.
3.5.4%) presumably cannot be extended as yet to predict the saltlaug effects of
the aluminum hydroxy nitrate salts.

3.5.7 Specific Gravity as a Function of Thorium, Sluminum, and
Nitric Acid Concentrations (J. E. Savolainen)

An equation wes developed for calculating the specific gravity of the
feed sclutiona frow the concentrations of the constituents:

8p gr (QOOC) = 0.373 x MTh + 0.126 x M AL + 0.0195 x M BNO, + 1.031
u M Y HNO3

The concentration range in which this equation can be used is 1.2 to 2.0 M Th,
0.2 to 0.8 M Al, and 0.75 to 1.5 M HNO3. The specific gravity calculated from
this equation may vary by *0.008 units), or about 0.5%, from the experimentally
determined value. A temperature variation of ¥3 from 20°C causes s variation
of sbout 0.002 unita. An error of 3% in the thorium analysis introduces a
larger error than the error inherent in the equation. The thermal coefficient
of expansion is apparently dependent om the composition {also see Sec. 7.3).

The equation can be expressed in grams of thorium snd aluminum per liter:

Sp gr {20°C) = 0.00161 x g Th/l + 0.00467 x g A1/1 + 0.0195 x M HNO3 + 1.031
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3.5.8 Thorium-234 as a Limiting Contaminant (J. E. Savolainen)

The thorium, after neutron irradiation, 1s expected to contaln some of
the Th23h isotope. Tuis ilsotope has radiation properties somewhat similar to
Pas3 s and may limit the radicactive decontamination of the thorium product
after chemical processing. Thorium-234% 18 produced by the f£ollowing reactions:

™232(n,y)m233, 0% = 6.8 varns _ (1)
m233(n,7)m?3*, oC - 1350 barns (2)

The subsequent decay reactions are

233 87 1.0 Mev_ Pa233 8- 0.3 Mev 233 o 29 ee.
23.5m 27.4 4 1.62 x 100 y
234 B~ 0.2 Mev _ pa23¥ B~ 2.32 Mev R34 o . T30 ete,
2h,1d 98% 1.14 m 2.6 x 10° ¥

A small fraction, {.e. 0.124, of the Pa23h decays by 7y emlssion to UZ which
has & 6.7-hr half-life, transforming by B emission to . :

The rate of production of Th?3h is proportional to the squars of the
neutron~-flux density, while the rate of production of the Pa2 is propor-
tlonal to a corresponding first powver. Since thg Ealf«lives of these two
radicactive species are compsrable, the P5233/Th ratio at the resctor
equilibrium will be maintained during decay. Thus the 8 and ¥ decontamination
factors, ¥hich can be achieved by chemical processing of the short-cooled irrs-
diated thorium, will decrease with increasing neutron-flux densities. Calcu-
ln§§gns £§gm reported nuclear constants have indicated, for jinstance, ihat the
Pa®23 /Th®°" ratio will be (a) 10° for a 1033 flux and (b) 103 for a 101% flux,
and 80 B and 7 D. F.'s for procesged The32 necessarily will be limited to
values corresponding to these ratios.

3.5.9 Crud Problems (J. E. Savolainen)

In most solvent-extraction systems certain impurities and suspended solids
tave a tendency to adhere to the liguid-ligquid interface. These solids and
impurities accumulate in those parts of the phase-contacting equipment where
the phases are separated, and in such amounts as to create semirigid masges of
suspended s0lid particles and emulsions, These accumulated masses of undesir~
able material, of widely variant chemical and physical properties, are generally
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called "cruds.” Since these cruds may become dispersed in the product stream
and coutaminate the product with lonic and radicactive waterials, elimination
of them by chemical or mechanical means is a necessity.

Spectrographic analyses of cerisin cruds vhich form in the Thorex sxirace
tion showv high concentrations of chromium, iron, and silics as well as phos-
phorus and thorium. It may be expected that orgsanic acid decomposition pro-
ducts, organic acid salis, and siliciz acid can accumulate at liguid-liguid
interfaces and cauge crul formation. Solids which can be wetted by both liquid
phases can stabilize emulsions which cause cruds. Surface-active agents which
bring about the partiasl wetting of sclid particles may be a factor in this
latter problea:.

Chemical methods of reducing this crud problem may be found, i.e., con-
plexing of the ionic comstituents which are found 4in the cruds. Surface active
or emulsion-izhibiting agents, which will aid in the preferential solvent-
wetting of the suspended sclids, may also be of value. Mechanical means of
accumulating and rezoving the cruds formed in the eguipmwent, to prevent thelr
carry-over by the product stresm, may be a3 pecemsity.

3.6 Isolation (J. B. Savolainen)

After the irra&iated §gor*um ha; geen procesged through the primary
separation steps, the Th232 and Pa products will be present in rela-
tively large volumes of aqueous solutions, and the ursnium and protactinium
will be present in very dilute concentrations. These reguire isolation from
the dulk solutions of the primary separations procesaes and decontamipation
from certain impurities, e.g., corrosion products, which may have been intro-
duced during processing. ,

Bvaporation of the vater cap be used as a volume reductlon step, but no
increase in product purity will result. Corrosion products and degradation
products from dissolved organic materials remaining from the separstion steps
may also be formed and/or concentrated in such a step.

Precipitations of dilute constituents geperally require carriers and
necessitate further manipulaticns in the isolation step. However, precipi-
tation of & concentrated constituent, such as thorium, may be sdvantageous.

Jon exchange affords a ready means of isolating a dilute constituent
from an equecus phase. Elution can be carried out 8o as to bring sbout sub~
stantial volume reductions as well as increased purity.

3.6.1 Uranium-233 Isolation (J. E. Savolainen)

The feasibility of o233 isolation by an ion exchange process has been
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demonstrated during plant operation of the Interim-23 Process,(sé} Sub-
stantial decontamination and concentration of the product are obiained by

preferential elution.

In general the process has involved: (1) absorption of 0233 by Dowex=50
cation exchange resin from a feed of 0.05 I ¥ HNO3 containing about- 1.0 g of
uranium per liter; (2) elution at 40 to SOOC with 2.0 M ammopium acetate—0.4 M
acetic acid at pH 5.95 to produce a solution containing about 130 g of wranium”
per liter; (3) precipitation of uranium peroxide by sddition of 30% 8505, fol-
lowed by filtration; and (&) fipal conversion to the product LOQ(JOQ)Q by addi-
tion of nitric acid. The absorption step was complicsted by the presence of
aluminum, thorium, or iroan, which were able to effectively displace the uranium

from the resin.

'3.6.2 Protactinium Isclation (S. 8. Brandt, J. E. Savolainen)

In the proposed Thorex process, protectinium remains in the agqueous solu-~
tion after the separation of thorium and ursnium in the first extraction step.
The subseguent separsiion of the protactioium from this solution containing
the fission products can be either a solvent extraction or a surface adsorption

process.

‘The solution containing protactinium may be acidified with nitric acid
and the protactinium extracted with a TEP-diluent phase. Subsequent stripping
intc an agqueous phase, followed by precipitation or evaporstion, may afford a
means of concentrating this congtituent. Extractlon in carbinols, e.g., DIBC,
also offers a feasgible method {see Secs. 3.4.2 and 4.3.1).

Another method of separating the protactinium depends on 1ts surface
adsorption properties in solutions with relatively low hydrogen ion concentra-
tions. At a hydrogen ion concentration as low as pH n2.0, the protactinium is
present mostly as a radiccolloid apd adheres to the surfaces of golids. Silica
gel offers a large surface for adsorption, and resolution of the adsorbed pro-
tactinlium by complexing agents affords a means of obtaining high concentrations
of this conmstituent. Complications of an adsorption system for protactinium
isolstion include process crud and/or thorium contanination of the bed.

Primary limitations on the P3233 product have been tentatively amssociated
with the mass of solid impurities; i.e., the total weight of the product should
not exceed twice the weight of the protactinium metal present. Elimination of
bulk contaminants, such as thorium, uranium, silica, or corrosion products, is
thus a necesaity and.will likely require a finsl laboratory-scale purification
step, e.g., fluoride distillation of PaFg.

3.6.3 Thorium Isolation (J. E. Savolainen)

The thorium in solution after separation by the solvent extraction process
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may be either dehydrated and/or denitrated by evaporation, or isolated by pre-
cipitation az the oxalate from nitric acid scluticns. Concentration of the
Th{¥03), product solution by evaporation is considersd undesirable owing to
pitric acid degradation of eotraimed s?;venya but can be made adaptable by
proper handling. Reported information 175 %) {ndtcates that thorium oxalate
precipitated ina 3 to b M nitric s¢ld selubion is freed of mozt lupuritles,
especislly iron and wranium. Also, the precipitates wmade at 1.6 to 1.8 M
niiric scid are readily filtersd and have a high density. The thorium oxalate
precipitate, after being wvashed, may te dried at 120 to 1309C.

A posgible alternate isolstion procedure involving ion exchange 1s being
considered as 8 concentration and decontamination step for the Thorex develop-
zment.  Such a step would be especially de2sirsble as a second decontamination
cycle, thus eliminating complicated feed.preparation problems isherent in the
upual two-cycle solvent-extraction systems.

4.0 Process Devslopment Studies {A. T. Gresky)

Thie section presents a compilation of experimental data spd concluaions
which have evolved during the Thorex process developwent. Specifiic studies
of variables affecting the various process phases, limiting features of the
systems, and problems of a general naturs are discugsed. These detalls of
underiying problems are intended to clarify or support cholces of process con-
cepts, conditions, and flowsheets aa presented in Secs. 2.0 and 5.0. Since
thorium was the "bulk” product invelved in the process as congtituted, and
thereby governed the basic principlea of operaticnal technique, discussion of
itg process chemistry are conasldered firgt. Studles of the g*ocesa chemistry
of wursnium, protactinium, and certain fission products of Ua 3 are then consi-
dered to further define the scope and limitations of the Thorex problem. Pro-
blems of associsted pature, and which are integral parts of important inci-
destals of the broad development, are discussed as a geparate group.

¥.1 Thorium Extraction in TBP (W. T. McDuffee)

- . Solvent extraction processes related to uyranium or thorium separation
have to date been concerned principally with the nitrate system, owing generally
; to chemical engineering requirements; aluminum-jacketed thorium metal, oxide,
:g or oxycarbonate slugs must therefore be converted to this system by nltric acid
: dissolution. Whether the aluminum Jackets are to be dissolved (a) separately
by aodium hydroxide, or {b) together with the thorium by nitric acid {fluoride
&ad mercury catalyzed) is an engineering consideration related to economica
end feasibility of hot waste solution storsge. That Is, aluminum nitrate in
hot wastea limits volume reduction, wheress nitric acid slone does not. This
consideration has appeared important in the development of the Thorex process
as presently conceived. Tentative processes using (1) a Th-HNO3 system and
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{2) a Ta~acid-deficient Al(§03)3 system mppesr 88 possible alternates and thus
apphasize a cholce of wveste ecopowmy versus process operabliily. The Tollowing
discussion concerms principslly the tributyl phosphate extrsction of Th(303)g
from agueous nitric acid and/or aluminum nitrate solutdons.

k.1.1 Bffects of TBP Decomposition Products (W. T. McDuffee)

The principsl products of hydrolysis of TBP sre 41- and monobutyl phos~,
vhate. The thorium nitrafe reacilon products of IBP and MBP are both zmore
stable than the analogous product or complex of TEP. The Th(R03)}4-MBP product
is apparently not extracted atrongly frog the agquecus phase and ususlly remains
as an smulsifying, colloidal precipitate, wheress the Th(NOg)y~DBEP product ,
appearz alsgo gs & colloidal precipitate but tends to follow the organic phaae.‘hS)
These precipitates would represent a process thorium loss since (&) Th(H0x)y-MBP
is mot removed from the aguecus waste stream, and (b) the Ta(H03)%-DBP, although
following the organic extractant, is not readily stripped from the organic pbase.
The presence of certaln colloidal materials fn either or both phases in a sepa-
ration process ordinarily promotes {a) the formstion of emulsicns, (%) the phy-
sical carry-over of solids into product sireams, and (c) poorer ovarall decon-
tamination efficiencies. This 1s objecticnable in the decontamination of thorium
from protactinium becsuse of the tendency of protaciinium fractions 10 seek and
t0 adrers to almost any sclid surface it comtscis. Thiz means that the TEP must
be freed from its hydrolysis products prior to its use as an extractant.

MDP and DBP may be removed from diluted TEP sclvents by washing with &
one-£ifth volume of 1.0 M NaCH solution followed by three one~fifth volumes of
0.1 M 33Q003 or NaOH solution. The funciion of the latter washes is to provide
a lov salt-strength, essentially nouemulsifying, vashing medium for removing
the sodium salta of the DBP and MBP forwmed by the sodium hydroxide. Cowunter-
ciurrent wash columns are recommended for plant vperation,

Owing to the significant rates of TBP hyﬂrolyais(50) apd the deleteriocus
properties of the products, it wss recommended that only fresh treated solvent

be uged in Thorex processing.

%.1.2 Solvent Saturstion and the Two-Phase Organic Problenm
(8. 8. Brandt, W. T. McDuffee)

TEP alone 1s migcible in all proportions with Admsco 123-15 diluent, a
kerogene fraction which is referred to as "Amsco” in the remainder of this
report. Up to the point at which extracted thorium is associated as hTBP'Th(N03)h
in the Amsco-diluted TBP (20 to 54% by volume), the complex is also miscible in”
2ll proportions with the diluent. However, as thg TBEP/Th ratic 4s lovered toward
3.5 by further saturation, the complex becowmes only partially miscible; the mis-
e4bility decreases with decreasing TBP/Th ratios, approaching complete immisci-
{11ty at about 2.5. This immigcibility was manifested in diluted TBP solvents
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ag a two-phase organic system, i{.e., a light phass of diluent depleted of TBP
axd & heavy phase made up principally of "polymerized™ complexes, e.g.,

21h(xo3}h-6wzp, 3Th(N03)h'8TBP, YTh (803 )y " 10TBP, or STh(NO3)y-12TBP (Sec. 3.2.2¢).

This solvent separation would create unusual density or viscoeity effects and
wonld be expected to complicate aguecus~organic wixing, e.g2., in pulse-column
operation. This effect would thus egsentially limit the operability of a
“asturated” TBP system, which is a normal requirement for effective B and 7
decontamination.

All the TBP-thorium complexes were completely miscible in benzene. It
wes slsc possible to prepare a benzene-Amsco diluent mixture which would be
miscible in.all proportions with any TBP-thorium complex by proper choice of
the Amsco-benzene ratic (see Figs. 4.1.2-1, 2, sad 3). It was determined that
if the diluent mixture rontained l“% by volume of benzens, the mixture was
niscible at room temperature with all the TBP-thorium complexes known to date
{see Fig. 4.1.2-4). Thus, systems containing thiz aromatic would become oper-
adle undsr sny conditions of TBP saturation with thorium, and any degree of
_ thorium reflux would be allowable.

Benzene is more volatile than Amgco, has e much lower flash point, and
its use introduces fire, toxicity, aund explosion hazards. These disadvantages
1imit, 4f pot nuliify, the use of benzene in plant operation° The flssh point
of 30% TBP, 15% benzene, 55% Amsco was 38°F as opposed to 149°F for 30% TEP,
T0% Azmsco, Use of other aromatic ring compounds would also be limited, because
of the pame digadvantages, as well as low atability to nitric acid and probable
irradistion~decomposition.

Effects of other organic compounda on the two~phase formation &re shown In
Pigs. %.1.2-5 and 6.

L.1.3 Solvent Capacity in the TEP-Th-U-HNO; System (W. T. McDuffee)

HAOR *TBP, 002(503)2'2TBP and Th(EO )i, *HTBP have been considered as the
"normal” TBP tomplexes of these three inorganic subgtances {(Sec. 3.2.2). In
tbe four-component system, i.e., TBP-Th-U-HNO3, these substances would be ex-
pected to compete in the above molecular ratios for thé TBP "capacity” in the
procesa solvent on the basig of their relative bond strengths and lonic cone
centrationg in the aqueous-organic system. However, the gradual "polymeriza-
tion” of the thorium complex to the tetramer, hTh(HO J4"10TBP, is obaerved ss
Bigh nitrate equilibria are approached. This points t0o & more probable ratio

of Tb{HO;)h-e .STBP for its solvent saturaticn or capacity considerations.
Several Investigators have favored a 3 1 complex for TBP:Th for such consi-
derations.

P

Table 4.1.3-1 and Pig. k.1.3-1 record distribution dats obtained in
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Fig. 4.1,2-1 Effect of Benzene Addition on Two-Phase TBP-Diluent Systems. A: light phase;
B: heavy phase; C: single phase. Conditions: 15 ml of & 50-50 TBP~Diluent solution first
saturated with Th(NO )wﬁNO ; to resulting two.-phase organic layer benzene added until
single-phase systenm ébtaineé

n~-HEPFTANE VARSOL
As DLl i
. {
i
: t i
" ) § :
; } ;
|
Z i ! g
i c i C } c ’
i | e &
{ ! : IS
} - H ; [9¥]
{ i t e
i ! i
B B ! B n
| 1 |
i i |
t ‘ 2
! ~ 3 - |
¥ L
{ | f
i ; ;
1 i '
i § i
i } ‘t
L.t i 1 | J T | 1 i . 1
1 2 3 1 2 3 12 3 H

VOL. OF BENZENE ADDED {m1)



Tasees
ravae

TrmEte
s o

EET Y]
“ »

EEERE]

PR SY

»
RS X

% .

LR}
ax

Arnan

~ttanw

s
casaaw

crrass
.

rasens

»
raes

L Y3

BENZENE/TBP

MOLE RATIO,

Pigure 4,1.2-2
BENZENE/TBP RATIOS REQUIRED FOR SINGLE-PHASE SYSTEMS

bwg.

A\R211]

TBP CONCENTHATION (%)} IN TBP-AMSCO MIXTURES

3.0
CONDITIONS
2.5 d \? o :
Teat solutions were made with
varying TBP concentrations in
AMSCD. Following saturation
29 with HNO, and Th(NOs)‘. benzene
: was nddeé to the test solutions
until single phase systems were
obtained. .
1.5 ~\l dg
\ X
One Phase
1.0
Two Phases ‘\-\\k
0.5 N
0
10 20 30 40 50 60 70 ' 80




3

3(ml)

‘8 &

Total Vol. of Organic FPhase

&

Fig, h.1.2-3 Effect of Benzene Additions to

B: heavy phase; C: single phase,

Conditions: Each test solution made up by adding to a 7.5-ml sample of TBP & volume
of Amsco to give the designated TEP concentration; each golution saturated

Various TBP Concentrations in Amsco. A: light phase;

10.4% TBP with IINO3 and Th(n°3)k before beginning benzene additions
{
{ Dwg. #13347
f
t
- H
t
R e g N R 21.5% TBP 30% TBP 33.5% TBP S0% 1BP 60.5% TBP
i
~ : } - = ]
] ‘ ) £
] ¢ N
f [ i
! ]
: | /
= ' - - e
{ i '
A t i t
i ! H
! : }
; . | R
3 f ] o i = -
] ! :
t
| ) A i A c A ;
I ! H v i
! ¢ A ; { H 1 1
- ! g ! s ] - |
i i i ! j ¢ N
. i t 4 ‘ i
| | | | |
i I : i ]
B i ] B B B By
Lodod b2 Y S ST B N Lt b4 1 PR LT W {
12 34K 5 ¢ 23 123 12 36 1 2 3%

VOL. OF BENZENE ADDED {m1)



Dvg. # 13349

Fig. 4.1.2-4 Phase
Disgram for THBP-Benzene-

Amsco Bysten.

Conditions: Test solutions
made up to desired propor-
tions and then saturated
with mvo3 and 5\*}1(»&03)1‘r

- Lﬁ -

ar - » ) yxy”p’
srese

% S Ve s LR Lt ’ ; FAARMX AR X% X el XA a % K
RGO B M SRS e AL AL e IR

BENZENE (%)

tis0e
s *

3asew

EEEY)



. : Fig. 4,1.2.5 Effect of Msthylcyclohexane Addition on Two-Phase TBP-Diluent Systems.

cesner A: light phase; B: heavy phase; C; singie phase,

| Dvg. #1303

Fosves » e Condftions: 15 ml of
Teenet : : : T ' %050 TRP-diluent aolution

saturated with Th(NO )
HNO,; MCH added to the?
twophase organic layer
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obtained
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Fig. 4.1.2+6 Bffect of Hexane Addition on Two-Phase THBP-Diluent Systems.
‘ - A: light phase; B: heavy phase; C: single phasge.
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Fig. 4.1.3l Distribution Coefficients {0/4) of Thorium and Nitric Acid
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in 27.3% (or 1.0 M) TEP, 15% Benzere, 57.7% Amscc.

