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Graphical abstract
Novel processes based on SIMALE have been proposed as effective methods for the selective separation of different

chemical species such as metal ions, organic/ biologically important compounds and gas mixtures from different waste
streams including nuclear waste. This review discuss important applications including scale up, process intensification
aspects, current status of the technology and future directions.
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Highlights

e Smart Integrated Membrane Assisted Liquid Extraction (SIMALE) technique playing an important role
as a extraction /separation of metal, organic pollutants and gases

e Remediation of nuclear waste generated in reprocessing plant by hollow fiber non-dispersive solvent
extraction and hollow fiber strip dispersion

e The stability of the SLM is ensured by a modified SLM with hollow fiber renewal liquid membrane and
polymer inclusion membrane

e lonic liquid based membrane extraction and super critical fluid based membrane are promising future
separation techniques.

Abstract
Novel processes based on SIMALE have been proposed as effective methods for the selective separation of different

chemical species such as metal ions, organic/ biologically important compounds and gas mixtures from different waste
streams including nuclear waste. The industrial use of supported liquid membranes based on conventional liquids is limited
by their relative instability and short lifetime. Under SIMALE techniques, the stability of the SLM is ensured by a modified
SLM with pseudo emulsion based hollow fiber strip dispersion or non-dispersive solvent extraction techniques . In order to
promote operational stability, SIMALE, using ionic liquids, as a liquid membrane phase could overcome these
inconveniences due to their negligible vapour pressure and the possibility of minimizing their solubility in the surrounding
phases. SIMALE studies on membrane-based dense gas extraction reported higher extraction efficiencies when the near
critical or supercritical solvent is used. This review also discuss important applications including scale up, process
intensification aspects, current status of the technology and future directions.



Abbreviations:

E : Extracting solvent

S : Stripping Chemical

K : Overall mass transfer coefficient (m/s)

K; : Feed mass transfer coefficient (m/s)

K, : Extraction reaction kinetic coefficient (m/s)

Kbpe Back Extraction (Stripping) kinetic coefficient (m/s)

K., : Membrane mass transfer coefficient (m/s)

K, : Strip mass transfer coefficient (m/s)

K; : Gas filled pore membrane mass transfer coefficient (m/s)
K, : Stagnant membrane layer mass transfer coefficient (m/s)
din : Non wetted logarithmic mean diameter, (m)

d, Wetted logarithmic mean diameter, (m)

e : Enhancement Factor

H : Henry’s Constant

di : Inner diameter of hollow fiber lumen (m)

do : Outer diameter of hollow fiber lumen (m)

d,ln Logarithmic mean diameter of none wetted of the membrane (m)
H : Henry’s constant

TOPO : Tri-n-octylphosphine oxide

DNPPA : di-nonyl phenyl phosphoric acid



7. NOMENCLATURE, LIST OF SYMBOLS, AND ABBREVIATIONS

Nomenclature:

Alamine 336 tertiary amine,[tri-(C8—C10) amine]

Aliquat-336 Tricaprylylmethylammonium chloride

Cyanex 272 Bis(2,4,4-trimethylpentyl) phosphinic acid

DHOA N,N-di-n-hexyl octanamide

D2EHPA Di(2-ethylhexyl) phosphoric acid

LIX 984N 1:1 (v/v) mixure of LIX 84-l and LIX 860N-I

MIBK Methyl isobutylketone

nph Normal paraffin hydrocarbon

PEI Polyethylenimine

PEN-G Penicillin G

PHWR-HLW pressurised heavy water reactor high-level waste
PHWR-SHLW Pressurised heavy water reactor simulated high-level waste
N-235 Mixture of tertiary amine based extractant
TODGA N,N,N’,N’-Tetraoctyl-3-oxapentanediamide

TBP Tri-n-butyl phosphate

List of symbols:

A Geometrical surface area (cm2)

A Absorbance (0.D.)

Cis Concentration of metal ion in ag. phase at time t (mol/L)
Cio Concentration of metal ion in ag. phase at time t (mol/L)
c Concentration of ozone (mol/L)

d Effective diameter of membrane pore (um)




din HF inner diameter (cm)

dout HF outer diameter (cm)

davg Average diameter of HF membrane (cm)

D Diffusion coefficient in the pores (cm2/s)

e Extinction coefficient (-)

H Henry coefficient (liquid-gas equilibrium constant)
Krotal Overall mass transfer coefficient (m/s)
KsHeLL mass transfer coefficient in shell side (m/s)
Km Membrane mass transfer coefficient (m/s)
Kruee mass transfer coefficient in tube side (m/s)
I Cell length (cm)

Mp Equilibrium distribution coefficient between tube side liquid and shell side liquid
P Over all permeability coefficient (m/s)

APc Critical break through pressure (Pa)

Q Effective surface area (cm2)

ro Pore radius (cm)

\" Volume of aqueous feed (m2)

0 Contact angle (in degrees)

A Surface tension of water

&m Membrane porosity (-)

™ Tortuosity factor (-)
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1. INTRODUCTION

Membrane separation is an energy efficient-technology, which is widely used for a large number of industrial
applications, such as sea water desalination, natural gas conditioning, and waste water treatment etc. including removal
of radionuclides from radioactive waste streams with the view to give clean environment [1]. It is important to note that
the efficiency of separation processes strongly depends on the proper selection of membrane material and membrane

configuration. Of course, some improvements in separation performance can also be achieved by optimization of the



module design or recycling of different streams by cascade system. At the same time, for different applications the
membrane should face inherently different requirements. Although the increasing demand for raw materials, energy
and products under the constraints imposed by sustainable development is a complex problem, a possible solution is
found by the intensification and integration of industrial processes which offer solutions to increase competitiveness
and efficiency without neglecting the protection of the environment [2, 3]. Drioli et al. [4] define process intensification
as the strategy to bring drastic improvements in manufacturing and processing by decreasing capital cost, equipment
size, energy consumption, waste production, environmental impact, etc. In this context, membrane operations have the
potential to replace conventional energy-intensive techniques, accomplish the selective and efficient transport of
specific components, improve the performance of reactive processes and, ultimately, provide reliable options for a
sustainable growth [5]. In addition membrane processes can be beneficially integrated at different levels because of
their several advantages over conventional processes: compactness, easy scale-up and automation [6]. In particular,
liqguid membrane technology incorporating selective carriers is strongly related to the process intensification strategy
due to the benefits derived from the facilitated transport of a solute resulting from the coupling between chemical
reaction and mass transport phenomena [7]. Fig. 1 shows mass transport through liquid membranes and compares a
pure diffusion-type process (Fig. 1a) with a simple facilitated transport mechanism (Fig. 1b) where the solute has first to
react with the carrier to form a solute—carrier complex, which then diffuses through the membrane to finally release the
solute at the permeate side [8]. As it is depicted in Fig. 1, the use of appropriate reacting agents in the liquid membrane

formulation allows the intensification of the extraction and stripping stages since the driving forces across the
membrane in smart integrated membrane assisted liquid extraction (SIMALE) type of techniques are higher than the

concentration gradients achieved in non-reacting processes

Under process intensification strategy, the techniques used should meet the above mentioned criteria. Therefore,
improved version of membrane extraction techniques named as smart integrated membrane assisted liquid extraction
(SIMALE) techniques are of great interest in the field of metal separations. Among SIMALE techniques, non-dispersive
solvent extraction, pseudo emulsion based hollow fiber strip dispersion, near critical or supercritical extraction using HF
contactor and ionic liquid based membrane extraction have more potential in different areas with respect to chemical
technologies. In SIMALE techniques, the combination of liquid membranes and membrane contactors is a suitable
strategy to increase the process competitiveness in terms of process intensification due to the following reasons: (i)
membrane contactors provide higher interfacial mass transfer area/equipment size ratio than conventional equipments
(i.e. 30 times higher than packed towers and 10 times higher than stirred tanks for solvent extraction), (ii) the effective
contact area is known, constant and independent of flow rates of the fluid phases, (iii) the non-dispersive contact
between the fluid phases which flow independently is achieved avoiding additional separation stages, (iv) the modular
design simplifies the process scale-up and allows to operate over a wide range of capacities and (v) in general the

operation costs for membrane technologies are lower than those associated to conventional processes [1, 3].



Under first category of SIMALE, hollow fiber non-dispersive solvent extraction with one module and extraction and
stripping with two separate modules is selected. Several applications have been recorded with NDSX technology, which
can be divided into two groups: (a) separation of organic compounds and, (b) separation of inorganic compounds. In the
first group motivating examples are: (i) separation of |-phenylalanine [9], (ii) removal of phenol, 2-chloro phenol,
toluene, nitro-benzene and acrylonitrile [10], and (iii) recovery of aroma compounds from the food industry [11]. In the
second group the main applications are directed at metal separation applications: (i) Separation of Co(ll) and Li(l) from
aqueous solution [12], (ii) simultaneous removal of arsenic and selenium from wastewater [13], (iii) separation of Ni/Cd
mixtures [14], (iv) separation of uranium/ thorium from analytical waste [15] and (v) selective separation of Zn(ll) over
iron from spent pickling effluents [16] and pertraction of transition metal ions [17]. In a very recently published study,
authors have compared extraction of cerium by hollow fiber supported liquid membrane using tri-octyl methyl
ammonium chloride (TOMAC) with solvent extraction data using mixer settler. The efficiency of hollow fiber supported

liquid membrane was greater than that of solvent extraction for the extraction of cerium for studied system [18].

The second category in SIMALE technique is pseudo emulsion based hollow fiber strip dispersion (PEHFSD) or emulsion
pertraction technology (EPT) has been selected. Progress in knowledge about membrane-based solvent extraction has
led the development of an attractive alternative in this group of technologies that is known as PEHFSD. In this
configuration an emulsion phase comprising of an extractant agent and a back-extraction agent, flows through the shell
side of one single HF module while the aqueous feed phase, which contains the target species, flows through the inner
side of the micro porous fibers of the module (Fig. 2). The first works dealing with EPT were concerned with the
extraction of Cu, Ni and Hg [19], separation of Cd/ Pb mixtures [20] and separation of hydrocarbons from wastewaters
[21]. The removal and recovery of Cr(VI) from waste waters [22] and the selective separation of Zn(ll)/Fe(lll) mixtures in
a pilot plant were also studied [23].More recent works deal with removal and recovery of CN™ and Cd(ll) and rare earths

[24,25], and the recovery of Au(l) in presence of CN™ [26].

In thirds category under SIMALE, a new liquid membrane technique called hollow fibre renewal liqguid membrane
(HFRLM) has been reported [1, 27]. This is based on the surface renewal theory and integrates the advantages of fibre
membrane extraction and liquid film permeation. In the HFRLM process, hydrophobic hollow fibres are used which are
pre wetted with the organic phase so that the pores become completely filled with the organic phase. The HFRLM
process schematic and mechanism are depicted in Fig. 3. The feed phase is pumped through the shell side of the
module (see Fig. 3a). The stirred mixture of the organic and stripping phase, containing uniformly dispersed organic
droplets, is pumped through the lumen side of the fibres. Due to the wetting affinity between the organic phase and the
walls of hydrophobic fibres, a thin organic film, i.e. a liquid membrane layer, is developed within the lumen side of the
fibres. The shear force resulting in the flowing fluids causes the film liquid to form micro droplets on the surface of the
liquid membrane layer, which will peel off from the surface of the liquid membrane layer and enter the lumen side
flowing fluid. At the same time, the organic droplets, dispersed fluid flowing in the lumen side, will fill the surface of the
liquid film; thus renewal of the liquid membrane proceeds [Fig. 3b]. This effect and the huge mass transfer area due to

the direct contact of organic droplets and the vigorously mixed aqueous phase can accelerate the mass transfer rate and



greatly reduce the mass transfer resistance within the lumen side. In addition, the HFRLM technique has some potential
advantages of long-term stability, high mass transfer rate, easy operation, etc. The utilization of this technique is well

established for metal separation and described in Refs [27-30].

Separation based on the use of polymer inclusion membranes (PIMs) is a relatively new technology under important
SIMALE category for the safe and effective separation of metallic and non-metallic ionic species and small organic
molecules from aqueous solutions [1, 31]. PIMs encapsulate an extraction reagent in a base polymer matrix (typically
poly vinyl chloride, PVC) or ester-substituted cellulose derivatives, such as cellulose triacetate (CTA)), often in
combination with plasticizers and/or chemical modifiers. PIMs have been developed as a safer alternative to liquid—
liquid extraction techniques (commonly referred to as solvent extraction, SX), which often require large inventories of
toxic, volatile and flammable chemicals. Many researchers have successfully adapted existing SX technologies to PIM
systems [1, 32-33], and work continues towards better understanding the fundamental processes that underpin PIM
extraction and transport. PIM systems rely on the use of carrier-facilitated transport, where the membrane is made
permeable to the target solute only by the action of an extraction reagent; the target solute is generally reactively
coupled to the extractant at the membrane-solution interface and transported into and through the membrane by
diffusion of the extractant—solute complex or ion-pair. The extraction of the solute into the membrane is commonly
observed by its depletion in the aqueous phase. The extraction process is a combination of physical diffusion processes
inside the membrane and chemical reaction kinetics at the membrane-solution interface, which have been discussed in
earlier studies [1, 34]. Development of a PIM for the preconcentration of antibiotics in environmental water samples has
established its role in the field of analytical applications. [35]. In recent published study, , membrane transport of
cadmium ion was explored through a polymer inclusion membrane (PIM) in micro-system. The system was composed of
a flat sheet membrane sandwiched between donor and acceptor aqueous phases that flow in serpentine micro channels
built in Teflon plates. Compared with conventional PIM cell, results showed by authors established the feasibility of PIM

in micro device to achieve efficient Cd ions extraction [36].

In the fourth category under SIMALE, ionic liquid based membrane extraction has drawn maximum attention and
achieved selective transport of metal ions, organic compounds such as amines, alcohols, organic acids, ketones, ethers,
and aromatic hydrocarbons [37-40], mixed gases [41-42] and metal ions [43-44]. lonic liquids results in the stabilization
of the SLMs due to their negligible vapor pressure, the possibility of minimizing their solubility in the surrounding phases
by adequate selection of the cation and anion [45], and their high viscosity (up to 500 cP) which could slow down the
displacement of the liquids from the micron pores under pressure. Other interesting properties of ILs in the context of
liguid membranes are their high ion conductivity [46] and high solvent power [47]. All these mentioned properties have
led ILs to being considered “green designer solvents” [39]. In recent work, X-ray computed tomography scanning is
utilized to analyze the three dimensional structure of hollow fiber supported ionic liquid membranes (SILMs) applied for

gases separation [48]. .The experimental set-up used are similar as discussed in NDSX and EPT.



In the last category of SIMALE, one of the applications of membrane contactors is based on supercritical extraction. This
process is called porocritical extraction. Porocritical process or porocritical extraction is a commercial supercritical fluid
extraction (SFE) which utilizes a HFMC to contact two phases for the purpose of separation [1,2,49]. In this process a
macro porous membrane provides contact between feed and solvent. The aqueous feed solution is passed on one side,
while the extraction solvent, which is a near-critical or a super-critical fluid, is flowed on the other side. The aqueous
solution is also maintained at a high pressure near the dense solvent to establish interface between solvent and feed.
When the membrane material is hydrophobic, i.e. the aqueous solution does not penetrate the membrane pores and
the gas phase can fill the membrane pores. In this process, the driving force is concentration difference of the solute
between feed and dense solvent. In porocritical extraction, there are four steps for the transfer of a solute across the
membrane: transport through the boundary layer of the liquid feed solution; soluble in the near critical or supercritical
fluid (SCF) extraction phase; diffusion through the stagnant extraction phase within the pores; transport through the
boundary layer of the extraction phase. Fig. 4 schematically shows the principles of this process. The application of SCF is

described in Refs [50-54].

In recently developed new SIMALE technique,, a SLM with sorbent interface was developed and employed for Eu
extraction from nitrate medium [55]. The idea was based on the SLM system with the sorbent interface. This membrane
extraction system was a three-phase SLM consisting of an aqueous phase (feed phase), organic extractant/ nano sorbent
(membrane phase) and aqueous phase (stripping phase). For this purpose, the multi-walled carbon nanotubes
(MWCNTs) dispersed in the organic extractant (kerosene + Cyanex272) was held in the pores of a porous membrane by
capillary forces and ultrasonic agitation. All experiments were performed using PTFE filter membranes. The results
showed that loading of MWCNTSs in the liquid membrane enhanced the permeation of Eu. The stability of the SLM was

satisfactory at 10 cycles of operation.

This review focuses the recent advances of SIMALE techniques, their potential in area of metal separation (including
radionuclides), gas separation and other selected applications with respect to pharmaceutical and biotech applications.
This review also includes issues related to stability, long term performance and process intensification aspects using

SIMALE techniques.

