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Abstract: The extraction of uranium from aqueous waste solution using liquid emulsion membrane with synergistic
mixture of Bis (2-etylhexyl) phosphate (HDEHP) and Tri-butyl phosphate (TBP) in an aromatic hydrocarbon as a
diluent has been studied. Many extraction parameters have also been studied such as, concentration of extractant and
uranium and pH of the feed solution. Various parameters affecting the transport of U (VI) through membrane layer
have been optimized to remove U (VI) from liquid waste solution. More than 99% uranium was removed under
certian conditions. The counter transport of uranium and hydrogen ions were facilitated by the carriers. The use of
hydrochloric acid as an internal aqueous phase accelerates the uranium transport through LEM. Mathematical
modeling of the permeation of uranium through LEM has been studied. Different parameters are calculated such as
diffusion coefficients of uranium/carrier complex, carriers and mass transfer coefficients of uranium, carriers and
uranium / carrier's complex besides calculating the membrane thickness.
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1. Introduction contact with water stream generating an alkaline
Treatment of radioactive liquid waste receiving uranium rich effluent (www.inb.gov.br). [3]

considerable attention in most countries that have The aqueous solution contaminated by uranium
nuclear reactors [1], the management of radioactive is considered as a very serious environmental
wastes has become a major concern particularly with problem, which has been extensively discussed and
regard to the release of radioactive material into the presence of some uranium which display high and
environment and possible risk of contamination. The long term toxicity creates limitations on the
development of rational and acceptable options for recyclables of these solutions [4]. The amounts of
radioactive waste disposal requires a clear uranium are especially high in industrial waste
understanding of radiators protection objectives and solutions and endanger public health and the
their application in planning, regulation and environment if discharged without adequate
licensing. Considerable progress has been made over treatment. In addition the presence of toxic heavy
the past three decades within many countries utilizing metals in waste solution has caused several health
nuclear reactors to develop strategies for problems with animals, plants, and human being [5,
management of nuclear wastes. All wastes should be 6].

managed in such a way that high standards of Currently, the research and development work
conditioning are maintained and that potential for the treatment of radioactive liquid wastes is
hazards originating from their disposal are reduced to concentrated by saving energy and raising efficiency.
levels that are as low as reasonable and well below Several methods such as evaporation, ion exchange,
permissible levels [2]. The nuclear fuel cycle consists precipitation, solvent extraction and liquid membrane
of a great number of different mineral-chemical (LM) have been widely used in the treatment of
processes. Some of them produce liquid effluents liquid wastes [7].

with significant concentrations of uranium. For The strict regulation against the pollution of the
example, the precipitation process produces the environment together with the rising value of metals
uranyl ammonium tricarbonate (TCAU), a yellow has resulted in an increasing the interest on the
solid. This yellow cake feeds the fluidized bed recovery of nuclear materials from waste solutions.
furnace and is converted into UO,. The exhaust gases The recovery of uranium by solvent extraction from
from the furnace, which contain uranium, ammonium uranium-containing ores has widely been applied
and carbon dioxide, are reabsorbed in towers by the industrially. However, several problems arise along

with it, such as low extraction rate, a large amount of
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extractant and solvent and quality of uranium
produced. Different membrane process techniques
have been considered for the removal of the uranium
from waste solutions. These comprise liquid
emulsion membrane (LEM), supported liquid
membrane (SLM), hybrid liquid membrane (HLM)
and bulk liquid membrane (BLM) [8].

The liquid emulsion membrane (LEM)
technology, which is a simplified extraction process
with no stripping stage and high extraction efficiency
[9], will provide an attractive alternative to
conventional extraction technique for the selective
removal and concentration of valuable or toxic heavy
metal from aqueous solutions. Liquid Emulsion
Membrane (LEM) invented by Li (1968) [10] offers
a promising technology for separation of heavy metal
ions from aqueous solution. The potential advantages
of LM techniques over traditional separation
techniques and solid membrane techniques are lower
capital and operational costs, lower energy and
extractant consumption, and higher concentration
factors and fluxes. In the present study, the batch
extraction of uranium from liquid waste has been
conducted using LEM under different conditions with
some mathematical modeling to calculate important
parameters such as diffusion coefficients for carriers
and metal/carriers complex and mass transfer
coefficients for carriers, uranium and uranium/carrier
complex beside the membrane layer thickness.

