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ABSTRACT

Pseudo-emulsion based hollow fiber strip dispersion (PEHFSD) is a promising alternative
technique due to its stability, simplicity and cost of operation. This is an efficient process due
to its high surface area for extraction as well as stripping, and low energy consumption for
creating the pseudo-emulsion and for the separation of phases. This technique takes the
combine advantages of emulsion liquid membrane and overcomes the sufferings of
membrane stability in the supported liquid membrane systems. Present work includes
extraction of neodymium (III) (Ng) by using TODGA and HNOs as the extractant cum
strippant in PEHFSD technique. A model is developed to study the transport of N4 under
different hydrodynamic and chemical conditions that includes organic ratio (A/O) in
dispersion, effect of speed of impeller on drop size formation, effect of feed acidity, effect of
carrier concentration, effect of feed flow rate. A code is written to solve the model equations
numerically to predict the concentration of the feed reservoir with time. Experiments are
conducted to obtain the best optimum extraction conditions. Results obtained from the
numerical simulations are validated with the experimental data and found a good agreement
between them.

Keywords: Dispersion liquid membrane, Hollow fiber contactor, Modelling, Neodymium (Ng),
Numerical simulation

1.0 INTRODUCTION

Separation of nuclear materials
generally is conceded by conventional
processes such as solvent extraction
and ion exchange. These processes
have their own limitations. Usually, the
main challenge in designing and
operating these devices is to maximize
the mass transfer rate by producing as
much as interfacial area. For packed
columns, selection of packing material
and uniform distribution of fluids
before they enter the packed bed are
big challenges. Alternatively, for
devices with moving internals need to

minimize the bubble or droplet size of
dispersed phase and maximize the
numbers of bubbles or droplets to
obtain maximum mass transfer.
Although, column, mixer-settler and
other traditional contactors have been
the workhorses of chemical industry
for decades [1-2], but the limitations
here is the interdependence of the two
phases being contacted, which leads to
difficulties such as separate extraction
and stripping steps, requirement of
multi-stage contactor for dilute streams,
problems of emulsification, foaming,
unloading, the need of density
difference  between the phases,
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requirement of large inventory etc [3,
4]; while the ion-exchange process
encounters problems like resin fouling,
capacity limitations, requirement of
more complexing material and
selectivity [5-6]. When the
concentration level of the metal ion
falls below the trace or ultra-trace
levels, solvent extraction by using
conventional  contactors has its
inherent limitation for the substantial
uptake of metal ions owing to
equilibrium limitation. Hence, it was
prerequisite to develop a technique
which overpower the above mentioned
shortcomings. To meet this criteria,
liquid membrane systems (LMs) have
proved to be the promising candidates
due to its high selectivity, low solvent
and energy consumption, and
simultaneous extraction and stripping
etc [7-10]. Supported liquid membrane
(SLM) is one of the LMs
configurations, which comprises of
microporous membrane having two
membrane fluid phases interfaces
immobilizes at two ends of the
membrane pore. Liquid layer between
the immobilized interfaces acts as a
selective barrier which is responsible
for solute transport. This technique has
its own limitations due to low
inventory of the membrane phase (in
case planned for large concentration of
solute), and issues related to membrane
instability [7, 9, 11-15].

Dispersion liquid membrane (DLM)
is another configuration of LMs, where
one of the interface is mobile and the
other interface 1s immobilized at
membrane  pore  mouth. This
configuration provides larger
interfacial area for stripping compared
to SLM technique and results higher
mass transfer of solute from feed
solution to recovery phase (Strripant).
DLM is considered as stable
membrane system due to constant
supply of solvent to the membrane
pores. That replenish liquid in the

