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ABSTRACT 

The distribution of uranium in the various stages 
of the I.M.I, solvent extraction process for producing 
phosphoric acid was found to be highly dependent on the 
calcium chloride concentration in the aqueous streams. 
Utilizing this fact, a small aqueous stream with a rela
tively high amount of uranium can be obtained along the 
route of the phosphoric acid process. The uranium can 
easily be recovered from this stream by solvent extraction. 
Thus the cost of producing uranium as a by-prcduct of 
phosphoric acid production can be considerably reduced, 
due co lower solvent losses in the aqueous solutions and 
smaller equipment size. 

INTRODUCTION 
The problem of recovery of uranium as a by-product of phosphoric 

acid production has aroused widespread interest. The processes develop 
so far were usually based on direct extraction of the uranium from the 
"wet-process" phosphoric acid with dialkyl esters of the pyrophosphate 

Recently a new process for the production of phosphoric acid has 
(31 been developed in Israel . This process, the I.M.I, process, uses 

hydrochloric acid for acidulation of the phosphate rock, and a liquid-
liquid contact system for separating the phosphoric acid from the crude 
acidulate. Since the known methods for extracting the uranium directly 
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£roa the rock deeos^sition-liquor" are impractical in this case, due 
Co increased'voiassr of the-aqoeotursoiation-ana-low-uranium concentra
t i o n ; * n*w»ethod^for-rftcoverin£ the-uranium along the route of the 
process was sought. 

I t was found that when phosphate rock i s decomposed with hydro
chloric add-under reducing conditions, most af the uranium remains in 
the undissolved residue. A process for the recovery of the uranium, 
based- onT this phenomenon, was proposed by Ketsslnel et a l .* •'. On the 
other handy when phosphate rock, i s acidulated under narmal or oxidizing 
condition!; Host-of the uranium i s dissolved. The solution obtained 
contains about 40-50 milligrams- of uranium par l i t e r . 

I t i s the purpose of this-work to' show how the I .K.I , process can 
be uti l ized as a basis for an economical method of recovering uranium. 

THE r .K.I . FROCESS 

A short outline of the I.H.I, process, based on the detailed 
description given '. by i t s inventors v , i s presented below. 

Bas phosphate-rock i s dissolved in excess hydrochloric acid, the 
clear dissolution-liquor Is • separated from the undissolved residue and 
fed to the solvent extraction section. The la t t e r aims at separating 
the acids (phosphoric and hydrochloric) and purifying the phosphoric 
acid from the large amounts of calcium' and minor quantities of other 
impurities (eg. Fe, F, Si) present In the aqueous dissolution liquor. 

The solvent extraction section consists of four steps, as shown 
in Flg.l t 

1. Extraction-. This step-is fed by the dissolution liquor. Most of 
the'acids-are-transferred-to the'solvent while the bulk of the 
calcium remains in the aqueous phase. 

1, Purification, The-solvent" extract- is washed with a reflux stream 
taken from the aqueous exit of-the next stage (back-extraction). 

http://Flg.lt


Thta removes minor quantities of impurities, coextracted io the 
previous step, 

3. Back-Extraction. The acids are recovered from the purified solvent 
extract by washing i t with water. 

4. Stripping. The washed solvent leaving the back-extraction stage 
recovers the remaining acids from the raffinate leaving the 

Aqueoua Acid* 
Wottr to Diitillatioft 

i f 
j ! Reflux | | j 

1 ' ' 
1 L. Purified.! 

Stripped Liqiar 
HCI to 

Distillate* Solvent Recovery 

Back 
Extraction 

xtract 

Circulating Solvent 

Fig. 1 
Solvent extraction section of the I.M.I, process 

The back-extracted aqueous acids are d is t i l led , and the phosphoric 
acid 1B thus separated from the hydrochloric acid and from solvent traces 
dissolved in the aqueous phase. Further evaporation yields phosphoric 
acid of the desired concentration. 

According to the practical flow charts of the I.M.I, process, a 
side stream of recovered HCl d is t i l l a tes is introduced into the aqueous 
stream between the txtraction and the stripping sections. 



- 4 -

The so lvent s s u i t a b l e for these operations are primary a l i p h a t i c 
a l coho l s j usual ly butanol and i so-amyl-a lcohol . 

EBTERMIKATION OF URANIUM DISTRIBUTION COEFFICIENTS 

The- behaviour of uranium i n the l i q u i d - l i q u i d contact systems of 
the I iM.1 . process was s tudied by determining i t s d i s t r i b u t i o n 
c o e f f i c i e n t s ^ ! . e . i t s organic-to-aqueous phase - concentrat ion r a t i o s . 