2.1. CLASSIFICATION, METHOLOGIES AND ASSOCIATED MECHANISM IN SMART INTEGRADED MEMBRANE ASSISTED
LIQUID EXTRACTION TECHNIQUES

2.1. Non-dispersive solvent extraction (NDSX)

Non-dispersive solvent extraction technique use membrane contactors that incorporate hydrophobic hollow fibers (HF)
which allow the circulation of two fluid phases, with the organic phase embedded in the pores of the HF module.
Because of the hydrophobicity of the pores, mixing of the phases is not possible, allowing there to contact at the

aqueous—organic interface only [1, 12]. A schematic view of the membrane-based extraction process using one and two



hollow fiber contactor in recirculation mode is shown in Fig. 5a and 5b respectively. Using one HF contactor, both
aqueous and organic phases are contacted in a hollow fiber module in a cocurrent or countercurrent for extraction or
stripping run under recirculating mode. In the extraction module, the feed aqueous phase flows through the lumen of
the fibers, while the organic phase circulates through the shell side, wetting the wall of the hydrophobic fibers. The
pressure of the aqueous phase was held at 0.2-0.5 bar higher than the pressure in the organic phase. Other, possible
configuration is non-dispersive solvent extraction (NDSX), containing two HF modules, one module for the extraction
step and one module for the back-extraction step. The aqueous phases circulate through the inner side of the fibers and

the organic phase circulates through the shell side in both modules (Fig. 5a).
2.2. Pseudo emulsion based hollow fiber strip dispersion (PEHFSD)

The hollow fiber strip dispersion process comprises a single module for extraction and stripping. A pseudo-emulsion
phase is prepared in a stirred tank, this pseudo-emulsion is formed by the organic solution and the dispersed stripping
solution. Once pumped to the module for the shell side, the organic phase wets the porous wall of the fiber because of
its hydrophobic nature. The feed solution is fed into the module through the tube side of the fibers. The differential
pressure is always kept below the breakthrough pressure, thus in the feed phase the pressure is maintained in the range
of 0.2 -0.5 bar range higher than in the pseudo-emulsion phase. The characteristics of the pseudo-emulsion should be
such that it should have clear and fast (in the order of a few minutes) phase separation when mixing in the tank is

stopped (Fig. 2). Then the recovery of the metal from the stripping solution can be achieved
2.3. Hollow fiber renewal liquid membrane (HFRLM)

In this technology, the stirred mixture of organic phase and feed phase (or stripping phase) is pumped through the tube
side of the fibers, the organic phase is uniformly dispersed in the corresponding aqueous solution and wets and fills the
pores of the module (Fig. 3). The stripping phase (or the feed phase) flows through the shell side, co- or counter

currently. The flows are controlled to maintain a positive pressure on the shell side, in order to prevent
penetration of the organic phase into the shell side [for more details refer section 1.0 ‘introduction’].
2.4 Polymer inclusion membrane (PIM)

For more clarity and information, one specific preparation is discussed in detail as representative case. Solution of
cellulose triacetate as the support, the plasticizer (for example o-nitrophenyl pentyl ether o-NPPE), and any suitable
extractant (for example calix [4] crown-6 derivative) [56] as the ion carrier in desired diluent (such as dichloromethane)
are normally prepared for PIM applications. In next step, a specified portion of this organic solution was poured into a
membrane mold comprised of a 9.0 cm glass ring attached to a glass plate with cellulose triacetate—dichloromethane
glue. The dichloromethane was allowed to evaporate overnight and the resulting membrane was separated from the
glass plate by immersion into cold water. Next, the membrane was soaked in distilled water for 12 h. Two samples of

membrane were cut from the same membrane film for transport experiments. The average PIM membrane thickness



was estimated as 35 um. After preparation of membrane, transport experiments were performed as an example to
understand the phenomenon and to evaluate performance of the membrane. Transport experiments were conducted in
a permeation cell in which the membrane film (at surface area of 4.9 cm3) was tightly clamped between two cell
compartments. Both, i.e. the source and receiving aqueous phases (50 cm? each) were mechanically stirred at 600 rpm.
The receiving phase was 0.01-1.0M HCI. The PIM transport experiments were carried out at the temperature of 20+0.2
°C. Small samples of the aqueous receiving phase were removed periodically via a sampling port with a syringe and
analyzed to determine metal concentrations by atomic absorption spectroscopy method. The source phase pH was kept

constant and controlled by pH meter.
2.5 Supercritical fluids based membrane extraction

In this process a macro porous membrane allows the contact between two phases. On one side, an aqueous liquid
solution is circulated and on the opposite side the extraction solvent is a near-critical or supercritical fluid (Fig. 4). When
the membrane used is hydrophobic, the aqueous solution does not penetrate within the membrane porosity. A
meniscus is formed in the pore mouth establishing a dense gas—liquid interface. The driving force of the mass transfer
process through the membrane is a concentration gradient between both circulating phases. In this operation,
permeability and selectivity are defined by the transport phenomena at the proximities and through the membrane
coupled to the phase equilibrium between the aqueous feed solution and the CO2 phase. The size and number of fibers
in @ membrane contactor will be determined by the volume of the liquid to be treated. Previous studies on membrane-
based dense gas extraction report higher extraction efficiencies when the near critical or supercritical solvent is

circulated outside the fibers and the liquid feed solution is circulated in the lumen side [57-60].
2.5 lonic liquid based membrane extraction (ILME)

lonic liquids are formed by a nano symmetrical or unsymmetrical organic cation such as imidazolium, N-alkylpyridinium,
alkylphosphonium, etc. [Fig.6], and different inorganic or organic anions such as halides, nitrate, tetrafluoroborate ([BF4~
1), trifluoro -methylsulfonate ([OTf]), bis (trifluoromethane -sulfonyl) imide ([NTf, 7), etc. The task-specific ionic liquids
(TSILs) have also been developed with specific functional groups linked by covalent bond to the anionic or, more often,
cationic part of the salt [Fig. 7]. Very often, ILs and TSILS are used mixed with other conventional extractants in order to
increase the efficiency of the extraction process. Furthermore, this new branch of reagents can extract anions and
cations without using ion exchange but with ion pair mechanism. The ionic liquid membrane based extraction can be

carried out in similar set-ups as described in NDSX or in HFSLM mode.

3.0 APPLICATION OF SMART INTEGRADED MEMBRANE ASSISTED LIQUID EXTRACTION TECHNIQUES (SIMALE) IN
METAL SEPARATION (INCLUDING RADIONUCLIDES), GAS SEPARATION AND BIOTECHNOLOGICAL APPLICATIONS

3.1. Non-dispersive solvent extraction (NDSX)



The broad spectrum of metal extraction which have been studied with non-dispersive solvent extraction (NDSX) mode
includes noble metals, alkaline and alkaline earth metals, rare earth, radioactive metals, heavy and toxic metals. The
extraction of copper from ammoniacal aqueous solutions with LIX 54 was studied by Gameiro et al. [61] using NDSX with
hollow fibres as contactors. Some equilibrium experiments for the system CuSO4/(NH4),SO4/NHs/LIX 54 were carried
out. Extraction studies using a single hollow fibre module showed that the rate of extraction was not significantly
affected by the hydrodynamics of the phases in the range of 150-710 mL min™. The experimental overall mass transfer
coefficients were compared with the ones obtained by using the conventional resistance in series model. These values
were in agreement, when the concentration of LIX 54 was as high as 0.2 k mol m™ and the initial concentration of
copper in the feed phase was 0.3 kg m=. Thus, under these experimental conditions the extraction of process is
controlled by diffusion in the aqueous boundary layer. If the concentration of LIX 54 remains in the range of 0.015-0.10
k mol m™3, the extraction process will be then controlled by chemical reaction and diffusion in the aqueous boundary
layer. Similar experience on HF contactors was obtained by other researchers also but SEM of the polypropylene fibers

will help to understand whether morphology of the fiber is intact after long duration of use of these HF contactors.

In more detailed study, Pabby et al. performed hollow fiber non-dispersive solvent extraction with a single
module (batch process) (Fig. 5a) and with two modules (Fig. 5b) (extraction and stripping together) in counter-
current mode using 18% LIX79/n-heptane [62]. The performance of the single module has certain drawbacks
such as equilibrium limitation and saturation of the extractant during the experimental run. For this reason, the
extraction module failed to perform correctly in the presence of a high concentration of NaCN, and this
necessitated a high concentration of LIX79 in the extraction module. However, in the integrated membrane
process with two modules, saturation of the carrier does not occur as it is continuously regenerated in the
stripping module, resulting in a better performance. The use of stripping solution containing NaOH provided
efficient and fast back extraction of Ag (I) in the stripping module. The Kgag (mass transfer coefficient for
extraction) in the extraction module was found to be greater in the integrated membrane process than in the
single module operation. The rate-controlling step changed to reaction control when linear feed flow velocity
exceeded 2.46 cm/s (Re = 5.50). On the other hand, stripping reaction was fast and instantaneous and the model
presented clearly indicated that the rate controlling step in the stripping module was in the membrane and the
organic solution.

Phenol and its derivatives are often present in the wastewater discharged of manufacturing processes such as in the
petrochemical and agrochemical industries and in coal gasification wastewaters. Due to their potential harm to human
health, most are listed as priority pollutants by the US Environmental Protection Agency. Therefore, treatment
processes must often be implemented before the waste streams can be safely discharged. The next paper meets the
same objective. In this study, the extraction and stripping of phenol was carried out by Shen et al. [63] in two separate
hollow fiber membrane modules in co-current mode using 10% (v/v) TBP/Shellsol2046. Extraction and stripping

equilibrium distributions were determined. The overall mass transfer coefficients were determined experimentally and



then compared with the predictions from the resistance in series model. The shell side mass transfer coefficients were
evaluated with a modified correlation. Results showed that the overall mass transfer coefficients during extraction were
about one order of magnitude greater than those obtained during stripping. The hydrodynamics of the aqueous phase
on the tube side had a significant effect on the overall mass transfer coefficients in the extraction module. However,
stripping profiles did not change significantly under the hydrodynamic conditions studied. The resistance of the
membrane can also be minimized if hydrophilic membranes are used instead of hydrophobic membranes in the

stripping module.

In continuation Guo et al. [64] have studied the mass transfer problems in the hollow-fiber membrane extractor module
theoretically and experimentally with concurrent- and countercurrent-flow. The theoretical predictions were
represented graphically with the mass-transfer Graetz number (G;), flow pattern and packing density (¢ ) as parameters
and the theoretical results were also compared with those obtained by experimental runs. The theoretical and the
experimental runs showed that increasing the aqueous phase flow-rate, Cu?*, (HR), concentration, and packing density
can enhance the Cu?* extraction rate in the liquid-liquid membrane contactor.The highest extraction rate, extraction
efficiency and mass transfer efficiency can be achieved by arranging the packing density ¢ = 0.3. The advantages and
values of the present two- dimensional theoretical model claimed by author are that the extraction rate can be
calculated directly without experimental runs, and the dimension- less concentration profile can be obtained in the
entire membrane extractor. This type of studies will help in scale up where accurately estimation of mass transfer

coefficients is required in order to calculate process efficiency and long term performance.

The role of diluents in LM is of paramount importance as log term stability will be decided by its specific chemical and
physical properties. Next paper will deal with similar approach by developing LMs with vegetable oils. These are organic
solvents, which can be used in SLM, as the novel and green LM. There are some advantages in comparison with other
solvents such as low cost, non-hazardous, non-toxic, easily available, naturally occurring low-cost and renewable
sources. A supported liquid membrane (SLM) using tri-n-butyl phosphate (TBP) and sesame oil as liquid membrane
(LM) was examined [65]. Phenol was effectively extracted by SLM and various factors affecting phenol extraction such as
initial phenol concentration, carrier concentration, feed phase pH and stripping phase concentration were investigated
in details. Optimal experimental conditions for transport of phenol were obtained using analysis of variance (ANOVA)
after 7 h extraction as phenol concentration of 200 mg/L; carrier concentration (%TBP) of 40%; feed phase (pH =2) and
stripping phase concentration of 1.1 M NaOH. The results showed that replacement of traditional solvents such as
kerosene with sesame oil can lead to higher mass transfer rate and better approach for recovery of phenol from
wastewater. This study revealed that the stability of membrane increased with decreasing stripping phase concentration
and carrier concentration. As observed, the higher initial carrier concentration leads to the faster SLM instability. This is
because solubility of TBP in an aqueous solution is more than that of sesame oil, and thus increasing initial carrier
concentration increases solubility of the LM in the aqueous solutions. Triglycerides are the main constituents of
vegetable oils so increasing NaOH concentration accelerates cleavage of the ester bond and releases the fatty acid salt

and glycerol. The minor change in pH before the SLM becomes instable is basically due to reduction of phenol molecules



in the feed phase as time goes on.To investigate the influence of electrolyte strength in the aqueous solutions on the
membrane loss, NaCl was added to the feed solution. As observed by authors it was clear that the salt addition to the
feed phase increases the SLM stability. This is due to the fact that by the salt addition to the feed phase, ionic strength of
solution was increased with increasing the salt concentration. Therefore, the ionic strength difference between the
stripping solution and the feed solution decreased, and this reduced the osmotic pressure between the two sides of the
SLM. According to the osmotic pressure mechanism [1, 31, 56], the SLMs become more stable as the osmotic pressure

difference between the two sides of the membrane decreased.

In the last two decades, considerable work has been carried out for the partitioning of minor actinides from HLLW
employing many solvents in several modes such as solvent extraction, extraction chromatography (EC) and supported
liqguid membrane (SLM) [1,2]. Partitioning of these actinides will avoid the radiological risk due to these minor actinides
during the storage of nuclear waste. If these actinides are not separated, it may leach into the environment during their
long term storage also cost of their surveillance gets reduced. With regard to remediation of high level waste (HLW), the
studies on the partitioning of actinides from high-level liquid waste of PUREX origin employing supported liquid
membrane technique was examined by Dudwadkar et al. [66] . The process uses solution of tri-n-octyl phosphine oxide
in n-dodecane as a carrier with polytetrafluoroethylene (PTFE) support and a mixture of citric acid, formic acid and
hydrazine hydrate as a receiving phase. Fast separation of  neptunium, uranium, plutonium and americium was
accomplished using a solution of TOPO in n-dodecane at a concentration of 0.9M as carrier, while using a mixture of
0.1M citric acid, 0.4M formic acid and 0.4M hydrazine hydrate as receiving phase. Since the transport rates are found to
be very low in the presence of high concentration of uranium, the present method afforded best results only after
depleting the uranium content of the waste solution. This is a laboratory scale study and authors need to conduct pilot
runs for evaluating its long term performance for actinide partitioning. Morphology of PTFE membrane should be
checked by SEM before and after using in experiments in order to confirm any surface alteration due to exposure with

alpha/gamma emitting actinides.

In this study by Rout et al., hollow fiber membrane technique was shown to have great potential for Mo recovery. In
continuation of the work on NDSX, , a comparative study between solvent extraction and hollow fiber membrane
technique was performed for the extraction of Mo(VI) from an aqueous sulfate solution [67]. Effect of different
parameters such as pH of feed solution, flow rate, extractant concentration, metal ion concentration and strip solution
concentration on molybdenum extraction has been investigated. The maximum extraction of Mo(VI) with LIX 84| took
place at equilibrium pH 1.3 and within this acidic pH the predominant Mo(VI) species is Mo0O,%* at interface, the reaction

mechanism of hexavalent Mo with LIX 841 was suggested by authors as:

MoO;" +3RH,,, <> MoO,R,RH ,, +2H"



The molybdenum flux, Jmo (mol/cm?) was increased with increase in pH and flow rate up to 1.5 and 420 mL/min.,
respectively and beyond that it was decreased. The separation of Mo was carried out from a solution bearing Mo, Cu,
Fe, Mn, Zn, Co and Ni and the separation factor values were found in the order of
Do/ Dcu<Dwio/ Dee<Dmo/ Dza<Dmo/Dco< Dmo/Dmn<Dwmo/Dni. The transport of different metal ions as a function of time is
shown in Fig. 8. To know the efficacy of molybdenum extraction using hollow fiber, two solutions of 4 L bearing 10.75
mol/m3 Mo were separately treated with conventional mixer—settler and hollow fiber module. A comparison table for
both the techniques is presented in Table 1. So it was claimed by authors that a clean separation of molybdenum was
possible from the solution bearing multi metals such as copper, nickel, cobalt, zinc, iron and manganese by the hollow

fiber membrane using LIX84l.

In a very interesting application, a hollow fiber supported liquid membrane bioreactor (HFSLMB) was developed by
Praveen et al.[68] for two phase biodegradation of phenol. The semi-dispersive approach stabilized the liquid membrane
and facilitated non-dispersive transport of substrate from the solvent to the cells Pseudomonas putida could
biodegrade phenol at 1000-4000 mg L without experiencing severe substrate inhibition. For example, 4000 mg L*
phenol was biodegraded within 76 h while the specific growth rate and biomass yield were 0.31 hand 0.26 g/g,
respectively. Substrate removal occurred in two sequential steps: removal during log growth phase and removal under
diffusion limitation. The biodegradation rates could be enhanced by changing the phase ratio, hydrodynamic conditions
and the interfacial area. Repeated batch runs were conducted for more than 400 h to evaluate long term stability of the
HFSLMB. Phenol bio- degradation performance of the HFSLMB was also comparable to that of other two phase
partitioning bioreactors (TPPBs) operated with solid or liquid non-aqueous phases as shown in Table 2. Bioreactor
performance deteriorated after 5 runs (approximately 100 h) due to the presence of biofilms on the membrane but a
proposed 5 h washing cycle after every 100 h of operation could restore the performance. These results suggested that
the HFSLMB can be a promising alternative to conventional two-phase partitioning bioreactors. The reproduction of the

results in longer run will certainly establish this technique as an alternative to other conventional techniques.

In another study, HFSLM was used to extract Nd (Ill) at a very low concentration from nitric solution [69] .This study is
primarily focused on mathematical modeling of HFSLM. Since reliable mathematical models provide an understanding of
the transport mechanism of target species across liquid membrane (from the feed side to stripping side), hence they are
required. The models also help in the scale-up of the HFSLM system. Most models have been developed based on the
principle of a facilitated diffusional transport mechanism neglecting the chemical reactions in the system. Percentages of
extraction and stripping reached 95% and 87%, respectively. Optimum conditions were achieved using 4.5 pH of feed
solution, 0.5 M HEHEPA (full form and add in list), 4 M HNO3, and equal flow rates of both feed and stripping solutions
at 100 mL/min. Reaction rate constants for extraction and stripping of Nd(lll) were 1.541 and 1.394 min*. The model
developed in this work based on the conservation of mass which consisted of convection, diffusion, reaction and
accumulation via HFSLM for the extraction and stripping concentration prediction proved to be in good agreement with
the experimental data. Average standard deviations were 1.9% and 1.2% for prediction in feed and stripping sides,

respectively. When comparison is made with other models, the model employed in this work rigorously approaches the



experimental data more than the others, implying that the combination of parameters of convection, diffusion and
reaction is crucial for accurate prediction in this unsteady state model. The authors claimed that the conservation of
mass which consisted of convection, diffusion, reaction and accumulation are very important factors in controlling the

rate of transport of Nd(lll) along the hollow fibers.

