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Abstract The response surface methodology is used to
obtain optimal rate and extent of extraction of low con-
centration U(VI) (<100 mg/L) by liquid emulsion mem-
brane technique. Three different ligands viz. Tri-n-octyl
phosphine oxide (TOPO), Tri-n-octyl amine (TOA) and
Di-(2-ethylhexyl)phosphoric acid (D2EHPA), are used. 2°
factorial design is applied to generate second order
regression equation for studying the effect of concentration
of ligand, surfactant and feed acidity. The regression model
is in good agreement with the experimental data for all
ligands. The rate of extraction of U(VI) by LEM is found to
be in the order TOA > TOPO > D2EHPA.

Keywords Uranium (VI) - TOPO - D2EHPA - TOA -
Liquid emulsion membranes (LEM)

Introduction

Presently, nuclear industry uses solvent extraction method
to recover U(VI) from various sources. Since the con-
ventional extraction is equilibrium limited process,
extraction of U(VI) from low concentrated source
(<100 mg/L), using solvent extraction is not efficient.
Since in liquid emulsion membrane (LEM) extraction
process, the extraction and stripping steps occur simul-
taneously, it is not constrained by phase equilibria and
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hence is considerably more efficient than the conventional
extraction. However, LEM extraction of heavy metals is
practised only to some extent in Zinc industry [1]. Con-
sidering the fact that LEM is not extensively used in
nuclear industry for recovery of U(VI), there is a need for
further investigations on this method. This includes sta-
bilisation studies of LEM, improvement of demulsifica-
tion step and process intensification of various factors
influencing the extraction efficiency. This study focuses to
quantify and optimise process parameters of LEM for
U(VI) extraction. Stas et al. [2] studied U(VI) and Fe(III)
co-extraction using conventional solvent extraction
parameters and generated two mathematical models based
on general linear regression equation. They found out that
the concentration of ligand (D2EHPA) primarily controls
the selectivity and yield. Kadous et al. [3] made a com-
parative study on effectiveness of extraction of U(VI) by
D2EHPA/TOPO using 2° full factorial design between
supported liquid membrane (SLMs) with one single
membrane and two membranes in series [3]. Natchanun
et al. [4] used 37 factorial design to predict the uranium
concentration in the feed tank at different times using
hollow fibre SLM extraction and optimised the process.
They observed with the increasing of initial U(VI) con-
centration in feed, the recovery of U(VI) is more effective
using SLM with two membranes in series as compared to
single SLM. We have not come across any study on LEM
with mutual interaction and correlation between the
variables which affects extraction of U(VI). Literature is
available on impact of various parameters like ligand
concentration, acid concentration in feed phase, viscosity
of membrane, etc. on LEM extraction of U(VI) by TOPO
[5-16]. Also literature is available on extraction of U(VI)
by the ligands ( D2EHPA, TOPO and TOA ) using bulk
liquid membrane (BLM), SLM and liquid-liquid
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extraction [19-21]. However, no correlation studies on the
impact of these vital factors on LEM extraction was
carried out. The previous study by the author [17] estab-
lished the following factors to be most influential for
extraction of U(VI) using LEM.

(i) Concentration of ligand in organic phase
(i) initial concentration of acid in external feed phase
and
(iii)  concentration of surfactant which affects yield
(percent of extraction) and rate of extraction.

The effects of these individual parameters affecting the
LEM extraction are not additive. Individual variation
cannot be used to obtain the overall effect, when all the
parameters are varied together. Therefore response surface
method is useful in such cases to study the interaction
parameters as well as to optimise the process.

This study aims at the optimisation of U(VI) extraction
from low concentrated solutions (initial concentration of
U(VI) 100 mg/L in feed) using various ligands. The focus
of present investigation is to study the contribution of each
of the above factors on the LEM extraction in order to
arrive at the best operating conditions for efficient recovery
of U(VI) from dilute streams of nuclear industries. The
response surface methodology (RSM) was used to achieve
the following goals

(i) to study mutual interaction among these factors,
(i) to arrive at the optimal conditions for extraction of
U(VI) and
(iii)) to obtain a regression model which can estimate
rate constant and percent extraction of U(VI)
using LEM.

Experimental
Chemicals

The ligands TOPO, TOA, D2EHPA were obtained from
M/s Sigma Aldrich Co Ltd. Light paraffin oil, supplied by
M/s Merck, had kinematic viscosity 30 cs and density
800 kg m . All other chemicals were of analytical grade
and obtained from the companies of repute.

Experimental procedure

Primary emulsion (W/O) was prepared by 20 ml of organic
solution containing polymeric surfactant AbilEM90, any
one of these complexing ligands (TOPO, TOA and
D2EHPA) and diluents paraffin. Then 20 ml of the strip-
ping aqueous phase was added dropwise in the organic
phase. The solution was then emulsified using Ultra-Turrax
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Step-II Extraction

Step-I Emulsion Preparation

Fig. 1 Schematic diagram of LEM extraction procedures M DC
motor, C controller and tachometer, E emulsifier, P primary emulsion,
I internal strip phase, G emulsion globules, F' external feed phase
(aqueous), R raffinate (aqueous), S secondary emulsion containing
extract/strip phase, J rotating Jack/sliding assembly

mixer (IKA T25) at the mixer speed of 14,000 rpm.
Emulsification time was fixed at 10 min for all experi-
ments. Polymeric surfactant Abil EM90 was varied in the
range from 1 to 4 % (w/v). The primary emulsion (W/O)
was poured into a specially designed 500 ml batch stirred
reactor (pertractor) containing 200 ml aqueous feed solu-
tion containing U(VI). The glass vessel was equipped with
a four bladed turbine agitator. Samples were drawn from
the sample tap (as shown in Fig. 1) at different time
interval into a separating funnel in which external aqueous
phase (raffinate) was separated from the emulsion phase.
Filtration through Whatman 41 filter paper was resorted to
in cases where fine emulsion globules were not easily
separated by separating funnel. After withdrawing 2-3 ml
of sample from the raffinate for the determination of the
concentration of U(VI), the rest of the content of the sep-
arating funnel was poured back into the pertractor in order
to minimize the error associated with the loss of material.

