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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 depeundent on the
calcium chloride concentration in the aqueous streams.
Utllizing 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 rhis stream by solvent extraction.
Thus the cost of producing uranium as a by-preduct of
phosphoric acid production can be considerably reduced,
due to 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 developed
so far were usually based on direct extraction of the uranium from the

"wet-process' phosphoric acid with dialkyl esters of the pyrophosphoric
1,2)
acid( *ee,

Recently a new process for the production of phospheric acid has
been developed in IerEl(B). This process, the I,M.I. process, uses
hydrochloric acid for acidulation of the phospbate rock, and u 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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from the rock decomposition’1iquor-are impractical in this case, due
o increased volume  of - the-aqueous- soiution: and- low- uraniom concentra~
‘tion; - &' nesr- mathod-for recovering-the-uranium along the route of the
procsss was sought.

It was found that when phosphate rock is decomposed with hydro-
chloric- acid  undar raducing conditions, most of the uranium remains in
the - undissolved residue. - A process for the recovery of the uranium,
based- on' this ph , was' proposed by Ketzinel et al. (5). On the
other hand; when phosphate rock' 1s' actdulated under normal or oxidizing
conditiona; most of the uranfum ié digsolved. The solution obtailned
contains ' about 40-50 milligrams-of uraniom per liter.

It is the purpose of this work to'show how the I.M.I. process can
be utilized as a basis for an econcmical method of recevering uranium,

THE I.M.I. PROCESS

A ghort outline of the I.M.I, process, based on the detailed
degeription given -by dts dw (3), is px d below.

Baw phosphate Tock is dissolved in ‘bydrochloric acid, the
clear dissoiution- 1iquor is separated from the undissolved residue and
fed to the solvent extractlon section, The latter alms at separa‘ciﬂg
the acids .(phosphoric and hydrochlorie) and purifying the phosphoric
acid from the large amounts'of calciuwm and minor quantities of other
iwpurities' (eg. Fe, F, S1) present in the aqueous dissolution 1iquor.

The solvent extraction section consists of four steps, as showm
in Fig.l;

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

2, Purification. The solvent extract is washed with a reflux streem
taken from the aquecus exit of- the next stage (back-extraction).
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This removes minor quantities of impurities, coextracted in the
previous step.

3, Back-Extraction. The aclds are recovered from the purified solvent
extract by washing it wich water.

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

Clarified Strippsd Liquor
Aquecus Acids Dissolution Cl to
Watar o Distiltation Liquer Distillates Solvent Rscovery
= Agueous
Reflux Recycle Raffinat
] ——-————} r—‘y—b r————‘ {
‘ Purified Y.

[|
1
Ex ra. I Extract
E:'?::fll‘on tract Purl"cMnruﬂion Stripping

Circutcting  Solvant

Fig. 1
Solvent extractlion section of the I.M.I. process

The back-extracted aqueous acids gre distilled, and the phosphoric
acid is 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 piaccical flow charts of the I.M.I. process, a
gide stream of recovered HC1l distillates is introduced into the aqueous

stream between the vxtraction and the stripping sections.



The solvents suitable for these operations are primary aliphatic
alcohols;,  usually butanol and iso-amyl-alechol.

DETERMINATION OF URANLUM DISTRIBUTION COEFFICIENTS

Tha behaviour of uranium in the liquid-liquid contact systems of
the I:M.I. process was scudled by determining its distribution
coefficients; 1.e, its organic-to-aq phase’ ration ratios,

‘Extraction of uraniuwm in alcohols is well lmmm(s) , but the published
diu are not relevant to the problem under discussion.

The experiments were carried out on the system H3P04- HCl - H20 -
(;acl2 ~ golvent, using synthetic solutions. The concentration ranges
of interest were(®): :
Cacl, : from O to 360 g/liter
BCl : fromO to 3N
Hal’()4 : from O to 100 g onslliter
Because of its low concentration, uranium has no efrect on the
distribution of the various compounds,” Its conceatration was up to
50 mg/liter.
Most  of the measurements were taken with hexavalent uranium
(i.e: uranyl ion}, because most of the dissolved uranium in’the I.M.I,
process ia- in" the oxidized state. A few measurements were taken with

tetravalent uranium.