2. Emulsification Method

The most widely applied method to produce
emulsions is mechanical agitation including stirrer,
mixer, homogenizer, etc. [11-15].

3. Experimental

All solutions were prepared from analytical
grade chemical reagents and were used without
further purification. All solutions were freshly
prepared using doubly distilled water. The chemicals
used for obtaining primary emulsion were the
following:

e Internal, receiving phase is hydrochloric
acid with various concentrations.

e Carrier agents, Bis(2-etylhexyl)phosphate
(HDEHP) (C,4H3504P), Tri-butyl phosphate
(TBP) (C 1 2H2704P) with different
concentrations and Benzene as diluents.

e Surfactant agent, span 80 with different
concentrations. All experiments were carried
out at ambient temperature (25 =1 °C) and
pH was measured by pH meter model pH

211[16].
The concentration of uranium in the aqueous
feed solution and stripping phase  were
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spectrophotometrically determined using Arzanaso
IIT method. Type 1601PC Shimadzu Corporation, the
detection limit of UV-Visible for uranium is 0.1
ppm[17].. The concentration of uranium in the
organic phase was calculated by mass balance. The
extraction percentage (%E) was calculated by the
relation:
%E =[(C,- C)/C,] x 100 1)
Where: C,: is the initial concentration of metal ion
in the aqueous solution.

C;: 1s the metal ion concentration in the
aqueous solution at time, t.
All LEM experiments were prepared by mixing 25
ml of the organic extractant (carrier) in the selected
diluents with suitable surfactant. Then 25 ml of the
stripping aqueous phase solution was added drop-
wise to enhance the stability of LEM. The solution
was then emulsified with an ultra-high speed
homogenizer [18], shown figure (1).

Globules of emulsion

Feed (External Phase)

Droglets of intermal phase
Organic Phase (Carrier and Surfactant agent)

Organic Fhase

Tnternal Phase (Stripper)

Figure (1) Preparation of liquid emulsion membrane
(LEM)

4. Extraction Mechanism of Uranium.

Extraction mechanism of uranium with XY
(assuming XY = (25%HDEHP, 0.005M+75%TBP,
0.01M)) had been investigated. This mechanism was
built on assumptions of an immobilized hollow
spherical emulsion globule model that assumed a
coupled counter current transport. A transport of a
uranyl nitrate ion across the emulsion globule during

LEM extraction is shown in figure 2. The

transportation process can give as the following:

1. The uranyl nitrate ion diffuses from the external
aqueous phase to the boundary of the membrane
phase;

il. Uranyl nitrate ion forms a complex with carrier

(XY) on the external aqueous interface;

the complex diffuses to the peripheral oil layer
of the emulsion globule;

A stripping reaction occurs between the
complex compound and the stripping agent
(HCI) when the complex diffuses toward the
internal aqueous phase. The uranyl nitrate ion is
released from the complex to the internal
aqueous phase;

iii.

iv.
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V. Carrier (XY) diffuses from the internal
interface to the external interface and forms a
complex again with the metal ion.

