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Abstract Liquid–liquid extraction of U (VI) from con-

centrated phosphoric acid by using (2-ethyl hexyl) phos-

phonic acid, mono (2-ethyl hexyl) ester (PC88A) and

di-butyl butyl phosphonate (DBBP) has been investigated.

The effect of different factors affecting the extraction pro-

cess (PC88A concentration, DBBP concentration, shaking

time, aqueous/organic phase ratio, phosphoric acid con-

centration and effect of diluents) have been investigated.

The obtained data of temperature on the extraction showed

that the enthalpy change is -17.15 kJ mol-1. Uranium was

extracted from the strip liquor by using di (2-ethylhexyl)

phosphoric acid and tri-octyl phosphine oxide mixture and

finally converted to a high purity UO3 product using pre-

cipitation with hydrogen peroxide and heat treatment at

365 �C.

Keywords Uranium � Extraction � Phosphoric acid �
Kinetics

Introduction

Uranium is an element of great commercial interest

because of its use in the production of nuclear energy, in

the manufacture of nuclear weapons [1]. Natural phos-

phates are found to contain several tens to hundreds of

parts per million of uranium depending upon the origin

of the phosphate rocks [2]. Due to its radioactivity and

toxicity (carcinogenic for humans) [3], rock phosphates

which is used for the production of Wet process phosphoric

acid (WPPA) considered as secondary source to uranium

and rare earth production [4, 5], hence the phosphoric acid

product may contain up to 300 ppm uranium together with

other rare metals such as V, Cd, and Co and radionuclides

like Th and Ra [6, 7].

Several processes have been developed for the recovery

of uranium from phosphoric rock like solvent extraction,

ion exchange, precipitation etc. The solvent extraction

method has been one of important techniques in concen-

trating and purification of uranium [8]. Solvent extraction

processes using organophosphorus reagents have been

developed for uranium separation from process streams

including phosphoric acid as well as partially neutralized

phosphoric acid [9].

Among these systems, 2-ethyl hexyl phosphoric acid-

mono-2-ethyl hexyl ester (PC88A) has been used for sev-

eral decades as the most successful extractant for recovery

of uranium from phosphoric acid, which has higher steric

hindrance and higher selectivities than di(2-ethylhexyl)

phosphoric acid (D2EHPA) [10]. Studies on the use of di-

butyl butyl phosphonate (DBBP) as a synergistic agent, for

uranium separation from phosphoric acid were carried out

[11].

In the present study, uranium extraction from WPPA

was investigated using PC88A, either alone or its mixture

with DBBP in kerosene as extractants. The effects of var-

ious experimental factors are investigated to optimize the

suitable conditions for separation of uranium from phos-

phoric acid. Kinetic studies for the uranium extraction from
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phosphoric acid by using combination of PC88A and

DBBP system includes enthalpy, entropy and activation

energy was investigated.

Experimental

Reagent

In the present studies WPA was obtained from Abu-Zaabal

Company, Egypt. The acid must be treated to separate

humic matter before extraction tests. PC88A, (pur-

ity [ 95%) chemically known as 2-ethyl hexyl phosphoric

acid-mono-2-ethyl hexyl ester supplied by Daihachi

Chemical Industry Co. Ltd. Japan was used as supplied.

(DBBP), (purity 95%) which supplied by Fluka and kero-

sene as a diluent obtained from MISR-Petroleum Ltd.

Company, Egypt.

Analysis

Uranium concentrations in WPA sample as well as in other

aqueous streams, generated during batch experiments, were

analyzed by the Arsenazo III method [12]. Absorbance of

the formed uranium Arsenazo III complex was measured at

650 nm against proper standard solutions. For this purpose,

a Lambada3 UV/Vis spectrophotometer (Perkin-Elmer,

USA) was used.

Extraction procedure

Egyptian commercial phosphoric acid containing 62 mg

L-1 uranium was used in this extraction studies, the

chemical composition of this phosphoric acid is shown in

Table (1). In these studies, a fixed volume of the aqueous

phase (25 mL) was used and the distribution of uranium in

aqueous/organic phase was expressed in percentage or

distribution coefficients using standard method. Distribu-

tion ratio was calculated using Eq. (1) at equilibrium. The

extraction kinetics has been studied using separator fun-

nels, by determining the variation of extraction coefficient

as a function of time for various surfactant and co-

extractant concentrations. The effects of various parame-

ters, such as concentrations of organic solvent, phosphoric

acid, shaking time, and temperature, on the extraction

kinetics were studied.