The  solvents tested were n-butyl alcohol, iso-amyl-alecohol and a
mixture of -the two.

- Aqueons' solutions were prepared by mixing appropriate amounts of
copuntratéd' phosphoric acid, hydrochloric acid, water and cry$talline
culr,:l.lm.chloride: Uranium was' introduced into the agueous solutions
u‘uruuyl’-nhl&ride crystals, Fresh solvent was used in each experiment.
All the  reagents were of analytical grade.
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Typical examples of the effec: of the composition of the aqueous
phase on the distribution of uranium in the systea H PO, - HCl -~ CaCl

374 2

Hzﬂ - alcohol (50% n-BuOH, 50% 1-AnoH) are shown in Fig. 2. I. is
evident that high KC1 concentration favours the transfer of uranium

to the organic phase. A prominent phenomenon is the strong effect of

the aqueous Ca012

41lustrated in Figs. 2 and 3.

concentration on the uranium distribution, as clearly

ap

Distribution coetficient of uranium

0.00! L

350 gr/lter CaCly in
aquecus  phase

No Co fn
aquecus  phase

| 1 | | !

10 20
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Initkal HCI concin aquecus phase(eg/iiter)

Fig, 2

Effect of aqueous phase composition on the extraction of uranium.
Solvent: 50% n-3uOH + 50% i-AwCH,
Initial phosphoric acid conc.: e - 1.4 moles/liter, o - 0.7 moles/liter
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Fig. 3
Effect of t’.:n(!l2 ration on the ion of uranium.
Solvent: 50% n-BuOH-+ 507 i-AmOH
Initisl aqueous phase composition:

BCLG)  HPo, M)  Cacl,

s 1,00 1.40 variable
o 1.00 0.70 "
A 0.05 1.40 "
A 0.05 0.70 "
» 0.05 0.01 "

The effect of the slcohols on the extraction of uranium is
demonstrated in ¥ig. 4. As the primary role of these alcohols is to
extract phosphats, their sbility to extract uranium is compared with

£ to the ion of phosphat It can be concluded that
ivhen th.-ic-clz concentration is high, uranime is extracted approxima-
kely as well as phosphate, while low- clcl2 ations d its
Watribution coafficient, Butanol is found to be a better solvent for

uraniom than i-AsOH under the conditions studied.
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Fig. 4

Extraction of uranium by n-butamol and i-amyl-alcohol.
Initial aqueous phase composition:

HC1(M) H.PO, (M CaCl2 gr/liter

o 2.0 1.4 350
e 2.0 0.7 350
4 3.0 1.4 0

The distribution coefficients of tetravalent uranium were found

to be 50-80% of those of the hexavalent state.

URANIUM DISTRIBUTION IN THE I.M.I. PROCESS SOLVENT EXTRACTION SECTION

As described(S), the various stages of the I.M.I. solveat
sxtraction section can be classified into two groups according to the
(LuCl2 concentration in the respective aqueous streams:

‘a) The extraction and stripping stages, which have high CaCl2 content.,
b) The purification and back-extraction stages, which contain negligible
calcium concentrations. (The purification stage aqueous exit may

contain an appreciable amount of CaCl2 but the other streams contain

but minor quantities).
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An attempt to predict the distribution of the uraniumm in the
various stages of the I.M.I. process, in view of ite calcium-dependent
behaviour, leads to the following conclusions.

Uranium is extracted along with- the pbosphoric and bydrochloric
acide into the solvent extract as it passes throug. the extraction and
stripping batteries (see Fig.1). On purification, an app.=ciable
fraction of the uranium is stripped off the solvent and transferred to
the aqueous  recycle stream. Due to high water truasfer from the aqueous
reflux to the organic extract, the  recycle stream is small compared with
the - ajusous 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 prod

The uranium in the recycle stream is fed hack to the extraction
stage and is actually circulated between the extraction and the purifi-
cation steps.’ The clrculation 1s 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 im 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 still be higher'than in the feed.
Hence the' conditions of the pur:’.ficatio;n, which tend to concentrate -
uranium in the s-nll—voi_e'aqueous' recytle stream, permit its
simpler and cheaper recovery.

