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Abstract

This paper describes the economical process of production of thorium and uranium salts
from crude thorium-uranium hydroxide derived from monazite by the solvent extraction. This
process obtained as an experimental result consists of the following operations: (1) crude
thorium-uranium cake is dissolved in nitric acid ; (2) both thorium and uranium are extracted
with tributyl phosphate from nitric acid solution, and refining thorium-uranium hydroxide is
precipitated ; (3) hydroxide cake is dissolved in hydrochloric acid and uranium alone is ex-
tracted with tributyl phosphate from hydrochloric acid solution; (4) uranium in stripping
solution is precipitated as natrium uranate with caustic soda; (5) after thorium in raffinate
being precipitated as carbonate, thorium carbonate is dissolved in nitric acid and converted
into thorium nitrate crystal. This process has a characteristics that the extraction and the
separation of thorium and uranium can be carried out with the same solvent only by the
conversion of the kind of acid, and also it offers some advantages that the products by this
method is superior in quality and more cheap in cost to those by the conventional oxalate-
carbonate method. This process has been adopted in the industry of thorium and uranium
as one of the refining processes of these metals since 1956, in Japan.

Introduction

In Japan, the refining technique of thorium salts from monazite have progressed
with the increasing demand of thorium nitrate which is used in the gas-mantle
industry. Several years ago, the production of thorium nitrate was carried out by
the alkali carbonate-hydrogen-peroxide method from a crude thorium oxalate cake.
For the last few years, the refining of thorium and uranium by a solvent extraction®*
or ion-exchange method® has been studied widely. It has been recognized that the
industrial application of these methods has some advantages of the more purity and
the more cost-down as compared with the products of the conventional process.
Accordingly, in Japan the study of thorium salt production process from monazite
has been directed to the development of these techniques. The purpose of this
research described in this paper is to seek for the best condition of the process
which produces thorium nitrate and natrium uranate from the crude thorium-uranium
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hydroxide derived from monazite by the solvent extraction, and to establish a series
of runs of the process.

The first step in the treatment of monazite is the decomposition of the mineral.
For that purpose, two methods have been developed in Japanese industry. The
first method consists of attacking the mineral with concentrated sulfuric acid, and
this method has been adopted most widely. Many studies® of the separation
process of thorium, uranium and rare earths from this acid solution have been
developed and the author also has once described the sulfuric acid-pyrophosphate
method® as a typical process. The second method” of the treatment consists of
attacking the monazite with sodium hydroxide, and transforming the mineral into
watersoluble trisodium phosphate and mixed hydroxides of the rare earth elements
and of thorium. In this method, thorium and uranium can be separated almost
completely from the rare earth elements by the selective precipitation of hydroxide.

In this paper the author restricts the content of this study to the production
technique of commercial grade thorium nitrate and sodium uranate, starting from
the crude thorium-uranium hydroxide obtained by the alkaline process or by the
acid process of monazite decomposition, and refers the production process of the
crude thorium-uranium hydroxide cake from monazite to the other literature. This
study was done in Mar. 1956, and the outline of its contents was reported at the
Annual Meeting of the Mineralogical Society of Japan on June 5, 1956.

Raw material

The chemical composition of the crude thorium-uranium hydroxide cakes obtained,
on an industrial scale, by the alkaline and acid processes of monazite decomposition
is shown in Table 1.

Table 1. Composition of crude thorium-uranium hydroxide.

monazitem(éigzréxposition alkaline process acid process

component ———"" | @ @ | ® ) ©) (3)
ThO, 31.20 31.96 34.17 37.58 36.56 36.70
U0 2.36 1.82 2.23 2.04 2.94 2.58
R,0, 444 3.56 4.07 1.52 1.60 1.70
Fe,04 6.40 5.76 7.84 0.71 0.87
TiO, 552 o732 8.64 0.69 0.47 } 175
P05 1.16 1.57 1.31 2.34 2.06 1.72
Si0, 7.36 7.99 447 1.41 1.67 1.56
H,0=+ 40.23 38.63 36.20 53.29 53.49 53.43

[Treatment

Alkaline process—a finely crushed monazite sand was treated with 3795 caustic soda at
140°C for 2 hrs. The mixture was next immersed in hot water and filtered. After the cake
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had been dissolved in conc hydrochloric acid, the acid solution was neutralized until pH 5.8
with dilute caustic soda solution. The recovery of the precipitate which has occurred was
carried out by a series of thrice filtrations and twice washings.

Acid process®-—monazite sand was treated with conc sulfuric acid at 250°C for 2 hrs.
The mixture was extracted with water. Uranyl in the solution was next reduced to uranous
state by the immersion of aluminium and the dissolution of sodium hyposulfite. To it was
added sodium pyrophosphate. Then, the precipitate was filtered and washed. After the
pyrophosphate cake has been heated with caustic soda solution until 120°C. The mixture
was immersed in hot water, filtered and washed.

Experiment and Discussion

(1) Outline of method

The process which has been developed as a result of the investigation involves

the following operations:

(i) dissolution of crude thorium-uranium hydroxide in nitric acid, and removal of
insoluble material by filtration.

(ii ) extraction of thorium and uranium with tributyl phosphate, and precipitation
of refined thorium-uranium hydroxide from stripping solution.

(iii) dissolution of hydroxide in hydrochloric acid, and extraction of uranium with
tributyl phosphate.

(iv) precipitation of scdium uranate by the sodium carbonate-caustic scda method
from stripping solution.

(v ) precipitation of pure thorium carbonate from raffinate and crystallization of
thorium nitrate from its nitric acid solution.
This process was carried out first in the synthetic sample on a small scale and

subsequently on a large scale (5kg of ThO,/1 lot) in pilot-plant equipment.