Curves indicate a Tairly constant ratio of Th D.C./HNC,
D.C. of about 2.0, between 2.0 ¥ and 7.0 ¥ equilibrium®
NO3 ag. Compare with curves in Fig. 4.1.3-2.

Conditions: Aqueous phases containing equimolar ratios
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Table k.1.3-1

Extraction of Thorium and Ritric Acid in 1.0 M {27.3%) TBP=15% Benzene-—57.7% Amsco

Conditiong: Aqueous phasges having a Th/HN03 mole ratio of 1.0 at varying total con-
centrations were contacted with equal volumes of solvent; equilibrium
N0§ pormality in agueous phamge calculated from thorium and HNO3 analyses

Bquilibrium NOJ (rq.) Thorium Distribution HNOC, Distribution
(N) org. Ag. D.C. org. Ag. D.C.
(¥) (M) (o/a) (M) (M) (0/a)
0.648 0.017 0.126 0.135 0.025 0.144 0.17h
0.718 0.021 0.139 0.151 0.026 0.162 0.161
0.787 0.025 0.146 0.171 0.029 0.163 0.178
0.783 0.027 0.152 0.179 0.031 0.175 0.177
0.824 0.034 0.159 0.21k 0.0k1 0,188 0.217
1.073 0.059 0.207 0.285 0.051 0.245 0.208
1.116 0,084 0,207 0.406 0.063 0.288 0.218
1.1kh 0.078 0.214 0.36k4 0.057 0.288 0.198
1.212 0.069 0.238 0.290 0.051 0.260 0.196
1.216 0.075 0.238 0.315 0.051 0.264 0.216
2.076 0.170 0.399 0.426 0.089 0.480 0.186
2.155 0.17h4 O.h1k 0.421 0.085 0.499 0.171,
2.155 0.173 0.h1k 0.5%19 0.054 0.499 0.188
- i 2.175 0.182 0. 41k 0.440 0.096 0.519 0:185
: 2.279 0.186 0,440 0.423 0,09k 0.519 0.182
3.666 0.230 0,710 0.324 0.119 0.8p6 0.1ki
3.845 0.241 0.745 0.324 0,117 0.865 0.135
3.85% 0.241 0. 745 0.32% § o.117 0.87k4 0.13h
3.813 - 0.254 0.752 0.336 0.121 0.865 0.1%0
3.8713 0.254 0.752 0.336 0.117 0.865 0.135
6.504 , 0.300 1.261 L0.238 Y} 0.153 1.480 0.105
6.992 0.300 1.354 0.222 0.156 1.576 0.099
7.011 0.300 1.354 0.222 0.156 1.595 0.098
7.212 0.305 1.395 0.219 0.159 1,632 0.097
. 1.232 0.308 1.395 0.221 0.18k 1.652 0.111
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TBP-aqueous gystenm containing equimolar ratics of T“{¥0§ y and HHO3 at varyiog

total concentrations. Disiributicn coefficients {b«ﬁ; Tor Ta(l0;)L were about

& factor of 2 higher than thoge for niltric acid. Fimsl gaturation conditions

attained in the 1.0 M TBP solvent, accounting for a % volume Increage, vas
calculated as 0.184 M HNO,/0.184 M TBP and 0.300 ¥ %{\:03)1,,/0 776 M TBP, which

correspond to complexca o§ TEP-HEO; and 2. EmBP°m%g§G , respectively. The

. latter ratio compares roughly to the tetramer bTn{xD3) g 10TEP.

Table 4.1.3-2 and Fig. 4.1.3-2 record similar gisiribution data obiained
in 8 system containing equimolar ratiovs of UQQ{”DQ;Q, Th({NO3)4, and HNO3. - The
ratio of the distribution coefficients (0/A) for UCz{N03)p Th{NOg)y in 2.0 M
TBP was observed to incresse from 19 to 35 as aolv#nt saturation wag approached,
and the uranium effectively “"salted-out” the thorium from the organic phase.
This effect is evidently related to the marked incressed in fission product
decoptamination as a function of percent saturstion in wranim~TBP gysteuws,
e.g., 88 in the Purex process. The data also reflect a large difference in
HNO3 equilibria, solvent capacities, and efficiencies of decontamination by
saturstion in the uranium-HNO3 and thoriumeKO3 systems of TBP extraction.

Although the ve33 concentrations in Thorex feads are negligibly small,
the problem of coantrolling TBP saturation snd capscity in & countercurrent
thorium~HN0, -TBP gystem becomes exceedingly complicated. Control of ENO3 re-
flux, with its ettendant effects on thorium distribuiiocn sod recovery, has
appeared to be very difficult in multistage high-saturation systems. Use of
large solvent excesses, i.e,, low-saturation gystems, would perhaps allow an
operable procesa but would certainly provide for ponr fission product sepa-~
rations.

The above-mentioned problems and their effects cn "steady-stamte” extrac-
tion conditions, as well as the problems associsted with the two-phase organic
formation, were factors leading to a cholce of aluminum nitrate salting and
acid deficiency aas Thorex process concepis.

h.1.% Distridution Coefficients snd Countercurrent Studles
{W. T. McDuffee}

Progreas reporte from Batelle Memorial Institum,‘gs 59) record extengive batch
equilibrium data for the TBP-Th-HNO3 syetems, and this work was not duplicated
by the ORNL laboratory group. However, ths apparent futility of predicting
countercurrent extraction behavior in the TBP~H§O3-T& system, on the basls of
simple batch equilibria aloue, led to the cholce 8f an empirical approsch to
process development, which was based on batch countercurrent "profiles.” These
profiles, which are essentially plots of Th(NO3)y and ENO3 distribution at
various contacting stages, revealed the importance of accurate adjuatment of:
(a) solvent capacity, (b) thorium and nitric acid concentrations of feeds, (c)
agueous salting strength, and (d) flow ratios. Conversely, the Th~-A1(NO3)3~TBP
aystem was shown by this method to be very easily coantrolled in counterCurrent
operation. Figures 4.1.4-1 and 2 show a sketch of the comtercurrent equipwent
and a disgrammatic explanation of the laboratory operstion as used in various

. Thorex studies.
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Pig. k.1.2-2 Distribution Coefficisnts {Q/4) of Uranium,
Thorium, and Nitric Acid in 5&.5% (2.0 3] TBP, 159 benzsne,
and 30.5% Amgeco. Curves indicste a marked Gepressant srfect
of uranium saturstion on thorium extruction and o smaller
effect on nitric acid extraction. Thorium-nitric acid curves
should be compared with those in Fig. &.1.3-1.

Conditions: Aqueous phases containing squimolar ratica of
contacted with equal volumes of 2.0 M TBP solvent,
thorlum, and B analyses are recorded in Table 4.1.3-1.
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Table 4.1.3-2

Extraction of Uranium, Thorium, and Nitric Acid in 2.0 M (5L.5%)

TRP--15% Benzene--30.5% Amsco

Conditions: Aqueous phases contalning & U/Th/EkOo ratio of about 1/1/1.25 at varying
total toncentrations were contacted with equal volumes of solvent; equili-
¢ brium K03 normality in agueous phase calculated from uranium, thorium,
and KNO3 analyses

Equilibrium E Uranium Distribution Thorium Distribution HNO3 Distribution
%03 (4q) Aq. b.C. | org. A3. ] D.C. | org. | Aa. | D.C.
(R? (M) (M) | (o/a) | () (M) | (o/a) | () (M) | (o/a)
0.203 0.0240 | 0.0141 | 1.695 || 0.0014 | 0.03% | 0.081 } 0.075 | 0.0k | 1.880
0.259 0.0414 | 0.0152 | 2.730 || 0.0039 | O.042 | 0,092 §0.075 | 0.06 | 1.210
0.378 o 0575 | 0.0170 | 3.370 || 0.0069 | ¢.066 | D.10k § 0.125 | 0.08 | 1.560
0.549 0.1090 | 0.0181 | 6.050 || 0.0227 | 0.096 | 0.203 § 0.075 | 0.13 | 0.575
0.608 0.1260 | 0.0188 | 6.700 || 5.0315 | ©.105 | 0,300 f 0.075 | 0.15 | 0.500
0.687 0.1465 | 0.0197{ 7.430 {| 0.0388 | 0.122 { 0.318 §0.100 | 0,16 | 0.625
0.938 0.2110 | o.0242 | 8.720 || 0.0642 | 0.160 | 0.400 § 0.075 | 0.25 | 0.300
0.962 0.2350 { 0.0242 | 9.750 || 0.0790 | 0.166 | 0.475 § 0.100 | 0.25 | 0.%00
0.967 0.28k0 { 0.0265 | 9.200 || 0.0790 | 0.166 | 0.%75 §0.100 | 0.25 | 0.k00
1.37% 0.3060 1 0.0354 | 8.620 || 0.1050 | ¢.246 | 0.417 §0.150 | 0.32 | 0.469
1.563 0.3340 { 0.0384 | 8.700 || 0.2200 | £.28k | O.400 § 0.140 | 0.35 | 0.400
1.919 o0.4120 | 0.0k75 | B.680 || ©.1250 | ©.336 | 0.385 #0.120 | 0.48 | 0.250
2.013 0.4380 | 0.0463 | 9.450 || ©0.1150 | ©.360 | 0.331 §0.125 | 0.48 | 0.260
2.018 0.37% { 0.0831 | 8.580 || 0.1210 | 0.313 | ©0.386 §0.100 | 0.68 | 0.1k7
2.099 0.4570 1 0.0536 | 8.400 || ©0.1290 | 0.373 | 0.388 §0.120 | 0.50 | 0.240
2.185 0.4570 | 0.0527 { 8.680 || 0.1220 | ©.390 | 0.313 § 0.050 | 0.52 | 0.0%6
2.472 0.505 0.06k1 | 8.000 || ©.1330 | 0.%31 § 0.308 §0.120 | 0.62 | 0.19%
2.:k8¢0 0.4%80 0.0580 { 8.270 || 0.1260 §| 0.446 | 0.282 {0.075 | 0.53 | 0.130
2.895 0.564 0.0753 | 7.50 ©.1330 | 0.511 § 0.261 §0.120 | 0.70 | 0.172
3.560 0.648 0.1040 | 6.24 0.1080 | 0.638 | 0.169 §o0.150 | 0.80 | 0.188
3170 0.695 0.1160 | 5.98 0.0970 | 0.772 | 0.126 §0.125 | 0.85 | 0.147
5,334 0.694 0.1450 |- 4.78 0.0785 | 0.811 | 0.097 #0.120 | 0.80 | 0.150
h.35%% 0.695 0.122 5,70 0.0885 | 0.799 | 0.111 §0.200 | 0.90 | 0.222
8,770 0.728 0.135 5.4%0 0.0788 { 0.870 { 0.09%02 {0,125 | 1.02 { 0.122
8.390 0.818 0.485 1.68 0.0518 | 1.455 | 0.03564 0.250 | 1.60 | 0.157
8.540 0.837 | 0.550 1.52 0.0532 | 1.490 | 0.0357} 0.250. | 1.48 | 0.169
9.228 0.852 0.678 1.25 0.0579 | 1.618 | 0.0358 1 0.200 | 1.40 | 0.143
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' Pig. &.1.4-1 Sketch of the Lsboratory Countercurreat Contactor
and the lead Shislds Used with Radicactive Materials
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Fig. 4.1.k-2 Disgrammatic Sketch of a Bateh Countercurrent
Extraction Procedure
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k.1.ha The Th-HNO:-TBP System (Proflles)
(W. T. McDuffee, A. T. Gresky, J. E. Savolainen)

Close correlation of batch countercurrent data with extraction column
data hag been shown in previous development work. Such data are useful in
, predicting column behavior with regpect to the reflux of extractable compo-~
- nents and to steady-state operation. The complex and unusuwal nature of com-
: peting reflux of thorium nitrate and nitric scid in TBP systems rejuired
cloge inspection for an estimation of its behavior. There was a need for a
mntque organization of sualytical dats in order to aid in determiming when
definite equilibrium was attained in various systeus.

Representation of the conditions existing in an extracticn column at any
tnstant 1s best ghown by a plot of the equilibrium dsta taken Trom batch
coustercurrent runs {see Table 4.1.4-1 and Fig. 4.1.4-3). Such plots have
been referred to as "column profiles.” In these plota the verticsl block dia-
gram in the center represents the various stages and, by convention, those
punbered upward represent the scrub stages while those numbered dewnwerd re-
pregent the extraction stages. The feed is introduced st the first extraction
stage, the organic extracitant at the bottom extraction stage, and the scrub
solution at the top scrub atage. Methods of plotting the analytical data were
twotold: (1) as concentrations of the constitusnis in egulvalents per liter,
from vhich by inspection the distribution coefficients (D.C.) could be observed,
and {2) as individual concentrations of the constituents times the flow ratios
{total equivalenta), from which oversll material distribution and extraction
factora {E.P.)} could be obeerved.

The ordinates were taken at the midpoint of each siage and the abacissas
along the horizontal axis in order to represent either the concentration ns
equivalents per liter or as total equivalenta. 3ince there are two phases to
be considered, the data taken from the organic phase were plotted 1o the right
of the block representing the gtages and those taken from the aqueous phase

- wers plotted to the left. Since thorium and nitric acid both combine with the
TBP, the representation of the content of these substances, by convention, is
plotied g0 that the free nitric acid concentration is shown along the hori-
zontal axis of the column stage in question and the thorium concentration on
the same axis, but added to that of the pitric acid, so that tvwo curves are
obtained.  Then tbe thorium content is represented by that distance along the
borizontal axis between the nitric acid concentration curve and the thorium
copcentration curve. In those systems which make use of acid-deficient scrubs,
the basicity of the phase is represented or the opposite hand of the vertical
axis of the phase concernsd. The thorium concentration of the phase in these
instances 1is represented by the horizontal distance between the vertical axis
of the phase and the thorium curve. This wmethod of representation is Justified
for the aguecus phase on’ the basis that the extraction by TBP and the salting
strength of the aquecus phase of the aystem are related to both the concentra-
tion of the NOZ in the aqueous phase and the molar concentration of the free
TBF in the organic phase.

EX3 e
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Batch Countercurrent Extraction of Thorium, Profile Deta

Peed:
Scrub: )]
Organic Phase:

2.08 M ™(NO3)y, 1.0 N HNO3
1.5 N HEO
41% TBP, 15% benzeneé k% Amaco

2/1/

Feed/scrub/organic flow ratio:

Data taken after 7 volume changes

8Product of flow rate and sum of thorium and nitric acid equivalents.

gy

= equivalents,

Organic Phage D.C.'s(0/A) | E.F.'s(0/a) Aqueous Phage
Sse Toafad) | BT (M| (ege | T | Mo | m | moy s ] et | G
8s 8z.0 1.h1k 0,20 12.91 | 0.73 | 0.18 | 5.84 | 1.hk 113.3 1.952 1.09 | 3.0h
63 88,0 1.519 0.125 | 13.15 | O.bk | 0.15 | 3.52 | 1.20 201.0 | 3.460 | 0.835 | 4.30
b8 1040 1.792 0.105 15.18 | o.k9 | 0.1 | 3.92 | 1.12 213.0 3.690 0.775 b,k
S 11%.0 1.967 0.10 16.58 | 0.35 | o.12 | 2.80 | 0.96 321.6 5.540 0.826 6.37
1E 133.8 2.300 0.11h 19.3% 0.30 0,12 0.80 6.32 | k5.0 7.670 0.96 | 25.89
3B 125.0 '2,155 0.120 18,20 { 0.28 | 0.11 | 0.75 0.29 445.0 7.670 10Q8 26.25
5E 114.0 1.967 0.16 17.02 0.35 0.11 0.93 0.29 322.5 5.550 1.kk 20.97
TE 39.75 0.685 0.24 7.5 0.89‘ 0.25 2.13 0.67 50.25 0.867 0.97 5.51
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¥ig. 4,1.4-3 Extraction Factor Profile of a Batch Countercurrent Extraction of Thorium

Plot shows extraction fectors of both thorium and HNO, throughout the countercurrent systenm.
The date indicate that 20f of the thorium is mmini& in the column, and, therefore, steady
state has not been reached.

Feed: 2.08 M Th(303);4; 108 HNO,
Scrub; 1.5 N HNO

Organic phase: %% TEP, 15% Benzene, 443 Amsco diluent
Feed /scrub/organic = 2/1/8; 7 extraction, 8 scrub stages

Data teken after 7 vol. c&xangea (Bee 'I.‘able h 1.h-1)
20 ' 10 0

"ZQ ¥ 1 T
1 bl I i l ‘ 1
Serub: 1 ¥V l of
W 1.5 X BN 1. 0.2 M HNO,/0.2 M TBP = 1/1
L0 D3SM'1‘hl36MTBP=l<375
Equilibrium Value (cale.) Th/TBP = 1/2.52
2, 0.1 M HNO3/0.1 M TEP = 1/1
0.58"M Th/1.45 H TBP = 1/2.5
3. 0.12 M HNO,/0.12 M TBP = 1/1
0. hgfm/fuhxmpal/z 67
k. 0.12 M HN /0121\5’113?:-1/1
Feed: 2 Vols. of C.kg M Th f b M TBP = 1/2.8
2.06 M ™ 5. 0.2 M HNO./0.2 M THP = 1/1
 aestmmow 0.3 M Th?l.g,& M 18P = 1/4
BlON HN03 6. Thorium Loss
HN03 ,25% excess over input
8. 'Th, 504 excess over input
Organic: 8 Vols. of
1. 5 TR-EPANG. B
| T SR . Dug. #15895

t
31%1\1»30\%) 10 05 50 Og‘g&niceo 30

Besic

Phage Phasge

Total Equivalents
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The compositions of the feed, scrub, and organic extractant were plotted
as blocks on the same scale ag that of the contents of the stages, so that the
degree of reflux or equilibrium could be obtained by inspection.  Uranium
which is present in golutions of irradisted thorium is usually present in too
lev concentrations to be significant in the plots.

With respect to thorium-TEP systems the runs plotted may be breoadly
clasgified in the following manner:

1. Acidic feeds
a. Acidic scrubs, using HNOB
b. Neutral scrubs ‘
1. Using AL(NO3)3
11, Using HpO
c. Acid-deficient scrubs, using acld-deficient Al{NO3)3
2. Acld-deficient feeds
0f these, only the runs using acidic feads will be discusae? here. Acid~
deficient feeds vefe'used in the original hexone 23 process 52) and {n the
ORNL Redox process 53) for the extraction of ursnium. Because of the longer
dissolving cycle required for the preparation of acid-deficilent fzeds, these

procesges were pot given serious consideration in the Thorex process.

Nitric Acid Scrubbing (W. T. McDuffee)

This system 1s slow to come to a steady state and is difficult to operate
{see Figs.h.1.h-b and 5, in which the effects of varying the flow rates are
shown). The profiles were taken st the end of the first, third, £ifth, seventh,
and tenth volume change. In each run, refluxing of the nitric acid was seen,
beginning at the feed plate and continuing until the nitric acid concentration
increased in the extracticn section to s higher concentration than existed in
the feed. The thorium concentration remsinsd essentially constant at the feed
stage, but, as the run coutinued, the thorium concentration rosze in the extrac-
tion section, forcing the point of maximum nitric acid concentration down the
extraction section until at the end of the tenth volume change the nitric acid
leaving the sysBtem exceeded the feesd concentration.

In Control Run 76 the system wes nearly at a steady state with respect to
both nitric acid and thorium after ten volume changes. Flow conditions were
calculated to produce an equilibrium organic product ztreszm st a TBP/Th ratio of
3.7/1, neglecting any TBP consumption by ENO3. The thorium loss to the aqueous
vaste gtream was low (1.2%9). ‘
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Fig. 4.1.%-6 Extraction Factor Profile of Countercurrent
Extraction of Thorium Showing the Effect ol Using Wabter ss Serub

Organic: Lo TBP, 40% Amsco, 20% Benzene
Flow rate: Feed/scrub/orgenic = 2/1/3.75; 4 gerub, 10 extraction
stages. :

3 Vol. changes
Scrub: H20
2 Vols.

15 Vols.
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In Rum 77 the organic/faed flow ratic was reduced from 571 to &/1, calcu-
lated on an equilibrium tasis of a TEP/Th ratlc = 3/1, as oppossd to that in
Run 76. The system progressed in the game manner with respect to thorium and
nitric acid but came to & stesdy state with about 309 of the thorium passing
out with the aqueous waste girean.