The extraction experiment was carried out with different
complexing ligands (TOPO, D2EHPA, TOA) dissolved in
paraffin. Abil EM90 was used as the polymeric surfactant.
The agitator speed for LEM extraction was maintained at
400 rpm in all the experiments. The schematic of experi-
mental procedure is described in Fig. 1.

In order to optimise the LEM process experimental
design was performed. In our previous study we have
studied rate of extraction of U(VI) using LEM with varying
one at a time each of the individual parameter viz.
(i) concentration of ligand, (ii) initial concentration of acid
in the feed phase, initial concentration of U(VI) in feed,
(iii) speed of emulsifier, (iv) speed of petraction, (v) strip
phase and remaining parameters were kept as constant [17].
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Table 1 Coding of Factors and Levels for the experimental designs of LEM extraction

Ligand Factor Factor code Coded level
—1 0 1
TOPO TOPO conc. in organic phase (M) X\ Topo 0.01 0.055 0.1
Feed HNOj3 conc. (M) X2 Acid 0.01 0.055 0.1
Abil EM90 conc. (%w/v) in organic phase X3, Abil 1 2.5 4
D2EHPA D2EHPA conc. in organic phase (M) X1 DEHPA 0.01 0.055 0.1
Feed HNO; conc. (M) X5 Acid 0.01 0.055 0.1
Abil EM90 conc. (%w/v) in organic phase X3 Abil 1 2.5 4
TOA TOA conc. in organic phase (M) XiToA 0.01 0.055 0.1
Feed H2SO, conc. (M) X2 Acid 0.01 0.055 0.1
Abil EM90 conc. (% w/v) X3, Abil 1 25 4
The rate constant of extraction of U(VI), k were calculated ~ U0,X,(a) + 2RH(0) + UO,X; - 2RH(0) (1)

for all such cases. The effect of the individual parameters
on rate constant of U(VI) extraction by TBP were plotted
and linear relationship was found. The most influential
parameters were chosen based on the slope of this linear fit.
Higher slope indicates most influential parameters on LEM
extraction of U(VI) by TBP.

The parameters used in this work for optimization were the
concentration of ligand in the membrane phase, concentration
of acid in the external feed phase and concentration of Abi-
IEM90 in the membrane phase. The choice of these parame-
ters was based on the results of our pervious studies [17]. Also,
the following parameters were fixed a priori as optimal (again
based on the previous studies [ 14, 17]) and were not subjected
to optimization. The composition of the internal strip phase
which was 0.5MNa,CO;5 for the LEM extraction involving
TOPO or TOA, or 2 M H,SO, for the LEM extraction
involving D2EHPA and speed of pertraction. The initial
concentration of U(VI) in the feed was fixed at 100 mg/1.

The raffinate phase was sampled at regular time intervals
and samples were analysed for concentration of U(VI) using
inductively coupled plasma emission spectrometer (ICP-
AES, Horiba Jobin—Yvon model JY 238, Ultrace make).
Uranium emission intensity was monitored at wavelength of
386 nm. The standard samples of U(VI) having concentra-
tions between 0 and 20 pg/ml in 4 % (v/v) nitric acid were
used for calibration of ICP. The strip phase was analysed for
U(V]) only at the end of the experiment. Concentration of U
(VD) in the membrane phase at the end of the experiment was
estimated by mass balance, knowing its concentrations in the
feed and the strip phase.

Extraction Kinetics of U(VI) by LEM extraction
It is hypothesised that extraction of U(VI) in membrane

phase of LEM by ligand RH (TOPO, TOA) occurs
according to the following reactions

For the ligand D2EHPA [which exists in dimer form
represented as (RH),], the complexation reaction with
U(VI) occurs as follows

U0,X,(a) + 2(RH),(0) < UO,X, - 2HR(a) + 2H" (a)
(2)

where, ‘a’ stands for the aqueous phase and ‘o’ for the
organic phase. To describe the overall reaction kinetics of
U(VD) we assume Eq. 1-2 follows the first order rate
equation. A combining mole balance of U(VI) on a con-
stant volume batch reactor and the rate law gives
OOV _ oy ®)
Here, “e”, denotes the external feed phase, t, the time, and
k is the apparent rate constant of U(VI) permeation using
ligand, RH (TOPO, TOA, D2EHPA)

Using the initial conditions [U(VI)(e)],_,= [U(VI)(e)]°
at t = 0 gives the following solution

[UVD(e)]”

RNTOOI0)

=k.t 4)

The extent of extraction (%) of U(VI) by LEM can be
defined as
[U(VI)(e)]’=[U(VI)(e)]

=" e

% 100 (5)

Here, “t”, denote extraction time in minutes

Experimental design and optimisation

The objective of an experimental design is to quantify the
impact of the experimental factors on the efficiency of the
treatment by establishing a regression model to predict rate
of extraction of U(VI) and percent of extraction efficiency

@ Springer



1264

J Radioanal Nucl Chem (2015) 304:1261-1274

~_
-
~
=
©w o
o o
P

A O N ©
S © © o ©
RN N

304

[U(Vi)(e)], (mg/L)

Extraction time, min.