membrane pore and solves the problem
of solvent loss [16-20]. Due to short
residence times of the dispersion in the
contactor, DLM does not require the
use of surfactant to stabilize the
dispersion. This eases the product
recovery process. The dispersion of
strip phase in the organic phase is
created externally in a mixer device.
Multiple modules can be employed in
series with countercurrent flow of the
organic and aqueous phases based on
the required extent of removal of the
solute. Maintaining the quality of
dispersion is important for avoiding
interstage dispersification and pumping.
A fine adjustment of the flow rate and
cross membrane pressure is needed to
avoid reduction in efficiency due to
phase mixing across the pores [17].
Both the configurations can be
operated in the hollow fiber membrane
contactor. This is a shell and tube type
contactor, where micro-porous lumens
are in-housed in a shell. One fluid
passes through the lumens and the
other one in the shell side. Pseudo-
emulsion based hollow fiber strip
dispersion (PEHFSD) is a DLM
technique, where a pseudo emulsion is
formed by agitation of the two phases
(strip dispersed in organic). Figure 1
shows a typical representation of the
PEHFSD technique. This technique not
only overcomes the stability problems
associated with SLM but also adopts
the merits of ELM with less energy
being consumed. Here, a dispersion of
strippant in organic phase (extractant
and modifier) is passed through the
shell side of the hollow fiber contactor,
while feed solution conaining metal
ion is passed through the lumen side.
Aqueous-organic phase interface 1is
maintained at the pore mouth on the
inner surface of the fiber by keeping
the lumen side pressure slightly higher
than that of the shell side. Micro-
porous  hollow fiber membrane
modules provide an inexpensive, low
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maintenance and dispersion free
approach to continuous flow liquid-
liquid extraction processes [21-27].
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Figure 1 A typical representation of
PEHFSD technique

The objective of the selection of Nd
in present study is that neodymium is a
surrogate of Am (Am?**!: gamma
energy-59 KeV and alpha energy 5.5
MeV). Of about 10-20 mg/l of
americium (having a half-life of 435
years for Am?*') from high Ievel
nuclear waste where Am?*! is present
as one of the minor actinide. This can
be effectively separated from such
solution using the present technique.
The detailed study of the present work
will help in studies on TODGA based
americium separation. Some of the
important previous work on Nd are
described in Refs [28-30].

In order to accomplish systematic
approach, performance evaluation
based study and mathematical
modelling of mass transfer of Nd in
hollow  fiber liquid membrane
contactors was  attempted. The
parametric conditions studied include

effect of aqueous to organic ratio
(A/O) in dispersion, effect of speed of
impeller on drop size formation, effect
of feed acidity, effect of carrier
concentration, effect of feed flow rate.
Modelling not only helps in
understanding the phenomenon better,
but also helps in scaling up and
optimization in design and operational
parameters [17, 31-39]. Modelling for
mass transfer processes incorporates
the mathematical formulation of
various steps involved in mass
transport to predict the overall mass
transfer flux followed by solving the
formulated  equations  with  the
implementation of boundary conditions
to obtain spatial and temporal
variations of the concentration of the
solute. Present work is an effort to
study the extraction of neodymium
(IIT) (Nq) by using TODGA and HNO3
as the extractant cum strippant in
PEHFSD technique.

2.0 MODEL DEVELOPMENT

A model is developed to study the
transport of Nd under different
hydrodynamic and chemical conditions.
A code is written to solve the model
equations numerically to predict the
feed reservoir concentration with time
at different parametric conditions.

2.1 Chemistry

Extraction equilibrium for neodymium
with TODGA can be expressed as:
Ndgy, + 3N0§‘K +

3TODGA (org) ——— [NA(NO3)3. 3TODGA] (org)

(1)
Considering fast chemical reaction
between the metal species and the
membrane carrier, local equilibrium at
interface is reached and concentrations
at interface are related as below:
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The Equilibrium extraction constant

(Kex) is expressed as:

~ [Nd(NO,),.3TODGA| |
" [Nd¥, [not F[ropca,,, P
2)

Distribution coefficient of neodymium
at the feed-membrane interface can be
expressed as:

Ky =K [NO? ]3 I:-I-ODGA(org)]3

3)
It can be observed from the Equation
(3) that distribution coefficient

depends on the third power of nitrate
ion and also on the third power of the
TODGA concentration [15-16, 37].

