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ABSTRACT

Processes for recovering both 232U and thorium from
irrediated thorium oxide or thorium metal were adapted
and modified &s required for use in the existing Savannah
River facilities that are normally used to process en-
riched uranium—aluminum alloy. 1In the resulting process,
2337 and thorium are separated and purified by solvent
extraction with 30 vol % tributyl phosphate. The 233y
1s subsequently concentrated by cation exchange and con-
verted to uranium trioxide.
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INTRODUCTION

This report describes the development and testing of chemlcal
processes for the recovery and purification of 238y gnd thorium
from irradiated thorium terget elements. The prime obJective of
the proJect was %o develop & process compatible with the Savannah
River chemical separations plant that was previously converted
from Purex operetions 1,2) to the processing of irradiated 23Sy-a1
alloy. >

The elements to be processed were fabricated elther as thorium
metal cylinders clad with aluminum, or &s gnnular eluminum cans
that contained granular thorium oxide. These elements were
jprediated at a fiux of ~3 X 104 n/(cm?)(sec)} to ~1500 grams of
mass 233 per metrlc ton of thorium, and subsequently were cooled
90-120 days to allow adequate decay of #°°Pa and 18171 pefore
chemlcal processing.

The requirements of the chemical process were (1) to separate
the thorium and uranium from each other 8o that the thorium con-
tained less than 20 ppm 233y and the 232U contained less then
0.1% thorium, (2} to purlfy 2°%U so that residual fission product
gemme. activity would be less than O.1 microcurie per milligram of
233y, and (3) to purify the thorium so that residual flssion
products and 233py would contribute less than 10% to the total
gamma radiatlon of the thorium product at all times after chemical
separation,

The particular irradistion history of the elements was a
major factor in determining the purification required, During
jppadiation, productlon of 233y by

2320 (n,y) 2°°Th _;Lgraaspa _%?_d_,zaau

1s accompanied by undesirable side reactions {Flgure 1) that form
figsion products and by uranium and thorium isctopes that produce
energetic Y-emissions in their decay chains. ‘4! With the
relatively high flux and short irradiation times, the quantlty of
fission products was small, and the quantity of 223pg was large
because little of the 233pg had decayed to fissionable 233y in
the reactor. The 232y, formed primarily bY the sequence starting
with tne (n,2n) reaction of nigh-energy neutrons with 2%2Th, was
controlled to <6.5 ppm with the proper reactor lattice. 232y
increases radiation both 1in the 2220 product as 228Tp grows in
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and decays through #98T1, and in the thorium product as a result
of the 22%Th formed before chemical separation. Because the '
234Th content is relatively high as shown in Figure 2, the
purified thorium must be aged about nine months to reduce the
#%4Th content to an acceptable low level, as shown in Figure 3.
Fission products and ®°%Pa also decay during this aging period;
consequently, the decontamination requirements during purification
of the thorium are lower than would be required if the long peried
were not provided for ®3*Th decay. The calculated decontamination
factors required to meet the product purity criteria are summarized
in Table I.._

TABLE I

Decontamination Requirements

Overall Deccntaminatlon Factor

Isctope 2337 product  Thorlum Product
PO3Ry.199Ry 1.5 x 104 5.5 x 10°
108py-1%8gn 2.8 x 102 1.2 x 10*
¥53zp_PSNp 1.6 x 10* 3.0 x 10*
233py 1.0 x 108+ 1.6 x 108

* Provactinium removal required for uranium
processing by cation exchange in the
finlshing step.

4ﬂ5U:LJLﬂ:u;u:u:_:u::;:ZZ:lLJJZEL
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SUMMARY

Principal steps in the process for recovering and purifying
233y from irradiated thorium oxide or metel are as follows:

® Dlssolution of elements, For thorium metel cores, the
aluminum cladding 1s dissolved in NaOH—NaNQO, solution
and then the thorium metel core is dissclved in 10-1FM
HNCp—0.01M HF. For thorium oxide cores, the aluminum
can and core are both dissolved in 12M HNOm—0.025M
HF—0.1M A1(NCg)s—2.5 x 107*M Hg(NOs)z.

e Sorption of 233ps on manganese dioxide.

e Separation of 233J and thorium from each other and from
eluminum, protactinium, and fisslon products in a first
cycle of solvent extraction with 30 vol % TBP in kerosene.

¢ Purification of the thorium from residusl protactiniun
and fission products in another cycle of solvent extrac-
tion with 30 vol % TBP in kerosene,

e Purification of the 2%3U from residual thorium, protec-
tinlum, and fisslon products 1n a second cycle of solvent
extraction with 7-1/2 vol % TBP in kerosene.

e Concentration of the 223U by cation exchange.
e Precipitation of the 233U as ammonium uranate.
¢ Celcination of the ammonlium uranste to uranium trioxide.

¢ Storege of the recovered thorilum as a concentrated
solutlion of thorium nitrate,

In the development program, all process steps except the
second uranium cycle were satisfactorily demonstrated in laboratory
test facilitles. (The second uranium cycle hed already been
demonstrated.‘a') The recovery efficiency for thorium and uranium
was >39% in the first cycle of solvent extraction, Greater than
99% of the 23%Pa and 25Zr-®SNb, and 90 to 99% of the ruthenium
were rejected in this cyecle. In the second thorium cycle, thorium
recovery efficiency was >99.9%, while >99% of the reaidual 2°3pa
and 29Zpr-25Nb, and ~99% of the ruthenium were rejected.