Fig. 2 Efficiency of U(VI) extraction for LEM formulation with
TOPO [conditions: / Feed 0.1 M HNO3;, org. 0.1 M TOPO, 4 %(w/v)
AbIIEMI0 (slope = 0.787) 2 Feed 0.1 M HNO3, org. 0.1 M TOPO,
4 % (w/v) AbIIEM90 (slope = 0.377) 3 Feed 0.01 M HNO;, org.
0.1 M TOPO, 4 % (w/v) AbIIEM90 (slope = 0.300) 4 Feed 0.01 M
HNO;, org. 0.1 M TOPO, 1 % (w/v) AbiIIEM90, (slope = 0.207) 5
Feed 0.1 M HNOs;, org. 0.01 M TOPO, 4 % (w/v) AbilEM90,

with a function of three factors (ligand concentration (X)),
feed acid concentration (X»), surfactant concentration (X3)
Here, a second order regression model design was applied,
and the relation obtained was for 3 variables (i = 1, 2, 3).

j=3

i=3 2 3
S SN S B Y b e (O
i=1 1

Jj= =1 j>i

where predicted response of the system is y [percent of
extraction of U(VI)] or k (extraction rate constant of U(VI)
complexation reaction with ligand), X; is the coded variable
of associated with actual process variable i, 8; and b;; are
coefficients of the model. The experimental error is deno-
ted by ¢. The maximal value associated to the coded var-
iable was +1 and the minimal value was —1

The experimental design used for this study is presented
in Table 1.

Table 1 represent coded level for the natural variables
used to develop the mathematical model.

The fitted second order multiple regression model in
matrix notation is written below:

9= po+X'B+X"BX (7)
where f is the column vector of p; and B is the matrix of
coefficients, b;.

At the optimal condition, the derivative of y with respect
to elements of the vector x should be zero, i.e.

5 - =
§:ﬁ+2BX:O (8)

Therefore the optimal value X, of set X is
_ 1=

= 1=
Xo = 753 ﬁ (9)

@ Springer

Extraction by TOPO

In[U(VI) (@I /TU(VI)(e)]

Time,min.

(slope = 0.118) 6 Feed 0.1 M HNO3, org. 0.01 M TOPO, 1 % (w/v)
ADbIIEM90, (slope = 0.111) 7 Feed 0.01 M HNO;, org. 0.01 M
TOPO, 4 %(w/v) AbiIlEM90, (slope = 0.059) 8 Feed 0.01 M HNO3,
org. 0.01 M TOPO, 1 %(w/v) AbilIEM90, (slope = 0.039) 9 Feed
0.0l M HNO;, org. 001 M TOPO, 1 %(w/v) AbIIEM90,
(slope = 0.493)] Strip 0.5MNa,CO3. a Effect of factors on extraction
of U(VI) [Ref. Egs. 12-14] b Effect of factors on rate constant, k

where f is a vector of the first order regression coefficients

and Bisa symmetric matrix whose main diagonal elements
are the quadratic coefficients ([3”-) and whose off diagonal

elements are one half of the mixed quadratic coefficients
(Byi #4)

In result, the estimated response value at the optimal
point can be calculated as
5= byt 5X5P (10)

The non- linear, second order regression analysis and the
response surface plot of the best fitted model for coded
factor level is carried out by using Matlab programming.
Three coded variables used for this model are (i) the con-
centration of ligand (X 1Ligand) , (ii) the acid concentration of
feed (Xoacia), and the (iii) concentration of polymeric
surfactant, Abil EM90 (X3apii). The predicted response
variable y and k of the system are the percent extraction
and corresponding extraction rate constant of U(VI) using
regression model Eq. 6. The empirical model was fitted to
the response through regression analysis and best fit was

obtained which includes linear, interaction and square
terms.

Results and discussion

A wide range of values between low level (—1) and high
level (4+1) (see Table 1), of variables was chosen in order
to make sure that the optimum lies within the chosen
range.
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Table 2 2° Factorial design matrices for LEM extraction of U(VI) using TOPO

SI. No.  Actual Variables Coded Variables Responses
Exp. TOPO Feed Abil 90 Xitoro  Xatoro  Xztoro  ¥(5)topo ¥(10)1opo Rate const
run conc.(M) HNOs3; (M) conc. (% w/v) (%) (%) (min~Ykropo
(5 min elapsed) (10 min elapsed)
1 0.1 0.1 4 1 1 1 97.74 98.28 0.787
2 0.1 0.1 1 1 1 —1 84.19 93.75 0.377
3 0.1 0.01 4 1 -1 1 78.37 94.69 0.300
4 0.1 0.01 1 1 —1 -1 65.55 99.60 0.207
5 0.01 0.1 4 —1 1 1 51.85 67.61 0.118
6 0.01 0.1 1 -1 1 -1 45.08 66.43 0.111
7 0.01 0.01 4 -1 -1 1 24.58 33.27 0.059
8 0.01 0.01 1 -1 -1 -1 15.86 22.56 0.039
9 0.055 0.055 2.5 0 0 0 93.19 97.41 0.493
In order to simplify the calculation, coded variables are $(5)ropo = 93-41 + 23.56X 10p0 + 11.81X24cid

assumed as independent variables. The independent vari-
ables are rescaled, such that O is in the centre of the design
represents mean value, (M) of each of the variable and +1
are the distance from the centre with direction. Therefore
three natural independent variables (V) viz. ligand con-
centration, acid concentration in feed and polymeric sur-
factant concentration are related to coded variable X; by the
following relation

2(V; — M)

X =
) RJ

iRi=H—L; j=12,3 (11)
Here, “R”, denotes the range and “H” and “L” respec-
tively represent high and low value of natural variables

44V99.
Extraction of U(VI) by TOPO using LEM

The design matrix of a 2° factorial design for extraction
of U(VI) by TOPO and the response are shown in
Table 2.

Figure 2a and b respectively represent experimental
concentration of U(VI) in raffinate at different stirring
times and corresponding plots of logarithmic of the ratio of
initial concentration of U(VI) to that at time #, for mea-
suring the rate constant, k of U(VI) extraction from various
combination of experimental factors (as shown in Table 2)
by TOPO in paraffin using LEM.