In Bun 78 the effect of decreasing the feed/scrub ratio from 2/1 to 1/1
iz ghown. In this run the nitric acid maximum sppeasrsd at the feed plate,
moved down the extraction section, and finally dropped out of the last extrac-
tion stsge. At the seme time that the nitric acid maximum dropped out of the
bottom of the colummn, thorium appeared in the agueous waste stream, and at the
tepth volume change about 29% of the thorium was passing from the columm with
the aqueous waste stream.

Water Scrubbing (W. T. McDuffee)

This system offered little advantaege over altric acid scrubbing since the
nitric acld in the feed refluxed as before and low extraciion factors were
cbtained because of the low salt strength in the system {@ee Pig. 4.1.4-6).

.1.5b The Th~Al(§03lg-TBP System (W, T. McDuffee)

In order to (&) supply an inextractsble salting agent and {d) allow a
combination jacket~removal and slug-dissolving scheme, Al(N03)3 was included
in both the feed and scrub systems. This afforded (&) bigh thorium extract-
ability, {b) efficient scrubding, and {c) emsily controlled TEP saturation.

Bffects of Acid Deficiency (W. T. McDuffee)

. This system offered the greatest‘advantage in protactinium decontamina-
tion, and no deleterious effects on thorium extraction were apparent. The
protactinium decontamination to be obtained in the process depended on hold-
ing the scrub section highly acid deficient with resgpect to A1(¥0y }n. Thorium
will precipitate from a dilute solution st the acid deficiency of3A§(OE)2h03,
however, in more concentrated nitrate solutions uwo precipitation occurs.,
Therefore, in the extraction sectiocn of the column where the concentration of
thorium i3 low, essentially neutral or slightly scid-deficient conditions are
necessary. It has been found that acid deficiencies of the order of 0.1-0.2 ¥
in an extraction section containing 0.5 M Al(N03)3 represent the optimum con-
ditions with respect to protactinium and figsich product decontamination and
the recovery of thorium. Al(H )y solutions may be made acid deficlent by the
diggolution of aluminum metsl ih gg~HH or Hg—Al(hO 3 to form.Al(OH)gNO3
vhich may be used as & neutralizing agent. The highly acid~deficient scrud
solutions may maintain the gcrub section basic with respsct to AL(HO )3 and
at the same time be used to neutralize free acid in process feeds, thus pro-
viding a neulral or only slightly basic extraction section. The latier condi-
tion {8 necessary in order to maintain high thorium D.C.'s (O/A). The salting
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strength of Al(OE)ENOB is less than thet of normal Al(ED3}3; nence slightly
higher concentrations of the former are necesssry in process considerstions to
reproduce salting properties of the latter. ¥suiraliziog the nitriz acid en-
tering with the feed raises the aguecus salt sturesgth ip the extraction section
vhile at the same time removing the HNO3 from competition with thorium for the
TBP capacity. ‘

The acid-deficient aystem permits good decontanination of the Th from both
fiseion products and from Ps iu a siogle column. The critical condition liles
in the scid deficiency of the scrub section where thorium E.F.'8{0/A) somewhat
greater than 1.0 must be maintained.  Results obtaiged im & typical run are
shown in Fig. %.1.4-7. In thie run & Pa D.¥. of 107 was deponsirated. Figure
%,1.4-8 ghows the effect of increasing the number of ascrub stages and lowering
the number of extraction gteges.

Salting Effects (W. T. McDuffee)

The effects of acld deficlency of the Al(ﬁ@q)3 scrub, with regpect to 1ts
salting effscts are shown 1n Figs. 4.1.43-9 and T0.  Aas the acid deficiency of
the scrub was increaged, the loss in,salting streagih was indicated by the in-
crease in the thorium content of the agueous streans, due to lowvered thorium
D.C.'s. Comparison of the runs represented in Figs. 4.1.%-7 and 8 with those
in Figs. %.1.%-9 and 10 shows the effect of varying TBP concentrations, salt
strengths, and scid-deficiencies in countercurrent systems. The scidities of
the feeds in Figs. 4.1.4-7 and 8 were at 1.0 ¥ HNO3, with the ressult that
higher aalt strengths were maintainéd throughoui the gystem.and high thorium
D.C.'s were obtained.

k.2 Uranium-233 Extraction (A. T. Gresky, M. R. Bennmett, S. S. Brandt,
W. T. McDuffee)

The distribution of uranium observed in the various solvent systeus
ptudied during the Thorex development isg reported below. 4 formalized study
of all variables affecting distribution coefficients in these dilute uranium
systems hes not yet been carried out. Empirical data, as related to reguired
conditions of the Th-U-Pa geparations, are nonestheless reported in order to
degcribe the general behavior of 233 in verious process pteps.

§.2.1 Extraction in Carbinols (8. 8. Brandt, A. T. Gresky)

Extractability of 023% ag well ag thorium, in diisopropyl carbincl and
diisobutyl carbinol was lov_enough to allow good separation from protactinium
in the systems used for Pa©33 extraction. Table 4.2.1-1 sumarizes the data
from the countercurrent runs, which illuatrate the essential behavior of U233
and thorium in carbinol systems.
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Fig. 4.1.4-T Extraction Factor Profile of Batch
Countercurrent Extraction of Thorium from an 4cid-Deficient Svstem

‘Feed: 1.bTM Th(NOa}h, 1.2 ¥ m'o3, 0.52 M Al(ﬂo3}
Berub: 1.0 M AJ.(HOS)EOH, 1.4 N Acid Deficient
Organic Phase: SL.4% TBP in Amsco
Feed/scrub/organic flowrate: 1/1/3.75

7 extraction, 8 scrub stages

Data taken after 5 vol. changes
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Fig. 4.1.4-8 Extractlon Pactor Profile of a Batch

Countercurrent Extraction of Thorium from an Acid-Deficilent System

Feed:  1.47 M Th(NO ), , L. K B0, 0.52 M Al(r:o3)
Serub: 1.0 M Al(NO3 208, 1.4 N Acid Deficient
Organic Phase; 55&% TBP in Amsco

Feed/scrub/organic flow ratios: 1/1/3.75

3 extraction, 12 gerud atageaﬂ

Data taken sfter 5 vol. changes
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Pig. 4.1.4-9 Extraction Factor Profile of Batch Countercurrent

Extrection of Thorium in an Acid-Deficient System. Data taken
after eight volume changes.

Feed: = 1.52 ngh(Nog)h, 0.51 § HNO,, O.kk M Al(N03)3
Serub: 0.5 M Al(NO3)2 OH, 0.72 ¥ Acid deficient; 2 Volumes
Organic: 41.9% TBP in Amsco diluent

Feed/Scrub/Organic Flow Rate: 1/1/5
7 Extraction, 8 Scrub Stages

Serub: 2 Vols,
no.5¥ AL

0 0.7T2'X Acid
Deficient

Feed: 2 Vols.
po.51 8 EN03
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Fig, 4.1.4~10 Extraction Factor Profile of

Bateh Countercurrent Zxtraction of Thorium from an Acid-Deficient System

Feed: 1.52 M ‘I’h(NOB)h 0.51 N ENO,, 0.4 M Al(NO3)3
Serub: 0.5 M AL{NO_),OH, 0.91 N dcid Deficient
Organic Phese: U41.9% TRP in Amsco

Feed/scrub/argenic flew retis: 1/1/5

T extraction, 8 scrub stages

Data token af'ter éight volume changes

Scrub: 2 Vols.,
00.5 M Al N03)
OH, 0.91 §
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Table 4.2.1-1

Distribution Coefficients of US55

and Thorium in Carbinols

Conditions: Duts sre sumsarized from a number of countercurresnt runs which

demonstrated protactinium extraction processes; stated esquilibrium
concentrations were characteristic of extracting and scrubbing
stages of the unit v

’Equil. conc. {aq. phase) Solveﬁt 1233 p.c.{o/a) T™h D.C.{0/A)
1.0MTh, 30K 5303 DIBC 0.45 -0.03
124, 2.0 4 B03 | DIFC 0.81 0.09
%.0 X HNO3 DIBC 0.01 0.003
4.0 ¥ HNOg DIPC‘ 0.1 1 o.002




k,2.2 Extraction in Dilute THP Systezs (A. T. Gresky)

The higher extractability of urssium in TEP, with respect to thorium and
nitric acid, made poasivle the use of very dilute systems for separating the
small concentrations of U233 from bulk thorium, e. g., &g in the ORNL Interim-
23 process. However, the competitian of TH(HOQ 'y and/or HNOz for the "fres"

- TEP wvas obaerved to be marked and in some cases cutveighed the effects of their
salting strength on uranium distribution coefficients. Table 4,2.2.1 reflects
this behavior, as observed during the Interim-23 development (also see Figs.
5?1‘1: 2) 3: 7) 8} 9: ll)°

k.2.3 Extraction in Comcentrated TEP Systems
(M. R. Benmett, W. T. McDuffee)

The distribution coefficients (O/A) of ursnium, In the 30 to 50% TEP
extraction of the relatively small concentraticns of 1233 found in Thorex
solutions, were found to be strongly dependent on: {a) the agueous salting
strength of both extractable and inextractable substances, such as Th{NO ) 4
HNO3, and Al(ﬂ03) , and (b) the relative "saturation” of the TBP by the bulk
ext.ractable subatances in the asysiem, e.z., ’l‘h(a%)h and/or ENO Figure

k.1.3-2 and Table 4.1.3-2 indicste the relative nature of these effects.
Gererally, owing to its the high extractability‘and/or complex bond-strength
of U233, problems in its extraction dy concentratsd TBP were ssaociated with
stripping conditions which would allew sufficiently low salting strength to
permit distribution into aqueous phases. Empirical data, tmken Irom countar-
current studles of various process sieps, are recorded in Table 4.2.3-1.

4.3 Protactinium Separation (S. 8. Brandt)

The successful removal of protactinium from Thorex feed solutions has
been accomplished by several methods. These methods, described in the follow-
ing parsgraphs, by no means cover all possibilities. However, they do repre-
sent the schemes which are felt td be the most compatible with the proposed
golvent extraction processes. These methods fulfill the requirements of (a)
good separation of protactinium from the other Thorex feed comsiituents and
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Table 4.2.2-1

Distribution Coefficients of U233 in Dilute TRBP

Conditions: Date are summarized from a number of countercurrent runs
wade during the development of the Interim-23 process;

stated equilibrium concentrations represent agueous ex-
tracting, scrubbing, or stripping conditions; dsta indi-
cate general effects of salting and/or solvent saturation
by Al(KO3)3, Th(NOB)g, and HNO3

Equil. cone. {agq. phase) | TRP (%) 1233 D.C.{0/a)

1.0 M 41, 0.0 N HNO3 . L.25 2.0

1.0 M AL, 0.0 N HNOg 1.5 , 3.0

1.0 M Al, 0.0 § HNOg 3.0 7.0

‘1.0 ¥ AL, 1.0 K ENO; 1.25 1.0

1.67 M AL, 1.0 N HNO, 2.0 7.8

0.73MTh, 2.6 X HNO4 1.5 0.54

0.71 M Th, 3.h,§ HNO3 1.5 0.70

3.0 § HNO4 1.5 | | 0.25

6.0 § HNO3 ' 1.5 0.45

2.0 § HNOg 5.0 | 1.5

0.05 ¥ HNO3 15 | 0.02
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Table 4.2.3-1

5 Distribution Coefficients of U235 in Concentrated TBP Systeas

Conditiops: Data are summarized from a number of countercurrent
studies which dezonstrated Thorex process steps;
equilibrium concentrations of the agqueous phase
were characteristic of extracting, scrudbbing, or
stripping stages of the units

Equil. counc. {ag. phase) TEP {%) 233 p.o.{o/a)
0.53 M Th, 0.5 M AL, 0.1 ¥ H§O3 41 19.5
0.03 K Th, 0.6 M AL, 0.17 M HNO3 def. 52 15.0
0.3 ¥ Ta, 0.7 M AL, 1.32 M ENOy def. 52 20.0
0.63 M ffn, 0.7 M Al, 1.32 M HENO3 def. 52 16.8
i © 0.125 ¥ Th, 0.26 § N0 52 7.0
0.26 M Th, 0.17 ¥ ENOj 52 16.8
0.17 M Th, 0.19 N ENO3 | S| %
0.23 ¥ HNOg 52 2.3
) 0.23 K BNO; 41 1.9
0.21 § HNO3 51 1.2
) 0.1 K HNOg | ‘ k1 0.25
0.06 § HNO3 k1 ' 0.08
0.03 ¥ HNOy ' v k1 - - 0.05
© 0.025 N HNO; | | 5k 0.083
0.018 § HNO3 5k 0.037
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{b} maintenance of protactinium in a readily acceasidble form for 1solation.

The latter conmdition sllows the protactinium to be easily collected and
allowved to decay to e33

subgequently recycled, thus bolstering the overall U233 yield from the irra-
dlated thorium.

4,3.1 Extraction in Carbinols (S. S. Brandt, A. T. Gresky)

Previous work had indicated that carbinols provided a high D.C.{(0/4)

for protactinium while, under the same conditiong, allowing comparatively
low distribution coefficientsfor thorium and U393, Much of the lasboratory
vork on protactinium extraction by carbinols was done with DIPC {diisopropyl-
carbinol). This carbinol wes chosen because of ita favorable performance in
comparigon with & variety of other alcohols tested. An ilnvestigation of the
effect of various parameters on the distribution coefficient of protactinium
in DIPC-aqueous systems produced the data plotted in Pigs. 4.3.1-1and 2.
Supplementing this, the dsta given {in Table 4.3.1-1 characterized the be-
bavior of the main controlling constituents in Thorex feed solutions in DIPC-
agueoug systems. Thege data Indicate that ino the case of nitric acid, thorium,
and 233 the D.C. s(O/A) were directly proportional to the thorium concentra-
- tion and inversely proportional to the acldity of the squeous fesd. The

reverse situastion held for protactinium. This behavior was quite favorable
for the ssparation of protactinium from thorium snd uranium in Thorex feed

solutions.

An indication that the affinity of DIPC for protactinium was not dus to
a complexing action is shown 1in Table 4.3.1-2. It was concluded that DIPC
extracts protactinium from agusous solutions by wmeanz of a solvating action,
the sfriclency of vhich iz more than proportionately reduced by dilution with
an inert solvent.

While DIPC wag quite specific for protactinium extraction, it vas consi~
dered t0 be somewhal unsiable in the presence of nitric acid and it was not
commercially available in high purity or quantity. A substitute for DIPC was
found in DIBC (diisobutylcarbinol). A comparison of the protactiniwm and nie
tric acid distribution coefficients (Fig. 4.3.1-3) shows an equivalence of
protactinium extraction in DIBC and DIPC. The nitric acid distribution co-
efficient in DIBC was lower than in DIPC, which would allow for a more con-
gervative or optimum ugse of nitric acid in an extraction process. Other advane
tages of DIBC over DIPC are:

1. Higher flash point

2. Qreater stability in the presence of nitric acid
3. Greater availability in higher purity

4, Lower cost
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Fig. 4.3.1-1 Distribution of Protactiniuc in DIPC-Aquecus Systems:
Affect of Witrie Acld and Thorium oo Protsotinium Distributlon
Coefficient [G/A). The tiorium isovers are the lines, the ends of
which are designated by numbers that represent the thorium

normality of the respective isobars. The heavy line represents the
protactintum DC (0/A) as a funciion of aitric acid concentration alone.
Note: This figure shows that (1) the presence of thorium in agueous
sclutions of protactinium has a depresgant effect on the protactinium DC
{0/4); and (2) the protactinium DC (0/A) is more serasitive to changes
in aitrie acid concentration than in changes of thorium concentration
at equivelent total uitrate ion levels.

Conditions: Equal volumes of agueous solution and DIPC equilibrated
in a batch ccntactor; phases sepsrabed and analyzed.
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Fig. 4.3.1-2 Distributicn of Prat actinium in DIPC - Aquecus Systeus:
Bffect of Nitric dcic and Alwziounm on Protactinium DO(O/A).  The heavy
line represents the rcw.,“.“_.h LC{O/A; a3 a2 funchtion of nitric acid
comeentration alone. Note: e light curve shows thst, in a HNOQ-A]_»Pa
sclution at a given total L\.’Oq concentration, the maximum increasé in
the protactinﬂ.m C(0/4) is Tbhtaimed with 1.0 ¥ Al; e.8., at & ¥ total
NO2™ the protactimam DC{C/A) was Pq&iv&l&nﬁ for the f‘ollowmg golutions:
{1} 1HA1~3HH (2)2&;“12%:& (3) 333{_::.1-11\1&
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Table 4.3.1-1

Extraction of Nitric Acid, Thorium, U533, and Protectinium in DIPC:

Effect of HNO, and Th(NOs)) Concentration on D.C. ‘s {O/A)

Conditions: equal volumes of agueous solutions and DIPC contacted for 30 min; the phases
K separated end snalyzed
anaw t
aread Subheadings in table refer to concem;rationa in squeous solutions prior to contact -3
o
with DIPC 1
0 HNO3 D.C. (0/A) Th D.C. (0/A) "33 p.c. (o/a) Pa D.C. (0/A)
L) I1MTh | 1.5 MTh  2MTh | 1 M Th 'L‘j;;!'l‘h 2MTh | 1 MTh | 1L.5MTh | 2MTh | L MTh | L.5MTh | 2MTh
1.0 0.83 1.70 2.93 0.012 0.08s 0.061 0.23 2.h1 7.28 3.5 2.8 1
2.0 0.85 1.48 — 0.012 0.027 v 0.31 2.07 - 10 6.4 3.k
3.0 0.77 1.23 - 0.012 0.058" .- 0.38 1.63 - 20 10 5.5




Table 4.3.1.2

?rotactinium Distribution as a Function of Percentage of DIPC in Amsco

Conditions: equal volumes of organic {DIPC-Amsco) and aqu@ous solutions
containing 3 § HNO3, 3 N Ta, and protactinlum tracer contacted

DIPC 4n | Ps D.C. (0/A)
Organic Ehase (%) ‘ Observed Calculated™
100 | 33 v (33}
50 1.5 - 16.5
16 o1 | 3.3
. t 0.000% 0.66

aCalcu_la.ted on a probable basia of "complex” behavior.
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Ho vork was done to give g specific comparison of the thorium and U233 distrie

bution coefficient in DIPC and DIBC-zquecus systewms; nowever a few batch coun-

tercurrent runs using DIBC were carried out to evaluate overall Thorex process

conditions. Results indicated that gsomewhat higher thorium and ye33 separation
factors were feaaible {see Table 4.2.1.1).

Tne effect of flucride ion on protactinium distribution coefficients in
carbinoleaguecus sgystems was investigated tc determinpe whether the fluoride
cetalyst, added during thorium slug dissclution, exerted any influence in
subzequent operationz. The dats collected in thisg study indicstesd that fluo-
ride ion depressed the protactinium extracticn wmarkedly except in the presence
of thorium. Aluminum inhibited the effect of fluoride to some extent. The
data are given in Table L.3.1-3.

4.3.2 Extraction in TBP (S. 8. Brandt, A. T. Gresky)

Most of the work concerned with the extraction behavior of protactinium
in TBP-aquecus systems has been of an empirical nature. The behavior of proe-
tactinium In dilute TBP-HND3 systems is described later in Figs. 5.1-10 and 11.
The dfstribution coefficients of UP33 were sufficiently different from those
of thorium and protactinium to permit good ssparation of U233 from the other
tvo.

The extractability of protactinium in more concentrated (30 to 50%) TEP-
HNOy systems was considerably higher as ghown in Fig. 4.3.2-1. The distribu-
tion coefficients of protactinium were of the same order of magnitude ss those
of thorium under similer conditioms. Extraction of both constitusnts from the
aqueoup phase was posesible, but aubsequent separation of the two components by
agelective stripping was not feasible since changes in the distribution coeffi~
cients were essentially equivalent. Use of acldedeficient aluminup nitrate--
TBF systems has presented the only feasible approach to thorium.protactinium
separations. In this case, definite fractlonaticn of protactinium forms was
observed, aud the most extractable species exhibvited sufficiently low distri-
buticn coefficlents in highly acid-deficient scrubbing solutions to permit
good separation of protactinium from the thorium and wranium.