2.2 Model Equation

Following are the assumptions
considered in the process modelling of
the extraction system:

e The reaction between the metal
ion and ligand at aqueous
membrane interface 1s
instantaneous.

e Diffusion of the metal-ligand
complex through the pores of
the membrane in to the bulk of
the organic phase is the rate
controlling step

e Isothermal operation

e The organic phase in
membrane pores has negligible
solubility in the aqueous phase

In addition, membrane properties like
membrane thickness, porosity and
tortuosity are also considered.

Taking into account a single lumen,
mass balance without accumulation
(Figure 2) over a differential length Az
and time At can be written as [40]:

QCy|,At=QCy| . At+J, (27reAz)At

(4)

Where, Q is volumetric flow rate, Cng
is the neodymium concentration in the
feed solution flowing through the
lumen, Jorz is the neodymium flux
through the membrane pores, and r and
¢ are the inner radius and porosity of
the hollow fiber lumen.
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Figure 2 Schematic representation of
mass balance in a single lumen

Rearranging the Equation (4), we get:
v dCy,

o 2e dz (5)
Where, v represents the linear flow
velocity of aqueous feed in the lumen
and z is the axial direction.

Mass transfer fluxes diffusing in the
aqueous feed solution and passing
through the membrane can be
estimated by using Fick’s first law of
diffusion as:

] Daq (C Nd CI )
aq d
« (0)
‘]org = Yorg CI el
d
org (7)
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Where, D is diffusion coefficient, t is
the tortuosity and daq and dore are the
aqueous film thickness and membrane
thickness, respectively.  Diffusion
coefficient can be calculated from
Wilke and Chang correlation written in
the Equation (8).

_ 7.4x10°° (xM°S )T
n(va’) (8)

Where, x is association factor, M is
molecular weight of the solvent, T is
temperature in kelvin, 1 is viscosity in
centipoise and Vn is molar volume of
the solute in cc/g.mol.

Thickness of aqueous layer can be
estimated from the Leveque relation
[18, 41-43] given below:

2
dL _ 1.62{ I‘;) v }
aq aqg (9)

Considering distribution coefficient at
the feed-membrane interface is much
higher compared to the strip-
membrane interface, Equation (7) can
be written as:

D

DorgC_i

org
wd,, (10)

J

Rate of mass transfer through the
boundary layer will be equal to the rate
of mass transfer through the membrane
at any axial position and also equal to
the overall mass transfer flux of the
system under steady state condition i.e.

‘]aq lznl(r—daq)Jz‘]aqznlrS (11)
re

J =1
q q ir_daqi (12)

Combining Equation (5), Equation (6)
and Equation (10) with Equation (12),
we get:

dCyy _ _E KaChq

dz v ALKy +A, (13)
Where, Asq and Aorg are the resistances
of the aqueous side and organic side,
respectively and can be expressed as:

red,,

A =
aq
ir—daq iDaq (14)

org (15)

Integrating the Equation (13) over the
effective hollow fiber length I, we get:

KaChq |

CNdoutdCNd _ 28 J’dz

dz v A Ky +A

Chdin org 0
(16)
=)
. rv Aaqu+Aorg
CNdout - CNdine
(17)

Balancing mass over the reservoir, we
obtain:

dCy, &(

dt \/f CNdout - CNdin )

(18)

Where, Qrand Vr are the feed flow rate
and volume of the feed solution taken
in the reservoir, respectively.

Rearranging Equation (17) and
Equation (18) and integrating the
equation with time interval t, we get
the equation as:

Chat t {28[ Kal ]}
dCNd :J'Qf e V| AggKg+Aorg _1ldt
0

19)
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Integrating Equation (19), we obtain
the result as:

CNdO Vf

(20)

Where, Cnao and Cwna: are the initial
and final concentration of neodymium
att=0 and t =t, respectively.

2.3 Evaluation of Drop Size

Interfacial area always plays a key role
on mass transfer and thus drop size in
DLM processes. For a constant volume
DLM system, higher emulsion drop
size create less number of drops as
compared to emulsions of small size
and reduces the interface area for mass
transfer. Fine drops increase interfacial
area for stripping in PEHFSD
processes and results higher recovery
but makes process more energy
intensive. Drop size forms in this
process can be estimated by the
empirical correlation written in the
Equation (21).