The experimental rate constants are obtained by mea-
suring the slope of Fig. 2b.

From the experimentally obtained percent extraction of
U(VI), y(¢) after elapsed time ¢, and corresponding coded
variables as shown in Table 2, the following second order
regression Eqgs. 12, 13 and 14 are obtained.

+ 5.23X3am1 — 45.29X 1 10p0
— 15.31X;tor0Xo4cid + 1.36X110P0X3Abil
— 0.152X510P0 X3 Abil

(12)
y(]O)TOPO = 97.41 4+ 24.56X 10P0 + 9.49X5Acid
+ 1.44X3a51 — 35.39X 1r0p0
— 16.06X110P0X2Acid
— 1.53X11oroX3abi1 — 0.01X210P0X3Abi
(13)

Equations 12 and 13 represents second order regression
equation for percent extraction of U(VI), ¥(5) and y(10) by
TOPO using LEM after elapse of time 5 and 10 min
respectively

Equation 14 represents second order regression equation

for rate constant, k for the extraction of U(VI) by TOPO
using LEM
kropo = 0.493 + 0.168X,10po0 + 0.0985X24cia
+0.0662X30i1 — 0.243X710p0
+ 0.0658X 10P0X2Acid
+ 0.0595X 1 10P0X3Abi1 + 0.38X2AciaX3Abil

(14)

The above regression equation shows acid concentra-
tion in feed (Xpaciq) and surfactant concentration (X3api)
have a linear positive effect on response functions (¥) and
(IE) The concentration of ligand, TOPO (X;1opo) shows
both positive and negative effect (quadratic term). The
quadratic term in ligand shows curvature in the response
surface. Hence optimal value of the response function lie
between high and low levels. The constant coefficient

@ Springer
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Table 3 ANOVA for Significance of Regression (a) ¥(5)z0py (b) ¥(10)7p0 and (c) kroro

(a) Source, J(5)ropo Degree of freedom Sum of squares Mean squares F values p values
Regression 7 6.94 x 103 9.91 x 10? 1.10 x 10° 0.023
Linear 3 5.78 x 103 1.92 x 103 2.14 x 103 0.016
Square 1 1.10 x 10° 1.10 x 103 1.23 x 10° 0.018
Interaction 3 5.77 x 10? 19.22 21.41 0.157
Residual error 1 0.9 0.9

Total 8 6.94 x 103

(b) Source, ¥(10)1opo Degree of freedom Sum of squares Mean squares F values p values
Regression 7 6.96 x 10° 9.94 x 107 22.11 0.162
Linear 3 5.56 x 10° 1.85 x 10° 41.21 0.114
Square 1 5.72 x 102 5.72 x 10? 12.74 0.174
Interaction 3 8.28 x 10? 2.76 x 10? 6.14 0.286
Residual error 1 44.98 44.98

Total 8 7.0 x 10°

(c) Source, kroro Degree of Freedom Sum of squares Mean squares F values p values
Regression 7 0.466 0.066 4.89 0.335
Linear 3 0.338 0.113 8.29 0.249
Square 1 0.053 0.053 3.86 0.300
Interaction 3 0.075 0.025 1.82 0.487
Residual error 1 0.014

Total 8 0.479

X2Acid

1TOPO

e

Fig. 3 Response surface plot for the interaction of variables for LEM formulation with TOPO. a Interaction plot X;, X, b interaction plot X;, X3

¢ interaction plot X,, X3

term of the regression model (Egs. 12, 13, 14) represents
value of response functions (y) and (12) at the mean
values of concentrations of ligands (X;topo = 0), acid in
feed (Xpacia = 0) and surfactant (Xzapi = 0) respectively.
The value of constant coefficient term in Eq. 13 is higher
than Eq. 12 indicates higher percent of extraction of
U(VI) which is possible due to elapse of more time of
extraction.

@ Springer

The test for the significance of the regression can be
applied to determine if the relationship between the
dependent variable, () and (k) and independent vari-
ables XiLigand> X2Acid» X3abil €xists. The proper hypotheses
are

Ho:By=p=p3=--=p;=0vs
H, : B; # 0 for at least one of i or j

(15)
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Table 4 2° Factorial design matrices for LEM extraction of U(VI) using D2EHPA
SI. No. Actual variables Coded variables Responses
Exp. D2EHPA Feed Abil 90 conc. X penpa XZDEHPA XS,DEHPA y(S)DEHPA y( IO)DEHPA Rate
run conc. in org. HNO3z M) (% w/v) (%) (%) const
-1
phase (M) (5 min elapsed time) (10 min elapsed time) (min"")
kpenpa
1 0.1 0.1 4 1 1 1 93.66 96.63 0.571
2 0.1 0.1 1 1 1 -1 76.42 93.24 0.266
3 0.1 0.01 4 1 -1 1 94.46 96.32 0.595
4 0.1 0.01 1 1 -1 -1 84.28 86.75 0.373
5 0.01 0.1 4 -1 1 1 88.17 96.32 0.448
6 0.01 0.1 1 -1 1 -1 77.73 91.91 0.281
7 0.01 0.01 4 -1 -1 1 94.96 96.35 0.615
8 0.01 0.01 1 -1 -1 -1 79.23 86.65 0.319
9 0.055 0.055 2.5 0 0 0 87.21 96.46 0.395

Analysis of variance (ANOVA) table deducted from the
results of LEM extraction of U(VI) by TOPO, is reported in
Table 3.

At the significant level o = 0.05, the critical value
Fo.05,3,7 = 4.35 which is far less than the observed value of
F = 1,104.35. There is a significant statistical evidence to
reject null hypothesis. It implies that at least one of the
independent variable among the three chosen variables viz.
ligand concentration (XLigand), acid concentration (Xoacia)»
surfactant concentration (X3apii) contributes significantly to
the extent of extraction and rate constant. The small
p values for linear and square terms also point out that their
contribution is significant to the model. But, small p values
for the squared term of TOPO concentration suggest there
is curvature in the response surface.