For liquid—liquid membrane extraction, porous membranes are often used due to the lower mass transfer resistance
compared to dense membranes. However, in the first case, a rigorous pressure control is necessary to avoid disruption
of the interface, and partially soluble extractants (as for example, primary amines) cannot be used. To overcome
eventual limitations of mass transfer in dense membranes, an appropriate swelling may be promoted, in addition to a
reduction in the membrane thickness. The extraction of solutes in liquid— liquid systems using dense membranes is
feasible, but the choice of a solvent with a good interaction with the membrane material is important. In this direction,
extraction of succinic acid with five different extractants was accomplished using a membrane contactor fabricated with
non-porous cellulose diacetate membrane (dense membrane) [70]. Liquid-liquid extraction tests indicated that the
influence of temperature on the distribution coefficients leads to different behaviors when 1-octanol and amines are
compared. Primene JM-T1 amine was the best succinic acid extractant among those evaluated, removing 86.0% of the
succinic acid in a 0.17 mol/L aqueous solution. For membrane contactor extraction, 45% of acid recovery was achieved,
using water as re-extraction agent. This value can be improved, especially for Primene JM-T1 amine, by using a sodium
solution in re-extraction or by changing the temperature. Results presented by authors in this work indicated that
extraction with non-porous membrane contactor for succinic acid extraction was feasible and advantageous since there

are fewer restrictions in the extractant choice.

Membrane contactor based technology is also proved to be cost-effective technology and is therefore used to supplant
or replace other technologies that may or may not be membrane based. In some situations, membrane contacting has
emerged as an enabling technology that is filling certain previously unmet commercial needs. The recent proposals to
use hollow-fiber contactors in space missions to recycle waste water or as an artificial lung for patients afflicted with

different lung diseases have opened a new horizon for this technology [71]..

The use of mixtures of extractants (mainly a solvation extractant plus another type of reagent) improves the extraction
rate and the range of pH values in which Au (CN);” can be effectively transported [72-73]. In this case, the used
membrane technology was non-dispersive solvent extraction with one hollow fiber module and it was demonstrated
that the use of a LIX 79+TOPO mixture improves the rate of the precious metal recovery (more than 95 % gold from a
feed phase of pH 10.3) over six times faster that when LIX 79 (a guanidine derivative) was used alone. These proposed
extractant mixtures also improved the Au(CN); ~ selectivity over other metal-cyano complexes, i.e. Zn(CN)4s>~, Ag(CN)%,

Cu(CN)4 ¥, etc., if present in the cyanide solution.

The next paper deals with micro-fibers which can absorb up to seven times its weight in fluids. Micro-fibers are also
extremely durable. In this study, the transport of yttrium (lll) ions through micro-fiber supported liquid membranes in

two stage processes namely source to membrane and membrane to receiving phase was examined by Gaikwad et al,



[74]. The supported liquid membrane was impregnated with different concentrations of carrier, PC - 88A, in toluene. The
transport of yttrium (Ill) ions depended on the pH variation of the source phase; the permeability of yttrium (llI)
increased with increase in the pH from 1 to 6.5. The PC-88A concentration was also an important parameter in the
transport of the metal ion: an increase in the PC - 88A concentration increased the permeability value in the
concentration range from 1073 to 0.01 mol/L. Two channels fibers supported liquid membrane solvent extraction
enhanced the yttrium transport in comparison with that of single channel fibers supported liquid membrane
configuration. The enrichment factor (EF is a ratio of yttrium ion concentrations at time in the receiving to source phase
through membrane phase in a continuous process) with respect to initial yttrium ion concentration in source solution
decreased with increase in the initial yttrium ion concentration in the source phase. Thus the pre-concentration of
yttrium ion is more effective from low concentration solution. Although the author is claiming that the capillary action
phenomenon was more effective in the supported fibers liquid membrane but more practical experience is required to

establish its performance and repeated use of fibers in experiments.

In recent study performed by Panja et. al.[75], a ligand, namely, N,N,N’,N’-tetra-(2-ethylhexyl) dithiodiglycolamide
(DTDGA) has been explored as a carrier across a supported liquid membrane (SLM) to study the transport behavior of
Pd(l1) from nitric acid medium. Extractability and selectivity of Pd (II) has been enhanced over their previously reported
extractant, T (2EH) TDGA by introducing a second ‘S’ atom in DTDGA [76]. Almost quantitative transport of Pd (Il) was
observed in 2 h time interval using 0.025M DTDGA in n-dodecane as carrier from 4.0MHNO3 feed solution with 0.01M
thiourea in 0.2MHNO3 as strippant.

Pd? +2(NO; )+ nDTDGA,, <> Pd(NO, ),n(DTDGA),

Some SLM experiments are performed with HLW diluted solution. HLW solution used for the study had the following
composition: U-7.54 g/L, Pu-3.12 mg/L, *¥’Cs-8.94 Ci/L, °°Ru-7.01 Ci/L, 1**Ce-28.17 Ci/L, °°Sr-3.26 Ci/L, °*Zr-0.3 Ci/L. From
the Fig. 9 it is evident that none of the elements present in the system were transported to any significant level in the
strip phase indicating excellent decontamination factor (DF) of the elements with respect to Pd(ll) over 120 min of
operation. The Pd (ll) transport during the time interval was observed to be >99%. Hence, DTDGA offers an excellent
possibility to separate Pd (Il) from HLW with excellent DF over other fission products in SLM mode of operation. During
2h time interval almost negligible transport of other fission products present in high level waste (HLW) solution was
observed. Various parameters were optimized to achieve maximum transport rate viz.,, feed acidity, DTDGA
concentration in membrane phase, membrane porosity etc. When DTDGA concentration was increased from 0.025M to
0.05M, viscosity of the membrane phase also increases. As the transport of metal ion across a SLM is governed by

Stokes-Einstein equation (being diffusion controlled): D, =kT//6mRn



where Dy is the diffusion-coefficient, k is the Boltzmann constant, T is the absolute temperature (K), R is the ionic radius
(A) of solute and n is the viscosity of the medium. As evident from this equation,D is inversely proportional to n, viscosity
of the medium (organic solution). So with increasing DTDGA concentration from 0.025M to 0.05 M the membrane
transport was slowed down. So 0.025M DTDGA was chosen as the optimum concentration in the membrane phase
during theser studies. Highest permeability co-efficient value of 2.37x103 cm/s was observed for 0.025M DTDGA as
carrier keeping the feed acidity at 4AMHNO; and using 0.2 mm PTFE as membrane support. Stability of the membrane
was found to be satisfactory by authors over six cycles of operation indicating efficient liquid membrane system can be

operated using DTDGA as carrier for selective recovery of Pd(Il) from high level waste solution.
3.2. Pseudo emulsion based hollow fiber strip/feed/organic dispersion

In latest advances in PEHFSD, besides the investigation of removal efficiency and enrichment performance, the analysis
of mass transfer mechanism of LM is also necessary for the future industrialization. The distribution of mass transfer
resistances of HFSD for the removal and recovery of solute was estimated, and the results indicated that the extraction
reaction resistance, i.e., the complexation reaction of solute with extractant, generally was dominant [19]. In order to
decrease this resistance,a possible approach is to enlarge the mass transfer surface area between the feed and organic
phases. As this mass transfer surface area in HDFD locates on the inner surface of hollow fibers, this would suggest that
this area can be augmented by increasing the number of hollow fibers. But this would enlarge the size or number of
hollow-fiber membrane modules and the amount of organic phase, resulting in an increase of the cost. In addition, from
the environmental and economic perspectives, the amount of organic phase should be limited. Actually, in the solvent
extraction and HFRLM techniques, the mass transfer area can be greatly increased by dispersing the organic solution in
the aqueous solution. In a HFRLM technique, the dispersion flowed through the lumen side of HFM, and the organic-to-
aqueous volume ratio was normally less than 1:10,which enhanced the mass transfer performance. Hence, this concept
is coupled in recently conducted pertraction studies by Wo et al. [77,78] through supported liquid membranes with feed
dispersion (SLM-FD) and supported liquid membranes with organic dispersion has been proposed and studied for
simultaneous removal and recovery of Cephalexin from aqueous solutions using a commercially available hollow-fiber
module and the carrier Aliquat336 [77,78]. The SLM-FD technique is shown schematically in Fig. 10(a), which has a
similar two-phase flow pattern with the SLM-SD or PEHFSD process. Similarly, The SLM-OD technique is illustrated
schematically in Fig. 10(b). Under SLM-FD category, various parameters were investigated including the feed-to-organic
volume ratio, initial Cephalexin concentration, Aliquat336 concentration in the organic membrane solution, KCI
concentration in the strip phase, shell side feed- dispersion flow rate, and lumen side strip-solution flow rate. A
comparison of the SLM-FD process with the solvent extraction process was performed, and the results are shown in Fig.
11. The advantage of SLM-FD vs. the solvent extraction process is due to the fact that the former coupled extraction and
strip processes simultaneously, resulting in the effective removal and recovery of Cephalexin at the same time. With the
increase of Aliquat336 concentration, the mass transfer performance of SLM-FD was enhanced. For the pseudo-steady
state, a mathematical model was developed to describe the process. Based on this model, both the theoretical and

experimental overall mass transfer coefficients (Kieo and Kexp) were obtained as a function of Aliquat336 concentration.



These mass transfer coefficients agreed reasonably well. This result indicated that the mass transfer resistance of
extraction reaction could be greatly reduced in the SLM-FD process. In addition, the SLM-FD was shown to be superior to
the solvent extraction process in terms of Cephalexin removal from the feed solution. In continuation of the same study,
supported liquid membranes with organic dispersion (SLM-OD) [refer Fig. 10b for more details of SLM-OD] was
proposed [78] and investigated for simultaneous removal and recovery of Cephalexin from aqueous solutions by using
the carrier Aliquat336 and a commercially available hollow-fiber module (HFM). The effect of KCI concentration on the
mass transfer performance is shown in Fig. 12. The up-hill mass transfer phenomenon can even be found even with the
absence of KCl in the strip phase. Fig.13 displays the profiles of Cephalexin concentration in the feed and strip phases by
varying the lumen-side and shell-side flow rates. When the shell-side (organic dispersion) flow rate was fixed at
200ml/min, by increasing the lumen-side flow rate of the stripping solution from 200ml/min to 400ml/min, the mass
transfer performance was not significantly influenced. The results showed that the optimal operating parameters for the
removal and recovery of 8mM Cephalexin were 2.5wt% of Aliquat336 concentration,1M of KCl concentration, and
80:500 of organic-to-feed volume ratio. The authors claimed that the extraction reaction resistance was greatly reduced,
amounting to less than18.3% of the total resistance. This value was much lower than the extraction reaction resistance
for SLM-SD (larger than 95%). This technique has limitation when extractants (like primary amines) has more aqueous

solubility specially when large O/A ratios are applied in forming aqueous-organic dispersions.

In next study, both solvent extraction and supported liquid membrane process are compared for removing/recovering
cadmium from wastewater by Rathore et al. using Cyanex 923 as an extractant/carrier [79]. The influence of acid and
chloride ion concentration (neutral and acidic chloride media) on the extraction of Cd (Il) was studied. The limiting
organic concentration (LOC) values decreased with an increase in the concentration of H*. The transport of Cd(ll)
through flat sheet SLM (FSSLM) was diminished in acidic chloride medium due to appearance of a third phase in the
pores of polymeric support. This could be avoided by using an aromatic diluents e.g. Solvesso 200 or by keeping the
concentration of metal ions below than the LOC. The influence of Cd (Il) concentration and pore size of polymeric
support on permeation was found to be negligible through FSSLM in neutral chloride medium, whereas permeation was
found to be linearly dependent on the carrier concentration. Although the third phase appeared in acidic chloride
medium, the rate of transport of Cd (Il) was faster than in the neutral chloride medium with the hollow fiber strip
dispersion (HFSD) system. This configuration was found to be rapid with stable life. Results obtained from this study
provide improved insights into the HFSD system for the clean-up of cadmium contaminated streams. Hence, author have
demonstrated that it was possible to utilize this technique for separation/recovery of Cd(ll) from neutral as well as

acidic chloride medium using an aliphatic diluent and water as a stripping phase from waste effluent.

In another study, phenol removal from waste waters was examined with different approach through gas-filled
membrane extraction technique using hydrophobic membrane contactors by Hasanoglu [80]. As illustrated in Fig. 14,
phenol molecules diffuse through the boundary layer to the membrane interface, evaporate at the air filled pore, diffuse
through the air-filled pore and then into the strip solution in order to react immediately with NaOH molecules in the

stripping side. Hydrodynamic conditions through the membrane contactors in ELM systems are evaluated and it is found



that the mass transfer is dominated by feed side boundary layer resistance however is contributed by both feed side and
organic side boundary layer resistances. The experimental overall mass transfer coefficient can be determined from the

equation 1 given below [80]:
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Where Vi, is the initial feed volume, a is the average rate of water vapor transfer and t is the time, Ko, of the gas
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membrane applications can be calculated from the slope of the line obtained by plotting In(caj versus t.
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Overall mass transfer coefficient for a countercurrent flow where an aqueous and organic phase flow together and the

organic phase soaks the pores, can be determined experimentally from Eq.2. .

vce C? .
=—2 4+ 2 expl-ct 2
14V 1+V xp( ) @)

Where c' and related parameters are given below:

_Q.(1+V)] 1-exp[p(0-1)]
T o) ¥

and

0

VC
If the Eq. (2) is written as shown in Eq. (4) and a graph is plotted betweenln[Ca —1{"/} and t, the slope of the
+

straight region of the line will give c', then the Ko, can be calculated.

0 0
In Ca—VCa =In C. -C't (4)
1+V 1+V




By combining several operations as extraction, stripping and reaction in one unit, it reduces equipment costs and solvent
consumption. By emulsion pertraction up to 99.4% of phenol could be removed and 84.6% of the removed phenol could

be recovered in the stripping phase.

The next paper deals with cobalt which is used in a wide number of industries. Its re-use possibilities are of paramount
interest specially recovery from the wastes generated by the industries. In this direction, transport of cobalt (Il) from
acidic sulphate solutions through PEHFSD was investigated by Alguacil et al. using the extractant DP-8R in Exxsol D100
[81]. In PEHFSD set-up, the aqueous strip (sulphuric acid) solution was dispersed in the organic membrane solution in a
reservoir tank with an impeller stirrer to form a strip dispersion. Several hydrodynamic and chemical parameters, such
as variation in feed pH (3-7), cobalt concentration in feed (0.17-1.7 x 10 M), carrier concentration (0.16-1.28 M), etc.,
were investigated. From experimental data it can be concluded that experimental conditions, i.e. using a pseudo-
emulsion phase of 0.64 M DP-8R in Exxsol D100 and 0.1 M H,SO, are suitable for the efficient extraction (higher than
98%) and stripping (higher than 70%) and concentration of Co(ll) under optimum operational conditions of i.e. pH of
feed phase above 5.0. On the other hand, separation of Co (l1)/Li (I) with the required purity (Bcosiaround 25) is possible.
As can be seen in Table 3, the performance of the system is better than when using Acorga PT5050 or Cyanex 272 as
carriers, whereas Co(ll)/Li(l) separation factors are similar in the case of DP-8R and Acorga PT5050 extractants and
higher than in the case of Cyanex 272. Pilot or large scale studies are needed by authors to work with real solutions
from industry to establish feasibility of this technique for cobalt recovery. The quality of cobalt recovered from waste

should meet standard specification for further use.