 4.3.3 Adsorption on Silica Gel (S. S. Brandt)

The removal of protactinium from agueous solutions, e.g., the Pa-¥F.P.
stresn from Thorex Flowsheet Fo. 2, has been studied by adsorption methods.
is work has indicated that protactinium is readily adsorbed and eluted when
Bilica gel is used as the adsorbent. Feed conditions studied to deta have been
{a) 0.5 Mai, 0.1 E_HNO3, and (b) 0.5 M Al, 0.1 N HNO3 deficient.

Silica gel was chosen as the adsorbent because of igg.high affinity for
rare earths, zirconium, nioblum, and related elememts.(E Figure ¥.3.3-1

a
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Table k.3.1-3

Effect of Fluoride on Protactinium D.C. {0/A) in DIPC-Agueous Systema

Conditions: Equal volumes of orgaric and agueous solutions contacted
for 15 min; phaepes separated and analyzed
Subheadings in table refer to concenﬁr&fions in agueous
golutions prior to contact
Pa D.C. (0/A)
N
(m) BpO 24T 1 MTh 1Mal1
No F” | C.O5 NF" {Ho F~ | 0.05 NF~ | ¥o F~ | 0.05 NF- yHo F~ | 0.05 N F~
1 1.1 Tx 10'h 1 1 b 3 4.8 0.7
2 - e S 3.4 3 12 10 - -
3 |20 |6x103 | 55 5.6 19 17 - -
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Fig. 4.3.2-1 Distribution of Protactinium in TBP-Aquecus Svstems.

In other experiments high thorium ssturation of the THEP in thorium-HENO,-
TBP systems wag not effective in decresasing the protactinibom DC (O/A).3
Cerium, ruthenium, zirconlum, and fission product DC's {O/A) are
markedly reduced by high thorium-TBP saturation. :

Conditions: Equal volumes of protactinium solutions of varying
acidities and of organic solvent (S0% TBP-50% Amsco)
equilibrated in a btateh contactor; phases separated

and analyzed.
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shows the effect of flcw rate on retention of protactinium on a sillcs gel
column. The column dimensicns and/or flow rates were pot optimum, and only
854 of the protactinium was retained. A column of 1.0 cm diameter and 38

cm lengih, used in & subsequent test, adsorbed >99% of the protactinium at a
flow rate of 1.3 ml"*“n/c

Most of the protactinium fzed zolutions usad in evalusting the adsoryp-
tion conditions have been acid deficient; however, a comparison of adsorpe
tion and elution characteristics under both acid-deficient and acidic condi-
tions wsg made. While no difference was notsd in adsorption, as measured by
retention, there was & marked difference in the elution of protectinium with
4% oxalic acid solution. Figure 4.3.3-2 describes the comparative elution
behavior of protactinium which had beep adsorbed frew (a) acidic and {v)
acid-deficient feed sclutions. The =lution curve of the protactinium which
was adsorbed from an acld-deficient feed indicated that it was adsorbed in a
wore distinct band then that adsorbed from an acidic feed. This observation
vag further evidence of the axistence of two distinct forms of protactinium,
as describded in Sec. 4.3.4, The comparisen thus favered a process aystem in
which protactinium would.be adsprbed from an scid-deficient feed, e.g., the
Pa-F.P. stream of Thorex Flowsheet No. 2.

One test run was made to determine the protactinium capacity and breaks
through characteristics of a gilica gel colum. The test was rup loag enough
to give results which were quite cptimistic for process yield considerations.
The dats are plotted in Fig. 4.3.3-3. The breakthrough point at about 60 ml
of feed per milliliter of adsorbent may be explained as the breakthrough of a
particular species of protactinium, théught to be "ifonie." The 44 oxalic aci
elution curve from thig capacity test shewn in Fig. 4.3.3-% ia similar to
curve Fo. 1, Fig. 4.3.3-2, which depicted the slution of protactinium adsorbe
from an acid-deficient feed. Mcre than 95% of the protactinium was eluted in

d

d

8 total volume equal to 1/16 of that of the criginal feed solution. Excluding

the displacement volume and tail, $9% of the protactinium was eluted in a
volume equal to 1/40 of that of the feed.

The effects of Thorex feed constituseants, e.z., F7, Al3*, and 'I‘hlN ions,
on protactinium adsorption behavicr were briefly investigated. Exploratory
tests indicated no adverse effects of fluoride or aluminum ioms. Although
thoriug d{d not affect protactinium sdscrpticn; its presence was observed to
complicaete the elution step. Thorium remaining in the column at the #nd of
adsorption and/br subsequent washing was cobserved to form occluding precipi-
tates when contacted with the 4% oxalic acid eluting solution. Protactinium

recovery and lsolation from the Pa-F.P. streams would then perbaps be limited,

or dependent on efficient and constant removal of thorium in the extraction
cycle., Another practical consideration possibly limiting the uge of gilica
g2l columns involves the handling of cruds which will be present in Pa-F.P.
streams., Pulse columns have allowed the eliminastion of undesirsble filtra-
tion or centrifugation steps for fesd clarification, so these streams will
normelly contain the cruds produced during slug dissclution (ses Sec. 4.5.3,

paragraph a).
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Fig. 4.3.3-1 Effect of Flow Rate cn Silica Gel Adscrption of Protactinium.

Column: 0.25% cm 1.4, x 30 ¢om
Adsorbent: 20~mesh silica gel ’e ’
Feed: 0.5 M Al, C.1 N acid deficient, 10 Pa B c/min/ml;

flow vate 1.5 o 10 ml/min/cm®
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?Lg. 4.3.3-2 Elution of Prota from Silics Gel.

E %Y
ctinium
dien

equilibria of ionic-polymeric pr

Hote: Curves are apparently indi{ecative (a) of varying
ctectinium species in
the adsorption feeds, and thus {t) of a sharper and

later breakthrough of the nolftgbic fracticn, suspected
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- at higher levels in the acid-defici feeds.
Cenditions: Protactinium eluted from colwms which had adsorbed »99%
of the preduet from equal volumes of {1) an acid-deficient
feed and (2) an scidic feed.
Column: 1 em 1.d. x 38 cm filled with 20-mesh silica gel
Adsorption Feed: (1) 0.5 ¥ Al, 0.1 N HNO3 defisien 2£, 105 Pa @ o/min/al;
(2) 0.5 Har, 0.1 § Em3 3.03 Pa £ c/min/ml; flow rate 1 mi/min
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. Fig. %.3.3-3 Adsorption of Protactinium on Bilica Gel

Adgorbent :

Temperature

lemid, x 3B em

20-mesh silica gel 5

0.5 M Al, 0.1 N HNO, deficlent, U x 10 Pa B c/min/ml; flow rate 1 ml/min,
togal of 9 liters o;-feed wes passed through column

307¢C

I il
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curve to v 80 throughputs
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Fig. 4.3.3-4  Elution of Protactinium from Silica Gesl

Column: 1 em 1.4 x 38 em
Adscrbent: 20-mesh silica gel on which was adscrbed $0% of the protactinium
© taken from 9 liters cof a fesd having an activity of spproximately
Cohox 107 e/min/ml {see Fig. 4.3.3-3}.% '
Elutrient: 4% oxalic acid; flow rate 1.3 ml/min/cx®
Tempersture: 30°C
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*The gharp breakthrough was considered characteristic of the adsorbed polymeric
fraction of protactinium.
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In the Interim-23 plant process, a8 silica gel column inserted in the EP
{U233 FIOduCt) gtream wvas effective in removal of the celloidal protactinium
of that siream. The gffectiveness of this column is shown im the following
tabulation: : :

Columm: 1 by 36 in., 20-mesh silics gel
Flow rate of solution: 9 ml/min/cn®

Location of Sampling © Grosa B Decontamination Factor

BP stresz mbove silica gel column 1.57 x 107 —
BP stream below sillca gel column 6.82 x 109 23

5.3.4 Observed Chemical Behavior {8. 5. Brandt, A. T. Gresky)

During the course of protactinium studles, evidence was obtained which
indicated the exigtence of two distinct forms of the element, presumably lonic
and polyseric species. Thege forms apparently exist in an equilibrium which can
be shifted in elther direction by proper choice of pH conditions. The lounic
form, spparently bighly extractable in TBP or carbinols, is favored by acidic
conditions and exists almost completely at HNO3 concentrations higher than 3N
The polymeric form, which is probably 'a radiocollold and.is generally inex-
tractable, is favored by conditions of low acidity or acid deficiency.

In a brief experinment to characterize polymerization of protactinium,
solutions conducive to polymer formation were allowed to stand for seversl
weeks to assure equilibrium and were then extracted with DIPC. Other portions
of these solutions were acidified to 3 ¥ HNO3 and also extracted. The pro-
tactinium tracer used in these experiments had been previously stored in a -
TH HNOg solution to maintain the ionic species. Resgulta. indicated that the
pclymer, if formed, can eagily be shiited to .the iogic spetles by increasing the
acidity as follows:

Feed conditions - Pa D.C. {0/4)

¥ HNO3 N A1(NO3)3 Aged sample Acidified sample Control
0 0 0.1 13.9 1
1 0 1 k.5 1k
1 1 5 ‘ 27.7 23




In another experiment, Th-Al-Pa solutions at varying scidities were each
extracted with a fourfnld volume of 45% TBP, 15% benzese, and 40% Amsco.
Following this, each agqueous layer was immediately extracied a second time
with an additional fourfold volume of the TBP golution. The resulis are
listed in the following tabulation: ‘

Feed conditions Pa D.C. {0/A) Th D.C. (0/A)
1st 2ud 1st #nd
Ta (M) AL (M) HNO3 (X) | Extraction | Bxtraction | Extraction | Extraction

1.5 0.5 +1.5 0,085 - 0.085 2.1 5.0
1.5 0.5 +1.0 0.0365 0.0306 2.0 ¥.1
1.5 0.5 +0.5 0.0114% 0.0095 2.3 4.0
1.5 0.5 0.0 0.037 0.0002 1.6 3.2
1.5 0.5 -0,15 £.03 0.00003 1.6 1.6
1.5 0.5 -0.30 0.029 0.00002 1.2 1.1b
1.5 0.5 -0.45 0.031 0.00002 1.1 1.0°

Apoubtful, not rechecked.
bPrecipitation occurred in aqueous phase.

The data indlcate that (&) the first extraction removed the lonic gpecies
from the agueous phase, and (b) left an unbalanced equilibrium in the agqueous
phase. In acidic conditions the equilibrium was rapidly regained, as shown
by the equivalent distribution coefficients for the second extraction of the
acid solutions. In neutral or acid-deficient conditions, after removal of
the ionic species, the equilibrium was not regalmed. The lower protactinium

- extractability observed at 0.5 N H§D3 was not rechecked. The data also in-
dicate that, in acidic systems, the protactinium distribution was not markedly
sffected by thorium saturation of the-TEP.

.4 Pission Product Separation {A. T. Gresky)

The primary problem in £-y decontamination of the o33 and Th232 pro-
ducts in the Thorex procesgs has been associated with the usually limlting nature
of the protactinium sctivity, since in short-cooled irradiated thorium the high
levels of Pa233 essentially minimize the fission product activity levels. The
protactinium separation techniques and gross B-y decontemination have therefore
received the greatest part of lasberatory study to date. The behavior of indi-
vidusl fission products has been investigated to only a limited extent in
various process steps, owing in part to the tedious and difficult analytical
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problems of radiochemicel separations of the elements protactinium, niobium,
and zirconium as found in certain procesa streams. A typical radiochswmical
analysis of activities, after about three months'’ cooling, was 87.3% Pa,
10.7% total rare earths, 1.2% Ru, 0.5% ¥, 0.3% &r.

h.4.1 BExtraction im Carbinols (A. T. Gresky)

Problems in radiochemical analysis bave limited precise determinations
of fission product distribution; howewver, Table 4.4%.1-1 indicates the order
of extractability of the limi i?g fission products in diisopropyl end diiso-

- butyl carbinols. In genersl, 1) the .i.sion products zirconium and ruthenium
were most extractable in diisopropyl carbinol, and (2) apparent fracticmation,
especially of ruthenium and zirconium, was observable by countercurrent sepa-
ration (see stages E-1 through 8-6 in Table 4.4.1-1). Deta on nicblum were
questionable. Total rare sarths, ruthenium, and zirconium wers less extrac-
table in the diisobuiyl carbinol, and niobium appeared az the wost extractable
specien. The data in Table 4.4.1-.1, taken from the protactinium extraction
step of Thorex Flowsheet Fo. 1, show the observed F.P, D.C.'s{0/A) in the
extraction (B) and scrubbing (S) sections of the countercurrent unit,

.42 Extraction in Dilute TBP Systems (A. T. Gresky)

The distribution of all fission products into 1.5% TEP was very low, as
observed ‘in countercurrent studizs of the Interim-23 process. However, cer-
tain small fractions of Zr and Nb, apparently entrained in the diluent, were
observed to contaminate the product stream sud the waste solvent. Observed
D.C.'s (G/A) in the extraction, scrubbing, and stripping sections of the
countercurrent unit are given in Table 4.4.2-1.

' 4.4.3 Extraction in Concentrated TBP Systems {(A. T. Gresky)

Figsion product extraction in concentrated TBP is considerably dependent
on solvent saturation, aqueous salt strength, and nitric scid concentration.
The total rare earth and ruthenium distribution coefficients were wost markedly
reduced by thorium szaturation of the solvent. The distribution coefficients
of zirconium appeared to be most strongly affected by nitriec acid, in the
sbsence of solvent saturation, and will probably constitute the limiting fis-
sion product contaminant in the Thorex process. Niobium appears %o be essen~
t1ally nonextractable. The distridution data from extraction and scrubbing
sections in countercurreat flowsheet demonstrations are shown in Tsble b.%.3.1.
The high extractability of total rare earths, rutheniwm, and zircopium in the
absence of thorium or TBP saturation (stage E-5, 45% TBP) should be noted.

_ Varistions in acidity are seen to have a negligible effect on total rare esarth
distribution (stage E-5). Table 4.4.3-1 records distribution data from extrac-
tion and scrubbing sections in countercurrent flowsheset demonstrations.
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Table 4.h.1-1

Order of Extractebiliiy of Limiting Fission Produéta in DIPC and DIBEC

¥.P. D.C.'s (0/A)
Equil. conc. (ag. phase) Solvent
TRE Ru Zr b
1.36 M Ta, 3.0 N HNO3 (&-1) DIPC <0.00k 0.2 3.0 0.03{1)
0.1 M Th, 3.6 § ENO3 (8-2) pIEC  [<0.01 1.8 | --- -
3.0 ¥ HNO3 (8-4) DIPC .- 3.3 | 11.0 ———
| 2.3 § HNO3 (8-6) DIPC ——— 6.5 —— 0.5
1.25 M Th, 0.k M AL, ; .
2.5 ¥ gNO3 (E-1) DIBC o.0002 | 0.05] 0.32 | 6.0
3.28 ¥ @0y (8~h) pIsC  [<0.01 1.0 | 0.5 -—-
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Observed Distributlon Coafficlents of

Filggion Products in Countercurrent Unit

Solvent:

Bquil. conc. {aq. phase)

_F.P. D.C."s {0/A)

Ru Zr b
1.5 ¥ Th, 0.5 M Al, 1.0 ¥ HNO3 (E-1) <0,02 0.01 0.0002
1.0 M AL(NO3)3, neut. (Sc-1) —_— 0.01 | 0.001
0.05 ¥ HNO3 (St-1) ——— 1.4 0.6

- 2.1 2.9

0.05 _1;:_: HNO3 (S%-7)
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Table &.4.3-1

Distribution Dats from Countercurrept Flowsheet Demonetréstions

Equil. conc. (ag. phase) TEP (%) p— DR?: (O/Aér .
0.5 M Th, 0.6 M A1, 2.0 §¥ ENO3 (E-1) 45 0.006 | 0.012 | 0.13 | 0.02
0.02 ¥ 'r&, 0.6 AL, 3.0 X E¥403 (B-3) | U5 0.10% | 0.06 [ 0.2 |O0.02
0.6 M AL, 1.5 ¥ ENO3 (B-5) 45 0.61 | 0.2 [3.45 10.03
0.2 ¥ Th, 1.0 ¥ Al, 0.2 ¥ HNO3 (S-2) 45 0.006 | 0.8 | 1.15 |o0.7
0.35 M Th, 0.5 M Al, 0.1 ¥ HNO3 (B-1) b1 0.01 | 0.03 |0.26 |0.07
0.05 ¥ A1, 0.03 N HEO3 (E-5) 51 0.6 0.2 0.0k | 0.003

0.5 M Th, 0.6 M Al, 0.6 HNO3-det (5-6)

(activity too low for det'n)
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4.5 Associated Problems im the Development (M. R Bennett, A. T. Gresky,
w. T. McDuffee)

Certain general features and problems agsociated with the concept of
the Thorex process are presented Iin the followiung paragrapha. Some of these
problems have received cursory laboratory study, and data sre presentad.

Others are discussed to indicate the degree of prior attention by other groups
or the necesgity for future laboratory study.

k.5,1 Kitric Acid Dissolution of Fuel (M. R. Bemnett)

The dissolution of thoriwum fuel units is the inlitial step of the Thorex
procegs for separation and recovery of U233, Pac , and thorimm. The thorium
metal, normally in the forwn of aluminua-~jacketed cylindrical siuga, is irra-
diated sccording to the nuclear reaction

™32 33 a= pa233 8" #33

After a cooling period, varying from 30 to SO days, the metal is charged to a
dissolver, and the dissolution is carried out on a btatch basis. {4 mors unusual
procesa for continucus dissolution of thorium metal, and/or Jacketed slugs, is
now wnder study by the Unit Operstiicna group and sppears to offer worthwhile
engineering sdvantages.) The present methods for slug dissclution include:
(a) a two-step process for (1) removal of the aluminum Jjackets in a 10% NaOH~—
20% NaK0, solutlon and {2) dissolution of the thorium metal in 13.0 M ENO
containing 0.075 M F~ lom; or (b) a one-step process in which the Jackete%
slugs are dissplved simultaneously in the HNO3 solution containing 0.075 M F~
and 0.005 M Hget fons. The latter method, which allows utilization of the
dissolved aluminum &8 & "salting agent in the Thoresx process and permits
simpler dlssolving techniques, is the procedure currsatly in use. The slugs
are charged into the dissolver and reacted at the beoiling point for about §
br before dlssolution is complete, the product solution being approximately

1.0 M in BENO3, 2.0 M in Th(NO3)y, and 0.7 ¥ in Al(VG )% It 18 then trans-
ferred to another tank for fibal adjustment to Thorex Teed specifications.
The gases evolved during the thorium dissoluilon consist mainly of N and NO,
with smaller amounts of NOp, Ny0, and Hy. The total off-gas volume Is about
50 liters per kilogram of thorium. Mogt of the NOp evolved is reconverted to
HNO3 snd HNO, ?g Teaction with HyO in & dovndraft condenser and is refluxed to
the dissolver «

{n, 7)Th

4.5.2 Distribution of Beryllium (M. B, Bennett)

The distribution of beryllium in the Thorex separation process was of
considerable interest, since beryllium becomes a neutron source by the reactiouns

Bag(a,g)clg; or Beg(y,g)BeB(zz)a
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Greater than 107 overall beryllium decontamination from U233 wag ¢onasidered
to be of prime importance, and a aseparstion factor of at least 107 over the
entire solvent extraction flowshest was considered mendatory. Tolersnce
limits for light element impurities in y233 productes were pointed out in Sec.
3.0 and Pig. 3.0-2. .