Du ¼ Corg=Caq ð1Þ

where: Du: uranium distribution ratio, Corg: concentration

of uranium in organic phase, Caq: concentration of uranium

in aqueous phase.

Results and discussion

Effect of phosphoric acid concentration on uranium

extraction

The effect of phosphoric acid concentration on uranium

extraction from phosphoric acid by using 0.8 M

PC88A ? 0.5 M DBBP/kerosene at A/O = 2 and at room

temperature was studied. From the obtained data plotted in

Fig. 1, it can be shown that uranium distribution ratio (Du)

decrease with increasing the concentration of phosphoric

acid. The plot of log Du against log phosphoric acid

is shown in Fig. (2), the linear relationship with slope of

*-2 indicates that 2 mol of acid are liberated for

extraction of 1 mol of uranium. Based on the above find-

ings, a plausible extraction equilibrium, ignoring the

complexation by phosphate ions UO2(H2PO4
2-n)n, is pos-

tulated as (HX is PC88A):

UOþ2
2 þ 2HX þ DBBP!UO2X2 �DBBP þ 2Hþ ð2Þ

Effect of PC88A and DBBP concentration on uranium

extraction

The effect of PC88A and DBBP concentrations upon

selective uranium extraction efficiency from the Egyptian

concentrated wet process phosphoric acid was studied, a

series of extraction experiments was performed using

PC88A and DBBP/Kerosene in various concentrations

(0.1–1.0 M) and (0.1–0.6 M) for PC88A and DBBP,

respectively. In these experiments, the other extraction

conditions were fixed at an O/A ratio of 1/1 and using

30 min shaking time at room temperature. From the

obtained results shown in Fig. 3 it is clearly obvious that

the uranium distribution coefficient increase with increas-

ing initial PC88A and DBBP concentrations followed by

slight increase.

Effect of DBBP concentration on uranium extraction

at constant PC88A

The synergistic effect of DBBP concentration on the

extraction percent of uranium from concentrated phos-

phoric acid has been investigated. A set of experiments

were performed by shaking the treated phosphoric acid

with DBBP having concentration ranging from (0.1 to

0.6 M) at constant PC88A concentration (0.8 M) and in

O/A phase ratio equal 1.0 for 30 min at room temperature.

The obtained results as shown in Fig. (4) indicate that, the

uranium distribution ratio decreased up to 0.2 M concen-

tration of DBBP, which means that up to a certain con-

centration, DBBP is acting as antagonistic agent rather than
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synergistic agent then a significant improvement in Du start

to occur which indicate the occurrence of synergism with

increasing DBBP concentration up to 0.5 M.

A plot of log Du versus log [DBBP] at constant PC88A

concentration of 0.8 M is presented graphically in Fig. 5

shows a slope of *1, which indicates that 1 mol of ura-

nium in organic phase is associated with 1 mol of DBBP.

Effect of PC88A concentration on uranium extraction

at constant DBBP

The effect of PC88A concentration on the extraction of

uranium from phosphoric acid solution at constant 0.5 M

DBBP concentration was investigated; Equal volumes

(25 mL) of PC88A and 0.5 M DBBP/kerosene and 9.2 M

phosphoric acid were mixed together. The results repre-

sented in Fig. 6 shows that the uranium distribution ratio

(Du) increases with increasing the PC88A concentration.

The plot of log Du versus log [PC88A] is shown in

Fig. 7 and indicates a linear relationship with slope *1.

