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ABSTRACT

In this paper, the possibility of using sunflower oil as an environmentally friendly and sustainable
solvent for pertraction of neodymium (Nd) from aqueous solution through an emulsion liquid
membrane (ELM) was studied. The ELM contained sunflower oil as a green diluent, a mixture of
mono-(2-etylhexyl) ester of phosphoric acid (M2EHPA) and bis-(2-etylhexyl) ester of phosphoric acid
(D2EHPA) as carrier, and Span 80 as surfactant. The process parameters influencing the extraction
efficiency such as external phase pH, stirring speed, carrier concentration, surfactant concentration,
treatment ratio, and internal phase concentration have been investigated. The results indicate that
nearly all of Nd present in the external aqueous phase was extracted under the optimum condition
(external phase pH: 3.5, stirring speed: 370 rpm, carrier concentration: 2% (v/v), surfactant concen-
tration: 1.5% (v/v), treatment ratio: 1/3, and internal stripping phase concentration (nitric acid): 1 M)
during a period of less than 20 min. Furthermore, Nd extraction efficiency in ELM process using
sunflower oil was compared with using the other organic diluents and the overall mass transfer coef-
ficients were calculated. Finally, it was observed that sunflower oil is the most effective diluent for
Nd pertraction.
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1. Introduction

The rare earth elements (REEs) have received consider-
able attention due to their extensive industrial applications
in various fields, including metallurgy, catalysts, ceramic,
nuclear fuel control, electronics, and magnesium alloying.
In addition, they play essential roles in some modern tech-
nologies such as rechargeable batteries, permanent magnets,
hydrogen storage, luminescence and laser materials [1,2].

* Corresponding author.

Neodymium (Nd) is one of the most critical REEs, which
is applied in medicine and as a basis for solid state lasers
in material processing. It is also used in in welding gog-
gles and as a colorant for glass [3,4]. Moreover, the Sm-Nd
dating methods are applied to determine the age of rock
[5]. Nowadays, the main industrial application of Nd is in
the neodymium-iron-boron (Nd-Fe-B) permanent magnets
production [6]. Due to the wide utilization of permanent
magnets in different devices from cell phones, home elec-
tric appliances to hybrid vehicles, and wind turbines, the
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demand and thereby the price of Nd has been recently grown
[4,7]. Furthermore, it is predicted that over the next 21 y the
global demand for Nd will increase by 700% [3,4]. Therefore,
extraction and purification of such a valuable metal are cru-
cial. Several methods have been developed for extraction and
separation of metal ions from the aqueous solutions such as
precipitation [8], adsorption [9,10], ion exchange [11], and
liquid-liquid extraction [12,13].

Recently, liquid membranes are of interest to a wide
range of researchers as an emerging technique for the per-
traction of phenolic compounds [14-16], different dyes
[17-19], pharmaceutical compounds [20,21], and various
metal ions [22-26] from aqueous solutions. Based on config-
uration, liquid membranes can be generally categorized into
four types, including bulk liquid membrane, emulsion lig-
uid membrane (ELM), supported liquid membrane (SLM),
and polymer inclusion membranes [27]. ELM is a combined
extraction/stripping process. In this method, a double emul-
sion is applied, which consist of an external phase, a mem-
brane phase and an internal phase. The external continuous
phase contains the substances to be transferred into the
internal phase. An organic liquid form a membrane sepa-
rating both internal and external aqueous phases. This oil
layer (membrane) contains a surfactant to maintain emul-
sion stability and a carrier (extractant) is typically dispersed
in it to accelerate the transport [27]. ELM offers a number of
advantages such as high interface area for mass transfer due
to the small size of the aqueous phase droplets, capability to
treat a variety of elements and compounds with high selec-
tivity, and consuming lower amounts of organic solvent and
greater efficiency compared to solvent extraction. Thus, this
technique has been given considerable attention by investi-
gators [28].

Several papers deals with the Nd extraction by solvent
extraction method [6,13,29-34]. However, there are few
reports in the literature on Nd pertraction using liquid mem-
branes, particularly ELM system. Wannachod et al. [35,36]
studied the separation of Nd through the hollow fiber SLM.
They employed 2-ethylhexyl phosphonic acid mono-2-eth-
ylhexyl ester (PC88A) as a carrier in octane and also dinonyl
phenyl phosphoric acid (DNPPA) as carrier in n-dodecane
and investigated mass transfer analysis. Extraction of Nd
reached 98% in both systems and it was found that the mass
transfer due to extraction reaction is the controlling step.
Anitha et al. [37] investigated Nd extraction through the
SLM process by using tri-n-octylphosphine oxide (TOPO)
and DNPPA as carrier in petrofin and their results showed
that 97% of 3.47 x 10* M Nd was transported after 6 h using
0.6 M DNPPA+0.13 M TOPO. They also employed DNPPA
and TOPO mixture in an ELM system and more than 98%
extraction efficiency under the optimum conditions was
achieved. Their results showed that ELM is a much faster
mass transfer method than the other liquid membrane tech-
niques such as hollow fiber which required about 30 min
for the extraction of the metal ion [1]. The present study
was aimed at the pertraction of Nd from aqueous solutions
by an ELM. The most appropriate extractants for cations
extraction are acidic carriers, which form complexes salt
with cations by proton exchange. Di-2-ethyl hexyl phos-
phoric acid (D2EHPA) is one of the most widely used acidic
extractants in REEs separation industry. Higher metal ions