-Extraction of uranium i n a lcohols i s w e l l known , but the published 
data, are not re levant to the problem-under d i scuss ion . 

The experiments were carried out on the system H^PO^- HC1 - HO -

CaCl- - s o l v e n t , using s y n t h e t i c s o l u t i o n s . The concentration ranges 
(3) of i n t e r e s t were* ' : 

CaCl- : from 0 to 360 g / l i t e r 

HC1 : from 0 to 3 N 

H_P0 : from 0 to 100 g P 0 / l i t e r 

Because of i t s low concentration, uranium has no efr'ect on the 

d i s t r ibut ion of the various compounds. I t s concentration was up to 

50 m g / l i t e r . 

Most'of the* measurements were taken with hexavalent uranium 
( i . e : uranyl' i o n ) , because moBt of the d i s so lved uranium i n ' t h e I .M.I , 
process i s - in' the oxidized s t a t e . A few measurements were taken with 
t e trava lent uranium. 

The so lvent s t e s t e d were n-butyl a lcoho l , i so-amyl-a lcohol and a 
mixture of the two. 

' Aqueous s o l u t i o n s were prepared'by mixing appropriate amounts of 
concentrated'phosphoric ac id , hydrochloric ac id , water and c r y s t a l l i n e 
calcium chloride;- Uranium was• introduced in to the aqueous so lut ions 
as •uranyl-chloride c r y s t a l s . Fresh so lvent was used i n each experiment. 
A l l the-reagents were of ana ly t i ca l grade. 
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Reaulta 
Typical examples of the effect of the composition of the aqueous 

phase on the distribution of uranium in the system H PO - HC1 - CaCl 
H,0 - alcohol (50* n-BuOH, 50% i-AmOH) are shown in Fig. 2. U is 
evident that high HC1 concentration favours the transfer of uranium 
to the organic phase. A prominent phenomenon is the strong effect of 
the aqueous CaCl- concentration on the uranium distribution, as clearly 
illustrated in Figs. 2 and 3. 

LO 2.0 3.0 
Inllkll HCI CHielnoquKuiphiHlail/llKr) 

Fig. 2 
Effect of aqueous phase composition on the extraction of uranium. 

Solvent: 50X n-'JuOH + 50% i-AmOH. 
Initial phosphoric acid cone: • - 1.4 moles/liter, o - 0.7 moles/litar 

J I I 
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Fig. 3 
I f fcct of Crfig concentration on the extraction of uranium. 

Solvent: 50Z n-BuOH•+ 50* i-AeOH 
Ini t ia l aoueou* phaae composition: 

HC100 HjEO f̂tQ CaCl. 
1.00 
1.00 
0.05 
0.05 
0.05 

1.40 
0.70 
1.40 
0.70 
0.01 

variable 

The effect of the alcohol* on the extraction of uranium ie 
demonatrated In Jig. 4. Aa the primary role of theae alcohola la to 
extract phoaphata, their ability to extract uranium 1* compared with 
reference to the extraction of phoaphata. It can be concluded that 
Iwhen the CaCl, concentration la high, uranium 1* extracted approxima
tely a* veil a* phoaphate, while loo CaCl, concentration* decrease it* 
'dlajxthotlon coefficient. Butanol la found to be a better aolvent for 
uranium than 1-AaOH' under the condition* atudled. 
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E x t r a c t i o n of uranium by n - b u t a n o l and i - a r a y l - a l c o h o l . 
I n i t i a l aqueous phase compos i t ion : 

HC1(M) H 3P0 4<M) CaCl 2 g r / l i t e r 

o 2 .0 1.4 350 
• 2 . 0 0 . 7 350 
A 3 .0 1.4 0 

The distribution coefficients of tecravalent uranium were found 
to be 50-80% of those of the hexavalent state. 

URANIUM DISTRIBUTION IN THE I.M.I. PROCESS SOLVENT EXTRACTION SECTION 
(3) As described , the various stages of the I.M.I, solvent 

extraction section can be classified into two groups according to the 
CaClj concentration in the respective aqueous streams: 

a) The extraction and stripping stages, which have high CaCl„ content. 

b) The purification and back-extraction dcages, which contain negligibly 
calcium concentrations. (The purification Btage aqueous exit may 
contain an appreciable amount of CaCl. but the other streams contain 
but nlnor quantities). 
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in attestpt to predict the distribution of the uranium In the 
various •tages of the I.M.I, process, in view of its calcium-dependent 
behaviour*, leads to the following conclusions. 