U0 MO, |5 & U0, (N0, 4CL +2XY+2H)0

N
0,4 NO;) \\‘/

External Phase
(Feed FPhase)

Xy Internal Phase

XY \/

Membrane Phase

Figure (2) Transport of a uranyl nitrate ion across the
emulsion globule

The equations exhibiting the extraction process,
(2) and the stripping equation process, (3) of uranium
occurring in liquid emulsion membrane is given
below. [13]
UO(NG,),(aq.phasg+2XY(OrganicPlse)
<2UQ(NG)XY(Complex
2U0,(NO,).2XY + 4HCI
< UO,(NO,), 4Cl+2XY +2H,0

2)

€)

5. Results and Discussion.
5.1. Effect of Carrier Concentration on the
Extraction Percent of Uranium.
5.1. 1. Effect of TBP Concentration

Figure (3) illustrates the effect of different
concentrations of TBP on the extraction percent of
uranium, at constant concentration of HDEHP. It is
clear from the figure that the extraction percent of
uranium through LEM decreases with increasing
TBP concentrations, from 0.01 to IM. The maximum
extraction percent of uranium (99.95%) occurs at
TBP concentration equal 0.01M.

5.1.2. Effect of HDEHP Concentration.

Figure (4) illustrates the effect of HDEHP
concentrations on the extraction percent of uranium
through LEM, at constant concentration of TBP. It is
clear from the figure that the extraction percent of
uranium through LEM decreases with increasing of
HDEHP concentrations from 0.005 to 0.1M. The
maximum extraction percent of uranium (99.95%)
occur at HDEHP concentration of 0.005M.
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Figure (3) Effect of TBP concentrations on the

extraction percent of uranium at constant
concentration of HDEHP, 0.005M
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Figure (4) Effect of HDEHP concentrations on the
extraction percent of uranium at constant
concentration of TBP, 0.01M

5.2. Effect of pH of the external aqueous phase on
Extraction Percent of Uranium.

Figure (5) illustrates the effect of different pH
of the external aqueous phase on the extraction
percent of uranium through LEM. 1t is clear from the
Figure that the extraction percent of uranium
increases with increasing the pH from 1 to 7.5. The
maximum extraction percent of uranium (99.95%)
occurs at pH equal 5.0. It is worth mentioned that, the
extraction percent of uranium at pH 1 is very low due
to the competition between uranium ions and
hydrogen ions on the membrane feed interface.

5.3. Effect of Stripping phase Concentration on
the Extraction Percent of Uranium through LEM.
Figure (6) illustrates the effect of different
concentration of hydrochloric acid on stripping
efficiency of uranium in the internal aqueous phase,
at constant pH 5.0 of the external aqueous phase. It is
clear from the figure that, the stripping efficiency of
uranium increases with increasing of stripping agent
concentration from (0.1 to 1.0M). The results of
experimental work showed that the maximum
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stripping efficiency of uranium (99.9%) occurred at
stripping agent concentration equals 1.0M or higher.
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Figure (5) Effect of pH different values on extraction
percent of uranium at constant concentration of
carrier
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Figure 6: Effect of Hcl concentration on the
stripping  efficiency of wuranium at constant
concentration of carrier.

5.4. Effect of Volume Ratio of Organic Phase on
Extraction percent of Uranium.

The volume ratio is the ratio between the
volumes of organic phase to the total volume of
liquid emulsion membrane. Figure (7) illustrates the
effect of different volume ratio of organic phase on
the extraction percent of uranium, at constant pH =5.
It clears from the figure that the increasing of
extraction percent of uranium with increasing of
volume ratio from 0.37 to 0.5. Above volume ratio
0.50 the extraction percent of uranium will be
decrease because coagulation of membrane occurs
who led to the decreasing of total membrane surface
area and hence decreasing the permeation percent of
uranium through LEM. The maximum extraction
percent of uranium (99.95%) occur at volume ratio of
organic phase equal to 0.5.

5.5. Effect of LEM Ratio on Extraction Percent of
Uranium.

1301

The liquid emulsion membrane ratio is the
percent between the volumes of liquid emulsion
membrane to the volume of the external aqueous
phase. Figure (8) depicted the effect of different LEM
ratios on the extraction percent of uranium, at
constant pH 5. It is clear from this figure that, the
extraction percent of uranium increases with
increasing of LEM ratio from 0.1 to 0.2. Above LEM
ratio 0.2, the extraction percent of uranium
decreasing and the maximum extraction percent of
uranium (99.95%) occurred at LEM ratio equal to
0.2.

