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Highlights  

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

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

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

 Ionic liquid based membrane extraction and super critical fluid based membrane are promising future 
separation techniques. 
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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 KE,Ag (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.  
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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]. 



Fig. 2. Performance of the emulsion pertraction process [88].



Fig. 3. (a) Schematic representation of the HFRLM process in single-pass mode, b)  Principle of HFRLM 
process [28]. 



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 Mz+ 
(Cu2+) through the membrane. The figure shows the concentration profile of the cation Mz+, the extractant 
compound A, and the complex M(A)z (Cu(A)2) at the proximities of the membrane [92]. 



Fig. 5a. Schematic view of the membrane-based extraction process of Au(I) 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]. 



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] 

 



Fig. 6. Ionic liquids. a) 1-octyl-4-methylpyridinium cation, b)1-octyl-3-methylimidazolium 
Cation [25]. 



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]. 



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, [Co]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].



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 HNO3, Membrane-0.2 mm PTFE [75].



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]. 



Fig. 11. The comparison of SLM-FD (FD) and solvent extraction (SX) for dimension- less Cephalexin 
concentration (Cf.0=8 mM; CQCl,0=2.5 wt%; SLM-FD: Vs=300 ml, CKCl=1 M, Qfd=200 ml/min, Qs=400 ml/min; 
Solvent extraction: Vf=30 ml) [77]. 



Fig. 12. Cephalexin concentrations in the feed and strip phases vs. time with varying KCl concentration (Cf0=8 
mM, Vf=500 ml; CQCl, 0 =2.5 wt%, Vo=80 ml; Vs=500ml, Qod=200ml/min, Qs=400 ml/min) [78].  



Fig. 13. Cephalexin concentrations in the feed and strip phases vs.time with varying the flow rates on the shell 
and lumen sides (Cf,0 8 mM, Vf=500 ml; CQCl, 0 =2.5 wt %, Vo=80 ml; Vs=500ml, CKCl=1M) [78].  



Fig. 14. Illustration of solute transfer by gas-filled membrane [80].



Fig. 15. Scheme of the strip dispersion hybrid liquid membrane used for performing transport experiments. 1. 
Feed phase compartment containing Cu2+, Zn2+, Co2+, and SO4

2- . 2. Compartment containing strip dispersion 
phase for extraction of Cu2+. 3. Compartment containing strip dispersion phase for extraction of Zn2+. 4. 
Supported liquid membrane for extraction of Cu2+. 5. Supported liquid membrane for extraction of Zn2+ 6. 
Mixer for mixture of organic solution and strip solution. 7. Pump for circulating flux. 8. Strip solution 
containing 3M HCl. 9. Strip solution containing 2M H2SO4. 10. Organic solution impregnated in support pores 
[87]. 



Fig. 16. Effect of dodecanol on the transport on Zn(II) and Cu(II) ion. For Cu(II), feed phase: 1.57x10-3M Cu2+, 
0.167M Na2SO4, 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 HCl strip solution. The 
circulating flux of strip dispersion system=560 ml/h. For Zn(II), feed phase: 1.53 x10-3M Zn2+, 0.167M Na2SO4, 
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].. 



Fig.17.Effect of volume ratio (x) on transport. For Cu(II), the other experimental conditions are the same as Fig. 
16 except for 3M HCl of different volume. For Zn(II), the other experimental conditions is the same as Fig. 16 
except for 2M H2SO4 of different volume. The concentration of 
dodecanol is 0.24 M [87].  



Fig. 18. Effect of the concentration of the carrier (Aliquat 336) on the chloride flux [90].



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 
[C2mim][CF3SO3] (black symbols and solid line), [C2mim][NTf2] (grey symbols and 
dot-dashed line), and [C2mim][MeSO4] (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 AmiconTH 8010 cell[120]. 

 



Fig. 21Proposed mechanism (fixed-site jumping) of citric acid transport through polymer inclusion membrane 
[132]. 