- 11 -
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PROCESS CESCRIPTION

The overall process flow diagram 1s shown 1n Figure 4 and 1is
described in the following sectlons. :

THORIUM OXIDE DISSOLUTION (Figure 5)

Thorium oxide and the aluminum cans are sequentlally dlssolved
in the game 12M HNOa—O.025M HF—O0.1M A1(NOa)s dissolvent. (7}
Fluoride catalyzes the dissolutlon of thorium oxide, and mercuric
fons catalyze the dissolution of aluminum. The sequence of
operations starts with an oxide "heel':

e The heel is partially dissolved in new dissolvent at
boiling.

e The solution 15 cooled when it reaches 1M Th{NO,),, and
the new elements are added.

e Mercuric nitrate 1s added, and then the newly charged
elements are decanned in the boiling Th(NOg ), —HNOs solution,
leaving & thorium oxide heel for the next dissolving cycle.

e The solutlon is cooled, diluted, and centrifuged to remove
entrained thorium oxide; the centrifuged thorium oxlde is
returned to the dissolver.

The first heel of thorium oxide is formed by chemically decanning
the first elements with S5M HNO,—Hg(NO,), solution. A typical
dissolving time cycle is shown in Figure 6. The solubility of
thorium nitrate in the presence of nitric acid and aluminum
nitrate is shown 1in Figure T.

Laboratory studies {7} with thorium oxide showed that disso-
lution rates depended on the composition of the dissclvent, and
on the particle size distribution of the thorium oxlide, but are
independent of irradiation. The most satisfactory dissolvent.
was 13M HNO;—0.025M HF—O0,1M Al{NOg)a; the AL{NOz)s is added to
decrease corroslion of the stainless steel dissolvers by fluoride,
The particle size distribution given in Table II was typical of
the ThO, used in the reactor target elements, Because fine
particles with large surface-to-mass ratio dlssolved more rapidly
than coarse particles, the dissolutlion was initielly rapid but
slowed during dissolution of the residual coarse particles. The
practice of dissolving the heel of coarse particles in new
dissolvent, and then dissclving the fine particles of a new charge
of elements in the depleted acld tended to yleld more uniform
dissolving rates.

- 13 -
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TABLE IT

Particle Size Distribution ¢f Thorium Oxlde

U. 8. Std. Screen - Weight %
+16 17.8
-16 +20 7.7
-20 +40 14,4
-40 +50 2.1
-50 +60 3.1
-60 +80 6.2
-80 +100 8.3
=100 39, 4
Oft-Gos
- ~0.025M HE-0.IM Al
el Charge 12M HNO3~0.025M HE {NOxh
L0 ton ThO
918 ton A z QOTSM Mg (NOgly
]
N H20
FLELLLIIFEIEITISILSIS, I EEELTEL LS LIS IS 07IM Th**
135M A3
"HEEL" OISSOLVER (273 —m—t-|  CENTRIFUGE ] 0.93M H*
% tons THOz | 0.02M HF
/f/f//////“/I////// LT LELTLSLELEEEIEES zl'o__.M qu’
ThOa
HaO ( : : |
M NniNO3)p
©.3M Suttarmic Acid
032M kMn0y (35 )=—tn|
b
0.38M Th" KITISIETTIIIIIS
as6sM a3* &
025 H (250) 0.48M H* HEAD END
"o 0.023M MOy
SLSTLSLSLIS IS TS,

0.25M HNO3
Cohke Woshes
! I———.————_" B

P TIPS ITITTTIIIEIITIIS
CENTRIFUGE Gord> ~(iIi> 10M HNoOy
LLLLIETIELL IS LLTES S L Q-@ Hz0
vy
LTI LS IS ST 2
(oo FEED
ADJUSTMENT
FLTILSTIL LI LLI S SIS
MnQ; Coke
Storags
03M Th**
0.54M A13* | |
0.8M HNO3y ""@‘—
0.14g V7|
O Gatlons/tan Tho,
Solvent
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FIG. 5 THORIUM OXIDE DISSOLVING AND HEAD END
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THORIUM METAL DISSOLUTION (Figure 8)

The aluminum-clad thorium metal is diesolved by conventicnal
procedures.‘ssg’ The aluminum cladding 1s dissolved’ in NaOH—NaNQs
solution; the thorium core 1s then dissolved 1n 10-15M HNOa with
0.005M fluoride added as a catalyst. The dissoclutlon reaction is

Th + EHNOs; -+ Th{(NOg }4 + 3Hz0 + NO + NO2

In practice 5 to 5.2 moles of nitric acid are consumed per mole
of thorium dissolved. The effects of the concentrations of
disgolved thorium nitrate, nitric acid, and hydroflucric acid on
the dissolving rate as determined by 1aboratory studies are shown
in Figure 9.

Otf-Gos
Stug Chargs _.I 26% NaNOy
10 ton Th
0,032 fon Al —(C35) 50% NaOH
2hkg U
%52) IOM HNOy - 0.005M HF
1
Z‘ CITITIFIELTIITISS
(240D DISSOLVER o
EILPET IS TIPS IS
19M Th*®
M H*
.O5MF ™
g U/l
Coating Hz0 (847
Wosle 1M MnNO3)2 * ©
0.3M Sultamic Acid (Z5 D
032MKMnO, (a5 D=
075M Th" PRATTTTLITI IS
04N H*
0.25M HNOy (35D cdg U/ ——(i530)——  HEAD END
o25MHNCy (00D Q.023M M0, (1L ILISIIIL O
@ Coke Woshes
A IIESIIELLIISILESY - OM HNO3
CENTRIFUGE —(E 0> e CO R
LIS T LIISLITSIS A S TEITITLIIILS
FEED
(oD ADJUSTMENT
rrrs
MnOo Cake
Storage 0.4M Th*
‘—— 2.5-3.0M H* ——CGETD—
2 g U/
O Guatons/ton Th ozo W
Solvent
Extraociion

FiG. 8 THORIUM METAL DISSOLYING AND HEAD END
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FIG. 9 THORIUM METAL DISSOLYING RATES DURING EXTENDED DISSOLUTIONS

233py SORPTION (Figures 5, 8)

233pg 15 sorbed on freshly precipitated manganese dioxide

with procedures similar to the "reverse strike" head end used in
the Purex process,(®710s13) mhe sagquence of operations is listed
below for either a solution of dissolved thorium oxide adjusted
to O.4M Th(NOz),—0.72M AL{NOsz)3—0.8M HNO, (Figure 5) or a
solution of dissolved thorium metal adjusted to 0.7M Th(NO,),—
0.7M HNO5  (Figure 8):

Manganese nitrate and sulfamic acid are added, and the
solution is heated to 70°C.