Uranium is extracted along with the phosphoric and hydrochloric 
acids into the" solvent extract as it passes through the extraction and 
•tripping batteries (see Fig.l). On purification, an appreciable 
fraction of the uranium is stripped off the solvent and transferred to 
the-aqueous'recycle stream. Due to high water trtuisfer from the aqueous 
reflux to the organic extract; the*recycle'stream is small compared with 
the aqueous feed and the solvent'extract; therefore, the concentration 
of uranium'.in the-recycle-stream* is* high relative to that in other 
process" streams. The unstripped part of the* uranium is washed out of 
the solvent when'the'acids are"back-extracted; and is finally found in 
the phosphoric acid product. 

The uraniusrin the'recycle stream is fed back to the extraction 
stage and is actually circulated between the extraction and the purifi
cation steps. The circulation is governed by the different calcium 
levels in these two stages. 

Uranium,-which is constantly fed to the system with the decompo
sition liquor, thus accumulates-in the solvent extract and in the 
recycle; Its build-up continues until steady state is established. 
Then-all the uranium that enters the system leaves with the product 
stream, while relatively high- concentrations of uranium are maintained 
between-extraction and purification, especially in the recycle. 

If the uranium in the recycle is removed,no accumulation occurs, 
but its concentration in the recycle will Btill be higher than in the feed. 
Henca the-conditions of the purification* which tend to concentrate 
uranium in*the small-volume aqueous'recycle stream, permit Its 
simpler and cheaper recovery. 

Quantitative calculations 

A quantitative model of the phenomena' described above can be 
obtained by considering a linked' extractions-scrub system, as shown 



schemat ica l ly i n F i g . 5 . The scrub s e c t i o n corresponds to the p u r i 
f i c a t i o n s t age of the I . M . I , p r o c e s s . For the purpose of the mathema
t i c a l model I t i s assumed t h a t I d e a l condi t ions of fixed flow r a t e s 
and f ixed d i s t r i b u t i o n c o e f f i c i e n t s hold throughout each l i q u i d - l i q u i d 
contact s e c t i o n . 

The concen t r a t i ons i n F i g . 5 r e f e r to uranium. The flow r a t e s 

are determined b y the behaviour of the main component ( i . e . phosphoric 

ac id) and a r e not d i scussed h e r e . 

I t can e a s i l y be shown t h a t , when c i r c u l a t i o n e x i s t s , the concen

t r a t i o n of the r ecyc l e i s given by the formula: 

(1) 

P and P„ r e p r e s e n t the d i s t r i b u t i o n of t he des i r ed component in 
the e x t r a c t i o n and scrub s t a g e s r e s p e c t i v e l y , and are 
def ined by the w e l l known Kremser-Brown equa t ion : 

(2) 

ps 
y 2 - y 3 

?2 
= hM-h 

P E 
X 2 " X 1 

*2 
= V + 1 - h 

v + 1 -1 

R S D„ S h 
D E S 

L + F 

D £ J Dg are the distribution coefficients in the extraction and 
scrub sections respectively, 

F, L, S are flow rates as Bftown in Fig. 5, 
n, m are the number of stages in extraction and stripping respectively. 
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'urlfltd" solvint 

<M 

Fresh solvent 

Extrectlon 
section 

Aqueous raf finite 

Extract S,yi 

" ^ l ^ l e " 
x'-0 
L 

•Purified" solvent 

Scrub 
section 

Recycle 

Recovery 
plant 

Feed 
F»xF 

Recovered 
uranlui 

R (no losses) 

Scrub 
L.X'O 

Fig. 5 
Linked extraction-scrub system. Flow rates are expressed as volume 
per unit tine. Concentrations are expressed as weight per unit 

voluae. R i s expressed as weight per unit time. 
(a) with uranium circulation, (b) without uranium circulation 



When the uranium ia recovered from the recycle, its concentra
tion in this stream will be: 

and the recovered fraction of the uranium is: 

F ^ " P E p s <4> 

Equations (3) and (4) a P P l y provided no l o s s e s of uraaium occur 
i n t he - r ecove r ing p l a n t . 

I t can be concluded from Eqs. ( 1 ) , (3) and (4) t h a t with s u i t a b l e 
opera t ing parameters concen t r a t ion -o f the uranium occurs in the recyc le 
s t ream. I f L i s smal l compared wi th F , and P P„ ( o v e r a l l component 
recovery) i s high enough, then the recovery of the uranium from the 
r ecyc l e i n s t e a d of the feed s t ream may be considered feas ib le . . 