(II) Laboratory study

(i) Extraction of thorium nitrate and uranjrl nitrate with tributyl phosphate.

As a specific density of solvent, a metal distribution coefficient in solvent and a
aqueous phase quantity into solvent are influenced by the kinds of diluent in tributyl
phosphate, the selection of diluent is an important work which should be carried
out before the experiment of solvent extraction. It has been recognized by the
results of the examination® that when kerocen, benzen, toluen and carbon tetrachloride
are used as diluent of TBP, the uranium metal distribution coefficients are increased
according to the above arrangement of the diluents. . But kerocen which has the
most high boiling point and is more stable compound has been generally used as
the diluent of TBP in a industrial process. Therefore, the author used kerocen in
this process. For the TBP concentration in TBP—kerocen system of this process
the author adopted 20 per cent in volume, which has been shown in several books.

The methed of the extraction test is as follows; (1) both test solution and
solvent are transferred into a separating funnel; (2) the funnel is immersed in
thermo-hygrostat at 20°C for 30 minutes; (3) the funnel is next shaked for 3
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minutes and settled for 10 minutes; (4) two phases of solvent and aqueous solution
are separated ; (5) a stripping process is carried out three times with water. The
distribution cocefficient and extraction ratio of thorium, uranium, acid etc.,, were
calculated from their contents in raffinate and in stripping solution.

The each metal concentration in synthetic solution for solvent extraction was
prepared in conformity with the composition of crude thorium-uranium concentrate
(Table 1) and their concentration was adjusted to thorium, 100g of ThO,, uranium,
10g U0, rare earth metals, 10~30g R.0;, iron, 10~20g Fe,O; and phosphorus
10~30g P,O; per litre as a standard.

The important factors which influence the extraction ratio and the purity of
thorium nitrate and uranyl nitrate in a tributyl phosphate extraction are a con-
centration of salting cut agent, a metal concentration in feed, a volume ratio of
solvent to feed, an extraction temperature, a condition of stripping and back washing
etc. The following experiments were carried out for the determination of the best
condition of each of the above-mentioned factors.

(1) Effect of nitric acid concentration

When nitric acid was used as salting out agent, the distribution coefficients of
thorium and wranium accompanying the variation of nitric acid concentration in
feed were sought, and the best acid concentration for the extraction of these metals
was decided from these distribution coefficients.

First, by means of shaking with 10c¢.c. of 2~10 M-nitric acid and 10c.c. of
solvent, the amount of nitric acid transferred inte solvent was determined, and
next 10c.c. of 2~6 M-nitric acid solution containing thorium, 100g ThO,// and

uranium, 10g U,04// severally, was

(W) —— extracted. These distribution coe-
=) o= fficients calculated from the several
10011.0 /0—-—{' 410 N .
= / above experiments are shown in

- /° / Z Fig. 1
& 2 According to Fig. 1, it is re-
© 8  cognized that the distribution coe-
g ¥ 2 fficients of thorium and uranium
2 ®  jncrease with the increase of nitric
% 50405 05 3 . . .
S R = acid concentration, and at the acid
g i . —° £ concentration of more than 4M,
= °/ 2 the increase ratio of distribution
ﬁ / o 1h <~ coefficient per 1 M-nitric acid de-
2 © 66— U creases and at 5~6M, it shows almost
=) H—— QACId A
a maximum value. At more than
N B S S S 4 M, the higher the acid concentra-
Nitric acid concentration (M) tion is, the smaller the gradient of
Fig. 1. Distribution coefficient of nitrate of Th nitric acid contents in solvent is.

and U and soluble quantity of HNO; in solvent : ;
at TBP extraction in nitric acid solution to A following reason is presumed as

various nitric acid concentration. an explanation of this fact. The
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increase of nitric acid concentration in feed ensues the increase of undissociated
[Th(NO;),] and [UO,(NO,),] which form with TBP Th(NO,),-4TBP and UQ,(NO;),*
2TBP by a common ion effect owing to the increase of [NO,], but the increase
of nitric acid concentration in feed also causes consequently the increase of undis-
sociated [HNO;] which forms HNO,-TBP with TBP. Therefore, TBP which should
be combined with thorium and uranium is consumed by this reaction. As a result
of the cancel of these opposite phenomena, the distribution coefficient of thorium
and uranium becomes a maximum value at 6 M-nitric acid concentration in feed.
Accordingly, it is desirable that nitric acid concentration in feed is adjusted to 6 M.
However, it is desirable industrially to adopt 4 M for acid concentration in feed,
considering the relation between nitric acid quantities used to raise the acid con-
centrate and extracted quantities of thorium and uranium.

(2) Effect of metal concentration in feed

In a batch solvent extraction, an extraction ratio of thorium and uranium is
influenced by the concentration of these metals in feed. In order to determine this
relationship, 10 c.c. of 4 M-nitric acid solution which contains the various quantities
of thorium and uranium was extracted by TBP of an equal volume to the aqueous
solution. These experimental results are shown in Table 2.