Potassium permanganate 1s added with agltation to
precipitate manganese dioxide,

The slurry 1s digested for 30 minutes, cooled, and centri-
fuged.

The cake is washed and slurried from the centrifuge,

- 17 -
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Results of laboratory tests showing the effects of solution,
composition and digestion time on sorption are shown in Figure 10,
Other tests showed that sorption was essentlally unchanged when
the ceke was re-slurried after standing 10 to 24 hours and then
re-centrifuged, and that sorption i1s enhanced by:

e Maintaining the composition of the feed solution below
0.4M Th(NOg ), —0.72M Al(NOs)53—0.8M HNO,.

e Adding sulfamic acid to scavenge rediolytically formed
nitrous acid, which otherwise dissolves manganese dioxide.

e Centrifuging the precipitate promptly to decrease redio-
lytic decomposition of the manganese dioxide.

1000 T T T T T T T T T T T T 989

Tors | Smm—— 99

\ Comgposition of Dissolver Solution
c Feed ThM AOLM H'M Po, mg/I P

\ 0% 09 1.0 7.1
05 09 05 71 a7

A
B
¢ 04 ov2 08 57
o}
£

03 054 06 44 —93
03 054 03 44

l
[
()]

233pg Sorbed, %

233pg Decontamination Factor

-150

0 | I ] ] 1 ] I | ! ] ] |
o 1 2 3 4 5 6 7 8 9 o 1213

Aging Time of MnC; Slurry after Addition of KMnOg4, hours

FIG. 10 SORPTION OF 233Pa WITH MnO,

- 18 -




L

SOLYENT EXTRACTION

The uranium and thorium are separated by solvent extraction
into two agqueous streams, each of which 1s adequately free of
233ps and fission products. The extraction 1s performed in mixer-
settlers with 30% tributyl phosphate in kerosene.(ﬂ’ The overall
process includes a first cycle for the primary separation of
thorium and uranium and decontamination of each, plus second
cycles for both thorium and uranium, Each cycle involves
extracting uranium and/or thorium from an aqueocus stream into
solvent, scrubbing the resulting product-bearing solvent to remove
the small amounts of extracted 233pa and fission products, and
stripping the thorium or uranium back into an aqueous stream. The
transfer of thorium and uranium between phases 1s controlled by
adjusting the aqueous concentrations of nitric acid and aluminum

nitrate.

Seven mixer-settler banks are used in the solvent extraction
process, as described below.

First Cycle
1A Bank (16 stages, center fed) - coextraction of

thorium and uranium from fission products
with 30 vol % TBP in "Ultrasene"*

1B Bank (16 stages, center fed) - back-extraction of
thorium with dilute HNO,

1C Bank (12 stages, end fed) - back-extraction of
uranium with dilute HNOg

Second Thorium Cycle
2A Bank (16 stages, center fed) - extraction of
thorium from residual flssion products wlth
30 vol % TBP in "Ultrasene"

OB Bank (12 stages, end fed) - back-extraction of
thorium with dilute HNOj5

Second Uranium Cycle
1D Bank (15 stages, center fed) - extraction of uranium
from residual fission products with 7.5 vol %

TBP in "Ultrasene"

1E Bank {12 stages, center fed) - back-extraction of
uranium with dilute HNC4

* A refined kerosene product of the Atlantic Refinlng Company.

- 19 -

L] “WUNCEASSIHFHED-CONTROLLED-




The extractlion reactions are

2+ = — .
Th(NOa)zaq + 21\10:,,Elq + 2TBP ===Th(NOa )4 2TBP

rg reg

2+ - J—— .
anaq + 21\103&q + 2TBPorg-.—U02(N03)2 2TBPOP8

gt + Noz. + TBP
aq

== HNOg4- TBP
agq 0

org Tg

Nitric acid 1s less extractable than thorium nitrate, which 1is
less extractable than uranyl nitrate; the ratio of extractlon
coefficients Ey/Epy = ~14 for most conditions, The operating
parametera of the solvent extraction flowgheets were designed
with McCabe-Thiele diagrams and the distribution data given

in Tables III and IV, in Figures 11 and 12, and in DP—lBl.(lz’
The solubility of thorium nitrate in 30 vol % TBP 18 glven in
Figure 13.(32:12) Exceeding this solubility limit produces &
second organic phase 1n which a thorium nitrate—TBP complex 18
the solvent. As seen in Flgure 13, the solubility increases
wlith temperature and decreases with acid concentration.