With respect to the toxicity of mercury, it is well known that it has high tendency for binding to the proteins containing
thiol and sulfydryl groups resulting in altered protein synthesis. The long term exposure of mercury causes brain
damage, chromosome breakage and dysfunction of liver, kidney, and central nervous system [82]. The trace level
concentration of mercury is therefore mandatory to remove from waste streams. For this, , pseudo-emulsion hollow
fiber strip dispersion system was used in which the pseudo-emulsion phase consisted of di-2-ethylhexylphosphoric acid
as a carrier, n-heptane as an organic solvent and sulphuric acid with thiourea as stripping solution [82]. Experiments
were carried out in order to optimize the process dependent factors for the maximum extraction of Hg (1) from aqueous
solutions of mercuric chloride using face-centered central composite design (CCF). The study has also focused on the
effects of various other parameters, such as hydrodynamic conditions, volume ratio of the membrane solution to the
stripping solution, stirring speed in the pseudo-emulsion tank. Multiple operations of the extraction using the same strip
solution were conducted under optimum process conditions to increase the concentration of mercury in the strip
solution and to examine the availability of extraction module for cycling use, which eliminates time and efforts of
module cleaning, drying and reassembling. A model developed by regression analysis showed that 98% mercury
extraction can be achieved from aqueous solutions at the optimum conditions. With the similar aim of metal recovery,
Mondal et al. [83] have investigated the removal rates of vanadium (V) from aqueous solution using PEHFSD technology.
A pseudo emulsion was prepared by dispersing hydrochloric acid (stripping) solution into an organic phase constituted

of kerosene, Aliquat 336(carrier), and 1-decanol. Within 60 min, typical results with continuous recycling of both the



feed and the pseudo-emulsion employing carrier concentration of 0.025M and feed pH 5 showed that extraction was
nearly 99% whereas maximum recovery in the HCl solution achieved was over 85%. Mathematical analysis suggested
that the removal rates were controlled by mass transfer resistance from extraction and stripping reactions. The
accepted level of vanadium in water supplies and irrigation water is 200 ppb and 10 mg/L, respectively [83]. Compliance
to environmental regulations requires the processing of waste water for the removal of the species, to prevent its
dissemination to the environment. Therefore above study will help in this situation to remove vanadium contamination
from desired streajm. In the same vein of continuous improvement, the transport of copper from acidic sulphate
solutions using pseudo-emulsion based hollow fibre strip dispersion (PEHFSD) technology was investigated by Agarwal et
al. [84]. The aldoxime Acorga M5640 was used as an extractant. The influence of several parameters like the flow rates,
the initial concentration of Cu(ll), the extractant amount, the pH, the presence of sodium sulphate, the use of a leach
solution with Zn(Il) and Fe(lll) as the feed phase and lean electrolyte as strippant was studied. The analysis was made on
the basis of the overall mass transfer coefficient of copper. This coefficient was also estimated by applying the resistance
in series approach, the contribution of each resistance to the overall resistance to mass transfer being evaluated. Some
experiments with zinc leach solution on emulsion liquid membranes (ELMs) were also conducted to compare the results
of ELM and PEHFSD. In another study, Agarwal et al. [85], transport of zinc from sulphate solutions using pseudo-
emulsion based hollow fibre strip dispersion technique was investigated. The reagent lonquest 801 was used as an
extractant in most experiments. The influence of several parameters like the flow rates, the initial concentration of Zn
(I1), the extractant amount, the pH, the volume ratio of feed to strippant, and the presence of Ca (ll) in the feed phase
was studied. A few tests with the extractants Cyanex 272 and DEHPA were also carried out for comparison. Equilibrium
data of zinc and calcium extraction were obtained. The analysis of zinc transport was made on the basis of the overall
mass transfer coefficient of permeation. This coefficient was also estimated by applying the resistance in series
approach, the contribution of each resistance to the overall resistance to mass transfer being evaluated. lonquest 801
showed to be a potential carrier of zinc ions in the presence of calcium because of its fast kinetics of permeation and
high separation factor Zn/Ca. The use of Cyanex 272 and DEHPA led to less attractive results. Cyanex 272 exhibited a
relatively low permeation rate of Zn (Il) and the performance of DEHPA was strongly affected in the presence of calcium,
the value of KP being particularly reduced for the pertraction of Zn (ll). The system with lonquest 801 was also tested on
the recovery of zinc from an industrial effluent, the performance of the liquid membrane process being observed very

satisfactory.

In order to increase the overall efficiency of the system, mixture of extractants were also examined by researchers. In
this direction, the transport of Au(CN), ~ between alkaline aqueous solutions and organic phases consisting of a mixture
of the amine Primene JMT and the phosphine oxide Cyanex 923 in xylene was studied using the pseudo-emulsion based
hollow-fiber strip dispersion (PEHFSD) technology. [86] .The feed phase was passed through the lumen side, and the
pseudo-emulsions of the extractant mixtures and NaOH were passed through the shell side in a counter current mode
using a single hollow-fiber contactor for extraction and stripping. In this membrane technology, the strippant (NaOH

solution) is dispersed in the organic (Primene JMT + Cyanex 923 in xylene) membrane solution in a tank with an impeller



stirrer adequate to form strip dispersion. The pseudo emulsion phase is circulated from the reservoir tank to the
membrane contactor to provide a constant supply of the organic solution to the membrane fibers. Furthermore, this
technology allows a direct contact between the organic and strip solutions, providing a greater area for stripping and
facilitating the metal recovery from the strip solution once both phases are separated. Various hydrodynamic and
chemical parameters, such as flow of feed phase, extractant mixtures and gold concentrations, organic diluents,
variation in feed pH, and the selectivity of the system with respect to the transport of different metal-cyano complexes,
were investigated. Aqueous and membrane mass transfer coefficients were estimated by authors for the present

system. The maximum in metal permeation or limiting permeability value could be attributed to a permeation process
controlled by the diffusion in the stagnant film of the aqueous feed phase. Thus: Plim = Daq/daq and assuming a value

of D.q (aqueous diffusion coefficient) in the order of 107> cm?/s, then the thickness of the aqueous boundary layer (daq)
was estimated as 6.7 x 102 cm. Under this limiting condition, Pim = ks = 1.5 x 10™ cm/s. The decrease of metal
permeation at the highest extractant mixture concentration could be attributed to an increase in the organic-phase

viscosity which reduced the diffusion coefficient and increases the membrane resistance.

In another application, a double strip dispersion hybrid liquid membrane (SDHLM) was successfully used in the
simultaneous extraction and separation of Cu (ll), Zn (l1), and Co (Il) from Cu-Zn-Co dilute feed phase by Luo et al [87].
Fig. 15 shows the scheme of the strip dispersion hybrid liqguid membrane used for this study. The effect of the different
experimental variables on separation was examined. The optimum separation conditions were summarized. Dodecanol
was added as a modifier for the membrane stability. Figure 16 shows that dodecanol is beneficial to the transport of Zn
(I1) ions, but dodecanol in membrane hinders the transport of Cu (ll) ions. In the later experiments, the concentration of
dodecanol in the membrane was 0.24M for Zn(ll) and no dodecanol was added in the membrane for Cu(ll). Figure 17
indicates that the mass transfer coefficient of zinc (ll) ions increases with an increase of x up to x=10:110=0.091 and
beyond x=10:110 the mass transfer coefficient decreases. For the transport of Cu(ll), the mass transfer coefficient of
Cu(ll) increases with an increase of x up to x=20:100=0.20 and beyond x=20:100 the mass transfer coefficient decreases.
When x increases, the droplets of the aqueous strip solution dispersed in the organic phase obviously increase and the
membrane thins out. Results indicated that the optimum volume ratio for the transport of Zn?* and Cu?* is 10:110 and
20:100, respectively. An analysis of mass transfer resistances in the double SDHLM system showed that the mass
transfer resistance for the diffusion of Zn (ll) ions in the micro porous membrane phase is dominant and the mass
transfer resistances for the diffusion of copper (ll) ions in the aqueous boundary layer and in the micro porous
membrane phase are dominant in comparison with the overall mass transfer resistance. In this study, more work is
required in this field in order to approach more practical separation problems in order to establish SDHLM for large scale

applications.

In a recent paper, Bringas et al. presented computer-based simulation methodology to analyze the advantages of
employing concentration driven membrane extraction separation processes based on the combination of reactive liquid

membranes and membrane contactors [88]. The important objective was tackled by illustrating the performance of the



scaled up HFSD or EPT process applied to the regeneration of chromium-based passivation baths. In this study, the
comparison, through suitable intensification metrics, of conventional solvent extraction and EPT both applied to the
recovery of valuable components from the spent pickling solutions generated in the hot-dip galvanizing process has
been analyzed. Some of the main conclusion of this study were : (a) the integration of the EPT process in the in situ
treatment of a passivation bath (volume = 1.5 m3) with capacity for the continuous removal of zinc and iron at rates of
1.2 kg day™ and 0.21 kg day™, has been designed. (b) two different indexes, the productivity/size ratio (PS) and the
modaularity (M), defined below were selected to evaluate the degree of intensification resulting from the comparison
between EPT and a conventional solvent extraction process. The first proposed index, PS, compares the ratio between

the productivity and the equipment size for both the membrane units and the conventional operations

PS (Productivity /size ratio) = Productivity/size

Productivity/Size,

membranes) (5)

PS (Productivity /sizeratio) = —
Productivity /SIiz€gitiona)

To compare the modularity of membrane contactors versus traditional units, the modularity index (M) is defined
according to Eq. (6).

|A, 1 A (membranes)— productivity, / productivity,|
V, 1V, (traditional)— productivity, / productivity, |

M (mod ularity ) =

1210007

The calculated value of the index PS was 11.7 and modularity index (M) was 0.73, thus confirming the benefits of

employing the EPT process versus the conventional technology for scale-up purposes.
3.3. Hollow fiber renewal liquid membrane (HFRLM)

In last few years, researchers are working on hollow fiber renewal liquid membrane (HFRLM) and this technique is
being deployed for various applications. This technique is based on the surface renewal theory, and integrates the
advantages of fiber membrane extraction, liquid film permeation and other liquid membrane processes [28, 89]. The
results from the system of CuSO4+D2EHPA in kerosene+HCI| show that the HFRLM process is very stable. The liquid
membrane is renewed constantly during the process, the direct contact of organic droplets and aqueous phase provides
large mass transfer area. The overall mass transfer coefficient increases with increasing flow rates and D2EHPA
concentration in the organic phase, and with decreasing initial copper concentration in the feed phase. The overall mass
transfer coefficient also increases with increasing pH in the feed phase, and reaches a maximum value at pH of 4.44,
then decreased. Also, there is a favorable w/o volume ratio of 20:1 to 30:1 for this process. Compared with hollow fiber
supported liqguid membrane and hollow fiber membrane extraction processes, HFRLM process has a high mass transfer

rate. Mathematical model for the HFRLM process based on the surface renewal theory was developed. The calculated



results were in good agreement with experimental results under the conditions studied. Since the transport of copper
with D2EHPA as carrier was predominantly governed by aqueous layer diffusion of the feed phase, it is better for the
HFRLM processes that the stirred mixture of the feed phase and the organic phase flows through the lumen side of the
module. Because of the effect of the mass transfer driving force, caused by distribution equilibrium, the overall mass
transfer coefficient increases with increasing D2EHPA concentration in the organic phase and decreases with increasing
initial copper (1) concentration in the feed phase. Based on the surface renewal theory, a mathematical model for the
HFRLM process was developed. The calculated overall mass transfer coefficients were in good agreement with
experimental results. The surface renewal mechanism should be verified by other techniques also and should be tried

with various extractants-metal systems.

For drinking water and irrigation uses, the CI~ must be reduced by conventional water treatment processes, like ion
exchange or reverse osmosis, but for large scale production, these techniques could be very expensive due to resin
regeneration or energy costs. The possibility of using HFRLM with ionic liquids (IL), Aliquat 336, Cyphos IL 101 and
Cyphos IL 167, as carriers to exchange CI~ for HCOs™ anion has been investigated [90]. The reversibility of this anion
exchange was corroborated by solvent extraction experiments and implemented in flat sheet supported liquid
membrane (FSSLM) and hollow fiber renewal liquid membrane technologies (HFRLM) [Fig 18]. About double transport
values have been obtained in HFRLM compared to SLM and 1 h is the time enough to reduce the chloride concentration
up to 250 mg/L using HFRLM at the best experimental condition. The results obtained indicated the possibility for
implementation of this technology on a large scale to chloride reduction in drinking water when the source is
inadequate for direct use Solvent extraction experiments have been designed to obtain equilibrium data and to analyse
the equilibrium behaviour. The reversibility of the CI~/HCO3" interchange process has been verified. Chloride anion can
be effectively transported through the liquid membranes containing Aliquat 336, Cyphos IL 101 or Cyphos IL 167 as
carriers. The chloride reduction efficiency of the process is higher than 80% after 4 h of running at the best working
conditions. Renewal ionic liquid membrane technology prevented the organic losses and allowed us to increase the
efficiency of the separation. This technique could be also applied to exchange any other anion present in aqueous
solutions choosing adequately the counter-ion and the IL. The mass transfer velocity is faster at higher concentrations
of Aliquat 336 but this effect is dampened by the rise of the viscosity of liquid membrane. In comparison with the
chloride fluxes on SLM membranes these values are bigger as a consequence of the membrane characteristics as the
ratio porosity/thickness The circulation in closed loop along this membrane module (feed—membrane—feed, and
emulsion/membrane/emulsion) produces an accumulative effect in the stock tanks. Because of this functioning, after a
long operation time the [CI"] in the feed tank achieves a constant value (about 124 mg/L) and the chloride transfer was
stopped due to the high content of chloride in the stripping solution (about 4770 mg/L). Author claimed that renewal
ionic liquid membrane technology prevented the organic losses and allowed to increase the efficiency of the separation.
This technique could be also applied to exchange any other anion present in aqueous solutions choosing adequately the

counter-ion and the IL.



In another study, hollow fiber renewal liquid membrane (HFRLM) and hollow fiber supported liquid membrane (HFSLM)
were used to simultaneously remove and recover copper(ll) from aqueous solutions, and the transport performance of
these two techniques were compared under the similar conditions for the system of CuSO4 +D2EHPA in kerosene +HCI
[91]. The HFRLM process had a higher overall mass transfer coefficient than that of HFSLM process in single-pass
experiments. These were because the renewal effect of the liquid membrane layer could reduce the mass transfer
resistance of the lumen side and replenish the loss of the membrane liquid in the HFRLM process. The fractional
resistance of the lumen side in the HFRLM process, which was less than 60 percent, was less than that in the HFSLM
process, which was higher than 80 percent. At 8 h, the removal efficiency of copper(ll) was up to 67.1% in the HFRLM
process, the enrichment factor was up to 4.0, which were faster and higher than that of the HFSLM process. Although,
the authors have demonstrated that the HFRLM technique was a prospective method of simultaneous removal and
recovery of copper from aqueous solution than HFSLM but operation by larger set up will have to be conducted for
knowing industrial feasibility. Zhang et al. have used HFRLM to simultaneously remove and recover copper from acidic
wastewater [27]. The commercial extractant, LIX984N, was used as a carrier in liquid membrane phase and kerosene
used as a diluent. CuSO, solutions is used to simulate acidic industrial wastewater, in which the pH is adjusted by dilute
H.SO4. The mass transfer mechanism of the process was investigated. The higher pH in the feed phase (>3) and H.SO4
concentration in the stripping phase around 2.0 mol L™ are favorable for the transport process due to the increase of
mass transfer driving forces. The mass transfer fluxes increase with increasing flow rates on two sides. The
countercurrent cascade experiments show that the HFRLM process could carry out the simultaneous removal and
recovery of copper from wastewater successfully. The mass transfer fluxes increase with the increasing flow rates on
two sides, while the removal efficiency increases with the increasing flow rate on lumen side and decreases with the
increasing flow rate on shell side. The mass transfer model based on the surface renewal theory is presented by
considering the renewal process of liquid membrane layer, diffusion across membrane phase and aqueous boundary
layer on the shell side. The authors demonstrated that HFRLM is a promising method for the treatment of acidic
wastewater containing copper and cascade experiments should be tested on pilot level to prove its feasibility for

industry.

Recently, most of the studies on liquid membranes have been focused on the simple system with one metal ion
component which can not be used to treat complicated solutions directly, because the factors, such as interaction
among metal ions, selectivity of liquid membrane phase for different metal ions, etc., have not been considered.
Therefore, in next study, extraction separation of Cu (ll) and Co (ll) from sulfuric wastewater was studied with HFRLM
technique [29]. The organic solution of LIX 984N in kerosene was used as the liquid membrane phase to selectively
separate and concentrate Cu(ll) from aqueous solution; and the extractant CYANEX 272 is used as carrier to remove and
concentrate Co (ll) from aqueous solution. The removal efficiency of Cu (Il) increases with the increasing flow rate on
lumen side, while decreases with the increasing flow rate on shell side. The results of lab-scale cascade experiments

show that the HFRLM technique is a promising treatment method for simulated sulfuric wastewater containing copper



and cobalt with separation factor higher than 100. The separation factor is higher than 100; and the concentrations of

copper and cobalt in the outlet of feed solution is below 0.50 mg L™ and 1.0 mg L%, respectively.

3.4 Supercritical fluids based membrane extraction (SFME)

The mass transfer in a membrane-based dense gas extraction of metal ions from aqueous solutions using membrane
contactor is a novel area and drawing maximum attention in last few years. Several authors are working in this field as
can be judged by recent published literature in this field [1-2]. Extractions of Cu (Il) were carried out in a single fiber
membrane contactor operating under steady state conditions [92]. Aqueous CuSO, solutions were treated using a CO»
phase containing 1, 1, 1-trifluoro-2, 4-pentanedione (TFA) or 1, 1, 1, 5, 5, 5-hexafluoro-2, 4-pentanedione (HFA) at 40°C
and pressures ranged between 70 and 90 bar. Experiments showed that the use of dense CO; as extraction solvent of Cu
(I1) ions reached extraction efficiencies valued up to 98.7%. The mass transfer fluxes through the membrane seems to be
higher than similar membrane-based extraction processes reported in the literature using organic solvents, since
transport properties of the extraction phase are closer to the gas phase. The influence of the acidity of the aqueous
solution on the extraction performance could confirm that was required a high content of protons to facilitate and
stabilize the formation of a keto-enol tautomerism during the complex formation. From the experimental results and
phenomenological equations an effective complex formation rate was estimated at the aqueous-CO; interface. This
effective kinetic equation allows correlating the transfer of Cu?* through the porous membrane and it could be used as a
tool to scale-up this process. Finally authors proposed a novel intensified operation based on this study which could be

applied for high valued metals or hazardous materials.

In another study, mass transfer modeling of solvent extraction by means of membrane contactors based on solving
conservation equations for solutes in the membrane contactor was investigated by Shirazian et al. [93]. The system
considered here was a polymeric membrane contactor, an aqueous solution of ethanol or acetone, and a dense solvent.

The equations of the model were solved by numerical method using CFD techniques.

The Reynolds numbers for the range of flow rates considered are between 0.05 and 20.A mathematical model was
developed that could calculate the steady state concentration of the solute. Both axial and radial diffusions were
considered in the model. Simulation results indicated that the extraction of acetone is higher than ethanol due to higher
solubility of acetone in the solvent. The simulation results revealed that decreasing feed velocity and increasing solvent
velocity increased solute removal. The developed mass transfer model was more accurate than other models and
represented a general approach for simulation of membrane-based solvent extraction. The model findings were
compared by authors with the experimental data and showed good agreement for extraction of ethanol and acetone

from aqueous solutions.