Table 2. Distribution coefficient and extraction ratio of nitrate
of Th and U to variable metal concentration in feed.

uranium thorium

TO,(NO,), in feed | distribution | extraction | Th(NO,), in feed | distribution | extraction
(U304 g/ | coefficient | ratio (%) (ThO, g/1) | coefficient ratio (%)

10 29.7 96.73 50 1.95 66.10

30 241 96.02 62 1.60 61.54

50 21.2 95.50 75 1.35 57.45

80 13.8 93.24 100 0.98 49.50

100 8.35 89.30 150 0.75 42.86

150 3.05 75.31 200 0.60 37.50

As shown in Table 2, the extraction ratio and distribution coefficient of thorium
and uranium decrease according to the increase of these metal contents in feed.
The distribution coefficient of uranium shows the value rising one place in com-
parison with that of thorium, and the concentration of uranium, on the contrary, is
usually one place lower than that of thorium. Accordingly, in this case it is not
always necessary to consider the uranium concentration in feed, because it exists
in constant proportion to the thorium concentration.

In an adopticn of a batch extraction, it is not desirable industrially to lower
the thorium concentration owing to the rise of production cost per unit, even if
extraction ratio of it increases. The extraction ratio of thorium in the actual process
is usually required more than 80%. It is determined from the value in Table 2
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that the thorium concentration in feed, which is able to reach this value by a
limited multiple extraction, is 100 g of ThO,// of feed, in maximum. This thorium
concentration was adopted in the subsequent experiment.

(3) Effect of volume ratio of solvent to feed.

As the process of solvent extraction, there are two methods: one is a batch
extraction, the other is a continuous extraction. The continuous extraction is fit
for such material of relatively smaller distribution coefficient as thorium, but at
the present when the demand of thorium is little, the batch extraction method is
desirable for thorium extraction owing to the low price of equipment. Therefore,
the batch extraction method was adopted in the following experiments. In the
batch extraction, both the volume ratio of solvent to feed and the number of times
of multiple extraction are the important factors which have much influence upon
the extraction ratio of thorium and uranium. A volume ratio required to obtain
the desirable metal extraction ratio was sought experimentally, and it can be
calculated by the following formula.

I o =extraction ratio
Forg/Faq. = 5475 1 distribution coefficient

Fig. 2 shows the extraction ratio of each metal sought by means of shaking on
100 c.c. of 4M-nitric acid solution containing thorium, 100g ThO,//, uranium 10g
U,0s/! and rare earth metals, 10g

R,0s/! respectively with TBP under

0 the variable volume ratio of solvent

A —o—® & to feed, 1.0, 1.5, 2.0 --- 35. From Fig.
s\j 2, it is found that the extraction ratio
= of thorium and uranium are nearly
94' — constant at volume ratio more than 3,
K /0/?‘/)( but the extraction ratio of rare earths
g %/ increases in proportion to the increase
= / U of the volume ratio.
= ob o o RE. The experiment seeking for the
g 2% 00— Th(4M) relation between the repeated times
Ex *— Th(3M) of extraction and the extraction ratio
: A of thorium, uranium, etc., was carried
£ / out with 100c.c. of 4M-nitric acid
8 / solution containing thorium (100g
5 / ThO./7), uranium (10g U,0./7) and
V- rare earths (10g R,0.//) together,
with TBP, whose volume ratio to the
10 TE 30 5E 50 35 40 solution is 2. Before 2nd and 3rd
Volume ratio of T.B.P. to aqueous sol. extraction, nitric acid was added for

Fig. 2. Extraction ratio of nitrate of Th, U the adjustment of acid concentration

and R.E. to various volume ratio (solvent/feed) in raffinate. This results is shown
at TBP extraction in nitric acid solution. in Table 3.
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Table 3. Extraction ratio of nitrate of Th, U and R.E. to the number
of times of multiple extraction at TBP extraction.

a number of times

of extraction Ist ext. 2nd ext. 3rd ext. total

acid weightt ratio | weight | ratio | weight | ratio | weight | ratio

kind of nitrate | iy | (g | (%) | (&) | (%) | (%) | (%) | (&) | (%)
| 2053 | 0534 | 534 | 8990 | 89.90
i

H
thorium (ThO,) | 30 | 6403 | 6403 | 2.053
| 40 6622 6622 | 2324 | 2324 | 0461 & 461 | 9405 | 9405
uranium (U;0y) 40 | 09720  97.20 | 00230 | 230 | 00031 | 031 | 09981 | 99.81
rare carths (R,0,) | 40 00193 193 | 00185 | 1.85| 00175 | L75 | 00553 | 553

» ”

From the results of Fig. 2 and Table 3, it is advisable that the volume ratio of
TBP to feed is adopted in the range 2~3, on account of the facts that the thorium
extraction ratio increases with the increase of volume ratio of TBP to feed, but
the increase of thorium extraction ratio has the limit as above mentioned, and
that the increase of impurity metal extraction ratio and the decrease of treatment
amount of one lot occur accompanying the increase of volume ratio. Then, it is
recognized that twice extractions with TBP, whose volume ratio to the solution is
from 2 to 3, is at least required to secure the thorium extraction ratio, more than
80 per cent as above mentioned.

(4) Effect of impurity in crude thorium concentrate

The elements which are contained relatively much in crude thorium cake and
infuence the solvent extraction of thorium and uranium, are phosphorus, iron and
rare earth elements. The presence of
phosphorus impedes the solvent extrac-
tion of thorium and uranium, but this
negative action of phosphorus is some-
what restrained by ferric iron in feed.
A part of iron and rare earth metals is
extracted by TBP and the purity of

{00}

o—8BXtractionratio of Th
o-~--1ate of decrease to P.Or nonconfent

Q
0
<
&
Q
-
Gt
=]
et
]
=
thorium and uranium extracted deterio- 'g;\E -
. . (o]
rates in consequence of the admixture ,:: Lo
of these elements. = g wl T~
o .
Phosphorus—the relation between g . Rl
. . . =] \d -
thorium extraction ratio and phosphoric & i
. . . . - s
acid concentration in aqueous solution, o
was sought, using 50c.c. of 4M-nitric acid § &”"'
solution which contains both thorium, § r-cal
100g of ThO./l, and variable amounts {§ -'Z e . =
of P,O;, by the twice extractions with P,05/ThO, (%)
une ratio to the solution . . ; . .
’.I‘BP whose volume ra A L; Fig. 3. Extraction ratio of thorium nitrate
is 2. These results are shown in Fig. to various phosphorus concentration in