extraction and synergistic effect of using a binary mixture
of acidic extractants has been revealed by many research-
ers [17,30,38-40]. Tachimori et al. [41] reported that adding
mono-2-ethyl hexyl phosphoric acid (M2EHPA) to DEHPA
resulted in an enhancement of Nd extraction and using a
mixture of DEHPA - MEHPA is a more powerful extractant
for lanthanide extraction from nitric acid solutions than the
individual extractants. Based on the above mentioned rea-
sons, a mixture of DEHPA and MEHPA which was product
of Fluka has been used in this work as the mobile carriers.

Nd belongs to the lanthanide series which are nearly
always in the +3 oxidation state and Nd (III) ion is stable in
water. Thus, Nd (II) extraction and purification has been
reported in the published papers concerning extraction of
rare-earth metals from monazite ore or waste recycling of
permanent magnet scrap leach liquor to retrieve valuable
metals such as Nd [5,30,31,42,43]. Hence, we have used a
synthetic wastewater and selected Nd (III) for study in this
paper.

Petroleum based diluents that have been commonly
used in ELM formulations are flammable, volatile, non-re-
newable, non-biodegradable, and toxic. Hence, the use of
less hazardous replacement for these diluents is necessary
due to environmental concerns [17,44,45]. Recently, we have
reported the successful pertraction of hexavalent chromium
by vegetable oil ELM [24]. In the present study, we have used
sunflower oil instead of regular organic solvents for Nd per-
traction to take the opportunity of applying an environmen-
tally-friendly diluent in in ELM process, since vegetable oils
are low cost, non-hazardous, non-toxic, and easily available
in comparison to petroleum-based solvents [17,44,46-50].
To determine the optimum operating condition, the effects
of various parameters including effect of solvent type on the
extraction efficiency of Nd through ELM process have been
investigated.

The stability of the membrane is one of the key factors
affecting the efficiency of the ELM. Membrane stability is
mainly governed by membrane swelling and breakage
phenomena. Swelling refers to the permeation of water
from the external phase into the internal phase through the
membrane phase. It could be caused by difference in the
osmotic pressure between the phases or the entrainment of
the external phase into the internal phase owing to the fre-
quent coalescence and re-dispersion of emulsion globules
during the pertraction time. The swelling dilute the strip
phase which directly results in lower extraction efficiency. In
addition, swelling ultimately leads to breaking of emulsion
membrane. Breakage includes the rupture of the emulsion
globule and the leakage of the internal agent and the previ-
ously extracted to the external phase. Thus, the pertraction
efficiency decreases due to decreasing the volume of the
internal stripping phase and driving force for mass transfer
[51,52]. Under the light of above mentioned information, the
membrane stability was considered in process parameters
optimization. The main focus of this study is on the poten-
tial and possibility of using vegetable sunflower oil as a bio-
degradable diluent for Nd pertraction using ELM process.
Hence, the novelty of this work is the application of sun-
flower oil- based ELM for efficient pertraction of Nd ions as
well as the relevant optimization procedures in accordance
with the pertraction and stability results of the membrane.
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2. Experimental
2.1. Materials

All chemicals and reagents used were analytical reagent
grade. Neodymium (III) nitrate hexahydrate (Nd (NO,),
6H,0, 99.9% purity) was procured from Middle East Ferro
Alloy Company (Iran). A mixture of DEHPA and MEHPA
which was product of Fluka (Hannover, Germany) has been
used in this work. The proportion of D2EHPA and M2EHPA
in this product was at a fixed value (60:40).

The non-ionic surfactant selected as an emulsifier was
Sorbitan monooleate (C_H,,,O,, HLB = 4.5) that was a prod-
uct of Sigma-Aldrich Company (Schnelldorf, Germany)
(commercially also known as Span 80). Sunflower oil was
used as diluent which was obtained from local supplier
(NINA Oil Company, Tehran, Iran). The other diluents
including toluene, butyl acetate, chloroform, and kerosene
were product of Sigma (Schnelldorf, Germany). Nitric acid
(HNQO, (65%)) was also purchased from Merck (Darmstadt,
Germany).

2.2. Procedure

The operating parameters influencing the permeation
of Nd such as the pH of the feed phase, stirring speed (the
mixing speed to disperse the emulsion phase in the feed
solution), carrier and surfactant concentration, treatment
ratio, and internal phase concentration have been investi-
gated to observe their effect on Nd extraction. In addition,
the effect of internal phase concentration on the stripping
efficiency has been studied. Finally, the effect of type of
diluent has been investigated. The range of the studied
operating parameters and conditions are given in Table 1.