Feed solutions were spiked with 0.70 g of beryliium per liter (i.e.,
asbout 2 g per kilogram of thorium), and its distribution was followed over
each of the steps in Thorex process No. 2. Spectrographic analyses of organic
and squeous phases at the feed plate of the thorium extraction cycle indica-
ted a beryilium D.C. (0/A) of about 1.0 x 10™%, No beryllium was detectable
in the organic product from this step. Beryllium in both the agudous and
organic siresms of the "prefegential'strip"”step wes reported st the minimum
detectgg%e limit of 3.0 x 1077 g/liter. This same 1imit was found in the
final © 3 product solution from the stripping step before and after a Fifty-
$01d volume reduction. This allowed quotation of an overall separation fac-
tor for beryllium of 5 x 10° or greater. (An additional separstiom factor of
20 wag reported from the peroxide precipitation in the U233 .1s0lation atep,
which indicated ihat an overall D.F. of 107 or higher is possible in the pro-
posed process.) i

%,5.3 Crud Problems (A. T. Gresky, M. R, Bemnett, S. 8. Brandt,
' W. T. McDuffee, J. E. Savolainen)

Several types of crud problems have been encountered during development
of the Thorex process, e.g., those associated with the {a) dissolution of metal
slugs, {(b) decomposition of Amsco, {c} decomposition of TBP, and (4) use of
cozmercial Th{NO )h'hﬂgo salt in process studles. The bebavior of these cruds
and the manner ifi which they affect the process are given in the following

paragraphs .

{a) Filtered cruds from metsl dissolver solutions contain ailicon,
thorium, and corrosion products. The material 1s made up of gray crystalline
and siliceous matter, which tends to plug filters easily. The sources of
thesge ingolubles are probebly both metallurgical conteminants and corrosion
products. Filtration of such "hot" solids is an undesirable process feature
and is not proposed for plant operations using pulse columns, so the bulk of
these cruds will go with the hot agueous waste stream following thorium ex-
traction. Certain colloidal, surface-active fractions will prodbably contri-~
bute to the usual column interfacial cruds observed in solvent extraction
processing. The crudg in the squeous waste will contribute to problems in
a proposed silica gel adsorption step for protactinium recovery, and the
interfacial fractions will likely require operational ceolumm control and use
of de-entralners or phase separatora.

{b) Organic addition compounds and decomposition products of the ali-
phatic-aromatic diluent, i.e., Amsco, mey be formed in the process dby oxida-
tion, nitration, and/or nitrite addition in the presence of pitric and nitrous
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acids. Subgtitubed branched-chain aromatic compounds may be suspected as the
wost ungtable diluent fractions which would comtribute to a source of these
crud formers. Some of these msterials can presuradbly form metale~organic com-
pounds, dye-like compounds, sad scaps, which can be removad frow the organic
phase by weshing with caustic solubtione or by adgorption on silica gel. Con-
glderable amounts of interfacial, erulsifying cruds have been chaerved to
collect during caugtic washing of used TBP-Amsco solvent. ¥Nitro compounds

of Amaco were found to contribute to the extraction and retention of asctivi-
tles, as well as to crud formation, so & preconditioning of the diluent to
increage its stabllity toward process conditions bas been proposed {ses Sec,

L.5.5).

{¢) The cruds associsted with TBP decowposition products were discussed
at length in Secs. 3.9.9 and %.1.1. Studies of these cruds have emphasized
the necessity for judicious consideration of solvent bandling with respsct to
{1} efficient solvent clean-up procedwres, and {2} hydrolysis rate effects
during TBP holde-up, either in interim storage, in process, or io emergency
ahubdown of columnsg. Cruds of this type are formed from strong compounds or
complexes with the heavy metals, e.g., thorium, and can comtribute to process
emulsion formation and product loases.

(d) Cruds associated with the commerciasl thorium anitrate tetrshydrate
salt (mantle grade "THT") were observed to create drastic problems durisg
early Unilt Operations studles of pulse column operation. The difficulties
were traced to the use of certain bstches of the salt which contalined exces~
give Impurities, especially with respect to silicates and phosphates. In
thege studies, vhich were concermed with testing the "scid-deficient” Thorex
floveheet, 1t appeared thsat soluble or colloidal silicates caused emulsions
and the phosphates caused an amorphous precipitaticn of thorium sslts. The
difficulties were manifest in the extraction section, vwhere low agueous thorium
concentration and & pH of about 2.5 were characteristic, and contributed to
early column flooding or imoperability. Investigation of this problem revealed
that the procesgs would "tolerate”™ the use of TNT's with silicate at about 200
ppm and phosphate at about 100 ppm. Analyses of a suitable and an unsuitable
sample are shown below: :

Analysis (ppm of TNT) Mole Ratio,
Sample : "
Silicate Phosphate §10,/F0y,
MG -G 180 ' 15 /1

MG-B 400 | 530 5/4
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Restoration of the poor-grade M3-B material, for feasible use in process
studies, was actomplished by two different methoda: (1) heating the dissolved
salt at 110 to 120YC, in the presence of high Th{lOqly and/or HHOB concentra~
ticns, to dehydrate the soluble silicic acid or silicstes snd thua eliminate
their smulgifying properties; it iz pointed out that proposed dissolution pro-
cedurss would duplicate this condition and thus reduce the dsleterious effecis
of any such materials from metsl dissolvings; and {2} extracition of sxperi~
mental feed solutions (1.5 M Th, 0.5 M4l, 0.5 8 HﬁOS) with about cne-third
volume of diisobutyl carbinol--1.0 ¥ HNOy was generaily suflicient to remove
the emulsifying siliceous material. Addition to the feed of ferric ion, ina
five-to tenfold excess of the phosphate concentration, was found to complex
the phosphates and prevent thorium precipitation in the process streanms.

b.5.% Weste Problems (A, T. Gresky, W. T. McDuffee)

The philosopby of waste disposal, with consideratiouns of health, safety
and economy, necesgsarily affects all .approaches to chemical separations pro-
cegses agsociated with radioactive materials. During the Thorex process
development the problem of disposing »f "hot" liguid waste containing solids
arose. A comprowise has ssemed necessary between storage of {a) large volumes
of "cold,” coating-removal, KaAlQCs wastes with smell volumes of radioactive
wagte concentrates, and {b) o coating~-removel westes with large volumes of
radicactive, golids-containing wastes., This compromise is 1llustrated by (a)
an alternate proposal of Thorex Flowsheet No. la, as shown in Sec. 5.2, para-
graph 4, which used nitric acid alone for "salting;” ss opposed to (b) Thorex
Flowsheet ¥o. 2, which reguired aluminum nitrate salting. A satisfactory
balance of waste handling features, with chemical and engineering feasibility,
wag thus a first-order problem in choocsing a final process approach.

The chemical concepts which affected "hot" liquid smste disposal in
Thorex procegs la were involved primarily with the dissolving method, which
would require geparate dissolution of the alumipum Jackets, e.g., in 8 sodium
hydroxide--sodium nitrate solution, prior to nitric acid dissolving of thorium
metal for the procesgs feed preparation. A rather wvoluminous awmount of cold
aluminum-sodium aqueous wastes would thus be produced; bowever, with excess
nitric acid supplying the needed salting strength for subsequent hot extraction
steps, finsl volume reduction and anitric scid recovery would make possible the
production of relatively small storage volumes of fiaslon product wastea, as
in the Purex process. '

The Thorex No. 2 process, on the other hand, would make use of 8 simul-
tapeous dissolution of aluminum Jackets and thorium: slugs in nitric acid, thue
elinipating the voluminous cold sluminum-sodium wastesa but requiring storage
or processing of hot aluminum nitrate wastes.

Owving to the more favorable chemical and operational fsatures:or the Fo.
2 process, as discussed in Sec. 2.0, the poasibilities for decontamination and
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recovery of aluminum nitrate are being considered ss proceas adjuncts in order
to alleviate the hot waste problems. Methods maey involve (1) an slternate
protactinium recovery step in which additionmal fission product activitles
vould be extracted from the IAW sireanm, e.g., with TBP, (2) an ion-exchange
step for aluminum separation and decontamination, (3) an aluminum crystalli-
zation and concentration step, e.g., from concentrated HNC3, or {4) a com-
bination of two or three these methods.

In addition to the problems of liquid waste Adisposal, the rewoval of
grseous fissgion product and nitrogen oxides frowm dissolver offf-gmmes may
require some study. A unit to perform this type of function in the Purex
procegs will be tested and may be adaptable to Thorex reguirements.

k.5.5 Preconditioning Diluent Amsco (W. T. McDuffee)

Preconditioning of the diluent Ausco, using nitric acid aund silica gel
treatwent, has been found adveantageous in obtaining a dilusnt which is more
stable townrd nitric acid in process streams. Such treatment aelso offers
advantages in reducing the tendency of B activity to enter the diluent snd in
rendering the organic solutions wore easily stripped free of P activity.

During the plant operation of the Interim-23 process, which used a 1.5%
TBP-Amsco solution ss the extractant, the orgapnic phase was observed to dis-
color during ruas. Also, after stripping out the 11233 the extractant was
found t0 retain B8 and y activities to an objectionable extent. In another

. 4nstance, when pure Amgco diluent was used as a digplacing medium for a hot

feed of high B and y asctivities, the diluent quickly became strongly contamin-
sted, although very little mixing of the organic and aqueous phases had
occurred.

Amaco diluent is a complex mixture consisting principally of aliphatie
hydrocarbons, with small percentages of aromatic and clefinic compounds.
The latter compounds are quite reactive toward nitric acid solutions, e.g.,
Thorex feeds, which may act as oxidizing, nitriting, or nitrating agents.
The products of the reaction of nitric acid ?ﬁd Amaco have been found to be
nitrogen compounds (RaNOQ) and organlc acids 5? wvhen accelerated tests were
conducted with 6 N ENO3 at 70°C.

- There was evidence that the presgence of nitro compounds in the Amsco
dfluent increaged the extraction of B activity. The difficulty of stripping
the activity from the diluent was also enhanced,as shown in Table %.5.5-1.
This table ghows that pretreatment of Amsco diluent with O M ENO; caused
increases in the amount of 8 activity picked up and held tbrough %he gcrubbing
and stripping operations. :

Certain data(?®) nave indicated that washing used 1.5% TBP extractant
with 0.1 M N32003 improved the B D.F.'s obtained in the subsequent run. This
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Conditions:

Table 4.5.5-1

Preconditioning of Amsco Diluent: Effect of Nitric Acid

and/or Silica Gel Treatment on Extraction and

Retention of B Activity

- Amsco wss pretreaﬁéd by: {A) one-fifth volumes of 0.0 H, 8 H, 12 N, or

16 N HNO3, followed by washing with one-fifth voluzmes of Hp0, 1.0 H NaOd,
and 0.1 M NapCO3; and (B) portions of the above were then pessed through
bS-cm columns of 20-mesh silica gel at a rate of about 2.0 ml/min/cme;
aqueous feeds, 1.5 M Ta—0.5 M Al1-~1.0 ¥ HENO3 containing about 109 8
c?min/ml, were then (1) equilibrated with the Amsco, which was then
scrubbed with three passes of (2s) 1.0 M Al(NO3j)3 or (2b) 1 M Al(NO3)3,
1.k N acid-deficient, and tben (3) stripped with one pass of 0.05 X
?N?3; gross B activity in the organic phase wsg determined after (1),

2),

and {3)
A B

?333 1 8 b N a o
2 3 2 3 2 3 2 3
q - 0.0 | 6.9x103 | 650 | 350 | w00 | 50 | 220 | 38 | 10 | 10 | ©
‘ 8.0 |['63x105 | 525 | 245 | 4hs | 255 | 1300 | 450 | 20 | 65 | 20
1{- 12.0 | 1.6 x 10t 260 45 45 55 780 430 45 L5 15
16.0 | &.6x10"* | 2100 | 765 | 65 | 175 55 | 270 | 215 | 50 |15
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would indicate presumably that some compound was removed which interfered with
the 5 decontaminstion. Preliaminary date indicate that the pressace of EﬂOe
sccelerates the attack of BENO, solutions on Amsco. Treatment of Amsco wita
8 ¥ HNO3 in the presence of small amounts of HEOp and 0.5% gulfamic acid indi-
cated that sulfamic scid was not an effective Inhibitor of the HNOB attack.

Silica gel exhiblts & marked tendency to szlectively adsorb the olefins
and aromatics. Amsco which had been psssed through a bed of silica gel showed
much fmproved charscteristics. On contact with B-active feeds, the diluent
absorbed less mctivity, snd scrubbing and stripping were more efficient {gee
Table %,5.5-1). The data show that, regardiess of vwhat acid pretrestment the
diluent recelved, the silica gel treatment improved 1t still furiher. BHowever,
the best results were obtained with diluent which had received caly the slllica
gel treatment.

Thus, it sppears that the best method of preconditioning Amsco may com-
pist of treatment with silica gel. The mosgt economlcal silica g@l/Amsco ratios
have not yet been determined, but 1t is felt that effective results can be
obtained with low ratios. Thp data in Table 4.5.5~1 indicate that the deterio-
ration products of the Amsco resulting frowm HNOy attack are also removed by
gilica gel. It appears that a more stable and effective extractant can be
obtained by preconditioning the diluent with silica gel prior to solvent make-
up and thereafter treating the used TBP-Amsco solutions with 1.0 M FHaONH con-
taining & small quantity of silica gel (about 0.5 g of B-p silica gel per liter
of sodium hydroxide).

%.5.6 Corrosion Problems {(A. T. Gresky)

Owing to the necessity for fluoride catalysis in the nitric acid diasolu-
tion of currently used thorium fuels, definite problems of corrosion associated
with the very active fluorlde fon in processing equipment and ptorage facilities
sre anticipated. The extent of the problem with respect fo fluoride digtribu-
tion and concentrations 1n the processg systems will be investigated by the
Laboratory group, while materials and equipment corrosion tests will be carried
out by the Unit Operations group. Corrosion-depraasant effects of thorium lon,
aluminum ions, and/or scid-deficient conditions in the process solutiouns are
variableg expected to be studied. '

5.0 Discussion of Chamical Flowsheets (A. T. Gresky, ¥W. T. Mcnuffee,
§. 5. Brandt, M. R. Peopett)

The primary features, present status, and diagrams of the three flowsheets,
i.e., Interim-23, Thorex No. 1, and Thorex No. 2, were presented and discussed
briefly in Sec. 2.0 of this report. Further critical details and comments con-
cterning each of the process steps are presented below, in outline.
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.1 Interim-23 Process {(see Pig. 2.0-1} {A. T. Gresky)

{a) Purpose:

An interim dsvelopment to provide recovery snd decontaminaiion of
&1 smergency requirement of approximately 1500 g of 7233 rrom ghort-conled,
Hanford-irradiated thorium alugs; thorium and protactinium (as agueous wastes)
were to be stored for future recovery, pending development of a Thorex pro-
cess,

(b) Basic Features:

(1) A simple, rapid slug dissolution mnd feed preparatlon; (2) pre-
ferentisl extraction and decontamination of U233 from thorium, protactinium,
aud fission products by use of an acidic thorium-aluminum feed with wide speci-
fication limits, & dllute TBP extractant, a neutral aluminum nitrate scrub
golution, and 8 system opersble in pulse column contactors; (3) efficient pro-
duct stripping and concentration by & dilute nitric acid strip system; (&)
sdditional protactinium and figzion product decontamination by silice gzl ad-
sorption; and (5) additional thorium decontamination and product isclation by
ion exchange on Dowex-50 resin. Other primary fesatures of the process involved
{6) & preconditioning of the Amsco diluent with nitric acid; and (7) used-
solvent recovery and decontamivation by treatment with godium hydroxide and
silics gel. » :

{¢) Process Details:

{1) Solvent: 1.5% TBP in an Amgce 123-15 diluent, which was found
cptimm for good 5233'recovery and geparation from thorium. The Amsco was
preconditioned for higher atabiliiy to process acidities by initial contact
with 10 ¥ ENOy in order to reduce crud formation in extraction cclumns and /or
solvent recovery steps. The THBP-Amsco solvent wag pretreated and recovered
by washing with one one~fifth volume of 1.0 M HalH {to form sodium salts of
the decomposition products MEP and DBP) containing 0.5 g of 8-u silica gel per
liter (to adsorb nitrated organic compounds and/or colloidal activities) and
three one-fifth volumes of 0.1 M FaOH or NayCO3 {to strip MBP-DBP salts, 8ili-
ca gel, and fission products from the organic phase). Determination of the
percentage of TBP involved a H* titration of the crgsnic phase previously
g?turated to TBPvHH03:by equilibration with 8 X ENO3 {see FPigs. 5.1-1 through

{2) Feed solution: 60~ to 90-day cooled neutrou-irradiated unbonded
aluminmm-Jacketed thorlum slugs (about 3 moles of thorium per mole of aluninum)
were charged in 200% thorium excess and dissolved at 120 to 115°C in 13 N HNO;
(5 moles per mole of thorium and 3 moles per mole of aluminum), 0.075 M F-
{thorium reaction catalyst), and 0.005 M Hg?* (aluminum reaction catalyst).
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Fig. 5.1-1 Distribution Coefficients (0/8) of Uranium and Thorium,
in Dilute TBP~Thorium System, As Functions of Percentage of TBEF.
Sharply decreasing uranium and tacrium extraction D.C.'s (O/A)
below 1.5% TEP may be s result of slower lonic diffusion rates.

E Contact times were standsrdized at about 3 min.

1  Feed: 0.75 M Th, 0.75 M Al, 0.33 N HNO,, 1.05 g of U per liter

“ Scrub: 1.0 M Al(mo3), 0.0 N HNO,

Organic Phase: 0.5 to 3.0% TBP in Amsco, meutral

3

'? Feed/serub/organic countercurrent extraction flow
ratio=4/1/5
8 extraction, & scrub stages, 2.5 Vol. changes
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Fig. 5.1-2 0ro3m ‘Separation Factors and 33 Recovery apd/or

Loss, as Functions of Percent THP and Coptact Stages.

(A} 1233mn 5.F. st scrub stages 2,4, and 6 {6 - product stream);

{B) % of feed U (ag) at extraction steges 1, 3, 5, and 7 {1 z Teed plate);

(¢} % of teed U (org) at scrub stages 2,4, and 53 these show 5% recovery
‘with solvents 1.5 thru 3.0% TEP, high losses in 0.5 and 1.0% TBP.

Countercurrent extractions, & sepsrats rung; 2.5 vol. changes.
Feed: 0.75 M Th, 0.75 M A1, O. 38 M H}‘IOS, 1.05 g of U per liter
Serub: 1.0 M A1 (WO )3, neutral

Organic phase: 0.5 3.0% TBP in Amsco, peutral

Feed/scrub/oxganic flow ratles t/1/5, O extraction stages; © scm‘o .
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Fig. 5.1-3 Distribution Co-sfficient {0/A) of U233, Pa233,

Thorium, and Nitric Acid in Dilute TBP.
Agueous phase: 1.2 M Th, 0.45 ¥ Al, 0.3 M O, 0.8 g of U per
liter, and 10° Pa B c¢/min/ml « -
Organic phase: 1.5 to 3.0 % TBP in Amsco, reutral
Agueous/organic extraction retio: 1/1
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Fig. 5.1-k Beta Decontamination of Used 1.9% TEP by Yashing
with ¥a.,00_-Silica Gsl. Procedure adopted to provide solvent decon-
Tamination~for the interim-23 process was sg followa: Cme 1/5-vol.
wash with 1.0 M Na0H containing 0.5 g of sillca gel per liter;
three subsequent washes with 0.1 M Fa CO, alone. Complete resoval

. ‘of gilics gel and sctivities was genei"al%y attained.

Conditions: £, y-contaminated 1.5% TEP wagbed with egual volumes
’ of 0.1 M Fa, C()3 containing varying amounts of Sy
- , 8ilica gel; B, 7 setivity in originsl and washed samples
counted in Gelger-Mueller tube.
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!‘ig. 5.1-5 Bolubility Loss of = om VUashing 1.5% TEP-Amsco
~Solvent with 0.1 M a, Ll 03__

Conditions: Solvert washed with varying volumes of .1 M ‘NagCOB
sclution.

TEP Concentrstion in Amsco after Washing (Vol. %)

0 io - 20 | 30 40 50 60 fo)

VOL. OF 0.1 ¥ *‘%003 SOL'N. PER
VOL. OF 1.5% TBP IN AMSCO
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The reaction gases were acrubbed with sodiwm hydroxide and filtered; dissolu-
tion vas essentially complete in sbout 7 hr, leaving & solution of thorium
pitrate, aluminum oitrate, and nitric acid at a specific gravity of aboubt 1.9.
The dissolver solution was cooled to 90 to 100°C and transferred to 8 feed
preparation tank and adjusted with water to s apecific gravity of about .1.68.
The finsl feed cond;tiona were of the order of 1.5 M Th, 0.5 M 4%, 0.5 to 1.0
M ENO3, ~2 x 1010 5 c/nin/ml (11% geometry), and #2 x 100 1233 ¢ /min/ml
{524 geoumetr % feed acidity ard thorium content were somewhat critical with
respect to Ug é distributicn in the extraction systems; owing to TBP-satura-
tion effects of Th(NO3)y and BNO3 {see Figs. 5.1-7, 8, and 9).