3.5 lonic liquid based membrane extraction (ILME)



Since the concept of ILME is quite similar to that of conventional SLMs, it seems logical that the same membrane
configurations used in the latter will be useful when ionic liquids are used as carriers in supported membrane operation.
Flat-sheet supported liquid membranes (FSSLMs) are useful to obtain first data about the permeation of a given solute.
However, for practical purposes, membrane configurations with higher surface area to volume ratio, such as spiral
wound and hollow fiber modules are required. In hollow fiber modules, the ionic liquid is confined, by capillarity, within
the pores of the hollow fibers, and the aqueous feed and strip solutions circulate by each side of the fiber, thus, the solid
membrane serves both as a support for the ionic liquid and as a uniform barrier between the aqueous solutions, which
usually circulate within the inner (feed solution) and the outer (strip solution) of the fiber. This results in two aqueous/

ionic liquid interfaces with well defined transfer areas.

In these type of configuration with ionic liquid, the permeation of chromium (l1l) using PEHFSD technology and the ionic
liquid (RNH3s*HSOy’), formed by reaction of the primary amine PRIMENE JMT and sulphuric acid, dissolved in n-decane as
mobile carrier was investigated by Alguacil et al. [94]. The alkaline feed solution containing Cr(lll) was passed through
the tube side, and pseudo-emulsions of the ionic liquid + n-decane + n-decanol and sulphuric acid were passed through
the shell side in counter-current mode and using a single hollow fiber module for extraction and stripping. The overall

mass transfer coefficient was calculated by following equation:

|n([c'r]t J _- Ak
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Where, V¢ is the volume of the feed solution, A is the effective membrane area in the module, [Cr]: and [Cr]o are the

chromium concentrations in the feed solution at an elapsed time and time zero, respectively, and t is the time.

On the other hand, and under certain experimental conditions (i.e. at shorter transport times or under complete solute-

loading of the carrier), the membrane flux was calculated by:

[orl ~[erl, = [Ram: Hso, J,, 2

f

where km is defined as the membrane mass transfer coefficient. In this situation, the flux is constant with time and
plotting [Cr]: versus time, a straight line was obtained and therefore it was possible to calculate Dorg. The slope value of

this straight line can be correlated to an initial mass transfer coefficient, Ko, defined as:

K, = [ci] - [[RNH : HSO4][(I:<rm]j

In this advanced membrane technology, the aqueous acidic strip solution is dispersed in the organic membrane solution

in a tank with an impeller stirrer to form a strip dispersion. The pseudo emulsion phase is circulated from the tank to the



membrane module to provide a constant supply of the organic solution to the membrane micro pores. Factors affecting
chromium permeability, such as hydrodynamic conditions, carrier concentration in the organic phase, metal and NaOH
concentrations in the feed phase, have been analyzed. A model was reported describing the transport mechanism,
whereas the experimental data were quantitatively explained by mathematical equations describing the rate of

transport.

In another approach, stabilization of a room temperature methylimidazolium cation based ionic liquid (IL) into the pores
of ceramic nanofiltration (NF) membranes was achieved by means of a novel in-situ, pressure assisted imbibition/
reaction method [95]. From the results, authors have concluded that the longer alkyl chain of the silane molecule
(propyl chloro, instead of methyl chloro silane) was not sufficient to provoke the complete blockage of the 5 nm pores
(SILM5B)[ C10H21N,Si0O3PFs, pore size 5 nm]. The propyl chain was long enough to prohibit the entrance of the silylated-IL
(1-methyl-3-(3-trimethoxysilylpropyl) imidazolium hexafluorophosphate) into the 1 nm pores of membrane SILM1C
[C10H21N2SiO3PFg, pore size 1 nm]. In this case, the permeability was about one order of magnitude lower than this of the
unmodified membrane as a consequence of the deposition of the silylated IL molecules on the external surface of the
top-separating layer, around the pore mouths. Thus the pore mouth openings were partially blocked resulting to
considerable hindrance on the entrance of the gas molecules into the pore structure but not to a considerable
enhancement of the CO,/CO selectivity since the deposited IL phase was not exerting full control ever the diffusion of
the gaseous molecules. The CO,/CO separation performance of the modified membranes was quite significant. The
maximum CO,/CO separation factors achieved were 11 at 30 °C, 25 at 50 °C, 12 at 100°C and 5 at 230°C. The respective
CO, permeability values were 226, 520, 715 and 2000 Barrer. The stability of the developed membranes has been
verified, in 3 sequential cycles of heating/cooling, in the temperature range between 25 and 250°C and under a

differential pressure up to 0.5 MPa.

Applications of ILs and/or TSILs in the removal of metals using supported liquid membrane technologies are very rare;
the use of some of these reagents in the separation of metals and has been recently reported in the literature [39,44].
Rios et al. [96] have examined a wide range of ionic liquids with different cation and anion compositions liquid phase in
supported liquid membranes. It was found that selectivity values are mostly dependent on the anion composition of the
ionic liquid, the highest value being reached with ionic liquids based on the methylsulfate anion. With regard to cation
composition, it was observed that higher selectivities were reached with ionic liquids which contain cations with shorter
alkyl chain lengths. Furthermore, a relationship was established by authors between the permeability of the compounds

and their hydrophilicity based on Hildebrand solubility parameter of each compound.

In another publication of same author, solute transport was analyzed by the permeability parameter ( |f) ) and transport

model for the calculation of this parameter was described in detail [97].In brief, no concentration polarization

conditions at the membrane interfaces and no accumulation of the solutes in the membrane and liquid films have been



considered. Under these hypotheses, the permeability can be calculated using Eqg. (7), from the slope of the plot of

In[(C,—2C,)/C,] versus t:

(co—zcr)z—zFfAt
C, Vv

In

Where G is initial solute concentration in the feed phase (mol L™), C, is the solute concentration in the receiving phase

(mol L), A is the membrane area (cm?) and V is the volume of the compartments (mL). |5 values were reported with a

relative standard deviation of 3% or less.

Furthermore, the average permselectivity (r F_) ) of the membrane was determined as a numerical criterion to compare

the ability of the different membranes to separate the target compounds Eq. (8) . [97]
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Where rPi is the membrane permselectivity between two compounds (e.g. 1-butanol and vinyl butyrate) and n is the

number of possible pairs of different compounds. rPi can be expressed as follows:

This parameter indicates the efficiency of the membrane in separating the compounds: the higher r|f) , the more

selective it is in separating the target compounds. In this study authors have also outlined the possibility of tailoring ionic
liquids for use as extraction agents immobilized in supported liquid membranes for application in the selective
separation of the substrates and products of a transesterification reaction. The anion composition of the ionic liquid was
seen to strongly influence the selectivity of the separation, the highest value being reached with the ionic liquid
containing the methylsulfate anion. It was also found that dialkylimidazolium cations led to higher selectivity than
alkylpyridinium cations. Furthermore, an increase in the selectivity values was observed with the decrease in the alkyl
chain length of the substituent in the imidazolium ring. The molecular mechanism involved in the transport phenomena
through the SLMs was also investigated by determining the partition coefficients of the different compounds between n-

hexane and the ionic liquids. It was concluded by authors that transport was mainly regulated by the ionic liquid’s



affinity towards each solute, which can be assessed simply by evaluating the Hildebrand solubility parameter of each

compound.

To capture carbon dioxide directly from ambient air, the fabrication of supported ionic liquid membranes (SILMs) on
asymmetric and symmetric micro porous poly (vinylidene fluoride) (PVDF) membranes were studied [98]. The effect of
support membrane structure on the IL loading, the stability of fabricated SILMs, and the carbon dioxide (CO2) capturing
abilities of both SILMs were evaluated. The evaluations include the gas permeation of pure CO; and nitrogen (N,), the
mixed CO,—N, gases containing 50%, 10% and 1% CO,, and the directly compressed ambient air. The results
demonstrated that pure CO, showed the highest permeance, followed by CO,—air and then N,. Compared with
asymmetric SILMs which had higher gas permeance, the symmetric SILMs had better selectivity for CO2/N;, to more than
20 of CO,/Nj; selectivity, for both single and mixed gases. The SILMs also were found to be capable of capturing CO, from
air from 2 to more than 5 of CO»/air selectivity for separation of air enriched with low CO, concentrations (10%, 1% and
zero) as the transmembrane pressure increased to 0.25 MPa. Thus, this work might provide a potential method for

sequestering CO; directly from atmosphere to avoid the need for extensive CO,-transportation.

In another work, performance of ionic liquid in supported liquid membrane (SLM) for the removal of phenol from
waste water was evaluated by Nosrati et al. [99]. In this work, 1-n-alkyl-3-methylimidazolium salts, [CnMIM]*[X]™ have
been investigated so as to determine an optimal supported ionic liquid membrane. It was demonstrated by authors that
up to 85 percent of phenol can be removed from wastewater by using the ionic liquid [BMIM][HSO4] with PTFE
membrane filter. A stable SILM comprising of [BMIM][HSO4] and the hydrophobic PTFE support was achieved for over
the experimental run of more than 24 h. Although, NaOH concentration was not a significant parameter, it was required

as the striping agent to remove phenol efficiently.

It is already known that stability is the principal limitation in deploying SLM for industrial applications. Liquid membrane
solubility in aqueous phases, wetting of the support pores, osmotic pressure gradient or pressure difference over the
membrane, shear induced phenomena and blockage of the pores are proposed by different researchers as the SLM
instability mechanisms [100-102] However, these mechanisms are not in the same level of influence and significance.
Osmotic pressure mechanism is a controversial mechanism. According to Fabiani et al. [103] and Danesi et al. [104],
osmotic pressure gradient could reduce the stability of the SLM, but the idea was first challenged by Neplenbroek et al.
[105]. He explained that by an increase in osmotic pressure SLM stability improves and the water transport is not a
reason but a cause of SLM instability and that is in contrast to the osmotic pressure mechanism. In the instability
investigation for removal of phenol by Zha et al. [106] the same result was obtained and they claimed that the osmotic
pressure difference was not the cause of SLM degradation. Moreover, in a recent research on phenol removal by Zheng
et al. [107], the mechanisms of solubility and osmotic pressure are proved not to be important instability mechanism,
although they are also contributed to the loss of membrane liquid. Emulsification is claimed to be the main mechanism
of instability [101, 106, 107,].To improve the stability it is suggested to choose: low stirring speed, supports with smaller

pore size and high hydrophobicity and also to reduce the factors which are favorable for the formation of emulsions



such as high HLB (hydrophile—lipophile balance) value or water solubility [100,104, 105,]. In this study, a hydrophobic
support with small pores was chosen. The membrane phase only contained ionic liquid and no surfactant was added. In
the experiment with ionic liquid [BMIM][HSO4], no sodium phenolate was detected in the feed side for over the
experimental run of more than 24 h and no proton leakage was observed in this time. Imidazolium cation was detected
in the feed phase at the same time of phenolate detection. It can be attributed to the membrane solubility. Further

investigation must be done to determine the dominant mechanism in the supported ionic liquid membrane systems.

In continuation of SILM research, SILMs were prepared with the room temperature ionic liquid (RTIL) 1-hexyl-3-
methylimidazoliumchloride ([hmim][Cl]) and the cuprous chloride (CuCl) copper (l) salt to perform the selective
separation of CO from N>[108]. Previously, authors reported that this solute-carrier system provides large CO/N,
solubility selectivity due to the reversible formation of a CO—copper(l) complex. The RTIL was impregnated in a porous
PVDF membrane and pure and mixed gas permeation experiments were performed with continuous gas flow at
constant pressure. The effects of different operating conditions were tested, namely pressure, temperature, sweep gas
flow rate and liquid membrane composition. The CO permeability through the copper (I)-based SILMs increased with
respect to pure [hmim][CI]-SILMs owing to the CO carrier-mediate transport. On the contrary, the N, flux is not affected,
and therefore, the CO/N; selectivity was increased. The CO transport through the reactive SILMs is enhanced at higher
temperature and copper (l) concentration. However, mixed gas experiments revealed a slight decrease of CO/N;
selectivity. Regarding membrane stability, SILMs were continuously operated for two weeks without any loss of
performance. Additionally, gas diffusion coefficients (~107°m?s™!) and solute-carrier complex diffusivity (~107! m? s71)

were calculated in the RTIL media.

A method to predict the gas permeability of supported ionic liquid membranes (SILMs) was established, using as input
the pore structure characteristics of asymmetric ceramic membrane supports and the physicochemical properties of the
bulk ionic liquid (IL) phase [109]. The method was applied to investigate the effect of IL nano confinement on the CO,
and N, permeability/selectivity properties of novel SILMs developed on nano filtration (NF) membranes employing for
the first time the 1-ethyl-3-methylimidazolium and the 1-butyl-3-methylimidazolium tricyanomethanide ILs as pore
modifiers. The selected ILs exhibit low viscosity, which allows for faster gas solvation rates and ease of
synthesis/purification that makes them attractive for large-scale production. In parallel, the use of ceramic supports
instead of polymeric ones presents the advantage of operation at elevated temperatures and pressures and offers the

|II

possibility to study the “real” permeability of the confined IL phase, avoiding additional contributions from the gas
diffusion through the surrounding solid matrix. The developed SILMs exhibited enhanced CO, permeability together with
high CO,/N, separation capacity, though with distinct variations depending on the alkyl chain length of the 1-alkyl-3-
methylimidazolium cation. Application of the developed methodology allowed discriminating the contribution of the NF
pore structural characteristics on the SILM performance and unveiled the subtle interplay of diverse IL confinement

effects on the gas permeability stemming from the specific layering of ion pairs on the nano porous surface and the

phase transition of the IL at room temperature, dictated by small variations of the IL cation size.



In another study, authors fabricated polyethersulfone (PES) hollow fibers via stable core annular flow in a coaxial
microfluidic device. By adjusting the dope solution composition, hollow fibers with finger like micro voids as well as
macro void-free hollow fibers were successfully prepared [110]. Different RTILs were immobilized in the produced
hollow fibers for CO,-N. separation. The formed supported ionic liquid membranes were stable under a working
pressure difference of 0.7 bar. The effect of permeate direction on the pure gas permeability and idea selectivity was
studied. A higher CO, permeability and CO2/N, selectivity was obtained when the gas permeated from the shell side to
the tube side, as compared with that when the gas permeated from the tube side to the shell side. The effect of the
support structure on the membrane performance was also investigated, and the results showed that the existence of
fingerlike macro voids increased the CO, permeability and decreased the CO,/N selectivity. Most of the results
presented by authors in this study were close to the Robeson upper bound and suggested that the SILMs produced in
this work were highly selective for CO, separation. This study also showed that the hollow fiber membrane could also be

a more promising support material for SILMs than a flat sheet membrane.

In the similar line, another study was focused on the permeability modulation of supported magnetic ionic liquid
membranes (SMILMs) for CO, separation, when applying an external magnetic field [111]. Four magnetic ionic liquids
(MILs) have been studied ([Pessia][COCla], [Pessial[FeCla], [Pess1a][MNnCla] and[Pess14][GdClg]) in combination with a
commercial hydrophobic PVDF porous support. An experimental evaluation of the membrane permeability was carried
out for CO,, Nz and air. The influence of the magnetic field on MILs viscosity was also studied, allowing to establish the
relationship between permeability and viscosity depending on the external magnetic field. An external magnetic field
between 0 and 2T increases the gas permeability for CO,, N, and air without changing the permeability ratio and
decreases MiILs viscosity, depending on the MILs magnetic susceptibility. The MIL [Peses14][GACls] shows the maximum
CO; permeability increase (21.64%) in comparison with the result when no magnetic field is applied. The permeability
and viscosity product is a constant with a different value for each SMILM studied. Experimental results confirm the
potential for gas permeability modulation through supported liquid membranes by tuning the external magnetic field

intensity.

Room temperature ionic liquids are emerging as alternative solvents which replace the conventional volatile organic
solvents. The solvent extraction/liquid membrane process requires substantial amount of solvent as well as stripping of
solute from the solvent. In another study, Santos et al. [112] have prepared SILMs with the acetate based RTILs, 1-
ethyl-3-methylimidazoliumacetate ([Emim] [Ac]),1-butyl-3-methylimidazolium acetate ([Bmim][Ac]) and the monomer
vinylbenzyltrimethylammoniumacetate ([Vbtma] [Ac]) in order to perform the selective separation of carbon dioxide
(CO2) from nitrogen (N2). The RTILs were supported in a polyvinylidene fluoride porous membrane and permeation
experiments were performed in the temperature range 298-333K. Gas permeability increased with temperature while
an increase in temperature leads to a decrease in the CO,/N; selectivity for all the studied RTILs. CO. solubility was
evaluated in the range 298-333 K and atmospheric pressure using thermo gravimetric techniques. Diffusion coefficients
were calculated based on the solution—diffusion theory using gas permeability and solubility data. The temperature

influence on the gas permeability, solubility and diffusivity are well described in terms of the Arrhenius—van't Hoff



exponential relationships. In this work, CO, and N. permeability through SILMs were determined at temperatures
ranging from 298 to 333K. Gas permeability increased with the temperature while CO,/N; selectivity decreased with an
increase in temperature for all the studied RTILs. The permeability activation energies are higher for nitrogen than for
carbon dioxide. Acetate based SILMs are useful for CO,/N, separation since the results obtained in this work are near the
Robeson upper bound corresponding to the best polymeric materials. Gas diffusion coefficients were estimated as
summing that gas permeation occurs via a solution—diffusion mechanism (P=DS) and the activation energies for the
permeability, solubility and diffusivity were calculated. The experimental results of the activation energies and the
absorption enthalpies agreed well with the previous literature results. In order to get a higher influence of the
temperature in the permeability, it is recommended by authors the introduction of RTILs with an endothermic

absorption, which may increase the permeability activation energy.