Since the response surface is explained by the second-
order model, it is necessary to analyse optimum setting.
The graphical visualization is very helpful in understanding
the second-order response surface.

Figure 3 shows the response surface plots of the pair-
wise interaction between the concentration of TOPO
(Xitopo) in the organic phase, concentration of HNO; in
the feed (Xpacia) and concentration of Abil EM90 (X3api)
in the organic phase.

Figure 3a shows the response surface plot from the model
(Eq. 12), where the concentration of Abil EM90 is kept at its
mean value (X3apii = 0) and the interaction between TOPO
concentration and acid concentration in external aqueous feed
phase is examined. It is seen from Fig. 3a, that the interaction
between the TOPO concentration in organic phase (X;topo)
and concentration of HNO; in aqueous feed phase (Xpacia) is
significant, however the coefficient term is negative (—15.31)
which implies negative impact on extraction of U(VI). This
can be explained in terms of higher acid extraction capability

of high level of TOPO concentration at higher acid level
(within the experimental range) concentration, is high in LEM
extraction. We find that the percent extraction of U(VI)
increases with increase in TOPO concentration initially (up to
the coded level near to 4+-0.6) and beyond which there is a fall
which can be explained based on our previous study that with
increasing TOPO concentration acid extraction increases in
strip phase causing reduction in U(IV) extraction [17]. Fig-
ure 3b, shows the interaction between the TOPO concentra-
tion (X;topo ) and concentration of surfactant in organic phase
(X3api1) which shows maxima of extraction at around mean
level of the coded variable revealed that influence of TOPO is
quadratic (nonlinear). The coefficient term of (X;topoX3abil)
is —1.53 in Eq. 12, implies negative impact on U(VI)
extraction, because viscosity of the membrane increases with
increase in TOPO concentration. The increase in membrane
(organic) viscosity reduces diffusivity of TOPO. U(VI)
complex into internal strip phase of LEM. This causes
reduction in mass transfer which in turn affects the extraction
rate constant (IE) and the yield of extraction [y(5), y(10)]. This
is in congruence with Eq. 12, 13 & 14. Figure 3c shows that
interaction between concentration of Abil EM90 (X34pi1) and
HNO; (Xsacia) on extraction of U(VI) is positive. It can be
seen that with increase in the concentration of Abil EM90
(X3api1) and HNO3 (Xoaciq) the extent of extraction of U(VI)
increases and the behaviour is linear. The increase in sur-
factant (Abil EM90) reduces interfacial tension between
organic and aqueous phase causing more interfacial area, thus
increasing rate of extraction (k) as well as yield. This is in
agreement with the regression model Eq. 12-14.

The optimum conditions (X;, X, and X3) for LEM
extraction of U(VI) by TOPO, were obtained by using
Eq. 9 and the values are (i) TOPO concentration of
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Fig. 4 Efficiency of U(VI) extraction for LEM formulation with
D2EHPA [conditions: / Feed 0.1 M HNO;, org.0.1(M) D2EHPA,
4 % (w/v) AbIIEM90 (slope = 0.571) 2 Feed HNO;, org. 0.1(M)
D2EHPA, 1 % (w/v) AbilEM90 (slope = 0.266) 3 Feed 0.01 M
HNO;, org. 0.1(M) D2EHPA, 4 %(w/v) AbilIEM90 (slope = 0.595) 4
Feed 0.01 M HNOs;, org 0.1(M) D2EHPA, 1 % (w/v) AbilEM90,
(slope = 0.373) 5 Feed 0.1 M HNOs;, org. 0.01(M) D2EHPA, 4 %
(w/v) AbIIEMO0, (slope = 0.448) 6 Feed 0.1 M HNO3, org. 0.01(M)

0.082 M (X;1opo = 0.596), (ii) Feed acid concentration of
0.1 M HNOj; (Xpacia = 1) and (iii) polymeric surfactant
concentration of 4 % (w/v) in paraffin (X3apy = 1). The
optimal response (y) obtained by substituting the above

values in the regression equation (Eq. 12) is extraction of
99.72 % U(VI) by TOPO after elapse of 5 min.

Extraction of U(VI) by D2EHPA using LEM

Similar to TOPO experiments we have conducted 3 factors
(X1, X2 & X3) study to compare and find out best suitable
ligand and optimum conditions for U(VI) extraction using
LEM.

The matrix of a 2% factorial design for extraction of
U(VD) by D2EHPA and the corresponding responses are
shown in Table 4. Figure 4a represents the concentration
of U(VI]) in the raffinate as a function of time. Each curve
corresponds to a different set of parameters (which are
listed below the figure). Figure 4b shows plots against time
of the logarithm of ratio of initial concentration of U(VI) to
its concentration at time t in the feed for the data corre-
sponding to Fig. 4a.

The values of the rate constant, k of U(VI) extraction,
obtained from the slope of these plots are listed in Table 4

Percent extraction of U(VI) after elapse of 5 min,
¥(5)penpa- and after elapse of 10 min y(10)ppyps (obtained
from Fig. 4a) are correlated to the parameters using a qua-
dratic form as shown in Eq. 16 and 17 respectively.
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Extraction by D2EHPA
T T T T T T
0 1 2 3 4 5
Time, min.