5.6. Effect of LEM Preloading of Uranium on
Extraction Percent of Uranium.

Figure (9) depicted the effect of LEM preloaded
by different uranium ions on the extraction percent of
uranium, at constant pH =5. It is clearly observed
from figure (9) that the extraction percent of uranium
decreases with increasing of uranium preloaded
inside the internal aqueous phase to show the
maximum uranium could be permeated before
membrane recycled. The obtained results from the
experimental work showed that the maximum
extraction percent of uranium (87%) occur at LEM
preloaded with 700 ppm.
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Figure (7) Effect of different volume ratio of organic
phase on extraction percent of uranium, at constant
concentration of carrier
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Figure (8) Effect of different LEM ratio on
extraction percent of wuranium, at constant
concentration of carrier
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Figure (9) Effect of LEM preloading of uranium on
extraction percent of wuranium, at constant
concentration of carrier

6. Modeling of Uranium Permeation through liquid
emulsion membrane and volumetric rate of leakage.
6.1. Volumetric Rate of Leakage v,

The volumetric rate of leakage v, of the
internal aqueous phase to the external aqueous phase
due to membrane break-up was obtained by plotting
F (fraction of leakage) against time t for the different
parameters under investigation. The value of v, was
calculated as a product of the slope obtained from the
fraction of leakage- time curve and the volume of the
internal aqueous phase.

Leakage % = [Cex] XIOO/ [Cin]max. (4)
Where [C] denotes the concentration of tracer in the
external phase and [Ci,]max Stands for the maximum
possible tracer concentration in the internal phase and
fraction of leakage, F can be calculated by the
following equation:

F=1-® [Co] /® [Cin,l (5)
Where is the volume fraction of W/O
emulsion in W/O/W multiphase = Vo, + Vi/Vr,

[Cinel is the initial concentration of tracer in the
internal aqueous phase and @ is the volume fraction
of the internal aqueous phase in W/O emulsion drop
= Vi/(VintVorg) Where Vi, is the volume the internal
phase, V., is the volume of membrane phase and V¢
is the total volumes.

Figure.10 shows the effect of surfactant types
on the fraction of leakage. Considerable leakage was
observed in the feed solution when the emulsion was
dispersed at the start of the extraction, and F
increased linearly with time. The volumetric rates of
leakage v, for the surfactants, Span20, Span8§0,
Span85, were calculated and given in table (1). It is
clear that, span 80 give the lowest volumetric rate of
leakage while span85 gives the highest v;,. This result
confirms that span80 gives the most stable emulsion
globules.
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Figure.11 shows the plot of the fraction of
leakage F against time using different span80
concentrations, 2.0, 4.0 and 6.0 % v/v. It is clear that,
4.0% v/v of span80 gives the lowest v, while the 6.0
% v/v gives the highest v,. From the data obtained,
4.0 % v/v shows the highest stability of the emulsion
globules.

Span 20
Span 80
Span 85

0.8

> OO

0.6

044

0.2+
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8
Time/min.
Figure (10) Determination of v, with different
surfactants, at constant concentration 4%
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Figure (11) Determination of v, with different span
80 concentration

Table (1) the values of v, different surfactants types
and different concentration of surfactant (span 80)

Surfactant type- (4%) v, ml/sec
Span20 1.7113x107
Span80 3.2x107
Span85 0.914x10~

Span 80 Concentration v, ml/sec

2.0% 0.55x107
4.0% 4.5x10”
6 .0% 6.3x10~

6.2 Modeling permeation of uranium through

liquid emulsion membrane.
A general permeation

model

for the

permeation of uranium by liquid emulsion membrane
using TBP and HDEHP as carriers is presented. The
external mass transfer around the drop k,, the rate of
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formation and decomposition of complex at the
aqueous /organic interface ky and the internal mass
transfer of carrier and complex in the W/O emulsion
drop kg and k¢ respectively were calculated.