Aqueous feed solution was prepared by dissolving
certain amount of neodymium nitrate in distilled water to
obtain a concentration of 50 mg L and the feed phase pH
was adjusted before each run. To make liquid membrane,
appropriate amounts of Span 80 and mixture of D2EHPA/
M2EHPA were mixed in the diluent under a gentle agita-
tion using a magnetic stirrer. Then, the emulsion was pre-
pared by mixing the membrane phase and internal solution.
The total volume of the emulsions was 60 mL and the emul-
sions were prepared by the equal volume of the membrane
and stripping internal phase. In other words, the volume
ratio of internal phase to the membrane was 1:1. According

Table 1
Operational ranges of the experimental parameters

to the literature, this is the most convenient value for ELM
process at laboratory scale [1,21,53-56].

The stability of emulsions with respect to time was esti-
mated by visual observation. The emulsification was con-
ducted under the continuous stirring for 10 min to produce
a milky-white W/O emulsion and the applied emulsifica-
tion speed was 6,000 rpm which is in the range reported
by other investigators [57-60]. A high speed homogenizer
(Ultra-Turrax IKA T18, Germany) was utilized to mix the
internal aqueous solution with the organic membrane
phase. It was found that the emulsions were stable up to 3 h
by examining the phase separation or any change in their
homogeneity and uniformity over time. In this work, the
pertraction time was less than 30 min. Thus, it can be con-
cluded that the primary emulsions were stable enough and
the composition of the membrane was kept constant during
the pertraction time.

In 400 mL beaker, the prepared W/O emulsion (membrane
solution and internal solution) was dispersed in the acidic
feed solution by using a variable speed mixer. The agitator
used to make the W/O/W double emulsions was a 3-blade
marine propeller (diameter 5 cm). The volume ratio of feed
to emulsion was variable, whereas the volume of the W/O
emulsions was fixed at 60 mL in all experiments.

Samples were taken at regular interval up to 20 min using
syringes and then were kept motionless until the emulsion
and the feed phase were separated. The clear solutions were
filtered using a filter paper (Whatman, No.1, USA) and the
final Nd concentration in the external phase was measured
by ICP-AES (Thermo Jarrell Ash, Model Trace Scan, Canada).
The volume and number of samples were kept to a minimum
in order to minimize the change in feed and membrane vol-
ume. This sampling method is consistent with the method
used in the previous literature where the effect of process
parameters on ELM performance studied at different time
intervals [59,61-67].

The stability of the membrane was examined by mea-
suring the swelling and breakage ratio. Tracer method is
the most widely used technique to measure swelling and
membrane breakage simultaneously. Tracer must not be
transported through the membrane. The tracer is added into
the internal phase and then, by measuring its concentration
in the external and internal phase, a mass balance for it in
the operation of the ELM process, and considering the vol-
ume change of the internal phase the ratios of membrane

Operating parameters

Range

Nd concentration in the feed phase (mg/L)
Feed phase pH

Surfactant concentration % (v/v)

Carrier concentration % (v/v)

Stirring speed (rpm)

Treatment ratio (v/v)

Concentration of stripping solution (M)
Type of diluent

50

0.5,1.5,25,35,4.5

05,1,15,2,25

1,15,2,25

270, 320, 370, 420

1/5,1/4,1/3,1/2,1

0.25,05,1,2

Sunflower oil, Kerosene, Toluene, Chloroform, Butyl acetate
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breakage and swelling can be easily calculated as completely
discussed by Wan and Zhang [51]. In the present work, KCl
was used as tracer in the internal phase and based on the
mentioned method, swelling and breakage ratio defined as
follows:

[“CMJ[C?J ¢, C.(1+rY)

+
Ci,] _Ce,l ng (Ci,l _Ce,l)J %100

. o
% Swelling =
C,, (1 + Rgi)
R.Ci M
C 1+R% + R’
%Breakage = ———! { PR e, - cf{[} x100 (2)
Ci,l (Ci,l - Cc,l) Rcw

where C? v Cit and C, are the initial concentration of the used
tracer in the internal phase, and concentration of tracer in
the internal and external phase at time ¢ (the time of mea-
surement), respectively. R’ and R are the initial volume
ratio of the oil phase to the internal phase and the initial
volume ratio of the external phase to the emulsion which
are originally known.

Since the pertraction time was 20 min, the stripping and
stability data were obtained at the end of 20 min of mixing. In
fact, the mixture was stirred for 20 min and then the samples
were taken and quickly introduced into a separation funnel.
After that, the two layers of aqueous and emulsions were
clearly separated. The bottom layer was the aqueous phase
and emulsion at the upper layer used for analysis.