TABLE IIT

Equilibrlum Distritution of Thorlum Nitrate and Uranyl Nitrate
Between TBP in "Ultrasene" and Aqueous Nitric Acid Solutlons®

TBP, Temp, _Concentration, M o Concentration, M

o]
vol % °C _HL Ty _Tho (22 )y, Ua Ug (Baly Ey/Em
30 30  0.26 0.233 0.080 0.343 2.81 x 107* l.42x 1077 5.0 14T
30 30 0.56 0.219 0.095 C.425 2.46 1.45 5.80 13.9
30 30 0.27 0.34%2 0.133 0.38g9 2.48 1.95 5.85 1ik.C
30 30  0.55 0.336 0.137 0.408 2.25 1.47 6.53 16.0
30 50 0.26 ©0.225 0.062 0.275 5.13 1.1% 3,64  13.2
20 50 0.53 0.207 0.076 0.367 2.63 1,15 4,37 11.9
30 5 0.30 0.322 0.111 0.345 2.57 1.15 4,48 13.0
30 50 ©.55 0.306 0.124  0.405 2.32 1.16 5.00 12.3
42.5 30 Q.28 0.230 0.120 0.522 2.70 2.08 T.70 4.7
42.5 30 0.57 0.213 0.135 0.634 2.36 2.09 8.86 1i4.0
2.5 30 ©0.29 0.33% 0.199 0.596 2.46 2.07 8.42 141
L2.5 30 0.56 0.328 0.218 0.8665 2.30 2.08 g.04 13.6

< Supscripts "a" and "o" denote aqueous and organic phases, respectlvely.
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TABLE IV

Equilibrium Distribution of Thorium Nitrate Between
30 vol ¥ TBP in "Ultrasene" and Aqueous Sclutions
of Nitric Acld and Aluminum Nitrate (309C)

Concentration, M

A1(NOg )s HNO, Thg Thy (E2 )Th
0,6 0.0 2.87 x 10°® 0.,0138 4,81
0.6 0.0 0.0876 0.183 2.09
0.6 0.2 0.,0012 0.0276 23.0
0.6 0.2 0.0713 0,180 2,52
0.6 0.97 0.0020 0.013 6.5
0.6 0.97 0.105% 0.142 i.32

100 T T

00
£ 50°C.
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First Cycle

Adjusted feed from the clarification (22°Pa sorption) step
1s processed through the 1A, 1B, and 1¢ mixer-settlers according
to the flowsheet shown 1n Flgure 14, Thorium and uranium are
coextracted from fission products and 222Pa and scrubbed with
HNOz—N&a,P0,4 1in the 1A bank, The thorium 1s partitioned from
uranium into dilute nitric acld 1n the 1B bank, and the uranium
15 stripped in the 1C bank,

1AX 1AF 1AS
30% TOP 0.3M ThiNOgly 2M HNO,
0.54M AINO5ly O0IM NP0,
0.4-0.8M HNOy
O.ldg UM
¢ - Relative Flow
Y 1
TSI TIrs i/ Frs IAT
i > : DI3SM The*
(2L oIS s .
803 0.34M HNOj
|A BANK~ 35° 0069 U/
18X
IBS 200, (oo &78 8
|AW 30 % TBP 0.25M HNO3
0.4M AWND4);
0.3'0.6M HNO} s /////;/ Pl .
003-’. o 16// ////l F i
<0.01% U PIITLTZL 2
&79) |8 BANK~ 35°C
Y
18T IBU ICX
2M Th 005¢ U/ 0.03M HNO3
- HNU:: M G.O2BM HNDy
02% Y I = D
1
?.f‘gond 7 LIS TLISIIY
T gt r2 !
Crele o:fuun 2 LTzl
159
DIM HNO3 IC BANK >30°C
003% Th
Second
Uranium  -eli———" ICW
Cycle 0% 8P |
0.003% U
SOlvent wpgpee—
Recovery

FIG. 14 FIRST CYCLE OF SOLVENT EXTRACTION
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The limits of operating conditions calculated from distributlon
data are summarized in Table V and in Figures 15, 16, and 17.

These

1imlits were calculated for a cocurrent stage efficlency of 280%
to provide ranges as wide as posslble without violating any of the
following criteria:

£1.0% loss of 2%%U to the thorium stream (1BT).
<1.0% loss of thorium to the uranium stream (1CU).

Uranium concentration in the 1C bank  uranium concen-
tration in the 1CU.

No second organic phase [which oceurs at high concen-
trations of extracted Th(NO,;),—HNO.], no excessive
reflux of 23%pa, and no formation of Ths(P0,), gel
(which occurs in the extraction section of the 1A bank
when the concentration of nitric acid 1s <0.2M).

Details of the design of the most lmportant of these limlts are
discussed in the followlng paragraphs.

TABLE V

Operating Limlts for Solvent Extraction

Variable* Minimum Maximum
Firat Cycle
1A Bank
Temperature, °C {1,2,3) 30 ko
TBP in 1aX, % (1,2,3,7,8) =28 32
HNO, in 1AS, M=~ {1,2,3,4) 1 2
Phosphate in 1AS, M {6) 0. 005 0.015
Th{NO, ), 1in 1AT, M (1,2,3) 0.10 0.135
1A5/14X flow ratlo (1,2,3) 0.12 0.18
1AX/(1AF + 1aS) flow ratie (1,2,3,5) 1.0 2.4
1AF composition
Thorium nitrate, M (1,2,3) 0.165 0,45
Nitric acid (1,2,3,4,6) See Figure 15
Aluminum nitrate (1,2,3,6) See Flgure 15
1B Bank
Temperature, °C (1,2,7) 30 4o
TEP in 1BS, % (1,2,7,8) 28 32
1BX/1BS flow ratlo {1,2,7,8) 3.0 3.6
1BX/1AX flow ratio (1,2,7,8) See Figure i6
HNO, 1in 1BX (2,2,7,8) See Figure 16
Entrainment in 1BU
% agueous in organilc (8) - 3.0
1C_Bank
Temperature, °C (8) 30 -
HNO, in 1CX, M (8) 0.0 0.05
Loss of thorlum to 1CU, % (8) - 1.0
{1AX + 1BS)/1CX flow ratic (8) See Figure 17
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TABLE V (Continued)