3. feed at TBP extraction.
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According to it, the thorium extraction ratio decresses in proportion to the
increase of P,O,/ThO, and it is shown that the thorium extraction ratio when
thorium contains P,O,, P,0,/ThO, 495 decreases 109 of that when it does not
contains P,Os; when thorium contains P,O;, P,O;/ThO, 20% it decrease 50% of the
later ratio. The contamination of P,O, in this range is generally seen in the crude
thorium-uranium hydroxide cake. Though this effect can be minimized by ferric
nitrate in feed, the crude thorium hydroxide for solvent extraction should be kept
low in phosphorus content.

Iron and rare earth elements—on 100c.c. of 3M-nitric acid solution containing
the variable quantities of iron and rare earth elements respectively, the extraction
quantities of these metals were sought with 300c.c. of TBP by twice extractions.
These results are shown in Table 4.

Table 4. Extraction quantities of nitrates of Fe and R.E. to variable
metal concentrations in feed at TBP extraction.

rare earth elements iron
in 100 c.c. extracted R,0, ~in 100 c.c. 3 extracted Fe,Oy
feed, R;0; st |  2nd { total feed, Fe Oy Ist | 2nd | total
ROMROERGERG (2 &) | (&) | ()
T 7
1.000 0.0247 | 0.0277 0.0524 0.500 0.0126 ; 0.0112 0.0238
2.000 0.0521 0.0444 0.0965 1.000 0.0194 I 0.0168 0.0362
3.000 0.1014 ’ 0.1192 0.2206 2.000 0.0311 ﬁ 0.0291 0.0602
5.000 I 0.2289 0.2428 04717 4.000 0.0611 i 0.0460 0.1071

Iron content in feed is variable in the above range according to localities of
monazite sand and rare earths content is also variable by the separating technique
of thorium at crude thorium-uranium hydroxide production. Since the more quanti-
ties of iron and rare earths in feed increase, the more extracted quantities of
these metals increase, it is desirable to reduce the quantities of iron and rare
earths in crude hydroxide to as little ones as possible, even these elements can be
removed by means of back-washing, fractional precipitation or following solvent
exftraction.

(5) Stripping condition

Stripping process of TBP phase which recovers thorium and uranium was
carried out with water. An effect of stripping on batch extraction process is in-
fluenced both by the number of times of stripping and by a volume ratio of water
to TBP. After 100 c.c. of 4M-nitric acid solution containing 10g of ThO,, 1g of
U0, 2g of R,O; and 2g of Fe,O; respectively had been extracted with 300 c.c. of
TBP, the solvent was stripped three times with 300c.c. of water apiece. The
result of their metal stripping ratio at each time is shown in Fig. 4. According
to Fig. 4, by once stripping, more than 80% of thorium, rare earths and iron is
stripped but nearly complete recovery of uranium at least requires thrice strippings.
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The stripping facility of each
metal has the inverse relation to
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with the variable volume of ! 2 )
A number of times of stripping

stripping water at each strip-
. Thi It h . Fig. 4. Stripping ratio of nitrate of Th, U, Fe
ping. 1 resulls are shown 1n and R.E., to a number of times of stripping

Table 5. at TBP extraction.

Table 5. Stripping ratio of nitrate of Th and U to variable volumes
of stripping water.

test :g;lé?i Orz}lt‘g)Pof stripped metal
thorium (ThO,) uranium (U;0q)

mo- et 2nd M) @) 0
1 1 0 6.096 80.6 0.195 20.0
2 2 0 7.206 95.3 0.454 46.3
3 1 1 7.545 99.8 0.676 69.0
4 1 2 7.532 99.6 0.849 86.7
5 2 1 7.534 99.7 0.862 88.0
6 2 2 7.554 99.9 0.920 93.9

thorium content (ThO, 7.560 g) and uranium content (U;O5; 0.980 g) in solvent.

Although the sufficient stripping of thorium and uranium, especially of uranium
is obtained with large volume of water and by twice strippings as at test 6, the
remarkable increase of the extracted volume is undesirable from the industrial
standpoint. In an industrial stripping process, a satisfactory result is obtained by
carrying out with water, water/TBP. 2, at 1st stripping and water/TBP. 1, at 2nd.
Although the stripping of uranium is not sufficient, the loss of uranium can be
disregarded since unstripped uranium in TBP is transferred to the next lot extrac-
tion as the result of the recycle of TBP.
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(6) Recovery of thorium and uranium as hydroxide from extracted solution

In this study, thorium and uranium in extracted solution were precipitated as
hydroxide with ammonia for the purpose of the remove of nitrate ion which
interferes with the succeeding TBP extraction in hydrochloric acid solution. By
raising the pH of the solution to 6.0-£0.2, more than 99% of thorium and uranium
is precipitated but the reduced rare earths do not yet begin theoretically the
precipitation at this pH. Accordingly, the rare earths which are extracted with
thorium and uranium by solvent can be separated from thorium and uranium by
the fractional precipitation. The small amount of rare earths, however, remaines
in the thorium-uranium hydroxide by the absorption reaction.