For stability study, the concentration of KCl in the bot-
tom layer which was the external phase was measured by
ICP-AES (Thermo Jarrell Ash, Model Trace Scan, Canada).
Similarly, the concentration of KCl in the internal phase
was measured after demulsification of the upper layer. In
this study, demulsification was carried out by heating the
emulsions to 80°C and centrifugation at 5,000 rpm in 3 min.

For enrichment factor and stripping efficiency calcula-
tion, the final Nd concentration in the external phase (bottom
layer) was also measured using ICP-AES. Likewise, the final
Nd concentration in the internal phase was also determined
after demulsification of the upper layer. Stripping efficiency
was calculated using below Eq. (3) which is determined by
mass balance:

Stripping (%) = W x100 ®3)

where C, is the final concentration of Nd in the internal phase,
(Y is the initial concentration of Nd in the external phase,
C, is the final concentration of Nd in the external phase,
V. is the final volume of the internal phase, 1 is the initial
volume of the external phase, and V is the final volume of the
external phase.

The extent of Nd enrichment was calculated as follows:

Enrichment = g(‘) (4)

e

where C, is the final concentration of Nd in the internal phase,
and C° is the initial concentration of Nd in the external phase.

3. Results and discussion
3.1. Effect of the external phase pH

In order to investigate the important role being played by
pH of the external phase in Nd permeation from the aque-
ous solution, the pH of the feed solution varied from 0.5 to
4.5, whereas other operating parameters including carrier
concentration and Nd concentration in aqueous phase were
kept constant. The effect of the pH of the external phase on
the extraction efficiency of Nd is depicted in Fig. 1.

The results confirm that Nd forms a neutral ion pair
complex with the carrier according to the equation below
which is the common cation-exchange mechanism for
extraction of trivalent REEs with cationic extractants such as
D2EHPA and M2HEHPA [3,30,39,68]:

Nd}; +3[RH, ]« [Nd(R- HR)Lg +3H;, (5)

As shown in this equation, the extraction is an equilib-
rium that can proceed in either direction, depending on the
[H']. Hence, the observed lower transport of metal ion in the
acidic pH range is caused by decreasing the driving force
of the process. In fact, the facilitated transfer of Nd ions in
the presence of the carrier occurs when the pH value of the
internal phase is lower in value than the external phase and
increasing the pH in the feed side leads to an increase in the
dye transport from donor to acceptor phase. It can be inferred
from Fig. 1 that Nd transport rate increases with increasing
the pH from 0.5 to 3.5 and the maximum extraction of 99% for
Nd was achieved at pH 3.5.

According to the results, Nd extraction increases until
16 min and then decreases. It can be due to emulsion break-
age by prolongation of the pertraction time. In other words,
longer pertraction time causes membrane swelling, and

C/Co

0 4 8 12 16 20
Pertraction time (min)

Fig. 1. Effect of external phase pH on the extraction of Nd by
ELM (Feed concentration: 50 mg/L; stirring speed: 370 rpm; car-
rier concentration: 2% (v/v); Span 80 concentration: 1.5% (v/v);
treatment ratio: 1/3; internal phase concentration: 1 M; diluent:
sunflower oil).
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eventually breakage which results in enhancement of Nd
concentration in the feed phase as shown in Fig. 1. Similar
observations have been made previously [25,69].

Fig. 2 represents the effect of external phase pH on the
stability of the liquid membrane. According to it, the mem-
brane is easy to break at low values of external phase pH. The
main reason is that the properties of Span 80 were changed
which results in destabilization of the emulsion [25]. Hence,
increasing the external phase pH reduced the emulsion
breakage leading to increase the mass transfer efficiency.
On the other hand, when pH of the feed phase is increased
up to 4.5, the extraction of Nd was found to decrease due
to increase in swelling ratio which stems from the increase
in osmotic pressure difference [61]. As mentioned before,
swelling refers to the permeation of water from the external
phase into the internal phase through the membrane phase.
Swelling can trigger breakage phenomenon due to thinning
of membrane layer. In fact, when the degree of swelling
becomes high enough and the size of internal droplets is
increased until a certain limit, rupturing of emulsion globules
occurs. Emulsion breakage can be also due to shear forces or
instability of the emulsion caused by hydrolysis of surfactant
in acidic or basic media. High values of breakage and leakage
are related with higher values of swelling. However, high
values of swelling are not essentially associated with high
values of breakage [64,70]. Similar observations are reported
in the literature [28,61,64,71]. According to the above men-
tioned results, further studies were carried out at pH 3.5 for.