Variable* Minimum Maximum

Second Thorium Cycle

24 Bank
Temperature, °C (=} 30 Gonee
TRP in 2AX, % (3) 28 32
HNO, in 2AS, M** (3,4) 1 2
Phosphate in 248, M (6) 0.005 0.015
Th{NO,), 1n 2AT, M {3) 0.10 0.135
2AS/2AX flow ratio (3} 0.12 0.18
2AX/(2AF + 248) flow ratie (3,5) 1.0 2.4
2AF composition

Thorium nitrate, M (3) 0.165 0.45
Nitrlc acild (3,4,6) See Figure 15

2B Bank
Temperature, °C (9) 30 -
HNO, 1in 2BX, M {9) 0.0 0.0%
2AX/2BX flow ratio {g9) - 1.0

Second Uranlum Cycle

1D Bank
Temperature, °C (8) - 5¢
TBP in 1DX, % (8) 7.1 8.4
HNO, 1in 1DS, M (8) 0.8 1.2
1DS/1DX flow ratio (8) 0.13 0.17
1DX/1DF flow ratio {8) 2.6 3.9

1E Bank
Temperature, °C (8,9) - 50
HNO, 1n 1EX, M (8,9) 0.0 0.05
1DX/1EX flow ratlo (8,3) - 9.0

*

* %

o+

Code indicates that operation cutside the limits will affect the followlng:
1. 2337 {n the thorium prcduct stream.
2, Thorium in the uranium product stream.
3, Third phase formatior in the 1A bank (2A bank]),
4. precipitation of thorium phosphate in the 1A bank {2A bank).
5, Hydraulic operability of the extraction sectlon of the 1A bank
{24 bank].
6. Reflux of 29%pa in the 1A bank (2A bank).
7. Reflux of 222U in the 1B bank.
§. Reflux of 223y 1n the 1C bank (1D bank}(1E bank).
9. Loss of thorium or uranium to solvent washers.
See Flgure 16 (Acid concentration of 1AS affects partitioning of
thorium and uranium in the 1B bank.)
Plant operating experience showed that the maxlimum cperating temperature
1s between 40 and 55°C.
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FiG. 16 OPERATING
LIMITS FOR 1B BANK

FIG. 17 OPERATING
LIMITS FOR 1C BANK
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14 Bank

The 1A bank is operated to recover thorium with the maximum

decontemination that is compatible with a thorium loss of <1%;
uranium recovery efficiency 1s greater than that for thorium
because of its greater extractability. Factors that pertalin to
the operation or the 1A btank are:

High scrub (1AS) flow improves decontamination, but causes
thorium to reflux in the scrub section. If refluxing 1is
severe and thorium concentration exceeds ~0.19M in the
organic phase, a second organic phase will form.

Low scrub flows decrease the reflux of thorium, but
generally result in lower decontamination from flssion
products.

Increasing the temperature decreases capacity. As the
temperature is raised the distribution coefficlent for
thorium between 30 vol % TBP and nitrilc acld solution
decreases., Consequently, the second organic phase will
form unless the effect 1s compensated by reducing the

flow of 1AF, which will decrease the thorium nitrate 1in

the organic product stream (1AT). TFigure 18 shows the
maximum thorium concentration that can pe achleved in the
1AT as a function of temperature and 1AS/1AX flow ratlo.
For example, wlth a serub-to-extractant flow ratio of

~1/7 (used in the Purex flowsheet(1)), the thorium in

the organic product stream (1AT) must be 0.135M to prevent
exceeding the thorium nltrate solubility. In thils case the
second organic phase 1is Just avolded at g5o°c, as shown in
Figure 19. Typical gtage profiles are 11lustrated in
Figures 20, 21, and 22. Since these were constructed to
fit specific flowsheet condlitions, they illustrate only one
of many workable conditlons.

Thorium phosphate precipltates in the extraction section if
the acid concentration 1s (0.2M.

The complete set of operating limits were calculated uslng McCabe-
Thiele diagrams and are summarized in Table -V and Figures 15 and

18,
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Thorium Nitrate in the Orgonic Phose, M
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1B Bank

Thorium and uranium are partiticoned in the 1B bank by con-
trolliing the salting {HNO5;) strength of the agueous phase and
the organic-to-agqueous flow ratio to exploit the differences in
extrection factors for thorlium and uranium. Acid concentration
and flow ratiocs must be selected carefully to achleve efficlent
thorium-uranium partitlion without excessive reflux of uranium.

In designing the flowsheet for operation of the 1B bank,
McCabe-Thiele calculations were first made to determine the
effects of varying {a) the organic-to-agqueous flow ratics, (b) the
acid concentrations of the organilc feed (1AT), and (¢} the acid
concentrations of the agueous extractant (1BX). Criteria for
these calculations were:

e Cocurrent stage efficiency of »80%
e 1% loss of 233U to the thorium stream (1BT)
® (1% loss of thorium to the uranium stream (1BU)

e 233U concentration in the 1B bank 0.6 g/l when processing
£2000 g/T of feed

e 1AS nitric acld concentratlion of 1 to 2M

e 1BF/1BS flow ratio =5

Operating limits were then calculated as follows:

1. Preliminary calculations showed that mcst of the acid in
the 1AT is stripped into the aqueous phase; the acid
content of the aguecus phase in the uranium scrub section
is therefore the sum of the acid in the 1AT and 1BX
streams. Also, the acid content of the therlium stripping
section 1s essentlally that of the 1BX stream.

2. The thorium profile of the 1B bank was calculated on the
pasis of the nitric acild, thorium, and uranium distribution
data. The flow and acid concentrations cf the 1BX were
varied until 1% of the thorium was lost toc the uranium
stream (1BU)} under the most adverse conditions of TBP con-
centration (32 vol %) and stage efficiency (80%).




3. The distribution of uranlium was calculated by considering
the effects of saltling by both the thorlium and acid., As
in Step 2 above, the 1BX flow and acidity were varled until
the maximum concentration of uranium in the bank was 0.6

g/1, and the loss of uranium to the thorium stream (1BT)
was 1%.