D2EHPA, 1 %(w/v) AbIIEM90, (slope = 0.280) 7 Feed 0.01 M
HNO3, org. 0.01(M) D2EHPA, 4 %(w/v) AbilEM90, (slope = 615) 8
Feed 0.01 M HNO;, org. 0.01(M) D2EHPA, 1 %(w/v) AbilEM90,
(slope = 0.319) 9 Feed 0.055 M HNOj;, org. 0.055 M D2EHPA,
2.5 %(wlv) AbiIIEMI0, (slope = 0.395)] Strip:2MH,SO,. a Effect of
factors on extraction of U(VI) [Ref. Eqs. 16-18] b Effect of factors on
rate constant, k

Y(5)pgrpa = 87-21 + 1.09X1pgupa — 2.12X54cid
+ 6.70X30i1 — 1.10X ppppa
— 0.05X1pespaX2Acid
+ 0.16X 1pEnPA X34bi1 + 0.22X5AciaX3Abil

(16)
Y(10) ppppa = 96.46 + 0.21X pgupa — 1.50X24cid
+ 3.38X3a01 — 344X T pEupa
— 0.19X pEsPA X2Acid
+ 0.14X1pEapa X340 — 1.4X5AcidX3A0i
(17)

Equation 18 represents predicted rate constant, k for the
extraction of U(VI) by TOPO using LEM
kperpa = 0.395 + 0.0177X perpa — 0.042Xacid
+0.124X3api1 + 0.0385X ppppa
— 0.0092XpEnpaX2Acid
+ 0.008XpEnPaX3Abil — 0.006X24ciaX3Abil

(18)

Table 5 represents the ANOVA deducted from these
data

At the significant level o = 0.05, the critical value
Fo.0s53,7 = 4.35 < the observed F = 5.80. Therefore it can
be concluded that the true response surface is explained by
the quadratic model
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Table 5 ANOVA for Significance of Regression (a) ¥(5)pgpa (0) ¥(10)pppps and (c) kpEHPA
(a) Source, ¥(5)peupa Degree of freedom Sum of squares Mean squares F values p values
Regression 7 466.07 66.58 5.80 0.309
Linear 3 462.20 154.06 13.43 0.197
Square 1 0.50 0.50 0.04 0.869
Interaction 3 3.38 1.13 0.10 0.950
Residual error 1 11.47 11.47
Total 8 477.55
(b) Source, ¥(10)pegpa Degree of freedom Sum of squares Mean squares F values p values
Regression 7 137.48 19.64 198.36 0.055
Linear 3 110.05 36.69 370.50 0.038
Square 1 10.51 10.51 106.16 0.062
Interaction 3 16.92 5.64 56.96 0.097
Residual error 1 0.099 0.099
Total 8 137.582
(c) Source, IQDEHP A Degree of freedom Sum of squares Mean squares F values p values
Regression 7 0.226 0.0322 63.05 0.097
Linear 3 0.210 0.070 137.22 0.063
Square 1 0.004 0.004 7.79 0.219
Interaction 3 0.011 0.004 7.31 0.264
Residual error 1 5x 1074 5x 107
Total 8 0.227

(a)

7
T

~
pr s I
',/,';;;,,,,,‘

1DEHPA

1DEHPA

Fig. 5 Response surface plot for the interaction of variables for LEM formulation with D2EHPA. a Interaction plot X;, X, b Interaction plot X,

X3 ¢ Interaction plot X5, X3

Figure 5 shows the response surface plot of the inter-
action between the concentration of D2EHPA, HNO;
concentration in the feed and concentration of polymeric
surfactant (Abil EM90) in the organic phase.

Itis observed from Fig. 5athatthe interaction between the
D2EHPA concentration in the membrane phase and HNO; in
the feed phase is quadratic (non-linear) similar to TOPO.
Whereas Fig. 5b shows that with increase in Abil EM90,
percent extraction of U(VI) increases linearly with slope
lager than TOPO. This indicates that positive influence of
ADbIIEMOI0 in presence of D2EHPA is more in extraction of
U(VD) as compared to TOPO. Since D2EHPA is more

surface active, its combination with Abil causes higher
reduction in interfacial tension (which causes increase in
interfacial area) and increases extraction of U(VI). Figure 5c
response surface describes that with increase of acid con-
centration in the feed phase % extraction of U(VI) decreases
linearly, because D2EHPA is cation exchange ligand, and
hence increase in [H™] reduces extraction.

The optimum conditions (X;, X, and Xj3) for LEM
extraction of U(VI) by D2EHPA, were obtained by using
Eq. 9 and the values are (i) D2EHPA concentration of
0.097 M (Xipgupa = 0.938), (ii) Feed acid concentration
0.011 M HNO; (Xpacia = —0.979) and (iii) polymeric
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Table 6 2° Factorial design matrices for LEM extraction of U(VI) using TOA

S1. No. Actual variables Coded variables Responses
Exp.run  TOA conc. Feed Abil 90 Xitoa  Xatoa  X3toa  yroa(%)  yroa(%)  Rate
in org. phase (M) H,SO, (M) conc. (%ow/v) (5 min) (10 min) const(min~")
kroa
1 0.1 0.1 4 1 1 1 98.65 99.20 0.927
2 0.1 0.1 1 1 1 -1 94.50 97.57 0.575
3 0.1 0.01 4 1 -1 1 98.10 98.44 0.798
4 0.1 0.01 1 1 -1 -1 90.20 97.40 0.466
5 0.01 0.1 4 -1 1 1 97.0 98.10 0.680
6 0.01 0.1 1 -1 1 -1 69.20 92.40 0.208
7 0.01 0.01 4 -1 —1 1 29.9 38.0 0.067
8 0.01 0.01 1 -1 —1 -1 7.01 18.62 0.016
9 0.055 0.055 2.5 0 0 0 97.82 98.0 0.772
5-
(a)100 (b) 1
90 - 3
80. 41 Extraction by TOA 9
= 4
- 704 O 5
= = 3
S 60- 2 2
£ ]
= 50 = 4
= > 9
g « 5
S 30 S 6
5 S 1 >
= 20+ =
10- = 4
0 8
0- 8
T T T T T T ] T ¥ T ¥ T L T
0 5 10 0 1 2 3 4 5
Extraction time, min. Time,min.