(i1) Separation of uranyl chloride and thorium chloride by tributyl phosphate
extraction

For the separation method of thorium and uranium, an oxalic acid method®
which separetes thorium as precipitate from uranium solution with oxalic acid, and
an ion-exchange method® which applies the difference of absorption capacity of
these carbonate complex ions to anion resin, have been carried out and reported.
Though the former method has been adopted widely since the development of
thorium industry, this is not a best industrial methoed for the production of thorium
nitrate, because it requires many operations to change the thorium oxalate into its
hydroxide. The latter method is studied on a laboratory scale of late and not yet
adopted for an industrial process. The author investigated the method by which
uranium alone is extracted into TBP and thorium is left in raffinate by the TBP
extraction in the hydrochloric acid solution in accordance with the discovery that
thorium chloride remarkably differs from uranium chloride in their distribution
coefficient in TBP. Distribution coefficient and separation coefficient of thorium
and uranium were sought from the experimental result that thorium (100g ThO,//)
and uranium (100g U,04/!) in 4M-hydrochloric acid solution were extracted with
309 TBP by the process of solvent extraction as mentioned in section (i). These
results are shown in Table 6. The distribution coefficient of the each metal nitrate
was also described in Table 6 together with the purpose of comparison.

Table 6. Distribution coeflicient and separation coefficient of chlorides of
Th and U, and of nitrates of these metals at TBP etraction.

kind of salt | conz:g;lltgate ) déigﬁlibclllé;otn , separ:z%or;oc%%f?cient
uranyl chloride U0, 100 | 0.91 } 627
thorium chioride ThO, 100 | 0.011
urany! chloride U,04 10 E 6.13 } 557.2
uranyl nitrate U0, 100 ; 7.62 } 78
thorium nitrate ThO, 100 | 0.98
uranyl nitrate U0, 10 ‘[ 36.00 } 57.8
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From the values of the distribution coefficient of thorium and uranium, it is
found that uranium in hydrochloric acid is well extracted with TBP, but thorium
is not almost extracted. In the following experiments, the separation conditions of
uranium and thorium in hydrochloric acid solution were determined.

(1) Effect of hydrochloric acid concentration
- The results are shown in Fig. 5, that the relation between the quantities of
hydrochloric acid transferred into TBP and hydrochloric acid concentration in feed
was determined with 10 c.c. of 2~10M-hydrochloric acid, and that the distribtion
coefficient of uranyl chloride and of thorium chloride at each acid concentration
was determined with 10 cc. of
2~6M-hydrochloric acid solution
containing uranium (10g U;04/0), (mlw
and thorium (100g ThO,/I). Ac-
cording to Fig. b, the quantities of
the hydrochloric acid transferred
into TBP increase abruptly at
5M-acid concentration in feed,
and the distribution coefficients of
uranium and thorium also increase
as well as acid quantity in TBP.

The facts that the distribution
coefficients of uranium chloride
and thorium chloride show the
large difference, and that the o0 e
soluble quantity of hydrochloric :’::,F:}‘e// ‘
acid in TBP exceedingly differes 2 3 4 5 3 7 S
from that of nitric acid, are con- Hydrochloric acid concentration (M)

sidered to occur parhaps by the Fig. 5. Distribution coefficient of chloride of Th
and U and soluble quantity of HCI in solvent
R at TBP extraction in hydrochloric acid solution
in the ionization degree. Further to various hydrochloric acid concentrations.
theoretical discussion on this pro-

blem, however, is not attempted in this paper.

The suitable hydrochloric acid concentration at which uranium is transferred
into TBP and thorium remaines in aqueous solution is 4~4.5M. Below 3M-hydro-
chloric acid, the solution is frequently emulsionized in the actual process.

For the next experiment, 100 c.c. of solution that contains both thorium (100g
ThO,/!) and uranium (10g U;04//) and that contains also varied hydrochloric acid
was treated with 200 c.c. of TBP. These results are shown in Table 7.

From Table 7, it is found that at the acidity 4.5M the extraction ratio of
uranium and of thorium and the separation ratio of these metals reach 909, 1.6%
and 56%5, and that at more than 4.5M the extraction ratio of uranium increases,
while the separation ratio of uranium and thorium decreases. Accordingly, 4.5M-
hydrochloric acid is the most suitable acid concentration in this process.

(o]

013100 410

X

005150 105

O
(W) 3eAT0S UL PIOE OLIOTYD0IPAH

Distribution coefficient of Th and U

difference of chloride and nitrate
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Table 7. Extraction ratio of chloride of Th and U to varied hydrochloric acid concent.

extracted (ThO,) extracted UsOq
acid (M) | ‘
(8) (%) (g) \ (%)
3.0 0.1132 1.13 ( 1.57) 0.7084 70.84 (66.7)
49 0.1490 149 ( 17D 0.8650 86.50 (92.4)
45 0.1596 1.60 ( 2.15) 0.8953 89.53 (95.0)
5.0 0.2964 2.96 ( 645) 0.9204 92.04 (96.3)
5.5 0.5260 526 ( — ) 0.9311 9311 ( —)
6.0 1.0944 10.94 (20.00) 0.9352 93.52 (96.9)

1.0, 1.5, --25.

() the value in the case containing uranium and thorium separately

(2) Effect of volume ratio of TBP to aqueous solution

In order to determine the relation between the extraction ratio of uranium and
thorium and the volume ratio of TBP to aqueous solution, with 100 c.c. of 4.5M~
hydrochloric acid soluion containing uranium (10g U;O4//), and thorium (100g
ThO,/I), several experiments were repeated under the volume ratio of TBP to feed,

The result is shown in Fig. 6. According to Fig. 6, the volume

ratio of TBP to aqueous solution, when it is 2, is thought fit to obtain the uranium

Etraction ratio of Th, U and RE. (%)
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Volume ratio of T.B.P. to aqueous sol.