Effect of shaking time on uranium extraction

The shaking time effect upon uranium extraction efficiency

from concentrated Egyptian phosphoric acid, 9.2 M, by

Table 1 Chemical composition of wet process phosphoric acid

Constituent % Constituent mg/L

P2O5 44.00 Mn 673.3

SO4
-2 6.10 Zn 358.9

Fe 2.50 U 62.0

Ca 0.26 Pb 53.9

Mg 0.17 Ni 7.8
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Fig. 1 Effect of phosphoric acid concentration on the uranium

distribution coefficient Du, PC88A = 0.8 M, DBBP = 0.5 M, shak-

ing time = 15 min, A/O = 2/1, T = 25 ± 1 �C

R2 = 0.9977
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Fig. 2 The log–log plot of distribution coefficient (Du) and

phosphoric acid concentration, PC88A = 0.8 M, DBBP = 0.5 M,

shaking time = 15 min, A/O = 2/1, T = 25 ± 1 �C
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Fig. 3 Effect of PC88A and DBBP concentrations on the uranium

distribution coefficient Du, shaking time = 30 min, H3PO4 = 9.2 M,

O/A = 1/1, T = 25 ± 1 �C
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Fig. 4 Effect of DBBP concentrations on the uranium distribution

coefficient Du at constant PC88A, shaking time = 30 min,

PC88A = 0.8 M, H3PO4 = 9.2 M, O/A = 1/1, T = 25 ± 1 �C
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Fig. 5 Effect of log [DBBP], M on log Du at constant PC88A,

shaking time = 30 min, PC88A = 0.8 M, H3PO4 = 9.2 M, O/A =

1/1, T = 25 ± 1 �C

Chemical studies on uranium extraction 355

123



0.8 M PC88A ? 0.5 M DBBP/kerosene was studied by

investigating another series of extraction experiments using

different shaking times ranging from 1 up to 30 min. In

these experiments, the other extraction conditions were

fixed at an O/A = 1, T = 25 ± 1 �C for various time

intervals. Figure 8 shows the variation of uranium distri-

bution ratio (Du) against time, it is clear that 15 min is the

minimum time to reach the equilibrium.

Effect of aqueous to organic phase ratio on uranium

extraction

The effect of the A/O phase ratio on the extraction of

uranium was investigated at A/O phase ratio varying from

1.0 to 4.0. All experiments were performed using 0.8 M

PC88A ? 0.5 M DBBP mixture/kerosene for shaking time

of 15 min and at room temperature. The data is shown in

Table 2, it is clear that by increasing A/O phase ratio the

uranium extraction percent was decreased.

Effect of temperature on uranium extraction

The effect of temperature on the uranium extraction from

concentrated phosphoric acid at different temperature was

investigated. The extraction experiments were carried

out by contacting phosphoric acid with a 0.8 M
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Fig. 6 Effect of PC88A concentrations on the uranium distribution

coefficient Du at constant DBBP, shaking time = 30 min,

DBBP = 0.5 M, H3PO4 = 9.2 M, O/A = 1/1, T = 25 ± 1 �C

R2 = 0.9977
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Fig. 7 Effect of log [PC88A], M on log Du at constant DBBP,

shaking time = 30 min, DBBP = 0.5 M, H3PO4 = 9.2 M, O/A =

1/1, T = 25 ± 1 �C
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Fig. 8 Effect of time on the uranium distribution coefficient Du,

PC88A = 0.8 M, DBBP = 0.5 M, H3PO4 = 9.2 M, O/A = 1/1,

T = 25 ± 1 �C

Table 2 Effect of aqueous/organic phase ratio on uranium distri-

bution ratio from Egyptian concentrated phosphoric acid, 9.2 M, by

0.8 M PC88A ? 0.5 M DBBP in kerosene

A/O Du

1/1 2.44

2/1 2.76

3/1 1.65

4/1 1.27
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Fig. 9 Effect temperature on the uranium distribution coefficient

Du, PC88A = 0.8 M, DBBP = 0.5 M, shaking time = 15 min,

A/O = 2/1

R2 = 0.9933
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Fig. 10 log Du as a function of 1000/T, PC88A = 0.8 M,

DBBP = 0.5 M, shaking time = 15 min, A/O = 2/1
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PC88A ? 0.5 M DBBP/kerosene for 15 min while the

A/O phase ratio was fixed 2 but the temperature was varied.