Fig. 6 Efficiency of U(VI) extraction for LEM formulation with
TOA [conditions: / Feed 0.1 M H,SO,, org. 0.1 M TOA, 4 % (w/v)
AbIIEMI0 (slope = 0.927) 2 Feed 0.1 M H,SO,, org. 0.1 M TOA,
1 % (w/v) AbIIEMO90 (slope = 0.575) 3 Feed 0.01 M H,SO,, org.
0.1 M TOA, 4 %(w/v) AbiIlIEM90 (slope = 0.798) 4 Feed 0.01 M
H,SOy, org. 0.1 M TOA, 1 %(w/v) AbIlIEM90, (slope = 0.467) 5
Feed 0.1 M H,SO,, org. 0.01 M TOA, 4 % (w/v) AbilEM90,

surfactant concentration 4 %(w/v) in paraffin (Xzapg = 1).
The optimal response (¥) obtained by substituting the above
values in the regression equation (Eq. 16) is extraction of
96.02 % U(VI) by D2EHPA after elapse of 5 min.

Extraction of U(VI) by TOA using LEM

The design matrix of a 2* factorial design for extraction of
U(VI) by TOA and the corresponding responses after elapse
of 5 and 10 min of LEM extraction are shown in Table 6.
Figure 6a respectively represents concentration of U(VI)
in raffinate as a function of time for different operating
conditions, whereas Fig. 6b plots logarithm of the ratio of

@ Springer

(slope = 0.680) 6 Feed 0.1 M H,SO,, org. 0.01 M TOA, 1 % (w/v)
AbIIEM90, (slope = 0.208) 7 Feed 0.01 M H,SO,, org. 0.01 M
TOA, 4 % (w/v) AbilEMI0, (slope = 0.067) 8 Feed 0.01 M H,SO,,
org. 0.01 M TOA, 1 % (w/v) AbilEM90, (slope = 0.016) 9 Feed
0.055 M H,SO4, org. 0.055M TOA, 2.5 %(w/v) AbilEM90,
(slope = 0.772)] Strip 0.5MNa,COj3_ a Effect of factors on extraction
of U(VI) [Ref. Egs. 19-21] b Effect of factors on rate constant, k

initial concentration of U(VI) to that at time t. The values
of the rate constants for extraction (k), obtained from the
slopes of these plots, are listed in Table 4

Equation 19 represents the quadratic relation between
¥(5), the extent of extraction of U(VI) after elapse of 5 min
and the values of the parameters.

y(S)TOA = 97.82 4+ 22.60X 10a + 16.45X5pcia + 7.53X3 011
— 25.06X 7104 — 15.24X110AX2Acid
— 4.52X11oAX3Abi1 — 0.167X210AX3Abil
(19)

The corresponding relation for y(10) is given by
Eq. 20
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Table 7 ANOVA for Significance of Regression (a) ¥(5)pox (b) ¥(10)1o, and (c) Froa

(a) Source, ¥(5)1oa Degree of freedom Sum of squares Mean squares F values p values
Regression 7 9.28 x 103 1.32 x 103 279.74 0.046
Linear 3 6.70 x 103 2.23 x 103 471.39 0.034
Square 1 5.58 x 10? 5.58 x 107 117.71 0.059
Interaction 3 2.02 x 103 6.74 x 10? 142.11 0.062
Residual error 1 4.74 4.74

Total 8 9.29 x 10°

(b) Source, ¥(10)poa Degree of freedom Sum of squares Mean squares F values p values
Regression 7 7.58 x 103 1.08 x 10° 39.54 0.122
Linear 3 5.01 x 103 1.67 x 10° 61.01 0.094
Square 1 291.21 291.21 10.64 0.189
Interaction 3 227 x 10° 758.30 27.70 0.139
Residual error 1 27.38 27.38

Total 8 7.60 x 10°

(c) Source, /€To A Degree of freedom Sum of squares Mean squares F values p values
Regression 7 0.857 0.122 8.78 0.254
Linear 3 0.715 0.238 17.09 0.176
Square 1 0.0872 0.0872 6.25 0.242
Interaction 3 0.0552 0.0184 1.32 0.552
Residual error 1 0.0139

Total 8 0.871

Fig. 7 Response surface plot for the interaction of variables for LEM formulation with TOA. a Interaction plot X;, X, b Interaction plot X;, X3

¢ Interaction plot X,, X3

y(lo)TOA =98.0+ 18.25X 10A + 16.79X5Acid

~+ 3.40X30i1 — 18'10X%TOA — 16.55X1t0aX2Acid

— 2.73X170a X301 — 1.70X2Aia X301

Equation 21 correlates 12 the rate constant for the
extraction of U(VI) by TOA using LEM, with the values of

the parameters.

(20)

—0.313X7;0, — 0.063X 104 X2Acid
+ 029X 10A X301 + 0.047XAci1d X301l

(1)

Analysis of variance table deducted from the results of
U(VI) extraction using LEM by TOA is reported in
Table 7
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Table 8 Model prediction of % extraction and rate const of U(VI) by different ligands

Responses

Coded variables

Actual variables

Ligand in organic phase

Predicted
Y(5)(%)

Measured

1

k(min)~

¥(10)(%)

y(10)(%)  k (min~")

¥(5)(%)

X5 X3

X

Abil 90

Acid conc. in feed

M)

Ligand conc.

conc. (%w/v)

in org. phase

M)

0.458 87.16 92.7 0.443

96.76

94.32

—0.33
—0.33
—0.33

—0.11

—0.11

—0.11

0.05
0.05
0.05

0.05
0.1

TOPO

0.411

93.59
97.84

0.445 85.18

93.53
98.87

89.44
98.70

D2EHPA
TOA

0.630

97.82

0.697

—0.11

0.1

At the significant level o« = 0.05, the critical value
Fo0s37 = 4.35 < the observed F = 279.74. Therefore it
can be concluded that the true response surface is
explained by the quadratic model.