- - Quantitative  calculations

A quantitative model of the phenomen;' degcribed ebove can be
obtained - by considering' a' linked extraction-gcrub- |y-:;i|, as shown



schematically in Fig. 5. The scrub section corresponds to the puri-

'fication stage of the I.M.I, process. For the purpose of the mathema-

rical model it is assumed that ideal conditions of fixed flow rates
and fixed distribution coefficients hold throughout each liquid-liquid

contact section.

The concentrations in Fig. 5 refer to uranium. The flow rates
are determined by the behaviour of the main component (i.e. phosphoric

actd) and are not discussed here.

It can easily be shown that, when circulation exists, the concen-

tration of the recycle is given by the formula:

PP,
1 -E’PSP 1)

- F
L Efs

x
-2
*F

Here:
B and P, represent.the distribution of the desired compoment in
the extraction and scrub stages respectively, and are

defined by the well known Kremser-Brown equation:
w1

b 27 ¥ B R
s Y2 R -1
5
(2)
ntl
. Sl Rg " - Ry
+
E ®y . R‘En 1 1
D. S
- = _L - _E
where: % 5,5 ETLTF
and
Dgs Ds are the distribution coefficients in the extraction and

scrub sections respectively,
F, L, S are flow rates as shown in Fig, 5,

n, m are the number of stages in extraction and stripping respectively.
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Fresh solvent “Purifted* solvant
Sy=d Sy

(n)
Aqueowus raffinate Fesd Scrub
L, X Fo e L, %0
Fresh solvent *Purified" solvint
s.yl-o S.¥3
|_ Extract S,y}
{b)

Aqueous ‘raffinate Feed Recw:md Scrub
uranium
Fely 1} FE (o losses) Lix=0
Fig. 5

Linked extraction-scrub system. Flow rates are expressed ag volume
per unit time. Concentrations are expressed as weight per unit
voluze, R 18 expressed as weight per unit time,

(a) with uranium circulation, (b) without uranium circulation
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When the uranium is recovered from the recycle, its concentra-
tion in this gtream will be:

) ¥

o = —

xF L P13 1)S 3
and the recovered fraction of the uranium is:

R _

Faxy Pp Pg 4

Equations (3) and (4) apply provided no losses of uranium occur
in the  recovering plant.

It cam be concludéd from Eqs. (1), (3) and (4) that with suitable
operating parameters concentration of the uranium occurs in the recycle
stream. If L 18 small compared with F , and PE PS (overall component
recovery) 1s high enough, then the recovery of the uranium from the

recycle instead of the feed stream may be considered feasible.

As stated above, this mathematical model holds only if fixed flow
rates and distribution coefficients exist along the extraction and scrub
batteries. If not, more sophisticated calculation metheds are required,
In the case of the I.M.I. process, only very rough estimates can be made
using the above equations, and the mathematical model serves mainly as a

means for a general study of the circulation process.

BENCH-SCALE" PROCESS- STMULATION EXPERIMENTS

Experiments were carried: out to verify the above comclusions,
The various process stages were simulated on bench-scale equipment,
and the effect of the operational variables on the behaviour of the
uranium'was studied. The experimental procedure and the main results

are described below.

Dissolution

3
Digsolutions of phosphate rock were carried out in a 1 m” poly-
propylene - vessel equipped with a variable speed agitator and foam—

breaker, : a' vent-condenser and' a' live-steam heating system. A slurry of
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raw rock with water was put into the vesgel, heated, and dissolved
The amount of acid was so

with concentrated hydrochloric acid.

adjusted- that the free HC1l concentration of the acidulate was about

1.0 molefliter.
shown in Table I.

A typical analysis of an acidulation experiment is
At the end of dissolution, the mixXture was

allowed to cool, the undissolved residue digcarded and the clear
solution eollected and used for the solvent extraction experiments.