Fig. 22. The flux times thickness value (J•d) 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]. 
 



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 
phase 

Microorganism Lag phase 
duration (h) 

Phenolconc.(mg 
L-1) 

Removal 
time (h) 

 P. putida     

2-ndecanone  P. putida F1  8 500 28 

EVA  P. putida 11,172 13 2000 60 

EVA   Microbial 
consortium 

--- 2000 30 

Kerosene  P. putida 14,365 10 1800 80 

Hytrel 
KNU417  

P. fluorescence 10 2000 19 

2-ndecanone  

 

P. putida 11,172 0 2000 36 

 

 

 

 

 

 

 

 

 



Table 3 Cobalt transport in presence of lithium using different acidic carriers (Ref 81). 
  
Carrier Kx105, cm s-1 Ca,Li 

DP-8R 4.4 22.0 

Cyanex 272 2.4 18.5 

Acorga PT5050 1.7 21.5 

Feed phase: 1.7 x 10–4 M (each) Co(II) and Li(I) at pH 5.0. Pseudo-emulsion phase: 
10% v/v carrier in Exxsol D100 + 0.1 M H2SO4, Feed flow rate: 400 cm3 min-1, 
Pseudo-emulsion flow rate: 200 cm3 min-1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



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

ILS Water 
content 
(mass 
fraction)b 

Support Experimental 
Condition 

SO2 
permeability 
(barrers) 

SO2/N2 
selectivity 

SO2/CH4 
selectivity 

SO2/ CO2 
selectivity 

[N2224] 
[dimalonate] 

762 ppm Hydrophilic 
PES 

Saturated 
humidified 
gas 0.05 bar, 
400C 

7208 585 271 18 

[emim][CF3SO3] - Hydrophilic 
PES 

Saturated 
humidified 
gas 0.05 bar, 
250C 

13143 279 199 9.6 

[emim][CF3SO3] 
+  GPAc 

- Hydrophilic 
PES 

Saturated 
humidified 
gas 0.05 bar, 
250C 

9774 134 241 8.6 

Abbreviations: [emim][CF3SO3]-1-ethyl-3-methylimidazolium trifluoromethanesulfone, GPA-glucose pentaacetate 

The water content values are for neat ILS before permeation experiment 



 

Table 5 Different approaches of mass transport  modeling  using HF contactors  



 

Sl 
No 

Application Liquid 
membran
e 
technolog
y 

Diffusive mass transport  modeling approach Mathematical modelin
philosophy 

   Diffusion - Kinematic approach Mixed - kinematic approach  
1 Cu (ii) 

 
E: LIX984N 
S: H2SO4 
 

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

smf KKKK

1111
 

 Mathematical equation i
formulated based on surfac
renewal theory, and mas
balance. 

2 Cu (ii) & Co (ii) 
 
E: LIX984N & 

CYANEX 272 
 

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

smf KKKK

1111
 

 Mass transfer equation of C
(ii) and Co (ii) is based o
surface renewal phenomen
and mass balance law
considering d 

3 Cs (I) 
 
E:Calix-[4]-bis (2,3-

naptho) – crown-6 
S:Distilled Water 

HFSLM Cs (I) transfer resistance is the sum of 
resistance from aqueous phase and 
membrane phase. 

 
mf KKK

111
 

 

 A simple mathematica
model by using Fick’s Firs
law of diffusion at stead
state condition. 
Model equation is derive
by balancing solut
concentration at fee
reservoir and neglecting stri
phase resistance.  

4 Sr (II) 
 
E: DTBCH18C6 

(Di-tert-
dicyclohexane-18-
crown-6) 

S:Distilled water 

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

mf KKK

111
 

 Mathematical model i
developed for prediction o
strontium separation b
using the Fick’s first law o
diffusion. 
Mass balance of the fee
reservoir considerin
resistances of aqueous an
organic phase gives the tim
variation of solut
concentration equation. 