{3) Scrub solution: 1.0 M aluminum nitrate, neutral. Acid defi-
ciency wes obgerved to decrease protactinium and fission product extraction
in the solvent; however, pulse colump studies indicated difficult mixing of
such 8 solution with the 1.5% TBP-Amsco. Conditions were guch sa to maintain

extraction and permit good separation from thorium, protactinium, and
tigsion products in the scrubbing operation {see Figs. 5.1-2,,10, and 11).

(4) strip soluticnm: 0.05 ¥ HBO3. The v?33 poo. (0/A) of about
.02 permitted geood product atripping and concentration in a relatively short
column. OQrganic-stable colloidal fractions of protactinium and/or fission
products were observed in the siripping operstion; however, B and » D.F.'s of
only 2 to 10 were cbtained for the product stream.

{5) Silica gel column: 20-mesh silica zel packed in & 1.0-in.-
high stainless steal column for use in the 75 to 100 kg of thorium per day
plant. This column was placed in the =33 product stream from the strip
colum to adasorb the principally colleidal activities and permit sdditionsl
B and 7 decontaminaticn. No U233 vas permanently adsorbed or lost in this
column.

{6) Protactinium.thorium sorption bed: 0.2 liter of Dowex-50 (60
o 90 mesh, 0% cross-linked) in & 3-in.-diageter, 2-in.-high column. This vas
placed in the product etream, preceding the product column, to adsorb prefer-
entlally any traces of thorium, protactinium or aluminum not removed or de-
entrained 4n previous steps. As the runs progressgd, these elaments were
expected to digplace the temporarily adsorbed 1233, ‘Tnis permitted cousider-
able lonic and active decontamination of the product and simplified subsequent
elution frowm the product columa. The bed was calculated at 100 to 200% excess
of that required to hald sll the thorium expected in 1500 g of ye33 product
sud remained in place for the dwration of the initial Interim-23 program; the
adsorbed U233 vms finally to be preferentimlly zluted, permitting complete
product recovery.

{7 0233 Product cation-exchange columpn: 2.4 liters of Dowex~50
{60 to 90 mesh, 8% cruss-linked), calculated at 100% excess of desired
capacity {(about 320 g}, in a water-jacketed, 3-in.-diameter, 2h-in.~high glass
column. Thig was placed finally in the product stream to sdsorb and concen-~
trate the U233 from ten to thirteen extraction column runs. The light~yellow,
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Fig. 5.1<7 Distribution Coefficients (0/4) of 7233 a3 Therfum in the
Dilute TBP-Th System, as Functions of Hormalify of EBO. in Feed Soluiions.
Decreasing urasium and thorium extraction D.C.'s [0/A)“with increasing
acidity was due Lo campetition of HNO, for TEP saturation., Increasing
uranium serubbing D.C.(O/A) was due éo lower saturation of TP by thorlum.

Countercurrent extraction

Peed: 0.75 M Th, 0.75 M AL, 1.08 g of U per liter, ~0.17 to +1.0§ m‘:03
Serub: 1.0 M AL{NO,),, 0.0 N HNO,

Organic phase: 3‘%3'1';%9 in Amseo,”veutral

Feed/Serub/organic flow ratio: 4/1/5

8 extraction, § secrud stages; 2.5 Vol. changes
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Loss ip the 1.5% TBB~Th System,
.5 a Funetion of HNO, Cor n in Feeds., Runs at 0.0 and 0.75 ¥
3 gave complete ntanl overy eod wers at equilibrium. Rups at
l l and 2.0 N HNO_ gave incopplete uranium recovery or had not attained
complete equxllbr*’m in 2.5 volume changes. Ursnium D.C.'s were apparently
reduced sufficiently by TBP-HNC., szturation to decrease stage efficiency
and to inerease uranium losses. :

Fig. 5.1-8 Uranium-233 Renc

Countercurrent extractions (4 runs)
Feed: lSMT’l 00%020"15}3’0,
Serub: 1.0 M AL (WO,),, meutfal -
Organic phase: 1. ;%3’1‘2’? in Amsco, neutral
Feed/scrub/organic flow ratio: L/L/S

3 extraction, & scrub stages; 2.5 Vol changes

1.0 g of U per liter
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(A) Organic streams at countercurrent scrub stages 2,4, and 6
(6 = U233 product);

(B) Aqueous streams at coun’ce.\current extraction stages 1, 3, 5, 7,
9 (1 2 feed plate).
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Fig. 5.1-9 Percentage of Uz33 Ragovered and/or Lost in 15%
TBP-Th System, gs rFunction of Molerity of Th{NC.), in Interim-23
Feed Solutlons. Note: curves indicate la) astout 99.5% urenium
Tecovery in nine stages with 1.5 M thorium feed; (b) about 20.0%
uranium recovery in seven stages sith 1.25 M thorium feed;

(e) about 90.0% uranium recovery in seven stages with 1.75 ¥
thorium feed. The loss in{W can be ascribed to decreased
extraction D.C.'s (O/A) for uranium owing to decresased aqueous
salt strength, vwhereas loss in {c) wag due to thorium seturation
of TBP.

Countercurrent Extractions
Feed: 1.25 %0 L.75 M Th, 2.0 M H’Nﬂy 1.0 g of uranium per liter

—-——

Serub: 1.0 M A1(NO3)3, peutral
Organic: 1.5% 1BP In Amsco

8 extraction, 5 scrub stages; feed/scrub/organic flow ratio: 4/1/5
2.5 Vol. change
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Pig. 5.1-10 Protactinium D.C. {0/4) ip 1.5% TBP=1.0 M Al{ms})”}"
System a8 a Function of H Concentration.

Aqueous phase: 1.0 M Al(NOS}B, -0.4 to +1.25 § HNO,
Organic phase: 1.5% TBP in Amsco, 0.0 N HNO3
Organic/aqueous ratio: 1/1

~0.5 k 0.0 ; +0.5 +1.0
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¥ig. 5.1-11 Distribution Coefficients (o/n} of 0233 P&233, and
Th, in the Dilute TBP--1.0 M Al (¥0.J. =y »em, aa %ctions of

s

Normality of ESIO and bereent e,.:e of T3P,

Organic phase 1.5 to 3. 01, TBP in Amsco, which haci been used
in & prior extraction of a feed, 1.2 TE 0.8 § HNO
0.5 M A1, 0.89 of ursnium per 1i ter, 10° Pa
g c/min/ml

Serudb sclution: 1.0 M .u(sz)B, 0.0 to -0.6 ¥ HYO
Organic/squeous ratio: 5/1
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‘Table 5.1-1

Typical Analytical Data from Countercurrent

Studleg of the Interim-23 Process

Conditicns of Countercurrent Run:

Feed: 356 mg Tu/ml, 0.29 mg U/ml, 0.k M AL(NO3)3, 0.88 N ENO3, 6.7 x 108 8, »
, c/min/ml (4n B-1, out E-T)

Scrub: 1.0 M AL(NO3)3, neut. (in B-6, out E-7)
Organic: 1.53% TBP in Amsco {in E-7, out 8t-5)
Strip: 0.05 § HWO; (4m St-5, out St-1)
Flow ratios: ?/S/g/St = k/2/1.5/1.25 Vol. changes = 2.5
Determinations: T (mg/ml), U (mg/wl), 8~ (c/min/ml)
Stage Determinations Organic Lquecus D.C.{0/A) 2.F.{0/A)
§t-5 Th <0.001 <0.001 - -
; v <0.0001 0.0003 <0.3 -
B 1.0 x 103 2.6 x 102 3.9 23.5%
§t-3 Th <0.001 <0.001 - -
U 0.0002 0.017 0.012 0.07
B 1.3 x 103 1.1 x 103 1.2 7.2
St-l T <0.001 0.003 €0.3 -
U 0.012 0.58 0.021 0.126
8 1.5 x 103 2.8 x 105 0.54 3.25
Sc6 Th 0.001 0.01 0.1 -
: U 0.16 0.078 2.05 7.7
8 1.6 x 103 3,0 x 102 5.3 19.8+#
Sc-h Th | o.o0u 0.03 0.133 0.5
' U 0.18 0.093 1.9% 7.3
P 3.2 x 109 1.6 x 109 2.0 7.5
8c-2 Th 0.215 2.93 0.073 0.27
U 0.19 0.084 2.26 8.5
B 5.0 x 103 2.0 x 10* 0.25 0.5k
E-1 Th " 2.3 240.0 0.01 0.012
U 0.2 . 0.103 1.9% 2.27
8 k.5 x 10 4.5 x 108 0.001 0.001
£-3 Th 2.2 245.0 0.01 0.012
U 0.03 0.012 2.5 2.9k
8 4.5 x 107 k.5 x 10 0.001 0.001
E-5 Th 2.4 239.0 0.01 0.012
y 0.003 0.00Lk, 2.15 2.53
8 k.3 x 107 k.5 x 10 0.001 0.001
E-7 Th 2.0 24%0.0 0.01 0.012
] 0.000k 0.0002 2.0 2.3k
6 k.2 x 105 ¥4 x 108 0.001 0.001
#*3.7 was mostly colloidal protactinium activity.
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sharply defined adsorption band of UP33 was distinguishable and traceable dur-
ing the progress of the plani operation and was sometimes merked by s thin
blue band which wag attributed to nickel; accurate estimstes of adsorbesd pro-
duct weight were possible by 2 messure of the bapnd length. The colum was
loaded downflow at & rate of about 1,2 ml/min/cw® to within 2 to 4 in. of the
bed bottom, and it was possible to hold lecsses of US33 to less thanm 0.01%.
Alternate columna were removed from the plant product-cubicle 4o the Izola-
tiou Laboratory for final produﬂt elution with 2.0 ¥ amsmonium acetate—0.4% M
acetic acid solution at 40 to 50°C, and final igolation by peroxide precipi~
tation, filtration, and nitric acid digestion.

(8) Miscellaneous: Since aluminum was found to desorb go33 strongly
from Dowex-50 resin, special precautions involving the use of a phase separator
in the product stream from the extraction column were insgtituted to forestall
inadvertent contamination by scrud sclutions. And, owlng to possible mechani-
cal and chemical difficulties inherent in adsorption technigues, ample solvent
de-entrainment and a phase geparator were provided in the squeous strip stream.

Further details of the plant opsration of this process are %o be reported
by the Pilot Plant Section of the Chemical Technology Division.

5.2 Thorex Proceas No. 1 ({gee Fig. 2.0-2) (A, T. Gresky, 8. 5. Brandg,
¥. T. McDuffee, J. E. Savolainen)

{a) Purpose:
A long-range development to provide (1) an alternate procesa for the

. separation, decontamination, and recovery of Pa? 3 =33 2, and Th from short-

cooled neutron-irradisted thorium, and (2) a primary study of unigque princi.
ples and methods of solvent extrsction as related to chemical separations of
the three elements and fission products. The general approach for this pro-
ceas, ag outlined below, was originelly consldered masndatory in the TBP systems
owing tc an inability to partition protactinium from thorium.

{(v) Bapic Features:

(1) A simple, rapid slug dissolution and feed pr»paration. (2) An
initial, high-degree, preferential extraction of the very active Pa233 (>90%
of gross B and 7 activities) from U233 and The3? by use of the carbimols, DIPC
or DIBC; to permit a separation unattainasble by subsequent extraction steps.
{3) Preferential extraction and decontamination of 1233 from the thorium solu-
tion by usé of a dilute TBP extractant (somewhat similar to the Interim-23
procedure). (4) Thorium extrasction and decontamination by use of a more con-
centrated TBP mixture of the hydrocarbon Amsco and an aromatic, e.g., benzene
{to forestall two-organic phase formation atothorium "saturation®}i 1(5) Indi-
vidual stripping .of éach of "thé three products by abpropriate ‘aqueous ‘solutions.
Otbher primery features involved (o) preconditioning of the Amsco. diluent and
(Z, a-highly dmportant solvent: treatmpnt +toeliminate: decempcsi*ion products
of TBP. ,
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{¢) Process Details:

(1) Solvents: DIBC, in relation to DIPC, was comsidered the opti-
mum solvent for high protactinium specificity, anitric acid stability, flashe
point, availability, and purity. Five percent TBP for U233 extraction per-
mitted sufficiently high D.C.'s {0/A) tc allow use of nitric acid scrub solu-
tiona for partitioning from thorium (Interim-23 conditions of 1.5% TBP and
neutral aluminum nitrate scrub solutions were possible altermates). Forty
to fifty percent TBP solutions, countaining & minimum of 15% benzene, were
considered optimum for the bulk thorium extracticn and decontamination, to
allow sufficient salt cepacity, reasomable flov ratios, and opsrable visco-
pity ranges. Solvent treatments visualized were occasional water weshing
and distillstion of the used DIBC; preconditioning of the Ameco d4iluent with
10 X ENO3, caustic washing, and silica gel adsorptich; and carsful treatment
of TBP sdlutions for MBP, DBP, and F.P. removal by contacting with 1.0 M NaQH
containing 8- psilica gel and countercurrent wsshing with 0.1 M NaCH or NasCO3.

(2) FPeed solution: Prep&red, in gemeral, as outlinsd in the pre-
vious discussion of the Interim-23 process; adjusted in the initial step to
permit protactinium extraction and to afford cascading conditions operable in

subsequent steps.

(3) Serud solutions: 2.0 N HN¥O; was sufficiently %gh'in the pro- -
tactinium step to permit its extraction and partition from 1233 snd thorium,
and lov enough to reduce nitric acld extraction to a minimum; 2.0 ¥ HEO; in
the 5% TBP- 33 step was near an optimum for 1233 extraction and thorium
partitioning; 0.5 M Al(ﬁ03)3, or 1.5 N NO37,was essentially required in the
k5% TRP-thorium step to provide fission product scrubbing, to prevent high
thorium reflux, aod to permit at leagt 1.5 § NO3 in the extraction section,
thereby ensuring low thorium losses; proper adjusiment of flow ratilos, to
within operable limits for pulse-column operaticn snd to provide optimum
salting strengths for a cascading system, was considered desirable, if not
mandatory.

(8) Strip Solutions: Very dilute (0.02 to 0.05 N) nitric acid was
used in s8ll product streams to permit low salt strengths and distribution
favoring agqueous phases, yet to provide sufficient ionic strength to allow
good phase mixing. Flow ratios were adjusted to provide low and near-optimum
“extraction factors,” sllowing a maximum volume reduction for each product

gtrean.

(5) 1Isolation steps: Though not considered in detail to date, o%ing
to an early abandomnment of thia process approach for operations use, aimple
evaporation and/or ion-exchange procedures were contemplated.
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Feed: Thorium, 354 mg/mi;

Typical Apmalytical Ista from Countercurrent Studies
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Table 5.2-1

of the Pa?33 Extraction Step of Thorex Process No. 1

Scrub: 2.0 ¥ HNO3 (in Sc-6, out E-7)

(in B-7, out St-5)

amm,mﬁsmmhoggmm%g;&7gm%;m3xm5
B/m/ml; 4.2 x 10° Pa 8/m/ml {in E-1, out E-7)

Organic: Diisobutyl carbimol (DIBC), neut.
Strip: 0.02 ¥ HNOz {in S5t-5, out St-1)
Peed/scrub/organic/strip flow ratio: S/1/2/2
2.5 wvol. changes
Determinations: Th {mg/ml), U {mg/ml}, @903 {§), Pa (¢/zin/ml), 8 (c/min/m)
Stage | Determinations Organic Agqueous D.C.{D/a) E.F.{0/A)
St-5 HRO - 0.05 ! - -
g > 1.2 x 105 5.0 x 105 * 0.3 . 0.3
|
5t-3 HNO3 - 0.06 - -
8 1.h x 10 1.5 x 10° 0.1 0.1
St-1 ENOg <0.01 . 0.18 _ <0.05 <0.05
8 2.0 x 10°* 1.1 x 107# 0.2 0.2
Sc-6 Th <5 7 ' <5 7 - -
U <0.012 7 0.0001 - -
HNO3 - 0.16 ., 2,28 ¢ 0.07 0.1h
Pa 1.1 x 107 1.9 x 102 5.9 11.8
B 1.1 x 107 2.0 x 10 5.5 11.2
Se-b Th <5 7 <ko ¥y - ~
v 0.00001 0.00006 0.016 0.032
NO3 0.52 3.28 s 0.16 0.32
Pa 1.1 x 107 7:8 x 107 1.7 29.4
8 1.1x107 | 5.7x10 19.1 38.
Sc-2 Th <5 7 1.6 <0.003 <0.006
‘ u 0.00002 0.0k5 0.004 0.009
HNO3 1.09 k.5 L 0.2% ~ 0.48
Pa 1.2 x 107 9.0 x 10, 125.0 258.0
B 1.1 x 107 8.9 x 10 125.0 250.0
B-1 Th 7.2 250.0 0.035 0.012
U 0.12 0.29 0.41 0.14
ENO; 1.95 2.65 0.7 0.25
Pa 8.9 x 102 6.0 x 102 16.6 5.5
g 8.8 x 10 1.2 x 10 7.6 2.5
B-3 Th 9.3 260.0 0.0356. 0.012
o 0.135% 0.29 0.47 0.155
HNO3 1.97 2.7 0.73 0.2k
Pa 3.0 x 103 2.4 x 10 0.11 0.036
8 3.0 x 107 7.4 x 10° 0.4 0.13
E-T Th 7-5 264.0 0.03 8.01
u 0.135 0.295 0.46 0.12
HN 1.92 2. 0.7h4 0.2
Pao3 6.0 x 107 B x 105 0.1% 0.05
8 2.2 x 103 7.0 x 107" 0.003 0.001

20 sma 2954 protoctinium activite.
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Table 5.2-2

gypical Analytical Data from Countercurrent

Studies of the 0233 Extraction Step of Thorex Procesgs Ho. 1

Feed: Thorium, 255 mg/ml; wravium, 0.29 mg/ml; 0.32 M Al{NO3)3; 2.6 § HNO3; 7.0 x 107
8/m/ml, 4.0 x 103 Pa 8/m/ml (in B-1, out B-T) ~ ~ -

Scrub: 2.0 ¥ HNOx (in §-6, cut E-T) : -

Organic: 5% TBP-Amsco {in E-7, out 5t-5)

Strip: 0.05 § HNO3 (in $%t-5, out St-1)

Feed/scrub/organic/strip flow ratio: 12/3/10/2

2.5 vol. changes ) , , .