As s t a t e d above, t h i s mathemat ica l model holds only i f f ixed flow 
r a t e s and d i s t r i b u t i o n c o e f f i c i e n t s e x i s t along the e x t r a c t i o n and scrub 
b a t t e r i e s . I f n o t , more s o p h i s t i c a t e d c a l c u l a t i o n methods are r e qu i r e d . 
In the case-of the I . M . I , p r o c e s s , only very rough es t ima tes can be made 
using the above equa t ions* and the mathematical model serves mainly as a 
means for a g e n e r a l s tudy of the c i r c u l a t i o n p roces s . 

BENCH-SCA1E-PR0CESS-SIMULATION EXPERIMENTS 

Experiments were c a r r i e d ' o u t t o ver i fy the above conclus ions . 
The va r ious process s t a g e s were s imula ted on bench-sca le equipment, 
and the e f f e c t of t he o p e r a t i o n a l v a r i a b l e s on the behaviour of the 
uranium• was s t u d i e d . The exper imenta l procedure and the main r e s u l t s 
a re descr ibed below. 

D i s so lu t i on 
3 

D i s so lu t i ons of phosphate rock were c a r r i e d out In a 1 m poly
propylene - v e s s e l equipped wi th a v a r i a b l e speed a g i t a t o r and foam-
breaker ; • a- vent -condenser and 1 a l i v e - s t e a m he a t i ng system. A s l u r r y of 
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raw rock with water was put into the vessel, heated, and dissolved 
with concentrated hydrochloric acid. The amount of acid was so 
adjusted-that the free HC1 concentration of the acidulate was about 
1.0 aole/Uter. A typical analysis of an acidulation experiment iB 
shown in Table I. At the end of dissolution, the mixture was 
allowed to cool, the undissolved residue discarded and the clear 
solution collected and used for the solvent extraction experiments. 

TABLE I 
Typical analysis of the acidulation process components 

Raw phosphate 
rock 

Decomposition 
liquor 

Undissolved 
residue 

^s^Ouantlty 210 kg 550 liters 16 kg (dry) 
Component"*''-*. 

P2°5 28 w/o 106 g/liter ' 3.7 w/o 

HC1 - 1.2 N -
Ca 37.2 w/o 110 g/liter 11.0 w/o 

Fe 0.1 w/o 0.40 g/liter 0.1 w/o 

U 150 ppnr 46 mg/liter 350 ppm 
F 3.2 w/o 5.0 g/liter 19.3 w/o 
sio 2 1,5 w/o 2.0 g/liter 4.5 w/o 
MgO 0.3 w/o 1.3 g/liter 0.1 w/o 

S 03 1. 8 w/o 17.2 w/o 

*Vs 0.3 w/o 0.6 g/liter 2.1 w/o 
H20 2.0 w/o -
°°2 13.2 w/o - -
O.M. 0.2 w/o - 2.0 w/o 
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Liquids-Liquid Contacting 

Solvent extraction experiments were carried out with banks of 
bench-scale mixer-settlers, equipped with "pump-mix" impellers. The 
effective volume of each mixing chamber was 150 cc. Each set t ler was 

2 500 cc in volume and had a separation area of 90 cm . The streams 
were introduced into the successive mixing chambers with dosing pumps. 
The experimental equipment was arranged in accordance with the I.M.I. 
process flow scheme (Fig, 1), except that the uranium-bearing recycle 
stream'obtained was not returned to extraction but was collected for 
further experiments. 

A mixture of n-BuOH (50%) and i-AmOH (502) was used as solvent. 

The duration of every run was 60-100 hours. At the end of each 
run; when steady state was established, samples were taken from each 
phase -in every stage. The flow rates of the entering and exit streams 
were measured continuously. 

Results 

A typical profile of the uranium concentrations in the various 
stages of the-above experiment is shown in Fig. 6. It is seen that 
the behaviour of the uranium agrees with what was expected. The 
distribution coefficients in these experiments, however, differ from those 
observed'with-synthetic solutions, probably because of minor amounts 
of certain Impurities (e.g. fluorine). 