The operating limits for the 1B bank were derived from graphical

representations of the results of these calculations, as explained
helow.

Reflux of uranium in the 1B bank depends on the 1BX/1BF flow
ratio, the aclid concentration of the 1BX, and the temperature.
Decreasing either the 1BX/1BF flow ratic or the acid in the 1BX,
or increasing the temperature will cause uranium to reflux to
higher concentrations. Figure 23 shows thls effect for a fixed
1BX/1BF flow ratio.

The flowsheet parameters considered 1in the above calculations
affect the uranium-thorium partitioning and uranium reflux as
shown in Figures 24, 25, and 26. Significant effects are:

¢ High acid in the 1AS* and 1BX and low temperature lncrease
loss of thorium to the uranium stream, and reduce loss of
uranium to the thorium stream.

e Low acid in the 1BX and high temperature (Figure 23) cause
excessive reflux of uranium in the extrection section and
high less of uranium to the thorium stream,.

e If the 1AS contailns 1M HNO; (Figure 24), uranium and thorium
cannot be partitioned when the temperature is greater than
63°C; at 2M HNO5 (Figure 25), the maximum operating
temperature 1s 69°C,

If the 1AS contains between 1 and 2M ENO,, the maximum operating
temperature is 55°C (Figure 26). The operating restrictions for
1M and 2M HNOs must thus be combined 1f the acid concentration 16
allowed to vary over the range 1-2M (see Figure 16),

* A1l of the acid in the 1AS 1s extracted in the 1A bank (see
Figure 20) and enters the 1B bank with the 1BF (1AT).
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FIG. 24 EFFECT OF
TEMPERATURE ON
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1C Bank

The operating limits for the 1C bank were calculated as &
function of the 1BU/1CX flow ratio and the acid content of the
1BX to assure the uranium does not reflux 1in the 1C bank, Reflux
of uranium 1s affected by the acid delivered to the 1C bank via
the 1BU stream, and by the 1BU/1CX flow ratio. The acld content
of the 1BU 1s controlled by the concentration of nitric acid used
in the 1BX. To prevent reflux of uranium, the acid content of the
1CU, which determines the extraction coefficient for uranium (EU)
in the first strip stage, and the 1CX flow were set to glve a
uranium extraction factor EJ . (Flow Ratlo 1BU/1CX) 2. The results
are presented in Table V and Figure 17.
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Second Thorium Cycle

The thorium product stream (1BT) of the first cycle is
evaporated and adjusted, and then processed by the flowsheet shown
in Figure 27. Operating conditions for the second thorium cycle
are shown in Table V,

Thorium and any uranium contaminant are extracted while the
protactinium and fission products are discharged to the aqueous
waste (2AW). The extracted thorium is scrubbed with HNOg-—NaaPO,
and 1s then stripped into dilute nitric acid in the 2B bank; the
agqueous thorium solution (2BT) is evaporated and stored,

Condensate
1BT

0.2M ThiNCyl,
Q.7M HNCy

&73)

S S AA A LA SIS A LAY Lo

EVAPG‘-\'ATOR O = Relolive Flow
IPSISLLLTLIISLES

Acid Adjustment
LOM HNOy

2AX 2AF . 2AS
30% TBP 0.4M ThiNO5), 2M HNO,
1.5-2.0M HNO3 0.0IM NdyPO,
e
334 {150
Y
a:;r//////i’a‘ s I'lﬁ 2AT 2Bx
ITITELIRIIIIIISSITE 5D g';:;‘ ;:‘.03 0.03M HNO,
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2AW v
3 12 t
0.3-0.7M HNO,, T 7
Y T
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]
28T 2BW
0.24M ThiNO3), 0% TAP
O.7M HNOy < 00l % Th
Evaporation Solven!
ond Storage Recovery

FIG. 27 SECOND THOR!UM CYCLE




A key limit in the flowsheet is that the feed (2AF) should
not contain more then 1% of the uranium present in the 1AF, because
uranium refluxes in the 2B bank as a result of high concentrations
of thorium and nitric acid in Stages 10, 11, and 12 and low ccncen-

tration of nitric acld in Stages 1,

21 3)

and 4. For example, the

extraction factor for uranium in Stage 12 1s 10 whereas in Stage 1

it is 0.1.

Typlcal uranium profiles are shown in Figure 28.

At

the specified operating temperature of 50°C, the inventory of 22°U
in the 2B bank will not approach the maximum safe mass (510 g) unless
more than 25% of the 233U is lost to the thorium product stream of

the first cycle (1BT).

At an operating temperature of 30°C, the

inventory of 2°3y approaches the maximum safe mass 1f only 1% of

the 222y is lost to the 1BT stream.

1
0 T T T T T T T T T T T T T T TTT
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.
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FIG. 28 URANIUM PROFILE OF 2B BANK
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Second Uranium Cycle

The uranium product of the first cycle (1cU) 1s evaporated,
adjusted, and then processed by the flowsheet shown in Flgure 29.
However, before evaporation, the uranium product stream from the
first cycle (1CU) is washed with kerosene as a precaution to remove
dissolved TBP. If the TBP 1s not removed, its degradation products
formed during evaporation could precipitate 223U or form uranium
complexes that cannot be stripped from the organic phase in the
subsequent solvent extraction step. The maximum allowable concen-
tration of TBP in the kerosene wash was established as 0.2M on the
bazis of measurements of uranium extraction In the presence of
pep, {14,15)