5 Pb (ii) 
 
E:D2EHPA (di-2-

ethylhexyl  
phosphoric acid) 

S: HCl /H2SO4 / 
HNO3 

HFSLM   Mathematical modeling i
carried out with the rigorou
approach by conservin
mass in the hollow fibe
membrane considerin
convection, reaction an
accumulation of mas
transfer flux in the hollow
fiber membrane. 

6 (S) – amlodipine 
 
E: Chiral selector 

O,O’- Dibenzoyl-
(2S,3S)-tartaric 
acid((+)-DBTA) 

S:Benzenesulfonic 
acid 

 

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

so

i

mlm

i

f Kd

d

DKd

d

KP

1111
 

fK = 2.74x10-4 m/s 

mK = 2.52x10-4 m/s 

  

7 Nd (iii) 
 
E:TODGA 
S:HNO3 

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

smf KKKK

1111
 

Dm = 6x10-12  m2/s 
Dhm = 1.2x10-10  m2/s 
Kex is measured experimentally at desired 
condition 

 A simplified steady stat
mathematical model, wher
mass balance for both aci
phases and membrane i
incorporated in the mode
equation to study the effec
of acidity and sodium ion. 
To solve the mode
equations, the exit solut
concentration is calculate
from the hollow fibe
characteristics an
hydrodynamics 

8 Levocetirizine 
 
E:O,O’ ,-dibenzoyl-

(2R,3R) -tartaric 
acid((-)DBTA) 

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

so

i

mlm

i

f Kd

d

DKd

d

KP

1111
 

1/Kf= 4.150x10-3  s/cm 
1/Km=5.291x10-3 s/cm 
 

 Mathematical model i
predicting the concentratio
of levocetrizine at extractio
side of the liquid membran
considering overall mas
transfer coefficient at eac
phase and the distributio
ratio. 



9 Nd (iii) 
 
E: HEHEPA 
S:HNO3 

HFSLM   Mathematical modeling i
done with the rigorou
approach with th
conservation of mass at a
segment of the hollow fibe
membrane, which consists o
convection, diffusion
reaction and accumulatio
terms 

10 Nd (iii) 
 
E:TODGA 
S: HNO3 

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

smf KKKK

1111
 

Dm = 6x10-12  m2/s 
Dhm = 1.2x10-10  m2/s 
 

 A mathematical equation i
derived by incorporatin
mass balance for both aci
phases and TODGA. 
To solve the mode
equations, the exit solut
concentration is calculate
from the hollow fibe
characteristics an
hydrodynamics 

11 Nd(iii) 
 
E: PC88A  
S: H2SO4 

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

smef KKKKK

11111  

Where, 
1/Ke= 5.871 x 102 s/cm 
1/Ks= 1.896 x 102 s/cm 
1/Kf= 0.966 x 102 s/cm 
1/Km=  0.285 x 102 s/cm 

 

12 Hg(ii) 
 
E : Aliquate 336 
S : Thiourea 
  

HFSLM  Time variation of solute 
concentration in feed reservoir 
depends mainly from the 
extraction reaction resistance. 
Overall resistance: 
 

smef KKKKK

11111  

Where, 
1/Ke= 5.182 x 102 s/cm 

 



1/Ks= 0.841 x 102 s/cm 
1/Kf= 0.742 x 102 s/cm 
1/Km=  0.521 x 102 s/cm 

13 Hg(ii) 
 
E : Aliquate 336 
S : Thiourea 
 

HFSLM   A rigorous mathematica
model is developed b
conserving mass wit
convection, diffusion, kineti
and accumulation of the H
(ii) flux across the module. 

14 U (vi) 
 
E: DNPPA 
S:H2SO4 

SLM Mass transfer resistance is the addition of 
aqueous phase and organic phase 
resistances. 

mf KKK

111
 

1/Kf= 975.64 ± 374.34  s/cm 
1/Km=  69046.4±6757 s/cm 
 

 Kinetic model is evaluated t
calculate the mass transfe
coefficients and diffusio
coefficient for recovery o
Uranium. 