2 0.058(L+5.40 We) °¢
. @)

Where, a is sauter mean diameter, Iq is
impeller diameter, ® is volume
fraction of the dispersed phase and We
is the weber number. Weber number
can be evaluated from the correlation
written below.

pN?I3
© (22)

We =

e e
In(ﬂj:% gl WAl g

Where, pc is density of the continuous
phase, N is speed of the impeller, and
o is surface tension of the dispersed
phase.

3.0 EXPERIMENTS, MATERIALS
AND METHODOLOGY

Experiments are conducted to evaluate
mass transfer of neodymium at
different hydrodynamic and chemical
conditions. Figure 3 shows schematic
representation of the extraction of Nd
using PEHFSD technique. Details of
the hollow fiber used is given in the
Table 1. In this technique, pseudo
emulsions are prepared by dispersing
strip (0.00lM HNO3) in the organic
phase and passed through the shell side.
Organic phase comprises of TODGA,
n-dodecane and Isodecanol with
composition (V/V) of 12.2 %, 65.1%
and 22.7%, respectively. Emulsions are
prepared at different aqueous to
organic ratio (A/O = 1~ 6) and at
different speed of the agitator (490
rpm~ 1180 rpm). Feed solutions are
prepared by dissolving Ng with
different strength of nitric acid (1M-
4M  HNOs).  Experiments  are
conducted at different parametric
conditions to obtain the best extraction
conditions. Collected raffinate samples
are analyzed by inductively coupled
plasma-atomic emission spectroscopy’
technique (ICP-AES technique). All
the measurements are done at least in
duplicate at room temperature and the
obtained values are within £2% with
good material balance (>98%).
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Figure 3 Schematic representation of experimental set up

Table 1 Details of the hollow fiber contactor

Parameters Values
MOC of Lumen Polypropylene
Module Diameter 8cm
Module length 28 cm
Effective fiber length 15cm
Internal Diameter of lumen 0.024 cm
Wall thickness of lumen 0.006 cm
Number of fibers 10000
Porosity of fibers 30%
Total membrane surface area 1.4 m?
Tortuosity of hollow fiber 3

4.0 RESULTS AND DISCUSSION

4.1 Transport of Ng at Different
System Parameters

Transport of Ng is  studied
experimentally at different system
parameters to obtain the optimum
parametric conditions for the optimum
output. Mass transfer of Ng is
evaluated based on the feed reservoir
concentration. Percentage extraction

on Ng is estimated by the Equation (21).

%E = (CNdO B Cth )100
NdO (21)

4.1.1 Effect of Aqueous to Organic
Ratio (A/O) in Dispersion on Ng
Extraction

Figure 4 shows the effect of aqueous to
organic ratio (A/O) in dispersion on
percentage extraction of Ng It can be
seen from the figure that percentage
extraction increases with increase in
AJ/O ratio of dispersion from 1 to 4. By
increasing A/O ratio, diffusion length
of the membrane phase gets reduced
which in turn increases availability of
more mass transfer area of strippant
per unit volume of organic. This
enhancement on percentage is due to
fast recovery of Ng from the organic
phase by diffusion and stripping. This
is due to more TODGA being available
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for a fixed volume of feed. As A/O
ratio increases further to 6, the
percentage extraction of Ng decreases
which may be due to the less volume
of the extractant available for
extraction. In addition, instability of

the pseudo-emulsion formed with
insufficient amount of TODGA can
affect the transport of Nd. Hence,
AJ/O=4 is fixed for all the studies under
similar experimental conditions.
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Figure 4 Effect of A/O ratio in dispersion on extraction of N

4.1.2 Effect of Speed of Impeller on
Drop Size Formation and Percentage
Extraction of Ng

Speed of the agitator plays a key role
on the size of pseudo-emulsion. Drop
size is estimated by using the
correlation mentioned in the Equation
(21). Figure 5 shows the effect of
speed of the agitator on the souter
mean diameter of the emulsion. It can
be evident from the figure that drop
diameter decreases with increase in
speed of the impeller. This is due to the

more input of energy with higher RPM.