Fig. 6. Extraction ratio of chloride of Th, U and

R.E. to varied volume ratio, (solvent/feed) at
TBP extraction in hydrochloric acid solution.

extraction ratio 90% and the
separation ratio 56. At more
than this volume ratio, the sepa-
ration ratio decreases with the
increase of the thorium extract.

(3) Effect of metal concent-
ration in aqueous solution

The concentration of thorium,
uranium, iron, rare earth metals
etc. in hydrochloric acid solution
is determined by the water con-
tent in hydroxide cake separated
from the above nitric acid solu-
tion. When the undried cake
filtered from the nitric acid solu-
tion was dissolved in 379 hydro-
chloric acid and its acid con-
centration was adjusted to 4.5M,
the each metal concentration in
the solution is, thorium, about
100g of ThO, per litre, uranium,
about 10g of U0, per litre and
iron, 0.1~0.5g of Fe,O; per litre.
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With 4M-hydrochloric acid solution which contained more than the above
quantities of iron and uranium, twice extractions were carried out with TBP,
whose volume ratio to aqueous solution is 2; the experimental results are shown
in Table 8.

Table 8. Extraction ratio of chloride of U, Fe, Th and R.E. to a number
of times of multiple extraction at TBP extraction.

thorium frare earths

kind of chloride uranium (U 0g) iron (Fe,03) (ThOy) | (R,05)
content Cif;.fee% gy 10000 1 2.5000 ? 5.0000 | 0.0500 ; 0.1000 | 0.1500 | 10.000 | 10000
Ist ext. quantity (2)| 0.9521 | 2.2260 | 3.9865 | 0.0496 | 0.0986 I 0.1486 | 02188 | 0.0242
»  ratio  (%)| 9521 | 89.08 | 79.76 | 972 | 986 99:1 2.19 J 242
2nd ext. quantity (g) 0.0376 Z 02362 | 0.9414 | 0.0012 | 0.0012 | 0.0011 | 02237 | 0.0189
» ratio (%) 3.76 9.44 | 18.83 24 12 | o7 224 | 1.89
total ext. ratio (%) 98.97 . 9852 | 9859 | 996 | 998 | 998 | 443 { 431

By Table 8, it is found that extraction ratio of uranium and iron is reached more
than 95% by once extraction in the solution of thorium concentration, 100g ThO,//,
but when uranium conceniration is more than that, twice extractions are required.
Rare earth elements also are partly extracted and this extraction process is useful
to reduce the rare earths which can not be removed completely by both the TBP
extraction of nitrate and the fractional precipitation of hydroxide.

(4) Stripping condition

The stripping of uranium from TBP treated in hydrochloric acid solution is
more easy than the uranium stripping from TBP in nitric acid, because the uranium
distribution coefficient in hydrochloric acid is smaller than that in nitric acid. The
acid concentration in the stripping solution decreases speedily due to the fact that
the quantity of hydrochloric acid transferred into TBP is little. In order to decide
the amount of stripping, after 100 c.c. of 4 M~hydrochloric acid solution containing
thorium, uranium and iron respectively had been extracted with 300c.c. of TBP,
stripping process was carried out thrice with water, 300 c.c. at each stripping, and
these metals in each stripping solution were analysed. The result is shown in
Table 9.

Table 9. Stripping quantity of chloride of U, Fe and Th to the multiple
times of stripping at TBP extraction. ’

kind of chloride uranium iron thorium
content in feed 0.1000 (U,04) 0.1000 (Fe,0,) 10.0000 (ThO,)
100 c.c. (g) (g) 1 (%) (g) | (%) (g) (%)
once strip. 09388 |  98.60 00948 = 96.15 0.2158 99.56
twice strip. 00085 | 0.90 00027 | 274 0.0036 0.12
thrice strip. 0.0048 | 050 00011 111 0.0004 0.02
total 0.9521 § 100.00 0.0986 f 100.00 0.2188 100.00
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We can conclude from it that in this case, it is sufficient to carry out the stripping
once with water, whose volume ratio to TBP is 2.

As the recovery method of uranium from the stripping solution, it is desirable
that the uranium is first condenced as crude sodium uranate, and then is purified
continuously. After iron and thorium in the stripping solution had been removed
by the reutralization until pH 6.0 with sodium carbonate-scdium bicarbonate solution,
uranium in the filtrate was precipitated as sodium uranate with hydrochloric acid
and caustic soda by the conventional method. In order to purify the uranium from
the sodium uranate, the method either of solvent extraction or of ion-exchange is
adopted commonly.

(5) Recovery condition of thorium in hydrochloric acid solution

In a thorium nitrate production it is required that thorium in the hydrochloric
acid solution is precipitated for the removal of chloride. For the precipitant in
this process, ammonium carbonate was used for two reasons: one is that thorium
carbonate is crystaline precipitate which is lower in chloride adsorption and is
easily washed and filtrated, the other is that the uranium which remains in the
solution can be removed completely from the thorium precipitate as uranium car-
bonate complex. In this process, the following attention is required: the addition
of ammonium carbonate should be stopped at pH 6 to prevent the redissolution of
thorium precipitate as carbonate complex.