15 Cr (iii) 
 
E: RNH3

+ HSO4
- 

S: H2SO4 

PEHFLM Permeation of Cr (iii) is the aqueous 
diffusion control. 
1/K= 5.263x104 s/cm 

 Permeation mode
considers the linea
concentration gradient an
mass balances of th
module and the respectiv
reservoirs. 

16 Phenol 
 
E: I-Decanol 
S: NaOH 

 
 
PEHFLM 
 

The kinetics of phenol transfer from 1-
decanol to NaOH is very slow compare to 
loading in to 1-decanol. The emulsion 
with NaOH rich adds advantage in the 
extraction process. 
The total resistance considered is 

mf KKK

111
 

1/K= 1.69X 10-6 s/m – 0.546x10-6 s/m 
 

 A mathematical equatio
is formulated by mas
balance across the fee
reservoir and wit
consideration o
diffusivity in mas
transfer. 

17 ZN (ii) 
 
E:CYANEX 272 
S: H2SO4 

PEHFLM 
 

Mass transfer resistances are the 
summation of resistance at feed phase 
stagnant layer, membrane phase stagnant 
layer, membrane phase, strip boundary 
layer and extraction and back –extraction 

 Model equations ar
generated by balancin
mass at stirred tank an
across the module with th
diffusive mass transpo



reactions at interfaces. 

sbem
o
mef KKKKKKK

1111111  

1/K=3.33x106 s/m – 2.02x106 s/m 

flux. 

18 CO2 
 
E:Distilled Water 
 

NDSX Steady state flux balance of gas phase to 
liquid phase considering the effect 
wetting behavior and the magnitude of the 
wetting. 
Overall resistance: 
 

oGmmif dHKdHKdKdKKd

11111

ln
*'

lnln

 

 Mathematical model i
derived by balancing flu
across the membrane wit
the consideration of th
pore size distribution an
the pressure drop a
different wetting ratios. 

19 CO2 
 
E:MEA 

(Monoethanolami
ne) 

 

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

oGM
i

Mil dHKdHKdeKdeKKd

11111

ln
*

lnln

 

 Mathematical equation i
generated by balancin
mass across the modul
with the linear variation o
solute concentration. 

20 Nd (iii) 
 
E:DNPPA & TOPO 

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

mf KKK

111
 

 

 Model equation i
formulated to get the tim
variation of fee
concentration by mas
balance at feed reservo
and across a single hollow
fiber under n
accumulation condition. 

21 Thiols’  
 
E:[C2.mim][CF3SO3] 

NDSX 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: 

m
i
mlm

i

fo

i

DKKd

d

Kd

d

K

1111  

For Regeneration 

 Mass transfer flux i
modeled by mass balanc
at module and fee
reservoir. Regeneration o
ionic liquid with swee
gas is integrated in th
process and modeled wit
the material balance to th
ionic liquid. 



 

 

 

mr
i
mglm

i

go

i

rg DKHKd

d

HKd

d

K

1111  

 
1/K=2.048 ±0.671x107 s/m 
 
1/Krg=9.434±5 x107 s/m 

22 Ethanol or Acetone 
 
E: Super critical 

solvent (near 
Critical CO2) 

HFSCSX   Extraction modeling o
ethanol or acetone is 
rigorous approach, where
the conservation of mas
across the membrane wit
the diffusion in axial a
well as in radial directions

23 Cu (ii) 
 
E:CO2 Phase 

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

HFSCSX The total resistance is in-series approach 
mainly resulting from stagnant layers at 
inside and outside of the tube  
 

smf KKKK

1111  

 The mass transfer mode
is by correlating effectiv
rate functions for comple
formation at the aqueous
CO2 interface based o
molecular diffusion  