Effect of drop size on percentage
extraction of Ngq is shown in the Figure
6. Percentage of extraction increases
with reduction in drop size from 1.22
mm to 0.41mm due to decrease in the

diffusion length on the membrane
phase. Formation of bigger drop size
reduces the total number of emulsion
gloubles formed at low RPM as
compared to smaller drop size formed
at higher RPM in the same volume
system. Thus total mass transfer area
avaialble is less for bigger emulsion
drops as compared to the smaller size
emulsion  droplets.  With  further
reduction of drop size into 0.22 mm
reduces percentage extration. This can
be attributed to the increase in
resistance owing to the rigid nature of
the droplets where no internal
circulation occurs. Speed of the
impeller is maintained 980 RPM for all
the further studies where the emulsion
drop size is of 0.41 mm.



Mathematical Modeling of Extraction of Neodymium 71

1.4

1.05 -

a, mm
o
\l
T

0.35 -

400 575 750
N, RPM

925 1100 1275

Figure 5 Effect of speed of impeller on formation of emulsion drop size
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Figure 6 Effect of emulsion droplet size on percentage extraction of Ng; (Nao = 1 g/L, (Hs)" =

3.5 M, A/O =4, Agitator speed = 980 RPM

4.1.3 Effect of Feed Acidity on
Percentage Extraction Ngq

Effect of feed acidity on percentage
extraction of Ngq is shown in the Figure
7. Rate of transport of Ng increases
with increase in feed acidity. This can

be attributed to the co-transportation of
NOgz ion along with Ng Equation (1).
This enhance driving force for Ng
transport. Feed acidity is maintained
3.5 M for all the extraction study of the
Na.
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Figure 7 Effect of feed acidity on percentage extraction of Ng; (Ngo = 1 g/L, (Hy)* = 3.5 M,

AJO =4, Agitator speed =980 RPM

4.2 Model Validation

Mass transfer is obtained by solving
Equation (20) discussed in the section
2.3 by solving numerically. A code is
written to solve the equation to obtain
the raffinate concentration of Nd with
time. Percentage of extraction is
estimated by the Equation (21). Results
of the simulation under different
hydrodynamic and chemical
parameters are validated with the
experimental results.

4.2.1 Effect of Feed Acidity

Figure 8 shows the mass transfer of
neodymium at different feed acidity. It
can be observed from the graph that
percentage extraction of neodymium
increases with increase in feed acidity.
Mass transfer of neodymium reaches
close to 90 % as feed acidity increases
from 1 M to 3.5 M. This can be
attributed to increase in distribution
coefficient due to increase in feed
acidity. The same can be observed in

the Equation (3) also that distribution
coefficient values are influenced by the
3" power of [NOs] ion concentration.
This gives a driving force for
neodymium transfer. Simulated results
are validated with experimental results
and was found in good agreement.
With further increase in feed acidity to
4 M, rise in extraction of neodymium
is insignificant. There may be increase
in [NO3z]-TODGA complexion and
results in decrease in the neodymium
transport.

4.2.2 Effect of Carrier
Concentration

Effect of carrier concentration on mass
transfer of neodymium is shown in the
Figure 9. It can be evident from the
figure that percentage extraction of
neodymium with time increases with
increase in concentration of TODGA
from 0.1 M to 0.5 M, which is because
of increase in distribution coefficient.
Increase in TODGA concentration
enhances complexion of Nd-TODGA
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at the feed membrane interface and
results higher mass transfer of
neodymium. It can be evident from the
Equation (3) that distribution
coefficient is influenced by the 3™
power of TODGA concentration. The
transport rate was therefore limited by

120

diffusion through the aqueous film on
the feed side of membrane in this
region. Simulated results are validated
with the experimental results and
found in agreement with experimental
data.
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Figure 8 Effect of feed acidity on neodymium transfer (Ndo = 1 g/L, (Hs) = 3.5 M, TODGA
concentration =0.2 M, A:O = 1:4, speed of agitator = 980 rpm)
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Figure 9 Effect of TODGA concentration on neodymium transfer (Ndo =2g/L, (Hs) = 3.5 M,