3.2. Effect of stirring speed

It is well known that stirring speed has a profound
effect on the mass transfer rate of solute through an ELM.
In order to achieve effective transfer of Nd in ELM pro-
cess, the experiments were accomplished at different stir-
ring speeds in the range of 270-420 rpm and the obtained
results are shown in Fig. 3. It is observed that increasing the
stirring speed from 270 to 370 rpm increases the rate and
extent of extraction. The reason is that an increase in stir-
ring speed leads to higher turbulence energy and accord-
ingly formation of smaller emulsion globules, so the external
interfacial area for mass transfer and extraction efficiency is
increased. According to this figure, further increase in the
stirring speed from 370 rpm to 420 rpm results in a decrease
in the extent of extraction at the final intervals (between 12 to

28 24
_ 24 20
& S
1 20 95_
5 16
& &
o 16 o
£ 2 g
]
3 12 E
8 @
8
—@— Swelling 4
4 —— Breakage
0 0
0.5 15 25 35 45
pH

Fig. 2. Effect of external phase pH on the ELM stability.
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20 min). The reason is that increasing the stirring speed also
affects the stability of the emulsion. In addition, that stabil-
ity of the membrane decreases with time [25]. At higher stir-
ring speed, hydrodynamic shear and swelling work together
lead to lower extraction at the final intervals. As shown in
Fig. 4, agitation-induced shear leads to increase in emulsion
breakage. Furthermore, the shear induced breakage of frag-
ile emulsion droplets near the tip of the impeller. Hence,
the emulsion could not resist the excessive shear provided
by the impeller as well as the contactor wall [72]. This leads
to rupture of the membrane wall and leakage of Nd in to
the external phase which make the extraction efficiency to
reduce. According to Fig. 4, the emulsion phase becomes
highly unstable by increasing the stirring speed due to the
agitation-induced swelling. At this stage, the emulsion glob-
ules dispersed and then coalesce repeatedly which caused
the entrainment of feed phase into the stripping phase, that
is, some water from the external phase were enclosed in the
emulsion phase and dilutes the internal stripping phase
[73,74]. As a result, the Nd extraction decreases. These find-
ings are in agreement with the experimental results of other
researchers [16]. Thus, as the highest extraction efficiency at
the end of 20 min of mixing was obtained with stirring speed

1
—4— 270 rpm
—— 320 rpm
0.8 1 370 rpm
—@— 420 rpm
o 0.6
v
v
0.4 1
0.2 1 =
0 r r r : r
0 4 8 12 16 20

Pertraction time (min)

Fig. 3. Effect of stirring speed on the extraction of Nd by ELM
(Feed concentration: 50 mg/L; external phase pH: 3.5; carrier
concentration: 2% (v/v); Span 80 concentration: 1.5% (v/v);
treatment ratio: 1/3; internal phase concentration: 1 M; diluent:
sunflower oil).

20
28
24 16
g g
° 20 1
8 PR
S 16 S
£ 2
3 ~
g 2 8 ]
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8
. 4
4 —@— swelling
—O— Breakage
0 0
270 320 370 420

Stirring speed(rpm)

Fig. 4. Effect of stirring speed on the ELM stability.
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1
—0— 1% (VIV)
0.8 - —— 1.5% (V/V)
2% (VIV)
—h— 2.5% (V/V)
o 0.6
4
v
0.4 1
0.2 1
0 T T T % T
0 4 8 12 16 20

Pertraction time (min)

Fig. 5. Effect of carrier concentration on the extraction of Nd
by ELM (Feed concentration: 50 mg/L; external phase pH: 3.5;
stirring speed: 370 rpm; Span 80 concentration: 1.5% (v/v);
treatment ratio: 1/3; internal phase concentration: 1 M; diluent:
sunflower oil).

of 370 rpm, this speed was accepted as the most appropriate
stirring speed.

3.3. Effect of carrier concentration

Carriers being added to the membrane phase play a vital
role in the overall extraction behavior in ELM processes. To
study the effect of carrier concentration on the extraction of
Nd from aqueous solution containing 50 mg/L of this metal,
D2EHPA/M2EHPA concentration varied from 1%-2.5% (v/v)
and the results are presented in Fig. 5. It can be seen that the
extraction of Nd increases with increase of carrier concentra-
tion up to 2%. This increase is due to more Nd-carrier com-
plex formation with the increasing carrier concentration.

At higher carrier concentration, that is, above 2%, the
rate of extraction slowed down and Nd extraction decreased.
The reduction in extraction is caused by the respective
increase in membrane phase viscosity which leads to larger
globules and represents a significant impediment to Nd
transport. Furthermore, increasing the concentration of the
carrier has a negative influence on the stability of the primary
W/O emulsion because of its interfacial properties that favors
the formation of a reversed emulsion [75]. As can be seen
in Fig. 6, increase in carrier concentration leads to increase
in swelling of the emulsion, thereby diluting the stripping
phase. Hence, 2% (v/v) D2EHPA/M2EHPA was chosen as the
carrier concentration in the succeeding tests.