(L)  Pilot plant study

: [Raw ateriat] {757 Hne] [oxter] [35zrcL] [Bornngn] [foz0no,)
In order to examine the —

adaptability of the process l
on a large scale, a series Dissolver SESE;;e Stripwater]
of runs in pilot-plant equip- [

ment was carried out. The I!OYN?LOHI
flow sheet of the process

Th-u sol.
Storage

which was obtained as a
result of the above investiga- Storae] T |
tions is shown in Fig. 7. im‘fﬁ%";{ __t_j e "”“i Suxer —
(i) Dissolution of crude v b
hydroxide cake in nitric acid. ’R_ea.i@ ER%?OY! !Dsss:lver!
100 kg of crude thorium- ;:';.:':..-., et Thotl A
. . H 'flﬂ = torage
uranium hydroxide Fake 1@:; ' @J Repulper]
(Table 1) was placed in a o — | | [T care
300/ steam jacketed pfaudler 2&55;;9] }Repulper‘ s*row;e
kettle fitted with an agitator. L~ M
ssolver
To it was added 98% nitric &A
acid, 100kg of acid/100 kg s Ggs{ahzar
of cake. The mixture was Sodivm uramate Thonummtra,te

diluted until 250/ with water Fig. 7. Flow sheet for the production of thorium nitrate
and heated at 90~100°C for and sodium uranate from monazite.
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1 hr. in order to evaporate nitrogen monoxide gas, which breaks down TBP. The
acid solution in which was suspended solid material consisting mostly of silica,
titania and iron oxide was filtered under a pressure with steel filter consisting of
one horizontal plate. The slurry is washed with 70~100/ of water of the filter.
The acid solution was then transferred into a storage tank. By this treatment, the
concentration of acid and thorium in the solution was adjusted to 4~4.5M-nitric
acid and to 95~110g of ThO, per litre. Concentration of a typical acid solution is
shown in Table 10.

Table 10. Composition of nitric acid solution of crude hydroxide cake
(feed for TBP extraction).

constituent | ThO, | Us0s | RO ‘ Fe,04 ; Ti0, ] P,0; } acid COlgl(iZgitrathn
~__ ! : ! ! U, Sub bneitAS Y
grams per litre | 99.82 ; 821 | 434 | 239 ] 0.87 { 280 | 41

(ii) Extraction of thorium and uranium with trybutyl phosphate and precipi-
tation of hydroxide with ammonia

The extraction process of one batch consisted of twice extractions and twice
strippings after each extraction. 50/ of feed of one lot was placed in mixser
settler extractor (Fig. 8A). Into it was charged 309 TBP-kerosene, 100/ of
solvent/50/ of feed. After agitation for 10 minutes the mixture was settled for 30
minutes in order to separate two phases completely. The sclvent phase transferred
into the extractor (B) with syphon was stripped with water, 200/ of water/100/
of solvent, by agitating for 10
minutes. The mixture was settled Solvent
for 30 minutes. The solvent was SEOTAGEfem v om om o om o e A mmmm e :
again transferred into the extractor
(C) and twice strippings were

P, AR

]

i

i

]
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L h \

carried out with water, 1007 of doghmey :

] 1

solvent. The solvent which had Qé S S 4

. . . § : '

been twice Stl?pped recycled to Eitractor j ¢7Zé ; i

the first extraction of the next lot. ' 7 : 1

i

The acid concentration of the E"“e‘i”—;ii- , : !

3 i affinai Stri {0 ; ; Solvent]] 1
raﬁ"m'l‘c'e obtained ‘from the first Rs: o‘ri:zi; tgépofff;g'"] Extractorc4 |l Vel

extraction was adjusted to about pal
4M. by the addition of 14N nitric Fig. 8. Equipments of solvent extraction.

acid, 5kg of acid/50/ of feed. The

second extraction and stripping were carried out in the above-mentioned process
with fresh TBP (in the case of the next lot, with TBP which recycled from the
second extraction of the preceding lot). Solvent which had been twice stripped at
the second extraction recycled to the second extraction at the next lot extraction.
Raflinate obtained from the second extraction was offered for the recovery of rare
earths and unextracted thorium. Stripping solution from the first extraction and
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that from the second were combined in a neutralization vessel.

The combined solution was partially neutralized by the addition of ammonium
hydroxide. This operation was carried out with a high speed agitation. Before
neutralization, sodium nitride, 100g of salt/50/ of feed, was added in order to reduce
cerric salt. To the acid solution was added a dilute ammonium hydroxide until an
equilibrium pH of 5.8~6.0 as measured with a glass calomel electrode pH meter.
The separation of hydroxide slurry was required to carry out at least twice filtra-
tions and one washing in order to remove the mother water containing nitrate and
rare earths. Before each filtration, the slurry was settled and as much supernatant
liquor as possible was removed by decantation. The filtrations were carried out
with an rotary drum vacuum filter at 380 mm of Hg vacuum. After filtration, the
cake was repulped and vigorously stirred in water. The repulped slurry was
settled again, decanted and filtered. The final wet cake was transferred into a
storage vessel. A typical analysis of obtained cake is given in Table 11.

Table 11. Yield and composition of refining thorium-—uranium
hydroxide cake.

i

! ; i [ i
comp. ‘ ThO, [ R,04 f U;304 ( Fe 0y TiO, E Py0s 1 ig.loss | H,0

(%) | 1655 | o025 | 139 | 0018 | ooor | o082 | 207 IREES

Yield—Cake 24.5kg. ThO,, 4.05kg (81.3%), U305 0.34 kg (83.9%), ( ) contents of
Th and of U in thorium-—uranium cake to these contents in feed.