AJO = 4, speed=980 rpm)
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4.2.3 Effect of Feed Concentration

Figure 10 shows the percentage
extraction of Ng plotting initial feed
concentration against time. It can be
seen from the figure that percentage
extraction of Ng decreases with
increase in the initial  feed
concentration. This can be attributed to
the more inlet flux enters with higher
initial concentration into the hollow
fiber contactor and also the equilibrium

limitations dominated the mass transfer
process. Therefore, the Nd transport
rate is determined by the rate of
diffusion of Nd-containing species
through the feed diffusion layer and
the rate of Nd-TODGA species
through the membrane. This can be
further enhanced by increasing carrier
concentration. Several studies have
observed  similar  behavior by
increasing the inlet concentration.

100 9
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;g 50 A 2 g/L Simulated
* 4 g/L Simulated
® 0.5 g/L Experimental
25
A 2g/L Experimental
¢ 4 g/L Experimental
0 . T T

24 32

Time, min

Figure 10 Effect of initial feed concentration on extraction of Nd (Ndo, =2g/L, (Hr) = 3.5 M,

AJO = 4, speed=980 rpm)

4.2.4 Effect of Feed Flow Rate

Figure 11 shows the effect of feed
velocity on percentage extraction of Ng
obtained  from the  simulation.
Percentage extraction increases with
increase in feed flow rate. Slope of the
curve increases significantly from 50
mL/min to 100 mL/min and to 600
mL/min. The increase of Nd transport
with linear flow rate was caused by a
decrease in the thickness of the
aqueous boundary layer ((Aag) at the
inner radius of lumen) when the linear

feed flow rate in the fiber lumen
increased. This finally resulted in
reduction of resistances on the feed
side which in turn enhances mass
transfer coefficient and thus increase in
the percentage extraction. Further rise
in the feed velocity to 800 mL/min
does not influence percentage
extraction significantly. This may be
due to the very less reduction of feed
resistance further to 600 mL/min. The
other reason for a decrease in %
transport of Nd could be lower
residence time at higher flow rates,
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which provides insufficient time to
complex Nd with TODGA. This

TODGA with Nd, which finally
contributed to the lower % of Nd.

resulted in incomplete loading of
100
75
=
£ 50
—— 50 mL/min
— 100 mL/min
25 | ——600 mL/min
——3800 mL/min
0 T T T
0 15 30 45 60
Time, min

Figure 11 Effect of feed flow rate on percentage extraction of Ng (Ndo =1 g/L, (Hs)* = 3.5 M,

Qe =500 mL/min)

5.0 CONCLUSIONS
PERSPECTIVE

FUTURE

PEHFSD technique is a novel
technique for the recovery of Ng from
dilute streams. This method seems to
be a promising alternative process due
to its stability, simplicity and cost of
operation. This is an efficient process
due to its high surface area for
extraction as well as stripping, and low
energy consumption for creating the
pseudo-emulsion and for the separation
of phases. This technique takes the
combine advantages of emulsion liquid
membrane and  overcomes the
sufferings  of  supported liquid
membrane due to membrane stability.
Extraction of Ng is studied in a hollow
fiber contactor, with strip (0.01 M
nitric acid) dispersed in organic
mixture of TODGA, isodecanol and n-
dodecane (0.2 M TODGA) able to
recover 99.7% Ng from the feed
streams on recycle mode of operation.

This technique needs low inventory of
organic as compared to non-dispersive
solvent extraction technique.
Mathematical model is developed to
study the extraction of Ng and a code is
written to solve the transport equations
with appropriate initial conditions.
Mass  transfer  resistances  and
diffusivity have been estimated by the
empirical correlations. The Kg, value
was determined to be 699.1 (at 0.2 M
TODGA, 3.5 M HNOs) and order of
diffusivities i.e. Dorg and Daq Were 107
and  10% cm?s  respectively.
Experiments are conducted at different
parametric conditions to obtain the
optimum extraction conditions. Results
obtained from the simulation is
validated with the experimental data.
Present study will not only help to
understand the Ng extraction process
with its design and scale-up but also
help to TODGA based americium
separation in the back end of nuclear
fuel cycle.
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