3.4. Effect of surfactant concentration

Surfactant concentration is an important parameter as it
has major impact on emulsion stability thereby affecting Nd
extraction. The surfactant concentration ranged from 0.5%
to 2.5% (v/v). Influence of surfactant concentration in the
membrane phase of the emulsion on Nd extraction is shown
in Fig. 7. As shown in this figure, an increase in Span 80
concentration leads to increasing the extraction efficiency

20
28
24 16
g 20 2\;
] =
3 12 8
o 16 &
= ]
= ©
[4 [
vg, 12 8 g
8
4
4 —@— Swelling
—@— Breakage
0 0
1 1.5 2 25
Carrier concentration(v/v%)
Fig. 6. Effect of carrier concentration on the ELM stability.
1
—0— 0.5% (V/IV)
0 1% (V/V)
0.8 1 —@— 1.5% (VIV)
A— 2% (VIV)
—¥— 2.5% (V/IV)
= 0.6 1
Q
Q
0.4 1
yut
0.2 1
o ]
\ﬁ\\c\f/.
0 T T T ? T
0 4 8 12 16 20

Pertraction time (min)

Fig. 7. Effect of surfactant concentration on the extraction of
Nd by ELM (Feed concentration: 50 mg/L; external phase pH:
3.5; stirring speed: 370 rpm; carrier concentration: 2% (v/v);
treatment ratio: 1/3; internal phase concentration: 1 M; diluent:
sunflower oil).

of Nd. It shows that emulsion stability has been improved
with increasing surfactant concentration up to 1.5%.

Fig. 8 shows effect of surfactant concentration on mem-
brane stability. It suggests that low surfactant concentrations
result in lower viscosities in the membrane phase and less
stable membranes because the extent of surfactant has not
been enough to stabilize the emulsion, so the ELM was easy
to break [76]. However, using more amounts of Span 80 in
the membrane phase caused a decrease in extraction effi-
ciency. One possible reason is that applying unnecessarily
high content of surfactant lowers diffusivity of complexes in
the membrane solution which can be ascribed to the viscosity
enhancement of the membrane phase.

As reported by Wan and Zhang [51], there is a “critical
concentration” of surfactant to form a stable liquid mem-
brane against the internal phase leakage in an ELM sys-
tem. Beyond this critical concentration, a further increase
in surfactant concentration increases the membrane stabil-
ity slightly, while the emulsion osmotic swelling increases
significantly with increasing of surfactant concentration
because of its hydration properties (see Fig. 8).
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Fig. 8. Effect of surfactant concentration on the ELM stability.

Surfactant molecules attach to each other and aggre-
gate in bulk of the solution to form macromolecules or
micelles if the concentration exceeds a certain concentration
called critical micelles concentration. From the experimen-
tal results, it can be inferred that 1.5% (v/v) Span 80 is the
corresponding critical concentration and the increase in the
amount of Span 80 beyond it resulted in formation of reverse
micelles. The surfactant aggregates play the role of reservoir
for water and promote the transportation of water mole-
cules to the internal or external phase (swelling or break-
age) which adversely affects the emulsion stability [77].
Consequently, use of excessive surfactants reduces overall
extraction efficiency. From the experimental results, it can be
inferred that 1.5 % (v/v) Span 80 is the optimum surfactant
concentration.

3.5. Effect of treatment ratio

Treatment ratio is defined as the volume ratio of emul-
sion phase to the feed phase, exactly like solvent to feed ratio
in conventional liquid-liquid extraction. It is a determining
factor in effectiveness and economy of the ELM process.

Fig. 9 demonstrates the effect of the treatment ratio on
Nd extraction. As mentioned before, the treatment ratio was
changed by changing the volume of the feed phase and keep-
ing the volume of the emulsion phase constant. For example,
in the first run the volume of the feed phase was five times
the emulsion phase, that is, E/F = 1/5 and finally the volume
of feed phase and emulsion phase was kept equal at the final
run (E/F =1).

The stability results are illustrated in Fig. 10. When
the treat ratio is 1/5, Nd extraction is the least. At the low-
est treat ratio, emulsion swelling was observed. This may
be due to the fact that the emulsion did not disperse very
well and the contact area between the phases considerably
decreased. Simultaneously, the surfactant would also pro-
vide the co-transport of water thereby diluting the internal
phase [74]. Increasing the treat ratio from 1/5 to 1/3 tends
to enhance the overall extent of extraction. The volume
fraction of emulsion in the system increases by increasing
the treat ratio. This results in a greater amount of emul-
sion globules per unit volume of the feed solution in the

1
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Fig. 9. Effect of treatment ratio on the extraction of Nd by ELM
(Feed concentration: 50 mg/L; external phase pH: 3.5; stir-
ring speed: 370 rpm; carrier concentration: 2% (v/v); Span 80
concentration: 1.5% (v/v); internal phase concentration: 1 M;
diluent: sunflower oil).
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Fig. 10. Effect of treatment ratio on the ELM stability.