1ICU
045 g U/l
0.IM HNC, : <
FATIISTY
TBP
Stripper Condensate
L Ll
/
AL IS IS SIS
EVAPORATOR O s Relative Flow
Acld Adjusiment
1M HNO, 34
Y
IDX IBF DS
7.5% THP 10 g L/ 0.8M HNO 3
4.0M HNO,
L—O——}@ <> €
i \
PIIPTTILTIISETP IS IDU lEx
16 a ! * o2 qun 0.03M HNO,
s BANK 0.032M HNO,
29
uiﬁﬁﬂ
\
Ly
IDW D B
2.9M HNO» A
|IE BANK
L ]
IEU IEW
30 9 Wi 1.5% TBP
0.35M HNOy
B —— Sob ———
?{n‘:‘m:‘ﬂ Rocv;:l'rv

FiG. 29 SECOND URANIUM CYCLE
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In the 1D bank, uranium is separated from residual thorium,
protactinium, and fission products by selective extraction from
a nitric acid-salted aqueous solution into 7-1/2 vol % TEP,
Fission products, protactinium, and thorium are rejected to the
agueous waste {1DW). 1In the scrub gection, a nitric acld stream
removes small quantities of fission products, protactinium, and
thorium extracted into the uranium-bearing organic stream. In
the 1E bank, uranium 1s stripped intc a dilute nitric acid stream.
The operating limits for the second uranium cycle are shown in
Table V,

Startup ond Shutdown Procedures

Therium phosphate can precipitate in Stages 8, 9, and 10 of
the 1A and 2A vanks during startup and shutdown. The transient
condition that causes precipitation is eliminated by conditioning
the entire bank with nitric acid as follows:

e On startup, the extraction banks (1A and 2A) are cperated
with feed streams containing »0.5M HNO; instead of the
thorium feed,

® On shutdown, feed streams containing »2M HNO; are continued
untll thorium is flushed from the system,

URANIUM FINISHING (Figure 30)

The 2330 product from solvent extractlon (1EU) is concen-
trated by cation exchange, precipitated as ammonium uranate, and
calcined to uranium trioxide, (183)

Cation Exchange

The uranyl ion is absorbed and eluted from sulfonic acid
cation exchange resin by the following reaction:

absorption

U0Z* + 2HR UOsR, + 2H

elution

where R represents the resin anion, and HR is the resin in the
acid form., The capacity of the resin for uranyl ion depends on
the compositicen of the solution that is in contact with the resin,.
With solutions containing only uranium and nitric acid, the
percentage of the resin exchange sites that can absorb uranyl ions
{designated Su) is related tc the acid and uranium concentrations
in the feed, as shown in Figure 31./1°P7 "Doyex"* 50W-X8 resin

* Trademark of Dow Chemical Co,
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S0W-X8 ION EXCHANGE RESIN

(total capacity: 24% grams of uranium per liter of settled resin)
absorbs sbout 122 grams of uranium per liter of settled resin
from & feed solution containing 0.3M HNO, and 3 g of U/l; the
value of S, in this case is 50%.

Thorium in the feed decreases absorption of uranium because
the thorium is more strongly absorbed and occupies some of the
exchange sites of the resin, Data indicate that the thorium will
accumulate on the resin and can be eluted with sodium bisulfate
or nitric acid solutions, Solutions containing elther 1M NaHSO,
or 4,5M HNO, are consldered optimum elutriants, with the sodium
bisulfate more effective than nitric acld.

The absorbed uranium can be eluted with ~2 column volumes of
smmonium nitrate solution. A solution of 2M NH,NOg—1M HNO5 wWas
chosen as elutriant, the small gquantity of nitric acid bveing
required to prevent hydrolysis of the uranyl lon.
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Uronivm Precipitation

Uranium in the lon exchange eluant is precipitated as ammonium
uranate by adding ammonium hydroxide.{17,18,28)  precipitation
begins at pH 3.2-3.6 and 1s complete at pH 7.5-8.0. The solubility
of uranyl ion at pH 8.0 is 0.1 mg of U/1.

Conversion to Uranium Oxide

Ammonium uranate is air-dried and then decomposed to uranium
trioxide by heating to ~550°9C, Thermogravimetric analyses indicate
that the desired UO, product is stable between 450 and 600°C.
Decomposition of the uranate is incomplete below 450%c, and
conversion to UzOg occurs above 600°C.

THORIUM CONCENTRATION AND STORAGE

The thorium product (2BT) of the second cycle 1s concentrated
to 2.5M Th(NOs), by evaporation and stored to permit decay of
2347y and other residual contaminants, To prevent crystallization
during storage at normal amblent temperature {~20°C), the nitric
acid must be steam-stripped to 0.25M HNOj. The solubllity of
thorium nitrate in nitric acid 1s shown in Figure 7.

PROCESS PERFORMANCE

The solvent extraction processes* were demonstrated in minla-
ture mixer-settler(aal tests using feed solutions prepared by
dissolving irradiated thorium oxide. Adequate removal of 233pgy by
sorption on manganese dioxlide was also an integral part of the
demonstration. Compositions before and after 23%pa sorption on
manganese dioxide are summarized 1in Table VI. The sorption of
233py was less than the expected value of 95% because the filter
that was used in the tests did not retain the manganese dioxide
completely; the net removal was 80 to 85%. Higher sorption was
achieved in separate small-scale tests in which the manganese
dioxide slurry was centrifuged. These results, summarized 1In
Table VII, show that sorption of 233py exceeded 97% even with a
fourfold varlation of the quantity of manganese dioxide.