Determinations: Th {mg/ml}, U {mg/ml), ENO3 (¥}, 8 (c/min/mi)

Stage | Determirations Organic Aqueous D.C.{0/a) E.F.{0/A)
St.5 v 0.00002 0.0008 0.025 0.125
HNO3 - 0.05 - -
B - - - -
5t-3 U 0.0008 0.085 - 0.01 0.05
8 - 1.0 x 10° - .
St-1 v 0.136 1.7 ©.08 0.k
« HNO3 0.07 0.45 0.0k 0.2
L 8 2.0 x 10 1.5 x 10° 0.13 0.65
Se-6 ™ 0.001 0.008 0.12 0.hk
: U 0.3k 0.19 1.8 6.0
HNO3 0.07 2.0 0.03 0.1
8 5.0 x 10 1.9 x 102 0.3 1.0
5 .Sc-h Th 0.009 0.092 0.1 0.33
, U 0.35 | 0.195 2.5 8.3
HNOg 0.07 | 1.98 0.03 0.1 R
8 7.0 % 10 1.4 x 107 0.48 1.6
Sc-2 Th 0.11% 2.2  o.05 0.17
: U 0.36 0.19 1.9 6.3 -
| HNO3 0.07 2.02 0.03 0.1 -
8 1.6 x 10° 1.3 x 103 0.13 0.43
E-1 Th 8.8 238.0 0.04 0.03
« U 0.38 0.125 3.0 2.0
o ENOg 0.08 1.95 0.0k 0.03
; B 1.1 x 103 6.1 x 10° 0.002 0.001
B-3 Th 9.21 220.0 0.0k 0.03
= U 0.0k3 0.01% 3.1 2.06
. HNO3 0.06 | 1.98 0.03 0.02
E 8 5.2 x 102 6.2 x 10° 0.001 0.001
E-7 Th 9.2 215.0 0.0k 0.03
U 0.0006 0.0003 2.0 1.33
HNO3 0.06 1.9 0.03 0.02
8 H k.7 x 102 6.0 x 10° 0.001 0.001



. Peed: Thorium, 236 mg/ml, urani
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Table 5.2-3

Typical Analytical Data from Countercurrent

Studiesg of the Thorium Extracztion St=p of Thorex Process No. 1

um, <0.0003 mg/ml; 0.26 M AL(NO

3)35 11035 B ENO3§

3 x 103 Pa B/m/ml; 6.0 x 10° 8/m/ml (in E-1, out E-7)
Scrub: 0.5 M Al(NOE) » 0.2 ¥ HNO3 deficlent (im 5-6, out E-7)
Organic: 453 TEP, 5; benzene, 40% Amsco, neut. (in E-7, out 5t-5)
Strip: 0.05 ¥ HND; {in 8t-5, out St-1)
Feedfecrub/organic?atrip flow ratic: 2/1/5/5
2.5 vol._changes ;
Determinations: Th (mg/ml), ENO3 (F), 8 (c/min/mi)
Stage | Determinations Orgasic Aqueous D.c.(0/a) E.F.(0/8)
St-5 Th 0.025 2.02 0.0124 0.012%
HNO3 - - - -
B 5.5 x 10 2.8 x 10° 0.193 0.193
5t-3 Th 11.3 36.3 0.312 0.312
HNO3 " 5 - - -
8 1.6 x 10 Wb x 200 0.36 0.36
St-1 Th 62.4 92,36 0.7 0.7
g - 0. - .
8 %3 3.5 x 10° 2.0 x 103 0.17 0.17
8-6 Th g93.6 38.8 2.4 i2.0
HNO3 0.015 . 0.04 0.375 1.9
8 1.26 x 105 2.8 x 10° 0.545 2.2
g-b Th 9%.5 614906 1.45 7.2
HA 0.12 _ 0.3 0.33 1.65
8 % 2.0 x 103 6.7 x 10 0.296 1.48
8-z Th 105.6 83.0 1.27 6.3
HNO3 0.19 0.77 0.25 1.25
8 2.6 x 103 1.h x 10 0.18 0.9
E-1 Th 111.0 153.0 0.725 1.2
ENO4 0.32 1.69 0.19 0.32
a ¥.3 x 103 %.7 x 10° 0.01 0.02
-3 Th 25.6 5,1 5.0 8.3
HNO3 , 0.855, 2.06 0.42 0.7
8 2.6 x 10* 5.9 x 10° 0.05 0.08
E-5#x Th 0.k2s 0.11% 3.73 6.2
HNO3 0.53 0.72% 0.736 1.22
8 7.9 x 10% 6.7 x 10° 0.12 0.2
E-T*R Th 0.029 0.032 0.91 1.5
ENO3 0.11 , 0.07+ 1.57 2.6
8 9.9 x 10% 6.5 x 10° 0.15 0.25

FRupn was not at equilibrium with respect to nitric acid.

**Increaging activities in these stages due to total rare earth, zircopium, and
ruthenium extraction. .

tasdam

YT

rissee o
IS !
YT YT
® g
cosa

cxates



- 120 -

{d) Alternste Process - Thorex ¥o. la OQwing to a late and somewhat
better understanding of the "gieady-stste” problems in TEP-Th-HND, systens,
as discussed in Seca. 3.5.5 and 4.l.4a, an alteranste procedural flow diagram
(Pig. 5.2-1) was drawn to indicate ancther peossible approach to e Thorex pro-
cess. The principal sdvantage vigsualized in this scheme involved elimination
of the aluminum nitrate salt from the "hot"” wvasie streams, thersby peruitting
storage of low volumes of HNO3-evaporated fission product solutlons. Disad-
vantages would include (1) a more cowplicated feed preparation step involving
caustic Jacket-dimsolution, and {2) assoclated storsge of large volumes of
semi-hot sodium aluminate wastes, as well as thoss enumerated in Sec. 2.0.

5.3 Thorex Process No. 2 (see Fig. 2.0-3) (A. T. Gresky, ¥. T. McDuffee,
M. R. Benpett, J. E. Savolaineun)

(a) Purpose: A& long-range development to provide a procesg erS§§le
Tor Blant operations; to separate, decontaminate, and igolate Pl 233 ard
from short-cocled peutron-irradiated thorium. Use of & single plant sol-
vent, a small number of ualt processes, and simplicity of operation were de-

sired goals.

(v} Basic Features: (1) A simple, rapid slug digsolution and feed pre-

paratio {2) an initial extraction of thorium and 33 from fiassion products
é by use of 8 41 to 55% TBP—0.0% benzene solvent and acid-deficient

aqpeous;conditions,'principally designed to exploit unique effects of vH on
protactinium dlstribution; (3) separmtion of protactinium from process solids
and partiasl separation from fission products by silica gel adsorption or TBP
extraction from acid media; (&) partitioning of thorium from 1233 by prefer-
ential stripping from the TBP solvent by uge of a gelective nitric acld strip
golution; and (5} stripping of U 233 from the TEP solvent by use of a very
dflute aitric scid solution. The e§traction process is very dependent on
good analytical control of Th and 't concentrations, a positive pro-
cess for solvent purification, an& goqd operaticpal control of flow ratios or
rates for process streams. The need for additiomal ‘solvent-extraction cycles
has not dbeen positively established. Isolaticn steps for the thres products
are comtemplated to involve evaporation for prg%gctinium, evaporation,or pre-
cipitation for thorium, and fon exchange for U

{c) Process Details:

(1) Bolvent: 41% (1.5 M) TBP in Amsco 123-15 diluent was chosen
originally, in a somewhat arbitrary manner, 28 & reasonable range for pulse
column operastion, based on past experience of phase-mixing propsrties as
functions of specific gravities and viscosities; benzene, owing to its unde-
sirable properties, wag deleted from the smolvent since the acid-deficient
chemical system removed the gtringent necessity for decontamination-~by-
satuwration and permitted process operation at equilibrium TBP/Th(EO3)h ratios
of 4.0 (eee Secs. 3.2.2b and 4.1.2); operating flow ratios in the extraction
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column were rather critically estsblished to maintain an egquilibrium relatiocn
of 5.0 moles of TBP in the solvent phusse to 1.0 wole of thorium in the agueous
feed; e.g., the flow ratic of a 1.5 ¥ Th(ﬂO%)h feed to 1.5 M TBP solvent was
set at 1/5, with no free nitric acid ; present in the system, it was possible
to consider solvent “rapacity” sesgsniially on the basis of thorium slone (see
Seca. 3.5.3 and 4.1.3); slthough flow ratios limited the effluent organic
stream to a STBP/Th complex, normal thorium reflix in the acrubbing operation
permitted ratios approaching LTBP/Th to sxist near the feed plate; similar
systems using 54.5% (2.0 M) TEP at O/F flow ratios of 3.75, or TBP/Th = 5.0,
have been demonstrated as mechanically and chemically operadle in a 0.5- in.
lsboratory pulse columm; solvent conditioning and recovery asteps were the same
as those ocutlined in Sec. 5.2. '

{2) Feed solution: Essentially the same feed prepsration step as
outlined 1im Sec. 5.1, except that control of final acidity in dissolver solu-~
tions is more critical; aluminum nitrate concentrations in the feed can vary
from about 0.4 to 0.7 M without drastically affecting the extraction system;
nitric acid concentrations in feeds should pot vary too far from 0.5 10.035 N;

acid deficiency in the scrub solution should be high and of an order, e.g.,
0.8 *.05 N, to produce an equilibrium acld deliclency, on mixing with an
equal vnlume of feed, of 0.15 to 0.2 ¥ at the feed plate and in the extraction
gection; feed acidities higher than O. 5 Y can be tolerated in the propossd
syetem, but an upward adjustment of the scrub solution with respect to alu-
mwinum concentrations and acid deficiency would be necessary. ‘

~ {3) Scrub solution: 0.6 M Al(NO3)3, 0.8 10.05 § HNO3 deficient,
or 0.6 M’Al(ﬂ )16 (Gﬁ)l S produced by a Hgé+—catalyzed dissolution of alu-
minum metal in nitrzc acid and/or aluminum nitrate solutlons; high acild defi-

ciency was required to allow preferentisl removal of protactinlum and fission

products from the organic phase containiag thorium and U233

{4) Strip solutions: 0.2 N HNO3 solution was used 8 a preferen-
tial stripping agent ‘o partition thorium from U233 in the organic phase from
the initial extraction step and to permit & relatively low extraction of HNGj3;
O/A flov ratios were adjusted to allow essentially complete removal of thorium;
a TBP-Amsco solution, at the same TBP concentration as the general process sol-~
vent, was_used in the preferential siripping step to permit complete recovery
of the 1233 from the aqpecus thorium stream; 0.02 to 0.05 N ﬂxoi solution wes
fioally used to strip 1233 from the organic stream; very low salting strength
iz mandatory in this latter step and necesgsitatzs an efficient separation of
thorium salts in the previous partitioning step.

(5) Protsctinium separstion: Altermate proposals include (i) adsorp-
tion and concentration in a column containing 20-mesh ilica gel {see Sec. 4.3.3),
or {1i) extraction by TBP solvent caszcaded from the 33 stripping step (see
Fig. 5.3-1). The colloidal fraction of the fission products zircoanium and nio-
bium are expected to be associated with protactinium in alternate (1), and large
fractions of the fission products rare esarths, ruthenium, and zirconium are
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extracted with the protactinium in alternate (i1); the protactinium can be
eluted from silica gel with 4% oxalic acid or stripped from the TBP solvent
with 0.02 to 0.05 N HNO,, thereby facilitating further comcentration and/or
isoclation steps by evaporation.

Figure 5.3-1 is & procedural flow diagram showing tentative concepts
as outlined above. Tables 5.3-1 through 4 give typical analytical data from
Thorex proceszs runs,

[}
'3
seese
-
*
Tanare
»
)
a3



- 125 -
Table 5.3-1

Typical Analvtical Dets from Countercurrent

Studies of the Thorium-UP33 Extraction Step of Thorex Procesg No. 2
0.52 § ENO3, 2.9 x 107

Feed: Thorium, 358 mg/ml; uwranium, 1.0 mg/ml, 0.5 ¥ AL(FO4)3,
g*/m/ml (in E-1, out E-T)

Scrub: 0.5 M Al(HQ Ja, 0.65 X ENO3 deficient {in 8-1, out E-7)
Organic: 1% TBP 1A imsco neut. (in §-7, out §-8)
: Feed/scrub/organic flow ratio: 1/1/5
. 5.0 vol. changes
7 Determinations: Th (mg/ml), ENO3 (B), 8 {¢/m/ml}, U (mg/mi)
1 Stage | Determinations Organic Aqueous D.C.(0/A) £.7.{0/A)
5-8 U 0.2 - - -
Th T1.6 72.6 o) 1.1 5.5
HN - 0.59(b - -
8 % 5.0 x 107 1.9 x 103 0.26 1.3
86 Th 94,0 112.08( ) 0.8% b2
EH - Qos - -
8 % 2.9 x 105+#2 | 3.5 x mB 0.08 0.k
8.4 Th 95.2 k2, g o) 0.67 3.3
it - 0.61 - -
8 ’ 5.8 x 10" 1.h x 10 2 0.0k 0.2
5-2 Th 97.0 1%0.0 0.69 3.5
HN - 0.55(%) - -
8 % 7.0 x 107 6.8 x J.og 0.10 0.5
E-1 Th 89.8 81.2 1.1 2.75
~ N - 0.1 - -
g 1.6 x 10%= | 1.8 x 107 0.09 0.22
R B-3 Th 1.88 0.023 B4.0 210.0
HNO3 - 0.025 - -
B 3.8 x 10° 1.7 x 107 0.02 0.05
E-5 Th <0.001 0.005 -
ENO3 - 0.03 7 - -
B 2.9 x 10° 1.k x 10 0.02 0.05
B-7 Th ¢0.001 0.005
HRO3 - 0.005 - -
B 2.0 x 10° 1.6 x 107 0.01 0.03
v - 0.00003 - :
43 » 979 protactinium, 2.5% total rare earth, 0.1% zirconium, 0.03% niobium,
0.01% ruthenium.
3 = 99% protactinium, 0.25% total rare earth, 0.25% zirconium, 0.02% niobium,
0.002% ruthenium. _
8 = 974 protactinium
{v} = baaic, or acid-deficient

+e
*
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fable 5.3-2

Pypical Analytical Deta from Countercurrent

Studies of the‘Thorium-U233 Partition Step of Thorex Procesa No. 2

Organic Feed: 41% TBP in Amaco; thorium, 68 mg/ml; wranfum, 1.29 mg/ml; 0.2 ¥ HNO3*
(4in B-1, out S5t-8)

Strip: 0.25 N HNO3 (in St-8, out E-6)

Organic scrub: 41% TBP in Amsco, neut.

Orgsnic feed/strip/organic scrub flow ratio: 5/5/1

4.0 vol. changes 5

Determinations: Th (mg/axl), mNog (), U {mg/m1)

Stage | Determinatiocne Organic Aqueous D.C.{0/A) BE.F.{0/a)
St-8 ™h <0.001 0.025 ﬁ <0.0k <0.05
¢ 1.16 ¢.u8 2.4 2.9
HNO3 0.05 0.26 0.2 0.2%
8t-6 Th 0.03 0.2 0.15 0.17
~ U 1.6% 0. 74 2.2 2.65
HNO3 0.05 0.26 ; 0.2 0.2k
st ™ 1.6 9.5 0.17 . 0.2
U 1.7 0.42 5,05 4,86
HNO4 0.08 0.3 0.26 0.31
5t-2 Th 19.2 4.7 0.47 0.57
U : 1.35 0.17 8.0 9.6
HNO3 0.09 0.3 0.3 0.36
B-1 Th bg.6 B4 0.6 0.72
U 1.6 0.11 14.8 17.8
HNO3 0.11 0.5 0.22 0.27
E-3 Th . 50.0 &k 0.6 0.12
U 0.3 0.02 15.0 3.0
HNO4 0.11 0.5 0.22 0.0k
B-5 Th k.o 76.0 0.64 0.13
u 0.05 0.004 12.5 2.5
HNOg 0.11 0.4 0.27 0.05
B-6 Th - T2.0 -
Y - 0.0016 - -
HNO3 - 0.42

*HNOB is not uwsed in finsl flowsheet.
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éable 5.3-3

Typical Aralytical Data from Countercurrent

Studies of the U233 Striyping 3Step of Thorex Process Ho. 2

Peed: %14 TBP 4n Amsco; uranium, 0.138 g/liter; 0.03 ¥ HNO4

Strip: 0.025 § HNO; (in $t-8, out 5t-1)
Peed /strip flow rat%o:

2/1

Determinations: HENO3 (§), U (mg/ml)

{in St-1, out St-8)

StageE Determinations Organic Agueous D.C.{0/A) E.F.(0/A)
st-8 HNO3 0.002 0.028 0.07 0.1%
U <0.0004 0.0005% - -
st-6 HNO3 0.002 0.028 0.07 0.1%
U (0 .Oooil' 0.00S* - -
Bt-b HNO3 0.002 0.030 0.06 0.12
U {0.000% 0.055% - -
st-2 HNO3 0.005 0.048 0.1 0.2
U .0.0038 0.15 0.03 0.06
8t-1 HNO, 0.01 0.095 0.1 0.2
U 0.077 0.28 0.27 0.5
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Table 5.3-4

Typlcal Analyticsl Data from Countercurrent

Studies of the Protactinium Extraction Stepyof Thorex Procesg Fo. 2a
Feed: 0.75 M AL{NO3)3, 0.1 ¥ HBO3, 4.1 x 107 8 ¢/min/ml (3.98 x 107 Pa 8/m/ml)
{in B-1, out E-8) ,
Organic: %1% TBP in Amsco, 0.1 N ENO; ({n E-8, out St-8)
Strip: 0.05 § ENO3 (in St-8, out 8t=1)
Feed/organic/strip flow ratio: 1/3/1
3.0 vol. changes
Determinations: gross 8 {c/min/ml), Pa 8 {(c/min/ml)
Stage Determinatiocns H Organic Aqueous p.C.{0/4) E.7.(0/A)
St-8 B 3.6 x 10% 2.9 x 103 12.0 36.0
| Pa { 3.3 x 10* 2.0 x 103 16.5 9.5
St-6 8 2.0 x 10 2.6 x 10% 0.7 2.1
Pa. * - - - -
St-4 8 4 k.3 x 10 5.8 x 10° 0.007 0.021
. S SR I :
i 8t-2 8 6.2 x 10’3; 1.6 x 107 0.00% 0.012
Pa 5.6 x 10 1.6 x 107 0.0035 0.01
: St 8 l - 4.6 x 107 -
g Pa - 5.1 x 107 -
B-1 8 1.4 x 107 5.9 x 102 2.k 7.2
Pa 1.3 x 107 5.5 x 10 2.4 7.2
£-3 8 1.0 x 10° 1.5 x 10° 0.67 2.2
Pa - - - -
E-5 ) 1.6 x 107 b x 100 0.36 1.1
P‘ - - 5 - -
B-T B 6.0 x 103 5.0 x 107 0.015 0.045
Pa 1.1 x 103 3.0 x 10% 0.037 0,11
x-8 B 3.8 x 10°
Pa - -
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7.0 Appendix

Certain data and findings obtsined during laboratory development studies,
but not discussed in dstail within the boay of this repoxrt, are presented in
this appendix.

7,1' The Primary Extraction Mechanisms of Kitric Acid and Thorium

- Nitrate by TBP (J. E. Savolainen)

These experiments were carried out to elucidate the reactions by
which thorium is extracted by TBP from aqueous golutions. Since 1%t wag anti-
cipated that nitric acld extraction may influence the thorium extracticn, the
pitric acid extraction reaction was also lavestigated,

7.1.1 Nitric Acid Extraction by TBP

fom?lex of nitric acid that is extracted by TBP is reported to be
BNO3 -TBP. In the following work, the extraction system TBP in hexane~
aqueous nitric acid wss investigated, so that thes behavior of the nitric acid
may be accounted for in & system vhich 2lso contains thorium nitrate.

The TBP uged in these experiments was purified by washing with dilute
caustic, dilute sulfuric acid, dilute smmonium carbonate solution, and water.
The TBP vas then distilled under vacuum, and the middle cut consisting of 50%
of the total origimal volums was collected for use. The hexane used ss the
diluent was purified by washing with smell portions of cold 95% sulfuric acid
until no further coloration of the ascid phase was observed. The hexane was
washed with water, dried over rolid potaszium hydroxide, and distilled; the
fraction distilling between 66 and 68°C was collected.

The dats were obtained for the distribution coefficients of nitric acid
in the following manner.. Varying amounts of nitric acid were megaured into
50-ml glass-stoppered gradudted cylinders and diluted with water to the 25-ml
wark. Twenty-five-milliliter portions of a TBP-hexapes solution wers pipetted
into each cylinder. The cylinders were placed i s water dath, which was
aliowed to reach an equilibrium temperature with that of the room over a period
of 2k brs. The cylinders wers agitated intermittently, and the phases were
gllowed to settle at least 30 mim before samplinvg. ¥Fo agqueous particles could
Ve peen in the organic phase at the time of sampling. The pipetted samples
vere titrated with standardized sodium hydroxide solution to the phenolphthalein
end point. The pampling was carried out in such a way that any temperature
changes were minimized. The water bath waa equilibrated at room tempersture,
also, in order to minimize temperature changes. A check maintained on the tem-
perature of the water bath showsd no varistion in tempersture greater than
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0:1°C during the period in which the samples were drawm from a series of
equilibrated mixtures. : .

The distribution coefficients obtained, listed in Tables 7.1-1, 7.1-2,
and 7.1-3, are plotted in Fig. 7.1-1 as Tunctions of the equilibrium agueous
acid concentration. The points using 10% TBP in hexane were determined and
plotted first. The positions of the points for the 10% TBP system preclude
the possibility of drawing = smooth cuwrve through these pointz.  The experi-
ments vere repeated using 7.5 and 12.5% TBP in hexane as the organic phase.
Tne data 13.:ate that with 7.5% TBP in hexane, the extraction behaves as a
simple equilibrium reaction, whereas with 10 apd 12.5% TBP apother phenomenon
is superimposed on the simpier reaction.