mixture vessel. Thus, higher interfacial area for mass trans-
fer caused higher mass transfer from external phase to the
emulsion globule. With increasing the volume fraction
of emulsion, the volume fraction of the carrier available
for Nd pertraction in the system increases which in turn
leads to a higher degree of extraction [27]. However, a fur-
ther increase in treatment ratio up to 1 showed a decline
in the extraction efficiency as shown in Fig. 9. This can be
explained by the formation of larger globules at higher treat
ratios which leads to a decrease in external mass transfer
areas. Furthermore, effective diffusion path length within
the larger globules increases which results in a decline in
mass transfer. This reduction in the degree of extraction can
be also attributed to the coalescence of emulsion globules
which leads to emulsion breakage and release of the encap-
sulated Nd back to the feed phase (see Fig. 10). In that case,
mass transfer area reduces and higher residence time of the
emulsion for extraction is required, so extending the time
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of extraction brings about an increase in emulsion breakage
[78,79]. Consequently, the treatment ratio of 1/3 was chosen
as the optimum value for further study.

3.6. Effect of internal phase concentration

The capacity of the emulsion to extract solute is affected
by the internal phase acid concentration. To investigate the
influence of acid concentration in the internal phase on the
Nd transport, the experiments were performed with various
concentrations of nitric acid in over a wide range of 0.25-2 M.
The internal phase concentration has been inevitably dou-
bled in each step and the results are presented in Fig. 11.

This figure clearly shows that both Nd extraction extent
and rate increased over the whole duration of experiments
when the acid concentration was varied from 0.25 to 1 M.
As mentioned before, the concentration difference of [H?]
between the feed and the internal aqueous phases acts as
a driving force for Nd transport in presence of D2EHPA/
M2EHPA carrier in the ELM system. Thus, higher nitric acid
concentration in the internal aqueous phase results in Nd
extraction improvement. However, Nd extraction decreased
with more increase in nitric acid concentration up to 2 M.
This can be explained by the fact that an excessive amount
of nitric acid in the internal phase leads to swelling of the
emulsion as shown in Fig. 12. In addition, the reaction of
acid with Span 80 leads to deterioration of emulsion stabil-
ity owing to a partial loss of its surfactant properties which
causes emulsion breakage [28].

The concentration of the internal phase has a profound
effect on Nd enrichment and stripping. Thus, the effect of
nitric acid concentration on Nd enrichment and stripping
efficiency was also studied and the results are displayed in
Fig. 13. It can be seen that the enrichment and in turn strip-
ping efficiency increased with an increase in the internal
phase concentration up to 1 M. However, further increase in
nitric acid concentration was found to reduce the extent of
enrichment and stripping because of swelling problem and
dilution of the concentrated Nd ion in the internal phase.

1
—o— 025 M
o 05M
0.8 1 —o— 1M
—A—2M
§ 0.6
Q
0.4
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O
0 - - - ’ -
0 4 ] 12 16 20
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Fig. 11. Effect of internal phase concentration on the extraction
of Nd by ELM (Feed concentration: 50 mg/L; external phase pH:
3.5; stirring speed: 370 rpm; carrier concentration: 2% (v/v); Span
80 concentration: 1.5% (v/v); treatment ratio: 1/3; internal phase:
HNO,; diluent: sunflower oil).

According to the results, maximum enrichment of 10.24 and
stripping efficiency (~89%) has been obtained at 1 M con-
centration of nitric acid as the internal phase. Hence, it was
found that HNO, of 1 M concentration gives the best Nd
extraction and stripping efficiency, so it was used for suc-
ceeding experiments.

3.7. Effect of diluent type

Since petroleum-based diluents are frequently used in
the ELM method according to theliterature[1,26,29,30,32,37],
the differences in the performance between the applied
vegetable oil and conventional petroleum-based diluents
are highlighted in this work. Hence, the performance of
organic solvents such as toluene, butyl acetate, chloroform,
and kerosene was also examined. Experiments were car-
ried out in the same operational conditions that previously
optimized.

Fig. 14 shows the efficiency of the diluents for Nd
extraction by ELM. It is observed that sunflower oil gave the
greatest performance with an extraction efficiency of more
than 99% among the other diluents tested.
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Fig. 12. Effect of internal phase concentration on the ELM
stability.
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Fig. 13. Effect of internal phase concentration on the enrichment
and stripping efficiency of Nd by ELM (Feed concentration:
50 mg/L; external phase pH: 3.5; stirring speed: 370 rpm; carrier
concentration: 2% (v/v); Span 80 concentration: 1.5% (v/v); treat-
ment ratio: 1/3; internal phase: HNO,; diluent: sunflower oil).
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Fig. 14. Effect of type of diluent on the extraction of Nd by
ELM (Feed concentration: 50 mg/L; external phase pH: 3.5; stir-
ring speed: 370 rpm; carrier concentration: 2% (v/v); Span 80
concentration: 1.5% (v/v); treatment ratio: 1/3; internal phase
concentration: 1 M).

Organic diluents affect the performance of ELM process.
Change in organic diluent in the emulsion preparation step
results in changes in emulsion stability and extraction effi-
ciency. Table 2 gives the viscosity of the diluents used for
making the emulsion.