Figure 7 shows the response surface plot of the inter-
action between the concentration of TOA, concentration of
H,S0, in feed and concentration of polymeric surfactant of
Abil EM90 in organic phase.

It is observed from Fig. 7a, that the interaction between
TOA concentration in the organic phase with HNOj in the
feed is quadratic (non-linear) similar to TOPO and D2EHPA.

Whereas Fig. 7b shows the interaction between TOA
and Abil, the response surface plot shows that with
increase in Abil EM90, % extraction of U(VI) increases
linearly (slow rise) similar to TOPO. Figure 7c indicates
the interaction between acid and AbilEM90, the response
surface plot shows that the extraction of U(VI) increases
linearly (high rise) with increase in the acid concentration
in the feed phase. The high rise implies, in presence of
more acid the influence of AbilEM90 is more.

The optimum conditions (X;, X, and X;3) for LEM
extraction of U(VI) by TOA, were obtained by using Eq. 9
and the values are (i) TOA concentration of 0.054 M
(Xitoa = —0.03), (ii) Feed acid concentration of H,SOy in
the feed 0.1 M (Xpacia = 1) and (iii) polymeric surfactant
concentration 4 %(w/v) in paraffin (Xzapy = 1). The
optimal response (y) obtained by substituting the above
values in the regression equation (Eq. 19) is extraction of
99.24 % U(VI) by TOA after elapse of 5 min.

Validation of model

To validate the model, one experiment was conducted for
each of the ligand with a different set of treatment factors
than those used in arriving at the rate constant and percent
extraction of U(VI) using Egs. 4 and 5. Table 8 compares
the observed responses with those predicted using
Egs. 12-14 and 16-21. The regression model seems to
slightly under predict the extent of extraction. This could
be due to the fact that our response surface is quadratic and
ignores higher order nonlinearities.

Table 9 describes best operating conditions for the
U(VD) extraction by LEM based on our experimental
design and optimisation studies.

We found that with increase in polymeric surfactant
(AbIIEM90) % extraction of U(VI) increases for all the
ligands (TOPO, D2EHPA, TOA). We have independently
verified (in previous study), that AbilEM90 alone can
extract U(VI) even in absence of any ligand [17] and
ADbIlIEMO90 also increase the interfacial area of mass
transfer. Therefore in addition to increase in stability of
membrane, Abil EM90 also facilitate in extraction of
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Table 9 Best operating condition for U(VI) extraction by LEM using various ligand in organic phase

Ligand Best operating condition % Extraction
(optimum)

Organic phase External aqueous feed phase Internal aqueous phase
0.08M TOPO, 4 % (w/v) AbilIEM90 in paraffin 0.1(M) HNO; 0.5MNa,CO5 99.72
0.097M D2EHPA, 4 % (w/v) AbilEM90 in paraffin 0.01(M) HNO; 2(M) H,SO, 96.02
0.054M TOA, 4 % (w/v) AbilEM90 in paraffin 0.1(M) H,SO, 0.5MNa,CO3 99.94
Fig. 8 Structure of polymeric
surfactant, Abil EM90 CH; [CH3 ICHS ’]CH?' CH;

cus_sE—o Si—OT$] 0 Si—o %i—CHg :> R,—0-R;=0-R;—O—R,

crs | [cHe, §Hz | CH
CH, CH,

R]\O/Rz_o_Rg_O‘R4

s
.

o .

0] ’
~ \[I}VO\N

NG

I

RI/OMRZ—O—RS—O—R4

O =—Nn —0

Fig. 9 Structure of U O,(NO3),. AbilEM90 complex

U(VI). From the above regression models (Egs. 12—-14 and
16-21) we find that the coefficient of X35p; is always
positive for all ligands discussed here. This indicates
positive interaction of AbilEM90 on the rate and extent of
extraction of U(VI). Polymeric surfactant, AbilEM90 (R;-
0-R,-0-R3-0O-R4) has etherial oxygen as shown in the
structure in Fig. 8. In general ether has tendency to form
complex with U(VI) [18].

Possible structure of U(VI).AbilEM90 complex is
shown in Fig. 9.

However because of long chain and branching of the
polymeric surfactant, Abil EMO90 the accessibility of
etherial oxygen to U(VI) is hindered and hence positive
interaction effect is not so strong as compared to the ligand.

Conclusion

Polymeric surfactant, Abil EM90 can extract U(VI) thus
positive interaction was observed on rate and extent of
extraction of U(VI). It is observed that percent extraction
of U(VI) increases linearly with increase acid concentra-
tion in the feed phase for TOPO and TOA and

(o]
|
czmo);(c;}{(,o);H m n

concentration of AbIIEM90 in the membrane phase.
Whereas D2EHPA shows an opposite trend as it extracts
U(VI) by cation exchange mechanism, hence with increase
in acid, percent of extraction of U(VI) reduces. However
the extent of extraction of U(VI) shows the initial increase
followed by a decrease with the increase in concentration
of all ligands (TOPO, D2EHPA, TOA) in the membrane
phase. Thus maximum in percent extraction of U(VI) was
observed at an intermediate value between high and low
levels of these three ligand concentration. Although, the
extraction equilibrium of U(VI) is favoured by increase in
the concentration of TOPO, D2EHPA, TOA, but simulta-
neously acid extraction in strip phase increases, which
causes reduction in U(VI) extraction. The achieved optimal
yield of extraction of U(VI) are 99.72, 96 and 99.9 % for
0.08 M TOPO, 0.097 M D2EHPA and 0.05 M TOA in
LEM respectively.
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