In another work, the extraction of Cu (ll) using quaternary ammonium and quaternary phosphonium based ionic liquids
[113] was investigated. Firstly, the chemical suitability of the two ionic liquids was evaluated. They were then tested for
extracting copper from solutions (simulated) of liquid mining waste. The effects of the extractant concentration, the
sulphate concentration and the stripping solution were studied and based on resulting information, authors proposed a
reaction mechanism. Finally, tests were performed using supported liquid membranes (SLM). The results with the
synthesized ionic liquids show that [A336/Cy272] was suitable in sulphate, chloride and mixed media, while [C104] is
suitable in chloride media. Liquid/liquid extraction tests indicate that it is possible to remove Cu(ll) from highly
contaminated aqueous solutions (1000 mg/L Cu(ll)) using quaternary ammonium type ionic liquids in sulphate, chloride
or mixed media, with extraction efficiencies of up to 95%. The best stripping results were obtained in basic and acidic
media. In contrast, a fouling problem of the membrane was found in supported liquid membrane tests, which occurs
after approximately 4 h of testing. The ionic liquid [A336/Cy272] presented good levels of suitability under different
working conditions. The best extractions were obtained at pH higher than 2 and moderate concentrations of total
sulphates. Good levels of extraction efficiency were obtained reaching 80% in chloride media. This ultimately led to a
hybrid process in which different amounts of sodium chloride were added to solutions that originally contained only
sulphates and had low extraction efficiency. On the other hand, IL [C104] was suitable only in chloride media, which
performed well in removing Cu (ll) from aqueous solutions. The best stripping conditions were obtained in ammonical
media with an efficiency of 100% and a guarantee of the chemical stability of the ionic liquid used. This is very important
because it makes it possible to directly recycling the reagent in a new cycle. Similar efficiency levels are achieved in
acidic media, although the latter has the disadvantage of protonating the ionic liquid, which must then be deprotonated
to ionic liquid with sodium bicarbonate for later reuse. Stripping in a neutral medium shows a considerable less
efficiency than stripping in acidic and basic media. The liquid/liquid extraction demonstrated that authors could achieve
good levels of extraction of Cu () with ionic liquids based on quaternary ammonium salt. Tests using supported liquid
membranes showed that while it is possible to extract the metal, Cu (ll) transport is slow. However, this could be

improved by scaling up the system and increasing the area of the membrane.



In order to reduce the solvent requirement, emulsion liquid membrane technique was proposed for the benzimidazole
separation from aqueous solutions using tri-n-octyl methyl ammonium chloride [TOMAC] ionic liquid carrier. The
distribution coefficient of benzimidazole between aqueous solution and ionic liquid in membrane phase was studied to
optimize the external phase pH [114]. The organic phase consisted of kerosene and n-heptane as diluent. At optimized
conditions, the emulsion was stable up to 140 min, the breakage of internal phase was <0.5% and 97.5% of
benzimidazole was extracted within 12 min with a concentration factor of 5. It was found that benzimidazole
concentration in external phase increased due to membrane breakage after 12 min. Authors need to pay more attention
to investigate how breakage of internal phase can be minimized with highest extraction of benzimidazole.In another
study, polymeric hollow fiber supported ionic liquid membranes were fabricated utilizing Matrimids and 1- hexyl-3-
methylimidalzoliumbis (trifluoromethylsulfonyl) imide ([hmim][Tf2N]) as the selected polymeric and ionic liquid
materials, respectively [115]. The fibers were spun via a dry—wet non solvent-induced phase separation procedure,
employing as single layer spinneret extrusion system. Four different types of membranes were fabricated using four
morphologically different hollow fiber supports. These membranes take advantage of the fiber morphology combined
with a supported ionic liquid to enable more efficient mass transfer than flat membranes. Initially the membranes had a
low separation performance for CO,/H,; however, upon changing the porosity and support morphology, better
permeance and selectivity were achieved. Transport properties of CO, and H, are reported for hollow fiber membranes
containing anionic liquid in the temperature range from 37 to150°C. The glass transition temperature, Young's modulus,
and tensile strength are also reported by authors. The volume fractions of polymer, macro-voids, and micro-voids were
determined using a combination of density measurements and an SEM image analysis technique. These quantities were
then used to calculate both the bulk fiber porosity and the porosity of the micro-porous region. The surface porosity was
also estimated by image analysis. It was observed that the transport and mechanical properties of the fiber were
influenced by porosity. In extension and modification of this work, Wickramanayake et al. [48] have fabricated hollow
fiber SILMs using both Matrimids and Torlons fiber supports. X-ray CT scan images were successfully used to show the
location of IL [1-hexyl-3-methylimidalzolium bis (trifluoromethylsulfonyl) imide ([Csmim] [Tf.N])] within the pore
structure of the fibers. It was found that after the fibers were saturated with IL and then underwent a cleaning
procedure, that the IL only occupied the micro-porous region of the fiber and the macro-pores that were closed to the
fiber core [Fig.19]. When comparing fibers that have a similar porosity, the CO, permeance and CO,/H, selectivity are
roughly the same regardless of the type of polymer that is used for the support. This resulted from the relatively small
co-permeance contribution of the polymer compared with the IL. Furthermore, molecular simulations indicated that
Torlons’s increased strength was associated with an interlocking of polymer chains that does not occur in the Matrimids.
This mechanism has the added benefit that it may prevent IL ions from interspersing within polymer chains, which would
disrupt inter chain molecular bonding and decrease mechanical strength. In similar approach, a range of
polybenzimidazole (PBI)-[Camim][NTf,] and PI-[Camim][NTf,] composite membranes have been successfully fabricated by
Liang et al. [116] . CO,, CO and H, permeability of the PBI membranes with up to 20 wt. % [Camim][NTf,] were measured
under 2—6 bar pressure gradients at 100—200°C. The results showed that PBI membranes had high H, selectivity to other

gases, and [Camim][NTf,] improved gas permeability especially CO,. CO,, CO, H,, N, and CHs permeability of the PI



membranes with up to 40 wt% [Csmim][NTf,] were measured under 2—6 bar pressure gradients at 35—200°C. The results
showed that PI membranes had higher gas permeability than the PBI membranes, and they had high CO; selectivity to
neutral gases such as CO, N, and CHa. The ionic liquid [Camim] [NTf,] dispersed in the Pl membranes improved the CO,
permeability without decreasing the selectivity. Overall, the PBI-[Camim] [NTf,] and PI-[Csamim][NTf,] membranes
displayed significant potential for specified gas separation applications, with PI-[C4mim] [NTf2] particularly suited to CO,
separation. Hollow fiber supported ionic liquid membranes (SILMs) were tested using the bubble point method to
investigate potential failure modes, including the maximum transmembrane pressure before loss of the ionic liquid from
the support [117]. Porous hollow fiber supports were fabricated with different pore morphologies using Matrimid® and
Torlon® as the polymeric material and 1-hexyl-3-methylimidalzolium bis(trifluoromethylsulfonyl)imide ([C6mim][Tf2N])
as the ionic liquid (IL) component. Hollow fiber SILMs were tested for their maximum pressure before failure, with
pressure applied either from the bore side or shell side. It was found that the membranes exhibited one or more of

three different modes of failure when pressurized: liquid loss (occurring at the bubble point), rupture, and collapse.

In another study, the facilitated separation of CO, and SO; in a series of supported ionic liquid membranes (SILMs)
impregnated  with  carboxylate-based ILs triethylbutylammonium malonate ([N2224]2[malonate]) and
triethylbutylammoniummaleate ([N2224]2[maleate]) (including mono carboxylates and dicarboxylates) was investigated
systematically under humidified condition [118].The effects of transmembrane pressure difference and temperature on
the permeability of acidic gases and permselectivity of gas pairs were studied. The permeability of CO, in
triethylbutylammonium malonate ([N2224]2[malonate]) and triethylbutylammoniummaleate ([N2224]2[maleate])
under the partial pressure of 0.1 bar range from 2147 to 2840 barrers and the permselectivities of CO2/N2 and CO,/CH4
for them approach to 178-265 and 98-221, respectivelyTriethylbutyl ammoniumdimalonate ([N2224] [dimalonate])
could facilitate the permeation of SO, with a permeability of 7208 barrers under the transmembrane pressure difference
of 0.05 bar, and the permselectivities of SO,/N,, SO,/CH4 and SO,/CO, are 585,271 and 18 respectively. The mechanism
of facilitated separation was explained by authors from the reversible reactions of CO, and SO, with different forms of
dicarboxylate-based ILs. Authors have also compared the performance of [N2224][dimalonate] for the separation of SO,
with a normal IL ([emim][CF3SOs]) and its mixture with glucose pentaacetate (GPA) [119], as shown in Table 4. It can be
seen that [N2224][dimalonate] has lower permeability of SO, in comparison with [emim][CF3SOs] and
[emim][CF3SO3]+GPA mixture.The reason as suggested by authors was that although [N2224][dimalonate] could
reversibly react with SO, and act as a carrier for the transport of SO,, its viscosity (170 mPas) was larger than
[emim][CF3S03] and [emim] [CF3SO3]+GPAmixture (100 mPas) . The two factors counteract with each other on the
influence of the permeability of SO,. However, the permselectivity of SO;/N;, SO,/CHs, and SO0,/CO; in
[N2224][dimalonate] was much higher than that in [emim][CFsSOs;] and [emim][CFsSOs]+ GPA mixture. Therefore,
[N2224][dimalonate] could be regarded as an efficient medium by authors for the selective separation of SO, from other

gases.

In recent study, Ferreira et al. [120] have examined the possibility for the use of ionic liquids as alternative solvents for

the removal of thiols at room-temperature from n-dodecane used as jet fuel model stream. This works have evaluated



the use of supported ionic liquid membranes (SILMs) for the selective removal of thiols applying vacuum in the
downstream side. This approach consists in the incorporation of the ionic liquid inside the membrane pores, while due
to the vacuum applied, the thiol compound was scrubbed. To study the target solute transport from the feed to the
ionic liquid, extraction experiments were carried out using different 1-ethyl-3-methylimidazlium cation-based ionic
liquids. The mass transfer resistance was found to be higher in the ionic liquid phase, which resulted mainly from the
high ionic liquid viscosities, hindering the thiol transport. The results obtained by authors showed that the ionic liquids
were properly incorporated inside the pores of the membrane support. \The systems tested presented low mass
transfer coefficients, 0.67 x 107 m s-1, 1.72 x107 m s and 2.01 x 107 m s for the systems with [C;mim][MeSQ4],
[Camim][CF5S0s] and [C;mim][NTf,], respectively, controlled by the thiol transport in the ionic liquid phase. This behavior
can be overcome due to the permanent removal of the ionic liquid in the SILM to the receiving phase. From the positive
pressure difference experiments, Fig. 20 showed that the SILMs prepared with hydrophobic PVDF support are more
stable than the ones prepared with hydrophilic PVDF. Among the ionic liquids tested, it was concluded that the
[Comim][CF3S03]/hb-PVDF SILM is the most stable membrane, presenting losses lower than 2% up to 1.4 bar, followed
by the [C;mim][NTf,] up to 1 bar. This work proposed the possibility for an integrated extraction/stripping of thiols from

|II

“jet-fuel” streams by using two membrane contactors in series, where extraction to a selected ionic liquid takes place in
the first contactor, and stripping from the ionic liquid occurs in a second contactor. Using this configuration,the ionic

liquids used can be continuously regenerated and recycled between both contactors.

3.6 Polymer inclusion membrane (PIM)

Of late, polymer inclusion membrane have gained paramount importance in the field of separation science as indicated
by published papers in last five years [1, 31, 56, 121-123]. Facilitated transport of Cr(VI) ions from aqueous chromate
donor phase (2x10™* k mol/m?3) through polymer inclusion membranes (PIMs) using a newly synthesized 5,17-di-tert-
butyl-11-piperidinomethyl-25,26,27,28-tetrahydroxycalix[4]-arene (carrier), as ion carrier, has been investigated by Kaya
et al. [124].The Cr(VI) passed through a PIM comprised of cellulose triacetate (CTA) as a support and 2-NPOE as a
plasticizer. The prepared PIM was characterized with Fourier transform infrared (FT-IR) spectroscopy and the atomic
force microscopy (AFM) techniques as well as with contact angle measurements. The efficiency of Cr (VI) transport
through the PIM was investigated by studying the effects of carrier concentration on the donor phase as well as by
measuring the amount of plasticizer in the membrane, the pH in the acceptor phase, the effect of acid type in donor
phase, and the membrane’s stability and thickness. The kinetic parameters were calculated as permeability coefficient
(P), flux (J), and diffusion coefficient (D). The transport permeability, fluxes, and diffusion coefficient of carrier were
observed to increase from 1.0 to 1.75 mL (2-NPOE/ 1 g CTA) until the limited value was reached. At that point, the
transport permeability, fluxes, and diffusion coefficient of carrier decreased. Increasing the amount of 2-NPOE, which
has a high dielectric constant, increases the membrane thickness and viscosity, so it began to decrease after the

maximum value. Experiments on Cr(VI) transport across the PIM were carried out with five different thicknesses and



varying amounts of CTA. The prepared membranes were 42, 48, 54, 60, and 66 um thick. The results indicated that the

flux values decreased as the membrane thickness increased, which could be explained by Fick’s first law as given below:

AC
J=D—

AX
Assuming that d is the length of the transport path Ax = d, one can create eq 8 according to the initial concentration of
AC = Ci as follows.

J,=D

Ci
' ' d
The inverse relationship between the flux of Cr(VI) and membrane thickness was found to be a straight line, which
confirms the existence of a rate-limiting transport due to the diffusion of a metal complex across a membrane. Using the
slope of the obtained relation 1/J vs d, the authors estimated the apparent diffusion coefficient of the Cr(VI)-containing
species in the membrane phase. The transport efficiency of Cr (VI) was observed to be 99.38% after 6 h under optimized
conditions. Although authors claimed that developed PIMs could be used in the long term for the removal of Cr (VI) from

industrial waste waters but more experiments are required to establish its feasibility on pilot scale.

In another study PIM was investigated by Kolev et al. [125] for the extraction and separation of uranium (UO»?*) from
acidic sulfate solutions. Homogeneous, transparent and mechanically stable PIMs with PVC as the base-polymer and
Aliquat336, Cyanex272, TBP or D2EHPA as the extractant were obtained and tested for their ability to extract U(VI) from
its acidic sulfate solutions. The membrane with composition 40% (m/m) D2EHPA and 60% (m/m) PVC was found to be
superior in its ability to extract U(VI) in comparison with the other PIM studied. Quantitative back-extraction was
achieved with 4MH,S0,. Preliminary transport experiments involving 4M H,SO, as the stripping reagent demonstrated
the potential of this membrane for the separation of U (VI) from its acidic sulfate solutions with possible applications in
the clean-up of contaminated effluents from the uranium mining and nuclear industries. A new method for the
determination of the stoichiometry of membrane-extracted complexes was proposed and applied to the U (VI)-PIM
extraction system studied. The composition of the U (VI)-D2EHPA complex was determined as UO,-A,:(HA), where HA
and A” are D2EHPA and its conjugated base, respectively. The applicability of the proposed method to solvent extraction

systems was also demonstrated [with uranium fluxes as high as 4.85x1077 mol m™2s™].

The effect of the base-polymer and carrier concentration on the physical-chemical characteristics of polymer
inclusion membranes (PIMs) was investigated by Vazquez et al. [126]. Two typical polymers used to fabricate PIMs have
been tested i.e. poly vinyl chloride (PVC) and cellulose triacetate (CTA), and different amounts of the ionic liquid (IL)
Aliquat-336, used as extractant, were the PIMs constituents. The resulting PIMs have been characterized using different
techniques to provide information on both the surface and bulk material properties. XPS results did not practically show
differences in the surfaces of CTA and PVC based membranes with similar Aliquat336 content, and the total surface

coverage for Aliquat-336 concentration higher than 40% (w/w) was obtained, which was also corroborated with the



results of contact angle measurements. However, membrane elastic response seems to be strongly dependent on both
base- polymer and Aliquat-336 concentration, which affected Young modulus and elongation at break. The IL
concentration also increased dielectric constant and the conductivity of the PIMs from both polymers according to
impedance spectroscopy results, providing a rather conductive character to both kind of samples for Aliquat-336
content higher than 40% (w/w) (average conductivity around 103 (Q m)?). CTA and PVC-based PIMs with Aliquat-336
content around 45% have been used in order to compare the influence of the polymer on the transport of As (V). The
analysis of PIMs manufactured from different base polymers and varying the IL Aliquat 336 content has been performed
by different techniques. XPS analysis of PIMs using PVC as base polymer and the IL Aliquat 336 as extractant showed
almost total membrane surface coverage for Aliquat-336 content higher than 40%, when chlorine concentration
associated to the polymer support was practically undetectable; moreover, the similarity of nitrogen and chlorine
atomic concentration percentages associated to Aliquat-336 also extends this result to the CTA-based PIMs, which was
also supported for contact angle results. The effects of both base polymer and extractant concentration in the bulk
membrane have been analyzed by IR, elastic and impedance spectroscopy measurements. According to IR spectra, the
incorporation of Aliquat336 did not seem to cause any significant chemical change in the studied PIMs. However, the
differences obtained in the stress—strain curves depending on the base polymer clearly showed the softer and tougher
character of the PVC-based membranes, and the increase of Aliquat336 significantly enlarged the elastic behavior of
both kinds of samples. Impedance spectroscopy results also showed the effect to Aliquat 336 content on characteristic
material parameters as conductivity and dielectric constant, but their values hardly depended on the CTA or PVC base-
polymer. Characterization results indicated that Aliquat336 concentration higher than 40% seems to be necessary for
membrane surface coverage, when the polymers' specific characteristics are lost. This point was confirmed by ion (As(V)
species) transport measurements performed with CTA~48% Aliquat336 and PVC~ 45% Aliquat336 membranes, which

also showed the potential of the studied PIMs for application in water remediation with this kind of contaminant.