TABLE T
Typical analysis of the acidulation process components

Raw phosphate | Decomposition Undisaolved
rock liquor residue
Quantity 210 kg 550 liters 16 kg (dry)
Component
P,0, 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
v 150 ppm’ 46 mg/liter 350 ppm
F 3.2 w/o 5.0 g/liter 19,3 w/o
510, 1.5 w/o 2.0 g/liter 4.5 w/lo
Mg0 0.3 w/o 1.3 g/liter 0.1w/o
503 1.8 w/o 17.2 w/o
AL,0, 0.3 w/o 0.6 g/liter 2.1 w/o
HZO 2.0 w/o -
0, ) 13.2 w/o - -
0.M. 0.2 w/o - 2.0 w/o
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Liguid-Liquid Contacting

Solvent extraction experiments were carried out with banks of
bench-scale mixer-settlers, equipped with "pump-mix" impeliers. The
effective volume of each mixing chamber was 150 cc, Each settler was
500 ee in volume and had a separation area of 90 unz. The streams
were introduced into the successive mixing chambers with dosing pumps,
The experimental equipment was arranged im 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 1-AmOH (50%) was used as solvent.

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

were meagsured continuously.

Results

A typical profile of the uranium concentrations jn 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
obgerved 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 aumber of

; stripping stages had no significant effect. The purification stage,
jwhich serves as the uranium concentrator, was more sensitive to process
jvariables, especially aqueous-to-solvent flow ratio. The higher the

‘flow rate of the reflux stream, the higher the transfer of uranium to



Ctrculating solvent 3.6 liter/hr
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Back-axtraction Purification Extraction Stripping }
2.1 0.3 <0.3 0. 3.1]8.2 25 J21 |37 ] 34[11 [s.3p.3%5.3]3.7 55,2 ]p.7]2-9 202 A2 L]0k~
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1.6 liter/nr 1.8 liter/ir 0.2 Miter/hr 2.1 Viter/ir 0.61 Viter/hr 2.4 liter/m
U = 45 mg/1iter
Fig, 6
Typical uranium profile in a continuous bench-scale experiment,
Solvent streams; ————— Aqueous streams.

Each  column represents one “mixer-settler” stage of a asolvent
extraction battery, The upper haif of the colwin represents
the solvent phase, and the lower half the aqueous phase,
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the recycle stream., Quantitative examples of these observations are

summarized in Table LI,
TABLE II

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

Operating conditions Uranium losses
Step Number of stages Aqueous-to-solvent
stream flow ratio Source Amount
Bxtraction| Stripping
Extraction 6 12 0,6(1) Aqueous exir| 23%
and 9 9 0.60 from 6%
[6)) stripping

stripping 12 ] 0.6 . 3z
5 0,28 0.03® | puciises 50%
Purification 5 0.33(1) 0.p52(® | solvent 327
(1) ) exit _
10 0.29 0.032 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 (lnstead of the reflux
stream) for purification, Experiments confirwed this idea. Water
balance in the process was not interfersd 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
2s the uranium. Experiments showed that under normal operating condi-

tions, iron' did not affect the behaviour of uranium,

RE{COVERY OF URANIUM FROM THE RECYCLE STREAM

Lt was shown above that the I.M.I, phosphoriec acid process can
be utilized to concentrate uranium ia a small aquecus stream, thus

permitting economical extraction of the uranium.
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The extraction may be performed by the octyl-pyro-phosphoric
acid (OPPA) process'(l'z), in which the uranium ig reduced to the tetra-
valent 'state, extracted with OFFA diluted in kerosene, and precipitated
as a green cake of" UFA by re-extracting the pregnant solvent with a
mixpure of sulfuric and bydrofluoric acids, Detalled descriptions of

thig process have-been publishadcl’Z).

- After recovery of the uranium, the recycle stream is returned
to the I.M.I. extraction step:and follows the normal process flowsheet.

Succesgful pilot-plant rune of this process were carried out,
veing the equipment described previcusly. ' Overall uranium recovery
from the recycle stream was approximately 90%, and no special problems
arose while operating the pilot-plant.

CONCLUSIONS

In the liqutd‘-]iquid contact system of the I,M.I. process the
problem of extracting uranium from large aqueous volumes of crude phos—
phoric acid can be avoided. Thus expenses due to solvent losses and
equipment costs' can be considerably reduced, compared with known

processes.

The mechanism of extraction has not yet been established, bur it
gseems that CaClz is the determining factor in the extractability of
uranium,. It' is' not'kaown Lif- the Caclz acts as an effective salting
out agent or as a complexing ageat due to its considerable effect on
the chloride content of the solution. Research on the more fundamental

aspects’ of this extraction process is being carried out at present,
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