To better understand the transfer mechanism,
the transfer sequence needs to be examined in more
detail. There are actually five steps involved, and
each step has a specific mass transfer coefficient. If
the transfer is from the external phase to the internal
phase as shown in figure (12), the first step is the
mass transfer from the external phase to the interface
between the external and membrane phase. This is
represented by the mass transfer coefficient k. The
second step is the transfer across this interface, which
can be represented by km. The third step is diffusion
through the membrane phase represented by the mass
transfer coefficient k¢ or kg. The fourth step is the
transfer across the interface between the membrane
and the internal phase represented by the mass
transfer coefficient k.. The last step is the diffusion
into the internal phase represented by k;[20]

—_

s External phase

Sy
Membrane phase N
Em
— Y Em
- \
Internal phase ™~ \l
_ K ! Ea
v K. !/
-
— K
o
/
-
e

Figure (12) Permeation model based on Teramoto et
al.

This mass transfer analysis is built on an
immobilized hollow spherical emulsion globule
model (Chan and Lee, 1986) that assumed a couple
countercurrent transport mechanisms. The basic steps
of metal permeation through the liquid membrane
including the following (i) metal ion diffuses from
the external aqueous phase to boundary of membrane
phase; (ii) metal ion forms a complex with carrier on
the external interface; (iii) the complex diffuses to the
center of the emulsion globule; (iv) a stripping
reaction occurs when the complex diffuses toward the
internal aqueous phase and metal ion is release to the
internal aqueous phase; (v) carrier diffuses from the
internal interface to the external interface and forms a
complex again with metal ion, as shown in figure

(13).
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Carrier (HB)

NN
N N/ S

(Complex)

Intermal Phase

External Phase Membrane Phase

Figure (13) Mechanism of facilitated transport of
uranium ion

In order to simplify the mathematics of model
development the following assumptions are made: (i)
an ideal batch system is under complete mixing and
constant temperature operation (ii) carrier and solvent
are insoluble in water (iii) physical and transport
properties are constant during the permeation process
(iv) the droplets dispersed in the external phase as the
emulsion globules are immobile and are uniformly
distributed.

The values of k (the mass transfer around the
drop) and k¢ (the rate of formation of complex at the
aqueous/organic interface) were obtained as follows,
the rate determining step of thorium extraction
changes depending on the experimental conditions
that, Aj, (initial metal ion concentration in the outer
phase) is low compared with B, (initial concentration
of carrier), the rate is limited by diffusion of thorium
through the external aqueous stagnant film if Hj (
hydrogen ion concentration in the outer phase) is
sufficiently low and by the reaction at the interface of
the emulsion drop if Hj is high, when the reverse
reaction is ignored. The extraction rate is expressed
as follows:

VI dAI/dt = kA S (AI — AI,i) :kf S AI,i Bi / HI

= AI S/l/kA + Hl/kf B0 = KA S AI (6)
Integration of equation (6) gives
InAy/A, = Iny = -{K4 a,/(1- @)}t =-{3K, D /(1-

DR}t (7)

Where:

I/KA = l/kA + HI/ka0 (8)
Experiments were carried out at various

hydrogen ion concentrations with other conditions
kept constant. As shown in figure (14), the plot of In
y vs t gives straight lines and K,’s are calculated
from their slopes. Figure (15) indicates that the plot
of
1/ Ka against Hj also give straight lines in accordance
with equation (8). The values of ks and k¢ can be
calculated from their intercept and slope,
respectively.