In another work, a development of polymeric inclusion membranes for the cations separation was reported. The
membrane was made up of cellulose triacetate (CTA) with a tributyl phosphate (TBP) incorporated into the polymer as
metal ions carrier [127]. The transport of lead (ll) and cadmium (ll) ions in two membrane systems, PIM coupled with
photo-chemical electrode using TBP as carrier and 2-nitro phenyl octyl ether (NPOE) or tris ethylhexyl phosphate (TEHP)
as plasticizer was investigated. The membranes: polymer + plasticizer + carrier were synthesized and characterized by
FTIR, X-ray diffraction and scanning electron microscopy (SEM). Transports of lead and cadmium have been studied
using these systems and the results were compared to commercial cation exchange membrane (CRA). The obtained
results showed that for Pb? ion, the concentrations of the strip phase increased using synthesized membranes. The
conduction band of the delafossite CuFeO, (-1.25V SCE) yields a thermodynamically M?* (=Pb%*, Cd**) photo
electrodeposition and speeds up the diffusion process. The oxide crystallizes in the delafossite structure and absorbs
over the whole solar spectrum in addition to being low cost and exhibits long-term chemical stability. The high energetic
position of its conduction band is appropriately positioned to allow an efficient charge separation of the electron/hole

pairs leading to metal deposition. The cations flow was considerably speeded up through the membrane with



illuminated CuFeO, electrode followed by the electrodeposition on Pt electrode. In all the cases, the potential of the
electrode M/M? in the feed compartment increased until a maximum value, reached at 100 min above which it

undergoes a diminution.

Regulatory controls to limit mercury emissions in waters have impacted on the development of membrane extraction-
based methodologies for its separation. The specific advantages (effective carrier immobilization, easy preparation,
versatility, and good mechanical properties) of PIMs make them suitable for this purpose. In this work a novel procedure
using PIMs for mercury separation with a commercial available extractant (Cyanex 471X) was described and evaluated
through the determination of the efficiency parameters (permeability, selectivity, stability) and membrane
characterization [128 ]. Using a membrane composed of 30% cellulose triacetate (CTA), 60% 2-nitrophenyl octyl ether
(NPOE), and 10% w/w Cyanex 471X and 0.1 mmol dm™3 Hg(ll) solution prepared in 0.01 mol dm~ HCI was transported to
a 0.05 mol dm™ NaCl solution at pH 12.3 with permeability values in the feed and strip phases of 0.25 and 0.15 cm
min~, respectively. A diffusive Fickian-type mechanism was inferred from the results. High separation factors ranging
between 2 and 5900, less than 11% of competing metal ions transported, active transport of the metal ion and a
successful reuse of the PIM were achieved. Optimized PIMs using Cyanex 471X represent an interesting alternative for
Hg (1) removal from waters showing high efficiency factors and easy implementation. In the area of fission product
separations, transport behavior of ¥’Cs from nitric acid feed was investigated using cellulose triacetate plasticized
polymer inclusion membrane (PIM) containing several crown ether carriers viz. di-benzo-18-crown-6 (DB18C6), di-
benzo-21-crown-7 (DB21C7) and di-tert-butylbenzo-18-crown-6 (DTBB18C6) [129]. The PIM was prepared from cellulose
triacetate (CTA) with various crown ethers and plasticizers. DTBB18C6 and tri-nbutyl phosphate (TBP) were found to give
higher transport rate for *’Cs as compared to other carriers and plasticizers. Effect of crown ether concentration, nitric
acid concentration, plasticizer and CTA concentration on the transport rate of Cs was also studied. The Cs selectivity with
respect to various fission products obtained from an irradiated natural uranium target was found to be heavily
dependent on the nature of the plasticizer. This work showed that by choosing a proper plasticizer, one can get either
good transport efficiency or selectivity. Though TBP plasticized membranes showed good transport efficiency, it
displayed poor selectivity. On the other hand, an entirely opposite separation behavior was observed with 2-
nitrophenyloctylether (NPOE) plasticized membranes suggesting the possible application of the later membranes for the
removal of bulk **’Cs from the nuclear waste. The stability of the membrane was tested by carrying out transport runs
for nearly 25 days. The present studies have indicated that though quantitative *’Cs estimation is possible using the TBP
plasticized membrane; selective pre-concentration of ¥’Cs from a host of fission products is feasible using the NPOE

plasticized membrane. This can certainly help the analysis of the ¥’Cs activity in complex acidic radioactive wastes, such

as the high level waste.

Separation of zinc (ll) and copper (ll) ions from aqueous solutions by synergistic extraction and transport through
polymer inclusion membranes (PIMs) has been investigated by Pospiech [130]. Zn(ll) ions were successfully separated
from Cu(ll) ions in solvent extraction process using 0.025 M TOPO and 0.06 M Aliquat 336 in kerosene. PIMs containing a

mixture of TOPO and Aliquat 336 as the ion carrier have been prepared and the facilitated transport of Zn(ll) and Cu(ll)



ions has been studied. Studies of transport of Zn (II) and Cu(ll) from chloride media through cellulose triacetate
membranes containing the mixture of TOPO and Aliquat 336 as ion carrier showed that the initial flux of Zn(ll) ions was
dependent on membrane composition, i.e., concentration of polymer support, ion carrier as well as concentration of the
plasticizer. Finally, the separation system presented by authors was demonstrated to be useful for the separation of Zn

(1) and Cu (Il) from aqueous chloride solutions.

In another work of Pospiech [131], selective transport of cobalt (II) and lithium (1) ions from aqueous chloride solutions
through polymer inclusion membranes (PIMs) was investigated. Triisooctylamine (TIOA) has been applied as the ion
carrier in membrane and effects of several parameters on the transport of Co (ll) and Li (I) were studied. The results
showed that Co(ll) ions were effectively removed from source phase through PIM containing 32 wt.% TIOA, 22 wt.% CTA
(cellulose triacetate) and 46 wt.% ONPOE (o-nitrophenyl octyl ether) or ONPPE (o-nitrophenyl pentyl ether) into
deionized water as the receiving phase. The results indicated that there is a possibility of PIMs application to recover Co
(1) and Li (1) from aqueous chloride solutions. Polymer inclusion membranes with triisooctylamine as ion carrier provide
an attractive alternative to conventional solvent extraction methods for the separation of cobalt (Il) and lithium (I). The
results showed that cobalt (l1) ions can be effectively recovered from aqueous chloride solutions containing lithium (1) in
transport process across PIMs. The transport using triisooctylamine as the ion carrier showed high selectivity Co (ll) > Li
(). The transport process is affected by the initial concentration of metal ions and hydrochloric acid concentration in the
source phase, as well as membrane composition, i.e. ion carrier concentration and the type of plasticizer. The results
showed that the % recovery of Co(ll) and Li(l) using PIM with triisooctylamine, after 24 h reached 74.5% and 5.3%,
respectively. The highest selectivity coefficient in this process was 4.1. Finally, authors claimed that this study was

useful for the separation of Co (ll) and Li (I) from aqueous chloride solutions.

In another study, influence of carrier concentration in membrane on citric acid transport rate through PIM was
examined by Gajewski et al. [132]. Observed dependence is not linear with evident percolation threshold. Also, a small
increase of the transport rate with increasing alkyl chain length from 10 to 14 was observed (for the same mass fraction
of carrier in membrane). On the basis of the obtained results, the transport mechanism of citric acid through PIM was
proposed. In accordance with suggestions of other authors, the presence of the percolation threshold and the absence
of flux decreasing with carrier’s molecule increasing proved that citric acid is transported in accordance with fixed-site
jumping mechanism (Fig. 21). However, as could be seen (Fig. 22) the influence of feed phase concentration on the J-d
value is mostly linear which was not completely confirmed the proposed mechanism. But comparing the results
obtained in this work with results obtained by other authors for the transport of citric acid through ion exchange
membrane [133], a very similar curve shape could be observed. The authors calculated that citric acid in this case was

transported mainly by the carrier type mechanism but some part of them is transported by simple diffusion.

PIMs containing TODGA (N,N,N’N’-tetra-n-octyl diglycolamide) were evaluated by Mahanty et al.[134] for the
separation of actinide ions such as Am3*, Pu**, UO,%*and Th*from acidic feeds. The uptake studies were carried out using

feed solutions containing varying concentrations of nitric acid and showed the trend: Am3> Pu*> Th*> UO,*. The



actinide ion transport efficiencies with TODGA containing PIMs followed the same trend as seen in the uptake studies.
The AFM patterns of the PIMs changed when loaded with Eu**carrier (used as a surrogate for Am*) while the
regenerated membranes have displayed comparable morphologies. Diffusion coefficient values were experimentally

obtained from the transport studies and were found to be 8.89 x 108cm?/s for Am3*transport.

In another study, the uptake studies with TODGA based PIMs with the optimized composition indicated reasonably high
uptake efficiency for the actinide ions [135]. Poor uptake efficiency for uranyl ion could be attributed to its poor
extraction with the diglycolamide extractants. The role of plasticizer concentration and CTA concentration was not very
important and the transport rates depended primarily on the carrier concentration. As the uptake values can be directly
correlated to the extraction efficiency of the diglycolamide, the lower uptake of Pu (IV) as compared to that of Am (lll)
conform to the reverse micellar mechanism prevalent in case of TODGA. The transport studies have conformed to
similar trend as displayed in the SLM based separation systems. However, the diffusion rates are found to be rather low
and longer transport time is needed for attaining >90% transport of the metal ions (Am (ll1), Th (IV) and Pu (1V), while U

(V1) transport was poor.

PIM has also been intensively studied for developing cost-effective and environmentally benign separation processes for
succinic acid by Pratiwi et al. [136]. PIMs are formed by casting a solution containing a carrier (Aliquat 336), plasticizer,
and base polymer (poly(vinyl chloride)) to form a thin, flexible, and stable film. It was observed that succinate
successfully permeated the PIM containing Aliquat 336 and uphill transport using a feed solution with pH 4 and Na,COs3
solution as the stripping phase was reported. PIMs show complex permeation behavior involving un-dissociated, mono-
anionic, and di-anionic forms of succinic acid as the species permeated. The mono-anionic form of succinic acid showed
the largest permeability among the three forms, with the optimum pH range for succinic acid permeation being

approximately 4-5.

A novel approach based on the use of nanometallic-decorated hollow fibers to assist electromembrane extraction was
proposed by Payan et al. [137]. Micro porous polypropylene hollow fibers, on which nanometallic silver was deposited,
was used for the first time as liquid membrane support in electromembrane extraction (EME). Different methods for the
generation/deposition of silver nanoparticles (AgNPs) were studied. The best results were obtained with chemical
reduction of silver nitrate using NaBH4 in aqueous solution followed by direct deposition on the hollow fibers. The
extraction performance of the new supports was compared with a previously developed EME procedure used for the
extraction of selected non-steroidal anti-inflammatory drugs (NSAIDs), resulting in an increase in the extraction ratio by
a factor of 1.2-2 with a 30% reduction in the extraction time. The new nanometallic-decorated supports open new
possibilities for EME due to the singular properties of nanometallic particles, including chemical fiber functionalization.
More work is required by authors to fully understand the processes involved focusing on fundamentals,
instrumentation, and applications. Nanometallic-decorated supports may become a promising future in sample

preparation, especially in miniaturized analytical systems.



4. MATHEMATICAL MODELING ASPECTS OF SIMALE TECHNIQUES

In order to scale up SIMALE membrane processes, mathematical modeling is important component which can predict
the transport behavior of solute with respect to mass transfer modeling and rate controlling steps. The important
aspects of mathematical modelling is already published by Bringas et al. [8, 88,148], hence mathematical modeling is not
covered in detail in this review paper. The different approaches adopted for mathematical modeling for various SIMALE

techniques are summarized in Table 5 [138-152].
5. CONCLUDING REMARKS AND FUTURE DIRECTIONS

SIMALE techniques offer the advantages of both solvent extraction and membrane separations. These techniques have
established an increasing number of applications related to the recovery of valuable compounds from wastewaters and
industrial effluents due to its potential to replace conventional processes by accomplishing selective and efficient
transport of specific components and providing reliable options for a sustainable growth. In particular, liquid-membrane
separation promote the uphill and selective transport of the target species by the coupling between mass transfer and
chemical reaction. However, the stand-alone application of individual membrane processes often fails to recover all the
possible valuable materials present in complex aqueous streams. Therefore, the development of integrated processes
consisting of single membrane separation stages is a promising strategy to design eco-innovative processes. In order to
fulfill this criteria, emphasis has been shifted to hollow-fiber contactors as well as hollow-fiber NDSX technique that can
have surface-to-volume ratio as high as 10,000 m:/m:. Hollow-fiber contactors have been used in three different modes:
namely, HFNDSX extraction, PEHFSD and HFSLM, for extraction/removal of organic compounds, metal
extraction/separation and in radioactive waste processing. In these process, intelligent membrane engineering can help

to realize the process intensification strategy being followed for SIMALE techniques.

In order to overcome the stability problems encountered in conventional LM systems, HFRLM was recently proposed.
This technique is based on the surface renewal theory and integrates the advantages of the HFM extraction process, the
liquid film permeation process, and other LM systems. lonic liquids (ILs) are another new solution being investigated by
several researchers with a view to ensuring the stabilized and consistent performance of LMs. Similarly, super critical
fluid based membrane extraction have gained paramount importance in last few years and several studies are reported

worldwide by researchers.

Many well-known producers of membrane and membrane modules today offer commercial membrane contactors as
part of their product portfolio. Hollow fiber membrane contactors are used for degassing liquids around the world. They
are widely used for O, removal from water as well as CO, removal from water. They have displaced the vacuum tower,

forced draft deaerator, and oxygen scavengers for over last few years.

The steady increase in research on PIMs has established a wide range of laboratory- and industry-based separation
applications. Their attraction for use in industry is based on the fact that PIMs can be formulated using most of the

commercially available SX reagents and they do not require a large inventory of diluents. In addition, losses of PIM



components to the corresponding aqueous phases are small compared to those in SX systems, and PIMs have the
advantage of allowing extraction and back-extraction to be conducted in a single step. Most research on PIMs has been
focused on flat-sheet membranes; however, industrial applications will require very high surface area to solution volume
ratios, and so other membrane configurations such as HFs or spiral wound modules will be required to achieve this aim.
PIMs containing macro cyclic units with the ability to entrap specific metal ion are getting special attention for fission
products separations. These are cellulose triacetate (CTA)-based membranes with inclusion carriers that have specificity
toward radionuclides. The membrane type, PIM or polymeric plasticizer membrane (PPM), is claimed to combine the
virtue of rapid transport with high selectivity and ease of setup and operation, exhibiting at the same time excellent
durability. Because this type of membrane is independent of organic solvents due to the fact that the carrier molecules
are trapped within the CTA matrix, they do not suffer from loss of organic solvents nor as much leaching of carrier into
the aqueous phases. The PIM entraps the macro cyclic carriers in the membrane matrix during the casting process,

effectively inhibiting carrier loss to adjacent aqueous phases.

Due to several merits, SIMALE technique (SLMs) were studied in the nuclear industry for radioactive waste treatment
and removal of actinides and fission products from the waste after reprocessing of nuclear fuel. Radionuclides, such as
cesium, strontium, cerium, and europium, were separated from radioactive solutions to reduce the radiotoxicity of the
waste. Uranium, plutonium, and americium removal from the wastes produced in the back end of fuel cycle, as well as

the effective methods for actinide partitioning is described in this review.

HFM technology has found pilot-plant and full-scale applications in the fields of chemical and pharmaceutical
technology, biotechnology, food processing and environmental engineering. They are functioning well with consistent

performance.
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FIGURE CAPTIONS

Fig. 1. Schematic description of pure diffusion-type process (a) and simple facilitated transport (b) in liquid

membranes (A: target species; C: selective carrier; AC: complex between species A and carrier C) [88].
a) Pure diffusion process b) Simple facilitated transport
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Fig. 2. Performance of the emulsion pertraction process [88].
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Fig. 3. (a) Schematic representation of the HFRLM process in single-pass mode, b) Principle of HFRLM
process [28].