Figure (9) show the relation between temperature and

uranium distribution ratio (Du). From the obtained data, it

can be noticed that Du is decreased by increasing the

temperature which demonstrates the exothermic nature of

the extraction process. The temperature effect up on the

distribution coefficient can be quantified by making use of

the Van’t Hoff equation, which relates the chemical equi-

librium constant with temperature:

d ln K=dT ¼ DH=R � T2 ð3Þ

By integration,

lnK ¼ �DH=Rð Þ 1=Tð Þ þ c; where c is constant: ð4Þ

And since the distribution ratio D is related by definition to

the equilibrium constant K the previous equation can be

written as:

lnD ¼ �DH=Rð Þ 1=Tð Þ ð5Þ

The plot of log Du against 1/T yields a straight line

equation with slope (x) = -DH�/2.303 R. Figure 10 shows

that extraction of uranium by 0.8 M PC88A ?

0.5 M DBBP from wet process phosphoric acid decrease

with temperature. An enthalpy change of -17.15 kJ mol-1

was determined by using Eq. 5 in the given range of

temperature, which indicates that the extraction is an

exothermic process.

Effect of diluents

The effect of diluents is shown in Fig. 11, from the

obtained data it is clear that, diluents affect the extraction

of uranium.

Stripping of uranium from organic solvent

The uranium stripping process by using different concen-

tration of analytical grade phosphoric acid from the syn-

ergistic 0.8 M PC88A ? 0.5 M DBBP/kerosene at room

temperature were investigated. Figure 12 show the relation

between phosphoric acid concentrations and the stripping

efficiency. It is clear that uranium can be stripped from

loaded organic with 11 M analytical grade phosphoric acid

containing 10 g/l Fe?2 to reduce the less stripped uranium

form (VI) to the more stripped uranium form (IV). other

parameters that affected in uranium stripping process were

investigated, it was found that, the preferred stripping

results are; temperature: 60–70 �C; shaking time: 5 min;

O/A phase ratio is equal 18 and five stages were sufficient

for stripping about 98% of total uranium in loaded organic.

Uranium recovery

The recovery of uranium from the strip solution can be

achieved by processed the strip solution in a second cycle

of extraction-stripping with an additional scrubbing step by

sulfuric acid incorporated to obtain a uranium cake of high

purity. The organic solvent used in the second cycle was

0.3 M D2EHPA ? 0.075 M TOPO [13]. Stripping of

uranium from the loaded organic phase can be carried out

with 1 M ammonium carbonate solution, followed by

filtration of the strip liquor in order to remove traces of iron

precipitate. Precipitation was carried out using hydrogen

peroxide to bring down the pH of the solution, and the

neutralization was carried out with sulphuric acid. In a pH

range of 3–4, the uranium precipitation was complete

(&99%) and uranium peroxide hydrate was filtered,

washed, dried and calcined at 365 �C to obtain UO3

powder with high purity. Figure 13 show flowsheet

describe the overall process for uranium recovery from

WPPA by using 0.8 M PC88A ? 0.5 M DBBP mixture in

kerosene.

Conclusion

Uranium can be extracted from wet process phosphoric

acid by using 0.8 M PC88A ? 0.5 M DBBP in kerosene at
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Fig. 11 Effect of diluents on the uranium extraction distribution

coefficient by using 0.8 M ? 0.5 M DBBP, H3PO4 = 9.2 M,

A/O = 2, shaking time = 15 min, T = 25 ± 1 �C
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Fig. 12 Effect of pure phosphoric acid on the uranium stripping

efficiency, PC88A = 0.8 M, DBBP = 0.5 M, H3PO4 = 9.2 M, shak-

ing time = 5 min, T = 65 �C
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room temperature for shaking time 15 min. Chemical

mechanism for the uranium extraction process has been

postulated based on the results of slope analysis. The

studies of the effect of diluents clearly indicate a role of

diluent in extraction of uranium from aqueous solutions.

Second cycle of extraction from the strip solution was

carried out by using 0.3 M D2EHPA ? 0.075 M TOPO

mixture where in scrubbing step has been incorporated and

stripping is performed by an alkaline solution in order to

obtain high purity uranium. The precipitation process

yields high purity uranium peroxide which is filtered,

washed, dried and calcined at 365 �C.
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