The extraction and stripping sections were only slightly affected 
by changing the operating conditions, provided no phosphate losses 
occurred.- Increasing the number of extraction stages tended to favor 
the extraction of the uranium into the solvent, while the number of 

.'; stripping stages had no significant effect. The purification stage, 
which serves as the uranium concentrator, was more sensitive to process 

\ variables, especially aqueous-to-solvent flow ratio. The higher the 
•; flow rate of the reflux stream, the higher the transfer of uranium to 
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Fi|Z. 6 
Typical uranium profile in a continuous bench-scale experlsent, 

Solvent streams; Aqueous streams* 
Each- column represents one "mixer-settler11 stage of a solvent 
extraction battery. The upper half of the column represents 
the' solvent phase, and the lower' half the aqueous phase , 
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the recycle-stream. Quantitative examples of these observations aie 
summarized in Table II. 

TABLE II 

Effect of process parameters on the recovery of uranium via the I.M.I, process 

Step 

Operating conditions Uranium losses 

Step Number of s tages 
Aqueous-to-s olvent 
stream flow ra t io Source Amount 

Step 

Extract ion Str ipping 

Aqueous-to-s olvent 
stream flow ra t io Source Amount 

Extract ion 

and 

s t r ipp ing 

6 

9 

12 

12 

9 

6 

0 . 6 t l > 

0.6< l> 

0 . 6 ( 1 > 

Aqueous e x i t 
from 

s t r ipp ing 

23% 

6% 

3% 

Pur i f i ca t ion 

5 

5 

10 

0 . 2 8 ( 1 ) 0 . 0 3 C 2 ) 

0 . 3 3 ( 1 J 0 . 0 5 2 < 2 J 

0 . 2 9 ( L * 0 . 0 3 2 ( 2 ' 

Purified 
soluent 

ex i t 

50% 

32% 

40% 

(1) based-on inlet streams 
(2) based on outlet streams 

It was thought that the yield and concentration of uranium in the 
recycle stream could be increased by using water (instead of the reflux 
stream) for purification. Experiments ;onfiruied this idea. Water 
balance in the process was not interfered with because less water was 
needed in this case for washing out the acids from the charged solvent. 

Ferric ions were found to follow approximately the same route 
as the uranium. Experiments showed that under normal operating condi
tions, iron- did not affect the behaviour of uranium. 

RECOVERY OF URAHIUM FROM THE RECYCLE STREAM 

It was shown above that the I.M.I, phosphoric acid process can 
be utilized to concentrate uranium in a small aqueous stream, thus 
permitting economical extraction of the uranium. 



The e x t r a c t i o n »ay be performed by the oc ty l -pyro-phosphor tc 
a d d (OPPA) process * , i n which the uranium i s reduced to the t e t r a -
v a l e n t s t a t e , e x t r a c t e d wi th OPPA d i l u t e d i n kerosene , and p r e c i p i t a t e d 
as a green cake of OF, b y - r e - e x t r a c t i n g the pregnant so lven t wi th a 

Mixture of s u l f u r i c and hyd ro f luo r i c a c i d s . De ta i l ed d e s c r i p t i o n s of 
(1 2) t h i s process have been p u b l i s h e d ' * . 

After recovery o f - t h e uranium; the r e c y c l e s t ream is r e tu rned 
t o t h e I .H;X. e x t r a c t i o n s t ep : and follows the normal p rocess f lowshee t . 

Successful p i l o t - p l a n t runs of t h i s process were c a r r i e d o u t , 

us ing the equipment desc r ibed p r ev ious ly . Ove ra l l uranium recovery 

f roa t he r ecyc l e s t ream was approximately 90%, and no s p e c i a l problems 

a rose whi le ope ra t ing the p i l o t - p l a n t . 

CONCLUSIONS 

I n t h e l i q u i d - l i q u i d con tac t system of t he I .M. I , p rocess t he 
problem of e x t r a c t i n g uranium from l a r g e aqueous volumes of crude phos
phor i c ac id can be avoided. Thus expenses due t o so lven t l o s se s and 
equipment coats can be cons iderably reduced, compared wi th known 
p r o c e s s e s . 

The aechan isn of e x t r a c t i o n has no t y e t been e s t a b l i s h e d , but i t 
seems t h a t CaCl_ i s t he determining f a c t o r i n the e x t r a c t a b i l i t y of 
uranium. • I t ' is* not* known i f - the CaCl, acts" as an e f f e c t i v e s a l t i n g 
out agent ox as a completing ageat due to i t s cons iderab le e f f e c t on 
the c h l o r i d e conten t of t he s o l u t i o n . Research on the more fundamental 
a s p e c t s ' o f t h i s e x t r a c t i o n process i s be ing c a r r i e d out a t p r e s e n t . 
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