In the ELM method, the total mass transfer resistances of
reaction is expressed as following [80-82]:

k..
i:i‘i‘i,k :7f
K, k, k' C

H

(6)

k,, is the external phase mass transfer coefficient, k. the
interfacial reaction rate constant, and K is the overall mass
transfer coefficient. k! and C,, are the apparent interfacial
reaction rate constant and concentration of hydrogen ions
concentration in external solution, respectively. Interfacial
reaction rate constant for a constant pH of the external phase
was obtained from the following Eq. (7) which was derived

by Kasaini et al. [82]:

In[1-E]= ln[g" @)

e0

j:_Alt.kf

where A is the interfacial area which was calculated by using
the correlation of Ohtake et al. [83] for W/O emulsion globule
size in ELM systems.

Table 2
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The mass transfer coefficient (k,,) of the external phase in
agitated vessels was calculated from a correlation proposed
by Skelland and Lee [84]:

0548
Ky =2932x107 & ﬂ Re!"! ®)
VND V.+V, +V, \T

where N is the mixing speed (rpm), D is the diffusion coef-
ficient (m* s), V, is the volume of internal phase, V  is
the volume of organic phase, V is the volume of external
phase, d, is the impeller diameter, T is the mixing vessel
diameter and Re is the Reynolds number based on contin-
uous phase.

The interfacial reaction rate constant (kf), external phase
mass transfer coefficient (k, ), and overall mass transfer coef-
ficient (K) in the ELM systems using different diluents are
also presented in Table 2.

It is observed that the overall mass transfer coeffi-
cient showed the following tendency: kerosene > sun-
flower oil > toluene > chloroform > butyl acetate which is in
agreement with the results of extraction in Fig. 14.

It is known that higher viscosity results in a lower dif-
fusion coefficient. On the other hand, greater viscosity
produces more stable membrane. An increase in emulsion
viscosity improves the resistance to globule breakage. Also,
viscosity of diluent considerably affects the degree of swell-
ing phenomenon of emulsion during the ELM process. It has
been reported that the diffusion of reversed micelles and also
entrainment swelling decreases with increasing emulsion
viscosity [85,86].

According to the obtained results, kerosene and sun-
flower oil which have higher viscosity compared with the
other diluents yield higher Nd extraction efficiency. It should
be noted that there is a marginal difference between the per-
formance of kerosene-based and sunflower oil-based ELM
after 16 min of contact time. Although the overall mass trans-
fer coefficient by using sunflower oil in ELM is lower than
kerosene, its higher viscosity resulted in more stable liquid
membrane which allowed better extraction performance in
comparison to kerosene and the other diluents.

This result is in line with the previously reported papers
which confirmed that the lower viscosity of the diluent neg-
atively influences the emulsion stability and consequently
causes lower solute transport and poor performance of ELM
[87]. Hence, sunflower oil was chosen as the best diluent
from an economical and environmental viewpoint. From the
obtained results, sunflower oil revealed a high potential for
Nd pertraction and opens a future possibility of comparing

Comparison of some properties of the used diluents along with the interfacial reaction rate constant and mass transfer coefficients

Diluent Viscosity (Cp)

k k K

M f 0
Sunflower oil 39.1 7.5x107° 1.76 x 10°° 1.72 x10°°
Kerosene 1.64 7.5x107° 1.99 x 10 1.94 x 10
Toluene 0.55 7.5x107° 1.13 x 10° 1.11 x 10°°
Chloroform 0.53 7.5x107° 9.76 x 1077 9.63 x 1077
Butyl acetate 0.685 7.5x107° 7.14 x 107 7.07 x 107
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the efficiency of sunflower oil with the other vegetable oil
types.

4. Conclusions

Neodymium is a critical REE that is important in mod-
ern technologies, so efficient processes are needed for its
extraction and purification. An experimental study on per-
traction of Nd from aqueous solutions was carried out
through an ELM containing a mixture of M2EHPA and
D2EHPA as carrier in sunflower oil as an environmentally
benign diluent. The effect of pH value of the external phase,
stirring speed, carrier’s concentration, surfactant concentra-
tion, treatment ratio, and internal phase concentration on Nd
extraction were also investigated. As a result, the optimum
condition of Nd pertraction was obtained as the external
phase pH was 3.5, stirring speed was 370 rpm, carrier concen-
tration was 2% (v/v), surfactant concentration was 1.5% (v/v),
treatment ratio was 1/3, and internal phase concentration
was 1 M. Under the optimum conditions, nearby complete
extraction of Nd was achieved within less than 20 min and
the enrichment and stripping efficiency of 10.24% and 89%
has been obtained, respectively. Finally, results were com-
pared with some organic diluents and mass transfer coeffi-
cients were calculated in each case. It has been found that
using sunflower oil in ELM not only is interesting from both
economic and environmental perspectives but also leads to
an increase in the Nd extraction efficiency in comparison to
the other organic diluents tested.
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