(iii) Dissolution of hydroxide cake in hydrochloric acid and extraction of
uranium by tributyl phosphate,

Thorium~—uranium hydroxide cake was next transferred into stoneware vessel
fitted with a steam-jacketed pfaudler. To it was added 35% hydrochloric acid,
20 kg of acid/50 kg of cake. The mixture was heated nearly to the boiling point
for 30 minutes. By the heating, chlorine gas could be almost evoluted from acid
solution. The acid solution was then charged in a mixer settler extractor (Fig. 8).
To it was added 30% TBP-kerosene, 100/ of solvent/50/ of feed. After mixing
with moderate agitation for 10 minutes, the mixture was settled for 30 minutes in
order to separate each phase of solvent and raffinate completely. The decomposed
material of solvent often occured between solvent and raffinate. Accordingly, the
separation of the three phases of solvent, raffinate and decomposed material was
required. The solvent and raffinate were separated from each other by syphon
and transferred into the extractor (B) and a storage vessel. After the middle
phase which consists mainly of decomposed material of solvent, had been filtered
with a glass fiber filter, solvent and raffinate obtained by filtration were added to
each main phase. The solvent was stripped with water, 200/ of water/100/ of
solvent, by agitation for 10 minutes and settlement for 30 minutes. After the
solvent had been separated by syphon, it recycled to solvent extraction of the
next lot,
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The stripping solution containing uranium was neutralized until pH 6.0 with
10% sodium carbonate-sodium bicarbonate solution (weight ratio of carbonate to
bicarbonate is 1) with agitation. The supernatant liquor was transferred into a
reaction vessel fitted with a steam-jacketed pfaudler. The precipitate which con-
sisted mainly of iron and thorium was filtered in centrifugal filter, and its cake was
repulped with water and again filtered. The final cake was used for the preperation
of nitric acid feed with crude thorium-uranium hydroxide cake. Two filtrates were
combined with the supernatant liquor. To it was added 35% hydrochloric acid
until about pH 3 and the solution was heated to the boiling point in order to break
carbonate complex and to remove carbon dioxide. After the heating had been
finished, to it was added 10% sodium hydroxide solution until about pH 9 and the
occured uranium precipitate was settled, decanted and filtered. The cake was
repulped in water, decanted and again filtered. The final wet cake was dried on
oven at 100~110°C to constant weight. Composition and yield of the obtained
yellow cake are given in Table 12.

Table 12. Yield and compositition of natrium wuranate cake
(of the first lot).

Fe,0y | TiO; | ALO, | PO | SO, lig. Toss | H,0
!
i

comp. } U0, | NayO 1Th02<R203)

005 | 010 | 396 | 045

i

(%) {83.91{ 9017 | o019 { 005 | o |

Yield—Cake 0.38kg, UsO, 0.32kg, U in yellow cake to that in original feed, 78.0%.

(iv) Recovery of thorium salts

Raffinate containing thorium was diluted with water until three times as great
volume as the raffinate. To it was added 10% ammonium hydroxide until thorium
hydroxide began to precipitate (until about pH 2) and the addition of 5% ammonium
bicarbonate solution was continued until pH 6.5. After the precipitate of carbonate
had been settled completely, the supernatant liquor was removed by the help of
pump. The slurry was repulped in water, settled and again decanted to remove
as much chloride and remaining solvent as possible. The slurry filtered with a
rotary drum vacuum filter. The cake was repulped in water, settled, decanted and
again filtered.

The final cake was transferred into the reaction vessel fitted with a heater and
dissolved in nitric acid until the clear solution is obtained by heating. The nitric
acid solution was filtered with a suction filter in order to remove the fine segregated
silica from the solution. The filtered acid solution was next evaporated in crystal-
lizing dish until the surface of the solution was cryétallized a little. By cooling
with agitation of the solution, thorium nitrate crystal was segregated out with the
evaporation of nitric acid gas. Composition of the obtained thorium nitrate is
shown in Table 13.
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Table 13. Yield and composition of obtained thorium nitrate crystal
(of the first lot).

comp. | ThO, | RO, | Fe,0; | TiO, | ALO, | CaO | UOs| SO, | P.O; | S0, | ig. loss| H,0

e
. I H
| ! , i :
(2) | 4175 005 ] 0.01 ‘ 002 | tr | 002] 001 023 | 011 | tr | 4780 3.4

Yield—Cake 8.30kg, ThO, 3.96kg, Th in thorium nitrate to that of original feed, 79.4%.

The obtained thorium nitrate can be supplied intact as commercial product,
and for the purpose of the use of the atomic energy it should be purified by a
solvent extraction or an ion-exchange process.

Conclusion

The process which has been investigated by the author, consists of following
two main reactions :

(1) Both thorium and uranium are extracted with tributyl phosphate from the

nitric acid solution of the crude thorium-uranium hydroxide,

(2) Uranium is extracted with tributyl phosphate from the hydrochloric acid
solution of the refined thorium-uranium hydroxide and thorium remains
in raffinate,

By appling these two reactions, the author successed in producing uranium
vellow cake and commercial grade thorium nitrate from crude thorium-uranium
hydroxide cake obtained from monazite by sulfuric acid treatment or coustic soda
treatment.

The characteristics of this process is that the extraction and separation of
thorium and uranium can be carried out with same solvent only by changing the
kind of acid.

An industrial value of this investigation consists in that this process offers
some advantages that the thorium and uranium products cobtained are relatively
purer, and their cost is down lower than those by conventional carbonate-hydrogen
peroxide method of oxalate. Accordingly, this process has been used as one of
the processes of the thorium and uranium production in Japan since 1956. Batch
extraction in this process should be converted to continuous extraction with the
increase of thorium demand, and the application of continuous extraction probably
can be cost-down by the increase of extraction ratio and the improvement of
working efficiency.
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