Pigure T.1-2 shows the plot of the distribution coefficients as a func-
tion of the HNO</TBP molar concentration ratic in the organic phase. There
are flection polnts at HNO3/TBP ratios of 1/h, 1/2, and 3/4, with probable
flectiona at other polnts. This regular flection of the distribution coeffi-
cient curve a8 a function of the dbulk HNO3/TBP concentration ratio may be the
result of the dipole-dipole interaction forzes in the organic phase. The dis~
tribution curve with 7.5% does not show this behavior because the greater dis-
tances between the dipoles in this more dilute gsolvent reduce the dipole inter-
sction. i .

With 7.5% TBP in hexane, the extraction is apparently the result of the
formation of the HHOBPTBP complex. The extraction reaction cen he expressed
in three steps as:

. i ,
Haq + ¥NO3 aq :."__"’ HNOgaq
HNOBaq pra.t HN03org

ENOgorg + TBPorg == mio3am?

Combining the three reactions gives the overall reactions

+ -
Hyg + 803, + TBP g <X HNO3 “TBPypg, (1)

for which the equiiibrium constant may be written as

Ehﬁ°3°TBPorg]
£, 1 0905, T8, ]

where the brackets refer to sctivities.

X =

{(2)
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Table 7.1-1

by 10% TBP {0.367 M) in Hexsre at 20°C

Equilibrium Concentrations Distridbution Coefficients, M HNO3 org
BNO3,, (M) ENO35pg (M) X (0/A) ERO3 M TBP org
0.59 0.013 0.0266 0.0355
0.94 0.0k1 0.0836 0.112
i.50 0.088 0.0630 0.240
1.8 0.128 0.0650 0.350
2 .36 0.178 0.0755 0.485
2.7% 0.20k 0.07%0 0.557
3.32 0.236 0.0711 0.643
3.88 0.271 0.0700 0.740
h.32 0.284 0.0658 o.,'rra'

L & 0.306 0.0637 0.832
5.22 0.333 0.0638 0.907
5.75:, 0.348 0.0606 0.948
6.8 0.356 0.0572 0.970
6.76 0.363 0.0537 0.989
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Table 7.1-2
‘ Extraction of Nitric Acid from Aqueous Solutions
f% i by 7.5% TEP (0.275 M) in Hexane at 20°C -
Equilibrium Concentrations gg:;ﬁ:?:izj M ENO3org Kl
BNOje () | O3 (0 | E(0/a) moy | ¥ Porg )
0.33 © 0.0078 0.0236 0.0284 0.2685
0.62 040198 0.0319 - 0.0720 0.2016
0.50 0.0350 10.0389 0.127 0.179
1.21 0.0558 0.0461 0.203 0.1733
1.50 - 0.0765 0.0510 - 0.278 0.1710
1.8 0.0993 10,0545 0.361 0.1706
2.03 0.115 : 0.0566 0.418 0.1745
2.50 0.139 0.0579 ~ 0.505 - 0.1766
2.70 0.159 0.0589 0.579  0.188
3.01 0.177 0.0588 0.64k 0.1995
3.34 0.19% 0.058  0.706 0.2155 ’
3.63 0.205 0.,0565 0.746 0.2230
3.9% 0.219 0.0556 0.796 0.2515 '
§.20 0.228 0.0543 | 0.828 0.2725
8.53 ° 0.238 0.0525 . 0.865 0.311
5.93 0.247 0.0502 0.896 0.356
5.20 0.255 0.0450 | 0.926 0.462
5.5O on257 0.Ch67 - 0.93% . 0.k65
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_ Table 7.1-3

Extraction of Nitric Acid from Aqueous Sclutions by

12.5% TBP (0.k57 M) in Hexene at 20°C

; Equilibrium Councentrations Distribution Coefficlents M HNO3org
4 ENOy, . (M) HNO3o o () £ (0/a) HNO; M TBPorg
0.233 0.00875 0.0375 0.0191
0.458 0.0208 0.0455 0,045k
o) ‘.685 0,0418 | 0.0610 0.0911
0.90k 0.0643 0.0711 | o.mo
1.126 0.091% 0.0812 0.200
1.3 0.1238 | 0.0920 0248
1.54k 0.14k 0.0932 0.314
1.783 0.168 0.0941 . 0.366
1.976 0.188 | 0.0952 0.410
2.216 0.214 | 0.0966 0.166
2,550 0.2h2 0.09%% 0.529
2.650 0.259 ' 0.0976  0.564
~ 3.09 0.297 0.0960 0.615
3.38 0.320 0.09lk 0.696
i 3.57 0.343 0.0961 k 0.748
3.:;8 0.351 | 0.0529 0.765
.02 0.363 - 0.0%03 0.792
k.20 0.375 : 0.0893 0.817 -
5.53 0.391 0.0864 0.852
4. 7h 0.400 0.08s4 0.872
B0k 0.507 | 0.085 0.887
5.18 0.417 0.0805 - 0.509
5.4} 0.koh 0.0779 0.925
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; Dwg‘ #1397h
Fig. 7.1-1

Nitrie Acid Distribution Coefficients as a Function of Eﬁo}am Concentretion

Solvent: TEP in Hexane Temperature: EOOC
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; Figure T.l-2
Nitric Acid Distribution Coefficient as a Function
of Ei‘f%oryf TBP »f0ucentration Ratio
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The total TBP:will be distributed as follows:
(TBP)t = (HN03 T8 Org) + (TBPQrg) . (3)

where the parentheses refer to concentrations. (TBP)y is the total TEP in the
orgsnic phase, (ENO,'TBP.r.) is the TBP complexed with the nitric acid in the
organlc phase, and (TBP,. ig the free TBP in the organic phese. To simplify
the evaluation of the equilibrium comstant, the X of Eq. (2) is calculated on
the basis of molar concentrations by combining Egqs. {2) and (3) to give

1 (k)

(TBP)3, 1] (mi0sgg)”
, - 3
(ENO, “TER ) =

It i3 sssumed that the activitieas are proportional to the concentrations within
the range of the experiment. The nitric acid is sssumed to be essentially 1009
{onized so that the product, (K )(HO , is almost equal to (ENO 3aq 1*, whers
(B8O;,.) 1s the bulk nitric acigqconcen ration in the agueous pnase. The
equiii% {um constant, §i based on molar concentrations for the nitric acld
extrsction resction 1is plotted in Fig. 3 as a function of the agueous nitric
acid concentration from the data in Table 7.1-2. The plot shows that batween

1 and 2.5 ¥ npitric acid in the aqueous phase the value of K, does unot vary
appreciably with changes of the agueous nitric acid concentration in this range.
It was therefore decided to study the thorium nitrate extraction mechanism in
this range of nitric scld concentrations.

7.1.2' Thorium Nitrate Extraction by TEP

The extraction of thorium nitrate may be expected to follow s series of
reactiona:

Thi; + hﬂoganAHJL Th(N03)uaq, | 5 (s5)
Th(RO3)yaq + BTBPGrg == Th(NO3))y DTBPy .- (6)

These can be. combined to glive the overall reaction,-

Tody + bNO3. + nTBP,_ T=% Th(NOg)y nIBP,.,, (N

Are & a€sr ¢ @2 n . <
P P . E . s
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Figure 7.1.3

Bguilibrium Constant of Extraction Reaction as & Function

of HNO3org Concentration

(RNO3 * TBPyrg

(Hpq) (N03aq) (TBForg)

PBased on concentrations, X =

 Solvent: 7.5% TBP in Hexane

Temperature: 20°C
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for vhich the equilibrium copstant would be

CTn(803)y-BTEPor, ] : (8)
CTh{a‘:x' 4 ENOB‘aqjh e

K

Tae gumber n of TBP molecules associsted with the thorium nitrate molecule
can e determined graphically.

Bquation (2) is rewritten as
Cree,, 3 = Cmiog-1ee,,., 0 / [EZ] EN03aq] K,
and is combined with Eq. (8) to give

CTha(803)), nTBPo 4]
Cm** w03, 7 CENo3-TBR.] | &
.4.
CE; 003, 0 K

(9)

The thorium distribution coefficient, E (0/A)Th, 1s equsl to

(Ta(N0y )y TP, ) /(Thil)

and the nitric acid distribution coefficient, E (0/A) HNO,, is equal to
“TBPorg )/ (5E a Assuming that the thorium nitrate i8 present alwmost

enti;ely &8 the Th * and NO; ioms in the aqueous phase at lov thorium concen-

trations, and that the activities are proportional to the concentrations

vithin the limits of the experiment, then the logarithmic equation can be

written on the basis of molar concentrations as an approximation, giving

‘ z(‘o/A)ﬁn E(0/A)Th
HRTENE Thaeny 7 T,

A plot of the log E (/) m/(ﬁ%aq)" as & function of log B (0/3) HNO3/K1(NO
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should have a slope egual to n of the equatioms, Pigure 7.1-4 plotted from
the data in Teble 7.1-4 shows the plot of the points obtained from calculatious
mede from dats obtained by extracting an agueous phase ¢.05 M in thorium ni-
trate and varying from 1 to 2.5 M in HED3 vith an organic phase 7.5% TBP in
hexane. The slope of the plot dstermined graphically 4s 3.9, which indicates
that 4 is the most probable TBP/Th ratio in the complex. The overall reaction
in the extraction of thorium nitrate can be said to be

Togt + WNOJaq + MTEPG.. 3% Th(NO3)y-bTEP (11)

The equilibrium constants based on molar concentrations for the nitric
acid and thorium nitrate extraction reactions with TBP are listed for the
determined points in Table 7.1-4, In an experiment made to determine the
amount of thorium nitrate that can be extracted into 100% TBP, a sample of
TBP was equilibrated for 48 hr with an excess of solid thorium nitrate and
sodiu: nitrate. Apalysis showed the liquid phase to have & bulk TBP/Th ratio
of 2.48. .

7.1.3 Discussion:

The equilibrium constant, based on wolar concentrations, for the nitric
scid extraction by 7.5% TBP shows a varistion between that calculated from a
system containing no thorium (Table 7.1-2, Pig. 7.1-3) and that of & systsm
containing thorium (Table 7.1-4). The equilibrium constant of the thorium
nitrate extraction reaction shows an increase as the nitric acid of the system
is increased. Thess changes in the equilibrium comstant way be the result of
activity coefficlent changes in the agueous phase.

The manner in which the actlivity coefficients of either the TBP or the
extracted nitric acid complex vary in systems with TBP concentrations 10% and
bigher is indicated in Figs. 7.1l-1 and 7.1-2 by the distribution coefficient
curves. This apparent variation of the activity coefficients may be related
to dipole interasctions. The influence of this behavior on the thorium aitrate
extraction is indicated in Sec. 4.1.3.This behavior may be anticipated in sol-
vent extraction systems: in which the energy sssoclated with dipole interaction
or coupling is comparable to the energy of the complex formation.
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Pig. T.l<4 Graph Showing TBP Dependency of Thorium Extraction (Log Scalz)

Extraction of Nitric Acid and Thorium Nitrate from Aquecus Scolutions by
7.5 TEP in HeXane
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Bxtraction of Nitric Acid and Thorium Ritrate from Aqusous

Table 7.1-k

Bolutions by 7.5% TBP (0.275 M) in Hexane

_ Bquilibriuwm Conceuntrations E (0/A) Th | E (0/A) ﬁNO Equilibrium Constants
HNO35, (M) | Ta(NO3)uaq (M) | HNO3org (M) | TH(NO3)uorg (M) (Nogaq)’* O;.l'IlL(NOgmj gy K,
0.96 0.0480 0.0385 0.00151 0.0178 0.200 0.151 0.629
1.17 o.ohig 0.0512 0.00215 0.0131 0.1845 6‘152 0.607
1.236  0.0461  0.0650 0.00284 0.0152 0.2128 | 0.186 0.958
1.47 0.0455 0.0710 0.00327 *0.00966 0.168 0.153 0.699
1.54 0.0452 0.0757 0.00306 0.00770 0.16h4 0.153 0.626
1.62 0.0410 0.08e5 0.00336 0.00810 0.164 0.160 0.78
-1.66 0.0500 0.0875 0.00452 0.00758 0.163 0.168 0.920
1.80 0.0504 0.0940 0.00493 0.00660 0.150 0.189 0.895
1.88 0.0495 0.1005 0.00521 0.00565 0.148 0.169 1.018
2.06 0.0491 0.1115 0.00556 0.0043k 0.1412 0.170 1.105
2.28 0.0501 0.1250 0.00621 0.00327 0.1270 0.177 1.ke5
2.3% 0.0501 0.1285 0.00613 0.00322 0.1272 0.18 1.kks
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7.2 Empirical Expressions for the Mechanism of the TBP'ENO; Complex Formation (A. T. Gresky)

of the TBP concentration and the TBP "HNO359 product,

The equations were derived from data plotted in Fig:. 7.2-1 and express HNO3 D.C.'s (O/A) ag functions
Several expressions were required to duplicate cbserved

"peak behavior" in curves.

Range of H“°3aq
f1) 0.0 -0.25 K

(2) 0.25 - 0.5 K

(3) 0.75 - 1.25 §

(4) 1.25 - 2.25 X

*The tabulated TBP-HNO3 ratio was observed at the peaks found in the experiment using 12.5% TBP.

(5) a5 - BoR

TBP /HNO; Ratio*

1

6/1
8/1
h/1
2/1
1/1

BNO3 D.C. (0O/A) =

0.0[TBF] + 0.375 @Bp-ano3aq3 = 0.375 [TBP ‘HNO3qq4 |
0.031(7BP] + 'o‘.éso[mp?mwos.&qj -

0.031 TBP[3 + 8 mio3aqj

0.063[1BE | + 0.125{TBP HNO3a4] = 0.063 ™8P + 2 HNO30q ]

0.188{TBE] + 0.016[TBP-HNO,, ] = 0.168 TBP[1 + 0.084 HNO, ]

0.25(TBP} - 0.016[TBP HNO3,,1 = 0.25 TBP[1 - 0.063 HNO3gq ]

The following correlations were obtained using Bq. (5):

12.5% TBP (0.459 M)

30% TBP (1.1 M)

50% TBP (1.84 M)

HNO3q, | Obs. D.C. | Calc. D.C. || MOz, | Obs. D.C. | Calc. D.C. | HNOz, | Obs. D.C. | Calc. D.C
2.216 | 0.0966 0.0975 2.36 0.233 0.232 2.37 0.385 0.387
3.09 0.096 0.0908 3.5 0.216 0.211 3.43 0.350 0.35k
3,78 0.029° | 0.0856 .6 0.196 0.190 b.63 0.313 0.318
k.53 0.0864 0.0799 6.07 0.167 0.163 5.13 0.300 0.302
5.4k 0.0779 0.0728 6.78 0.250 0.250

..9«’1-{..




LY : Dwg. #15919

Pig. 7.2-1 Distrivution Coefficient {0/A) of Nitrie Acid in TBP-Hexsne
Mixtures as a Function of HNO. Ag Normelity at Bguilibrium. Note: The
BRG, D.C. (O/A) vetween 2.0 and 8.0 M HNO, ag may be expressed by
0.25 TBP(1-0.063 2O, aq). 3
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Conditions: HNO. solutlons contacted with 7.5 to 50% TBY-hexanpe
- sclaent and resulting phases analyzed tor B (W)

B 1
o.b BAE S
0.3
—
<
e
© 0.2
a
oﬂ“}
&
0.1
0.0 it

o 1.0 2.0 3.0 k0 5.0 5.0 - 7.0

HNO, Aq AFTER EQUILIBRATION (N)

* a . - 2 e ”

* 4 o * e LR . - r e . £ »
. & a - * LY « s & v e o o
PR v - % - EEE P o>
. & = s e ¢ a « LR - R



7.3 Specific Gravities of Synthetic Dissolver Solutions#*

. 148 -

Composition Specific Gravity
Ta{NO3 )% (g): A1(NO3)3 (M) [ENO3 (M) Ar 15% At 20°%¢ At 30°%

1.20 0.20 0.76 |1.51% (26%) | 1.510 (21%) |1.5048 (29°%C)
1.20 0.20 1.00 |1.5224 (16°%) |1.51& 1.5107

1.20 0.20 1.50 1.5360 1.5313 1.5240 (29°C)
1.20 0.50 .16 | 1.5579 1.5543 | 1.5478 (29°C)
1.20 0.50 1.00 |1.5623 (15.5°C){ 1.5591 ' 1.5517

1.20 0.50 1.50 1.5762 (16%) | 1.5723 1.5642

1.20 0.8 0.76 |1.5930 1.590% (19°c) | 1.5835 (29°C)
1.20 0.8 1.00 | 1.598 (20.5%) | 1.5958 (20.5°C) | 1.5854 {29.5°C)
1.20 0.8 1.50 |1.6140 (16°%) ]1.6109 (19.5%) | 1.6020

1.60 0.20 0.76 | 1.6754 1.6707 1.6622 (29%¢)
1.60 0.20 1.00 | 1.6798 (16°C) | 1.67hk (21°C) | 1.6668

1.60 0.20 1.50 | 1.68%6 1.6860 1.676k

1.60 0.50 0.7 {1.m121 1,7096 1.7039 (29.5°C)
1.60 0.50 1.00 |1.7158 (16.5°C) | 1.7146 1.7077 (29.5%)
1.60 0.50 1.50° | 1.7277 (16%) | 1.7248 1.7167 (31°c)
1.60 0.8 0.76 |1.7510 (16°%) | 1.7860 (15°C) | 1.7366

1.60 0.8 : 1.00 1.7527 1.7487 1.7408

1.60 0.8 C1.50 | 1.7623 1.7571 1.7499

2.00 0.20 - 0.76 1,8172 (16%c) | 1.8126 (20.5%) | 1.8025

2,00 0.20 - 1.00 1.809 (14°) |1.8169 (19°%¢) | 1.8063 (29.5%)
2.00 0.0 | 1.50 | 1.887 (16%) |1.867 (15°%c) |1.8185

2.00 0.50 760 ] 1.8531 (15.5%) | 1.8 1.8388

2.00 0.50 1.00 | 1.8561 1.8518 1.8507 (31°C)

*Algc aee Figs. T7.3-1, 2, 3.
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Pig. T.3-1 S8pecific Gravities of Synthetic Dissgolver Solutions
at 20°C ag a Funetion of Thoriux Concentration.

Kote: Biope =

about C.373 sp. gr. units/H ThTNOS)h {see Sec. 3.5.7).

ﬂoncentmtion; of Accompanying Materials:

pe——

- 0.2 M AL{BO.) 0.5 M AT{NO_ ) 0.8 M AL{NO.)
p 33 o 3/ - Al
U.76 ¥ XU Curve 1 Curve b Carve 7
1.00 M HNO.,\ Curve 2 Curve % Curve o
1.50 ¥ ﬁog Curve 3 Curve & Curve 9

Specific Gravity
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Fig. T7.3-2 Specific Gravities of Synthstic Dissolver Solutions

at 20°C as & Function of Alumiounx Hitrate Concentrastion.

310?8 =

about 0.126 sp. gr. units/M ’I’h(NO3),+ (ses Sec. 3.5.7).

Concentrations of Accompanying Materials

1.2 M Ta(H0,)),

1.5 ¥ Th(0,),

2.0 H Ta(v0,), |

0.76 ¥ HNC, Curve 1 Curve & Curve 7
1.00 ¥ ENO, Curve 2 Curve 5 Curve 8
Curve 2 Curve & -

1.50 ¥ &0,

Bpecific Gravity
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FPig. 7.3-3 Specific Gravities of Synthetlic Digsolver Soluticns

o -
at 20°C, as 8 Punction of Fitrle Acld Concentration.

Slope =z sbout 0.0195 sp. gr. unita/M msoa (see Sec. 3.5.7)

Concentrations of Accompanying Materislsg

128 1*’5‘(2%03)3

1.5 % T5(80,),,

2.0 H T(50,),

0.2 M A1(F03,3 Current 1 Current % Current 7
0.5 M Al{NO3)3 Current 2 Current 5 Current 5
0.0 X A1(§{03}3 Current 3 Current 6 -

Specific Gravity
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