* The demonstrations of the dissolving and finishing procedures are
reported in References 7 and 1lba, respectively.
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TABLE VI

Compeositions of Feed Solutions

Dissglver Solutions

1 2 3
Th{NO;)es M 0.4C  0.40  0.40
A1{NOa)a, M 0.7 0.7 0.8
3
HNO,, M 0.02 0,25 0,47
233y, g/1 0.3 0.3 0.3
Mn0,/Th 0.053 0.053 0,053
Before Sorption of 23%pg
233pg, 10® dis/(sec)(ml) 120 110 62
103R;-1038n, 10° dis/(sec)(ml) - - 10
8Szr-83Nn, 105 dis/(sec){m1) 330 - 440

After Sorption of 2°%pa

233pg, 102 dis/(sec)(ml) 1.2 i6 12
193Ry-193Rh, 10° dis/{sec}(ml} 9.1 - 4.0
557r-85Nb, 10% dis/(sec)(ml) 2.5 200 280

TABLE VII

Sorpticn of 233pg* and ®5Zr-°Snp

Feed Solution: 0.4M Th*t, O,72M ALY, 0.5M HNO,,
k,2 x 10*° dis 23%pa/(sec)(ml}, anrd
4.0 x 107 dis ®%2Zr-25Nb/(sec)(ml).

Decontamination
Factor(a
ESSPa BSZI'-BsNb
MnCp/Th Molar Ratic 1l nr 3 hr 1 hr 3 hr

©.053 706 632 2.7 4.0
0.026 194 o 2.8 2.7
0.013 67 b3 2,4 2.3

* Test slurrles centrifuged 1 and 3 hr after
precipitation of MnO,.
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The first-cycle test condlitions, results, and the effects
of variations among the different tests are shown in Table VIII.
The following conclusions were drawn from these results and from
additional observations and measurements:

e Uranlum and thorium were extracted satisfactorily in all
tests; logses were small, and cross-contamination of the
two product streams was within acceptable limits of (1%
2337y in the thorium and 1% thorium in the uranium. Other
data verified that the maximum concentration of thorlum in
the organic phase in the 1A bank was identical to the cal-
culated values, indicating that the flowsheet was properly
designed to prevent formation of a third phase. The reflux
of 232y in the 1B bank at the normal operating temperature
of 35°C was small; however reflux of 223U in this bank was
excessive (>0.6 g/1) at elevated temperatures.

e Although removal of 233pa was satisfactory in all tests,
the reflux of 223pa in the extraction sectlon of the 1A bank
with concentrated feeds (Figure 32, Test 1D) would degrade
the =zolvent excessively in the much larger plant mixer-
settlers in which the fraction cof radlation absorted is
50 times greater than in the minlature mixer-settlers.
Dilution of the feed eliminated the reflux, as illustrated
in Figure 32, Tests 2C and 2D,

e Zirconium-nioblum extraction was almost ldentical with that
of 2%%Pa, and the reflux was very similar,

® Removal of ruthenium was low, with decontamination factors
of only 50-400, except in Tests 1A-1D (Table VIII), for
which the feed preparation steps invelved abnormally low
nitric acid concentration and in Tests 3C-3D for which the
1A bank was operated at higher temperature, The stage con-
centrations indicated that 5 to 10% of the ruthenium was
extracted in the 1A bank but was not separated in the scrub
section of the 1A bank. This extracted ruthenium was then
distributed erratically among the streams of thorium {1BT),
uranium (1Cu), and unwashed solvent (1CW). The erratic
behavior of ruthenium indicates that its removal in the first
cycle from the thorium (1BT} by factors exceeding 50 cannot
be expected.

® Activity was readlly removed from the used solvent (1CW) by
Na,C0,—NaOH solvent wash solution. In batch washing tests,
residual solvent activity after a single wash was only 6000
counts/(min){ml), which is considered adequate for reuse of
the solvent as lAX,
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Test conditions for the second thorium cycle are shown in
Figure 33. The results summarized in Table IX 1llustrate the
highly beneficlal effect of elevated temperature for removing
ruthenium; a tenfold improvement was obtained by increasing the
temperature from 35 to 55°C. Removal of ®5Zr-25Nb was also better
at the high temperatures, but the removal of 223Pa was not affected.

8T G

From First
Cycle Test 38 I '

EVAPORATOR
o O = Relaliva Flow

Acid Adjusiment i35 )—ind

1OM HNO3
r
2AX Exiraciont 2AF Feed 2AS scrub
TEP 30 vol % Th(NO1)s O.4M HNO3 2.0M
“Ultrasene” HNO3 2.0M Noa POg 0.0IM
U ~0.4 mg/liter I
(335) 2BX strip
HNOs 0.05M
2AW
Roffingte

28T 2BW

Th Product |Spent Solvent

FIG. 33 SECOND THORIUM CYCLE TEST CONDITIONS
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The overall purification results for the thorium product,
which are also summarized in Table IX, indicate that only the
removal of ruthenium is marginal for providing a highly purified
thorium oxide product {a decontamination factor of 1 x 10* is
required for the removal of ruthenium, as noted in Table I); the
overall removals of 223Pa and °5Zr-°SNb are about ten tlmes the
necessary values.

TABLE IX

Second Thorlum Cycle Test Results

Temperature 35-40% 40-50°C 50-557¢C
Loss of Th Lo 2AW, ¥ 0.02 0.07 0.13
Removal of activity in second eycle, DF*
233py 2300 2800 2200
103p; _193RY 23 60 200
9571 85Np 12 50 100
Overall removal of activity, DR **
230p, 1.2 x 107
108R, - 103Ry 1 x ro0?
837 -"5Nb 2 x 10°

¥ Ratlo, {Actlvity in 2AF)/{Activity in 2BT)
#* Ratio, (Activity in dlssolver scluticn)/{Activity in
2BT from Test 3B).

No tests of the second uranium cycle were made, slnce the
conventional (7-1/2 vol % TBP) conditions of the normal 235y
process would be used in the plant.(3) The satisfactory purifi-
eation of the uranium product stream (1CU) from 233py gnd °3Zr-®5M
in the first cycle and good plant experience with removal of
ruthenium in the 223U process indicated that 233y of adequate
quality would be cbtained,
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