Pr{:.‘iﬁuﬂ.‘@ ITollow fiber module

gauge

{_,I') [

Flowmeter Flowmeter

Peristaltic Peristaltic
pump pump
a)
Agueons phase i shell sude
Mixture of organic % ‘ 3 7 T T

droplets and aqueous = #

. . Liguid Membranc
phase in lumen side ]




Fig. 4. Outline of the process studied in supercritical fluid (SCF) extraction: (a) circulation of the solutions
inside and outside the hollow fiber, and (b) schematic representation of the mass transfer of metal ion M**
(Cu?") through the membrane. The figure shows the concentration profile of the cation M?*, the extractant
compound A, and the complex M(A); (Cu(A)2) at the proximities of the membrane [92].
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Fig. 5a. Schematic view of the membrane-based extraction process of Au(l) from cyanide media using a hollow fiber
contactor: (1) hollow fiber contactor; (2,3) organic extractor and feed; (4) feed and organic pump; (5,6) inlet and outlet
pressure gauge respectively for organic and feed; (7) flowmeters for feed and organic [62].
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Fig. 5b. A schematic view of an integrated NdSX membrane process using two hollow fiber contactors. (1) feed phase
reservoir tank, (2) pumps, (3) flow-meters, (4) extraction module, (5) organic phase, reservoir tank, (6) stripping module,
(7) strip phase reservoir tank. Operation in counter-current and recirculation of the solutions [25]
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Fig. 6. lonic liquids. a) 1-octyl-4-methylpyridinium cation, b)1-octyl-3-methylimidazolium
Cation [25].
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Fig. 7. Task selective ionic liquids. a)1-salicylaldehyde-derived-4-methylimidazolium
cation, b) 1-butyronitrile-4-methylpyridinium cation, c) 1-methyl-1-[4,5-bis(methylsulfide)]
pentylpiperidinium cation [25].
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Fig. 8 Permeation of metal ions through liquid membrane with time. Experimental
conditions: [Mo]aq: 10.75, [Cu]aq: 16.07, [Ni]aq:17.51, [C0]aq:17.27, [ZN]Aq:15.66,
[Fe]aq:18.27 and [Mn]aq:18.82 mol/m3, [Extractant]: 0.48 M, pH: 1.5, Flow rate:
420 mL/min, [NH4OH]: 0.03 M [67].
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Fig. 9 Transport behavior of various elements using DTDGA as carrier; [HNO3]= 4 M, [DTDGA]=0.025 M,
Strippant-0.01M Thiourea in 0.2M HNOs, Membrane-0.2 mm PTFE [75].
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Fig. 10 A schematic diagrams of an enlarged view of the (a) SLM-feed dispersion (SLM-FD) process[77] (b)
SLM-organic dispersion (SLM-OD) process [78].
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Fig. 11. The comparison of SLM-FD (FD) and solvent extraction (SX) for dimension- less Cephalexin
concentration (Cso=8 mM; Cqci,0=2.5 wt%; SLM-FD: Vs=300 ml, Ckci=1 M, Q=200 ml/min, Qs=400 ml/min;
Solvent extraction: V=30 ml) [77].
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Fig. 12. Cephalexin concentrations in the feed and strip phases vs. time with varying KCI concentration (C#=8
mM, V=500 ml; Cqcl, 0 =2.5 wt%, V0=80 ml; Vs=500ml, Qo¢=200ml/min, Qs=400 ml/min) [78].
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Fig. 13. Cephalexin concentrations in the feed and strip phases vs.time with varying the flow rates on the shell
and lumen sides (Cr,0 8 mM, V=500 ml; Cqci, 0 =2.5 wt %, Vo=80 ml; Vs=500ml, Ckci=1M) [78].
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Fig. 14. lllustration of solute transfer by gas-filled membrane [80].
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Fig. 15. Scheme of the strip dispersion hybrid liquid membrane used for performing transport experiments. 1.
Feed phase compartment containing Cu?*, Zn?*, Co?*, and SO+%* . 2. Compartment containing strip dispersion
phase for extraction of Cu?*. 3. Compartment containing strip dispersion phase for extraction of Zn%*. 4.
Supported liquid membrane for extraction of Cu?*. 5. Supported liquid membrane for extraction of Zn?* 6.
Mixer for mixture of organic solution and strip solution. 7. Pump for circulating flux. 8. Strip solution
containing 3M HCI. 9. Strip solution containing 2M H2SO4. 10. Organic solution impregnated in support pores
[87].




Fig. 16. Effect of dodecanol on the transport on Zn(l1) and Cu(ll) ion. For Cu(ll), feed phase: 1.57x10°3M Cu?*,
0.167M NazSO4, pH=3.20, circulating flux=9900 ml/h. Strip dispersion system : 100 mL kerosene solution
containing 10% M5640 (w/v), dodecanol of different concentration, and 20 mL 3M HCI strip solution. The
circulating flux of strip dispersion system=560 ml/h. For Zn(11), feed phase: 1.53 x10*M Zn?*, 0.167M NazSOs,
pH=4.33, and circulating flux=5600 ml/h. strip dispersion system : 110 mL kerosene solution containing 0.4M
dimer of HEH(EHP), dodecanol of different concentration and 10 mL 2M H2SO4 strip solution. The circulating

flux of strip dispersion system =560 ml/h [87]..
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Fig.17.Effect of volume ratio (x) on transport. For Cu(ll), the other experimental conditions are the same as Fig.
16 except for 3M HCI of different volume. For Zn(ll), the other experimental conditions is the same as Fig. 16

except for 2M H2SO;4 of different volume. The concentration of

dodecanol is 0.24 M [87].
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Fig. 18. Effect of the concentration of the carrier (Aliquat 336) on the chloride flux [90].
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Fig. 19 CT scan images showing the location of the IL in the fiber: (a) fiber without IL;(b) uncleaned fiber
saturated with IL and (c) fiber that was saturated with IL and subsequently cleaned [48].




Fig.20 SILM ionic liquid loss along time, for the SILMs composed by PVDF

hydrophobic (full symbols) and hydrophilic (dotted symbols), with the ionic liquids
[Comim][CF3S03] (black symbols and solid line), [Comim][NTf2] (grey symbols and
dot-dashed line), and [Comim][MeSOs] (white symbols and dashed line), for

positive pressure differences of 0.5 bar (circles), 1.0 bar (squares), 1.4 bar (hexagons),
1.5 bar (diamonds), 1.6 bar (cross), 1.8 bar (inverse triangles), and 2.0 bar

(triangles), using a nitrogen gas stream on the Amicon™ 8010 cell[120].
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Fig. 21Proposed mechanism (fixed-site jumping) of citric acid transport through polymer inclusion membrane

[132].
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Fig. 22. The flux times thickness value (Jed) vs. initial citric acid concentration in the feed phase for 1-
alkylimidazoles as a carrier (X = 0.49). Receiving phase: demineralized water. Cellulose triacetate as polymer
matrix[132].

150

Bl =
ElE

= .
S 100
"Iq 4
h-‘

0 0.1 02 03 04 05
cyTa, | 22

-




Table 1 Comparison of hollow fiber membrane and solvent extraction technique [Ref. 67].

Hollow fiber membrane technique

Solvent extraction technique

Both extraction and stripping were achieved in
a single stage

Three stage extraction and two stage stripping
were required

Only 13 mL of extractant was used for the
continuous run of 4 L of feed solution.

Three liters of extractant was used for the
continuous run of 4 L of feed solution

Mo recovery was 99.8%

Mo recovery was 84.43%

Solvent loss is negligible

Solvent loss is comparatively more

No crud formation

Some crud formation was observed with
mixer—settler

No phase separation problem

Slight emulsion was observed during stripping

pH of feed solution can be adjusted

Difficult to adjust pH of feed solution because
of multi stage operation

Small volume of solvent was consumed

Large volume of solvent was consumed




Table 2 Performance comparison of two phase partitioning bioreactors (TPPBs) in biodegradation of

phenol [68]

Partitioning | Microorganism | Lag phase | Phenolconc.(mg | Removal

phase duration (h) | L) time (h)

2-ndecanone | P. putidal1,172 | 12 4000 60

2-ndecanone | P. putida F1 8 500 28

EVA P. putida 11,172 | 13 2000 60

EVA Microbial 2000 30
consortium

Kerosene P. putida 14,365 | 10 1800 80

Hytrel P. fluorescence | 10 2000 19

KNU417

2-ndecanone | P. putida 11,172 | 0 2000 36




Table 3 Cobalt transport in presence of lithium using different acidic carriers (Ref 81).

Carrier Kx10° cms* BeaLi
DP-8R 4.4 22.0
Cyanex 272 24 18.5
Acorga PT5050 1.7 215

Feed phase: 1.7 x 10™* M (each) Co(ll) and Li(l) at pH 5.0. Pseudo-emulsion phase:
10% v/v carrier in Exxsol D100 + 0.1 M H2SOa, Feed flow rate: 400 cm® min™,
Pseudo-emulsion flow rate: 200 cm® min™.



Table 4 Comparison of the performance for the selective separation of SO2 in SILMs? (Ref 120)

ILS Water Support Experimental SO- SO2/N2 SO2/CHs  SO2/ CO;
content Condition permeability selectivity selectivity selectivity
(mass (barrers)
fraction)®
[N2224] 762 ppm  Hydrophilic Saturated 7208 585 271 18
[dimalonate] PES humidified
gas 0.05 bar,
40°C
[emim][CF3SO3] - Hydrophilic  Saturated 13143 279 199 9.6
PES humidified
gas 0.05 bar,
25°C
[emim][CF3SO3] - Hydrophilic  Saturated 9774 134 241 8.6
+ GPAC PES humidified
gas 0.05 bar,
25°C

Abbreviations: [emim][CF3SOz3]-1-ethyl-3-methylimidazolium trifluoromethanesulfone, GPA-glucose pentaacetate

The water content values are for neat ILS before permeation experiment
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Table 5 Different approaches of mass transport modeling using HF contactors



Sl
No

Application

Cu (ii)

E: LIX984N
S: H2S0,

Cu (ii) & Co (ii)

E: LIX984N &
CYANEX 272

Cs (1)

E:Calix-[4]-bis (2,3-
naptho) — crown-6
S:Distilled Water

Sr (1)

E: DTBCH18C6
(Di-tert-
dicyclohexane-18-
crown-6)

S:Distilled water

Liquid
membran
e
technolog

y
HFRLM

HFSLM

HFSLM

HFSLM

Diffusive mass transport modeling approach

Diffusion - Kinematic approach

Overall mass transfer resistances are the
summation of the resistances at feed
phase membrane, strif phase.

1 1 1

— =t —

K K; K K

m S

Mass transfer resistance is controlled by
diffusion across feed phase, membrane
and shell side

1 1 1 1

—=—x +
K K, K, K,
Cs (1) transfer resistance is the sum of
resistance from aqueous phase and
membrane phase.

1 1 1

—_— =4 —
K K; K

m

Mass transfer resistance is considered in
the feed and membrane phase neglecting
strip phase resistance.

1 1 1

—_———
K K; K

m

Mixed - kinematic approach

Mathematical modelin
philosophy
Mathematical equation

formulated based on surfac
renewal theory, and ma:
balance.

Mass transfer equation of C
(ii) and Co (ii) is based c
surface renewal phenomer

and mass balance Ila
considering d
A simple  mathematic

model by using Fick’'s Fir
law of diffusion at stead
state condition.

Model equation is derive
by balancing solu
concentration at fee
reservoir and neglecting stri
phase resistance.
Mathematical  model
developed for prediction ¢
strontium  separation k&
using the Fick’s first law «
diffusion.

Mass balance of the fee
reservoir considerin
resistances of aqueous an
organic phase gives the tin
variation of solu
concentration equation.



Pb (ii) HFSLM
E:D2EHPA  (di-2-
ethylhexyl

phosphoric acid)

S: HCl /HS0, [/

HNOs

(S) —amlodipine HFSLM

E: Chiral selector
0,0- Dibenzoyl-
(2S,3S)-tartaric
acid((+)-DBTA)
S:Benzenesulfonic

acid
Nd (iii) HFSLM
E:TODGA
S:HN03
Levocetirizine HFSLM

E:0,0',-dibenzoyl-
(2R,3R)  -tartaric
acid((-)DBTA)

Mass Transfer resistance is composed of
feed phase resistance, membrane phase
resistance and the strip phase resistance.
Overall permeability resistance:

1 1 d 1 d 1
+ +

P K, dyDK, d,K,
K, =2.74x10"* m/s

K, =2.52x10* m/s

The overall mass transfer resistance is the
combine resistance of resistances at feed,
membrane and strip phases.

1 1 1 1

—_— =} — -
K K; K, K,

m= 6x10"2 m?/s
Dhm=1.2x101° m?/s
Kex IS measured experimentally at desired
condition

Permeability resistance is sum of
resistances at feed phase, membrane
phase and the strip phase.

1 1 d 1 d 1

—_— =t _
P K, d,DK, d,K,
1/Ks= 4.150x102 s/cm
1/Kn=5.291x102 s/cm

Mathematical modeling
carried out with the rigorot
approach by conservir
mass in the hollow fibt
membrane considerin
convection, reaction ar
accumulation of ma
transfer flux in the hollo
fiber membrane.

A simplified steady sta
mathematical model, whel
mass balance for both aci
phases and membrane
incorporated in the mod
equation to study the effe
of acidity and sodium ion.
To solve the mod
equations, the exit solu
concentration is calculate
from the hollow fib
characteristics ar
hydrodynamics
Mathematical ~ model
predicting the concentratic
of levocetrizine at extractic
side of the liquid membrar
considering overall ma
transfer coefficient at eac
phase and the distributic
ratio.



10

11

12

Nd (iii)

E: HEHEPA
S:HNOs

Nd (iii)

E:TODGA
S: HNG3

Nd(iii)

E: PC88A
S: HzSO4

Hg(ii)

E : Aliquate 336
S : Thiourea

HFSLM

HFSLM

HFSLM

HFSLM

— =}
K K, K
D= 6x10"2 m?/s

Dpm= 1.2x101° m?/s

The overall mass transfer resistance is the
sum of resistances at feed, membrane and
strip phases.

Mass transfer resistance
predominated by the resistance
from extraction reaction and
shell side as well.
Overall resistance:

1 1 1 1 1

—_— = — 4 — N

K K, K, K, K,
Where,

1/Ke=5.871 x 10% s/cm

1/Ks= 1.896 x 10 s/cm

1/Ks= 0.966 x 102 s/cm

1/Kn= 0.285 x 10? s/cm
Time variation of solute
concentration in feed reservoir
depends mainly from the
extraction reaction resistance.
Overall resistance:

1 1 1 1 1

=t —t—+—
K K, K, K, K,
Where,

1/Ke=5.182 x 10? s/cm

Mathematical modeling
done with the rigorot
approach with th
conservation of mass at a
segment of the hollow fib
membrane, which consists
convection, diffusiol
reaction and accumulatic
terms

A mathematical equation
derived by incorporatir
mass balance for both aci
phases and TODGA.

To solve the mod
equations, the exit solul
concentration is calculate
from the hollow fibe
characteristics an
hydrodynamics



1/Ks=0.841 x 10 s/cm
1/Ks= 0.742 x 10% s/lcm
1/Kn= 0.521 x 10% s/cm

13

14

15

16

17

Hg(ii) HFSLM A rigorous  mathematici
model is developed &
E : Aliguate 336 conserving mass wil
S : Thiourea convection, diffusion, kinet
and accumulation of the H
(i) flux across the module.
U (vi) SLM Mass transfer resistance is the addition of Kinetic model is evaluated 1
aqueous phase and organic phase calculate the mass transf
E: DNPPA resistances. coefficients and  diffusic
S:H2S04 i1 .1 coefficient for recovery
K K, K, Uranium.
1/Ks=975.64 + 374.34 s/cm
1/Kn= 69046.4+6757 s/cm
Cr (iii) PEHFLM  Permeation of Cr (iii) is the agueous Permeation mod
diffusion control. considers the line:
E: RNH;"HSO4 1/K=5.263x10* s/cm concentration gradient an
S: H,S04 mass balances of tf
module and the respectiy
reservoirs.
Phenol The kinetics of phenol transfer from 1- A mathematical equatic
decanol to NaOH is very slow compare to is formulated by ma
E: 1-Decanol PEHFLM loading in to 1-decanol. The emulsion balance across the fee
S: NaOH with NaOH rich adds advantage in the reservoir and Wi
extraction process. consideration (
The total resistance considered is diffusivity in ma
i _ i " i transfer.
K K, K,
1/K=1.69X 10 s/m — 0.546x10°° s/m
ZN (ii) PEHFLM Mass transfer resistances are the Model  equations  al

E:CYANEX 272
S: H,SO,

summation of resistance at feed phase
stagnant layer, membrane phase stagnant
layer, membrane phase, strip boundary
layer and extraction and back —extraction

generated by balancin
mass at stirred tank an
across the module with tt
diffusive mass transpo
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19

20

21

CO; NDSX

E:Distilled Water

CO; NDSX
E:MEA

(Monoethanolami

ne)
Nd (iii) NDSX

E:DNPPA & TOPO

Thiols NDSX

E:[C2.mim][CFsSOs]

reactions at interfaces.

1 1 1 1 1 1 1
=t —+
K K, K, K, K, K, K
1/K=3.33x10° s/m — 2.02x10° s/m
Steady state flux balance of gas phase to
liquid phase considering the effect
wetting behavior and the magnitude of the
wetting.
Overall resistance:

S

1 1 1 1 1
= + —+ — +
Kd,, K;d, K,d, HK.d, HKgd,

Overall mass transfer resistances are the
summation of the resistances at liquid
phase, wetted membrane phase, non
wetted membrane phase and gas phase.

1 1 1 1 1
= + —
Kd, eK,d, eK,d HK,d, HKd,

Mass transfer resistance of aqueous and
organic phase films is considered as the
relsistances of the mass transfer

—_———

K K; K

m

Although the extraction of thiol is the
controlling step of the extraction process
because of its low distribution ratio,
overall mass transfer resistance is
considered as the summation of the
individual resistances at feed phase, ionic
liquid boundary and at ionic liquid phase

For Extraction:

1 d 1 d 1 1

—=—
K d, K; d,K, DK
For Regeneration

m

flux.

Mathematical model

derived by balancing flt
across the membrane wi
the consideration of tt
pore size distribution an
the pressure drop
different wetting ratios.

Mathematical equation
generated by balancir
mass across the modul
with the linear variation ¢
solute concentration.

Model equation
formulated to get the timr
variation of fee

concentration by ma
balance at feed reservo
and across a single hollo
fiber under r
accumulation condition.
Mass transfer flux
modeled by mass balanc
at module and fee
reservoir. Regeneration
ionic liquid with swee
gas is integrated in tt
process and modeled wi
the material balance to tf
ionic liquid.
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Ethanol or Acetone

E: Super critical
solvent (near

Critical COy)
Cu (ii)
E:CO, Phase

containing TFA
(1,1,1-trifluoro-
2,4pentaneodine)
or
HFA(1,1,1,5,5,5-
hexafluoro-2,4-
pentaneodine)

HFSCSX

HFSCSX

1

1 d 1

1

rg
1/K=2.048 +0.671x107 s/m

1/Kq=9.434+5 x107 s/m

=$ + 4
K, d,K,H d, K\ H DK,

The total resistance is in-series approach
mainly resulting from stagnant layers at

inside and outside of the tube

Extraction modeling
ethanol or acetone is
rigorous approach, wher
the conservation of ma:
across the membrane wi
the diffusion in axial «
well as in radial direction:
The mass transfer mod
is by correlating effecti\
rate functions for comple
formation at the aqueou:
CO, interface based c
molecular diffusion