It was impossible to determine kg or k¢ in the
W/O/W  multiphase system however; a rough
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estimate was made by the extraction experiment
using an agitation vessel 7 cm and 14 cm height
equipped with magnetic stirrer. 100 ml of the
aqueous uranium solution was first introduced into
the vessel. Then 20 ml of the W/O emulsion phase
was carefully poured over the aqueous phase so as
not to disturb the interface. Stirring in the emulsion
phase was started at 500 rpm and samples were taken
from the aqueous phase for analysis. Under the
condition that A, was sufficiently high and H;, was
considerably low, the resistance of the aqueous
stagnant film diffusion and the interfacial reaction
could be neglected. It was anticipated that, the
diffusion rate of the complex in the emulsion phase
would be fast due to the convection caused by
agitation. The experimental results are shown in
figure (16)

Uranium concentration in the aqueous phase
decreased linearly with time, suggesting that, the rate
of the extraction was independent of thorium
concentration. This means that, on the aqueous side
of the oil layer almost the entire carrier was
consumed by complexation with uranium. Thus the
extraction rate is expressed by:

-VidAydt =kg S (B,-Bi)/2 =kg S (B,-0)/2  (9)

From Eq.(9) and the data shown in Fig.17 the
value of kg was calculated and also the values of k¢
was estimated using the relation,
kc = kB (DC/DB) (10)
The diffusion coefficient of carrier (B) and complex
(C) estimated by Wilke-Chang is given in eqs 11 and
12 and shows in Fig. (17).

AJ/AL, = SQ® De)* (B, Hypo 1)°/3A1, Vi (11)
Dy =7.4 X10® (@ M)* Tk/ p Vg"* (12)

Then the oil layer thickness calculated from 6 =
Dg/kg (13)

From equation (6) to equation (13) we can
calculate the values of various physical parameters
and the oil layer thickness with TBP and with
HDEHP, as shown in tables (2) and (3).

InY

-3 T T T T
0 50 100 150 200 250 300
Time, (sec)

Figure (14) Determination of K¢
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Figure (17) Determination of D,

Table (2) the values of various physical parameters,

with TBP.

Parameters(TBP) Uranium

K 2.5 * 10°° cm/sec
Kg1 4.2 x 10™ cm/sec
Ky 4.6 x 10" cm/sec
Do 8.1 x10” cm’/sec
Dg; 7.3 * 10~ cm’/sec
Ky 4.4 * 107 cm/sec
o1 17.3 pm
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Table (3) the values of various physical parameters,
with HDEHP

Parameters (HDEHP) Uranium.

Ka 2.5 * 10 cm/sec
Kg; 8.4 x 10”° cm/sec
Kc: 2.9 x10° cm/sec
Kg 8.9 * 107 cm/sec
Dc; 1.6 x 10™® cm?/sec
Dg, 4.6 * 10™ cm’/sec
3, 5.4 um

7. Conclusion

The present study concerned with uranium
extraction from waste solution wusing LEM
techniques. The experimental work showed that: The
liquid emulsion membrane consists of (25%HDEHP,
0.005M+75%TBP, 0.01M) as extractant (carrier),
Span 80, 4% (v/v) (Sorbitan monooleate) as
surfactant agent, Hydrochloric acid (HCl), [IM] as
stripping agent. The maximum extraction percent of
uranium is about (99.95%) occurred at the selecting
operating conditions: pH =5, magnetic stirrer = 500
rpm, the ratio between LEM and external aqueous
phase = 20ml: 100 ml, the ratio between organic
phase to membrane phase = 0.5 and hydrophilic —
lipophilic numbers (HLB) = 4.3.

Experimental data on the batch extraction of
uranium by liquid emulsion membrane using TBP
and HDEHP as carriers were analyzed on the basis of
general permeation model in which the diffusion in
the W/O emulsion drop, the external mass transfer
around the drop, the rate of the formation, as well as
the decomposition of the complex at the aqueous —
organic interface, membrane thickness and the
leakage of the internal phase to the external phase
due to the membrane breakup were taken into
account. The verification of the results by using
anionic surfactant revealed that the reaction at the
organic — aqueous interface is the rate-determining
step at slightly high hydrogen ion concentration in
the external aqueous phase and also the present
model used in this study gives a better understanding
and conforming to the experimental results
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