
133Performance Evaluation of Hollow Fiber Membrane Contactors 2017 61 2

Performance Evaluation of Hollow 
Fiber Membrane Contactors for 
Dispersion-Free Extraction of Cu2+ 
through Modelling and Simulation
Amir Muhammad1, Wajid Ali1, Iftikhar Ahmad1,  
Mohammad Younas1*

Received 18 March 2016; accepted after revision 25 June 2016

Abstract 
In this work extraction of copper (II) (Cu2+) from aqueous 
solution has been studied theoretically in commercially avail-
able hollow fiber membrane contactors (HFMCs) X-40 and 
X-50 modules from Liqui CelTM. Trifluoro-acetylacetone (TFA) 
has been used as extractant. A mathematical model based 
on resistance-in-series has been presented to investigate the 
mass transfer mechanism and distribution of Cu2+ at interface. 
Model simulation was performed for various hydrodynamics 
and membrane geometrical characteristics in order to deter-
mine the solute efficiency, transmembrane flux and height of 
transfer unit (HTU) for both modules. In case of X-40 module, 
extraction efficiency reached to 78 % when the feed flowrate 
was 1.67 m3s-1 while that for X-50, it was found to be just 20 % 
under same hydrodynamic conditions. On the basis of model 
results it was inferred that HFMCs could be the appropriate 
devices for extraction owing to exceptional low HTU value.

Keywords 
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1 Introduction
The development of efficient processes for extraction of val-

uable metals from industrial effluents have been the important 
subject in separation technology [1]. Concerns about saving 
natural resources and energy are increasing day by day. New 
techniques have been emerged to address these issues in par-
ticularly. Hollow fiber membrane contactor (HFMC) is one of 
the emerging separation technologies, which is in development 
stage for separation of both liquid and gas mixtures [2-4].

HFMCs as Cu2+ extraction devices have been received 
the most attention in recent decades because of their several 
advantages. These devices resemble to shell and tube heat 
exchanger configuration where a bundle of porous hollow fib-
ers is installed inside a shell casing. Aqueous feed containing 
Cu2+ solute is allowed to flow in shell side while the organic 
extractant normally flows in tube side (inside the hollow fibers). 
Because of the hydrophobic nature of extractant it penetrates 
into the pores of membrane and comes into contact with Cu2+ 
at the membrane-feed interface. Cu2+ then reacts with organic 
extractant and the resultant complex is transferred to shell 
from tube-membrane interface due to the concentration gradi-
ent. Because of the non-dispersive contact between feed and 
extractant, HFMCs offer a number of advantages over conven-
tional extractors (column contactors). These include independ-
ent feed and extractant flow rates with no flooding, entraining 
and channelling, higher mass transfer interfacial area, no or 
less extractant loss, easy and straightforward scale-up because 
of invariable contact area [4, 5]. However, despite its great pro-
spective, the membrane contactors are still seeking their use in 
industrial processes. Substantial efforts are required for process 
modelling, right choice of membrane and well-chosen optimal 
operating parameters in order to employ membrane contactors 
commercially for Cu2+ extraction [6]. 

Mass transfer modelling of HFMCs is inevitable to study 
the concentration and flux profiles, to investigate the solute 
transport, to categorise the controlling resistance and for the 
optimisation of the process operating parameters. Recently 
mass transfer modelling of HFMCs have caught the attention 
of several researchers. For example, Gonzglez-Mufioz et al. [7]  
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developed a resistance-in-series mass transfer mathemati-
cal model for simulation of integrated extraction and strip-
ping process in HFMCs. The model was used for the predic-
tion of unsteady-state concentration profiles of both aqueous 
feed and extractant phase in a single process. Juang et al. [8] 
studied the extraction of Cu2+ in a HFMC both experimentally 
and theoretically. The mass transfer mathematical model they 
developed was based on resistances in series approach. Model 
was used to compare the relative resistance of each diffusion 
step i-e aqueous phase, membrane and organic phase and it 
was found that all these played a major role for the recov-
ery of copper. A resistance in series model was also presented 
by Bocquet et al. [9] to study the dispersion free extraction 
of aroma compounds in HFMC X-30 and X-40 modules. The 
validity of model was tested for the extraction of four different 
aroma solutes. Model was simulated to predict the effects of 
membrane characteristics and process parameters on extrac-
tion efficiency. This model was later modified by Younas et al. 
[5] for the recovery of Cu2+ from aqueous feed with different 
solvents using HFMCs. The model findings of aforementioned 
scientists fitted very well with experimental results. Recently 
some CFD models have also been proposed that are based on 
mass and momentum balance conservation equations.

Although several mass transport models have been developed 
by different researchers however, limited work is available about 
the mass transfer mechanism and characterisation of HFMCs 
[10, 11]. Previous studies [5, 27] have focused mainly on the 
transport of solute across HFMCs and the resistances that hinder 
this transport. Scale up of HFMCs has not been widely studied 
for liquid-liquid extraction in existing literature. More theoreti-
cal investigation is required to encourage the entrepreneurs to 
utilize HFMCs for the selected application at large scale.

In the current work, mass transfer analysis of two differ-
ent modules of HFMC has been described. Performance analy-
sis has been discussed for HFMC modules X-40 (baffled) and 
X-50 (baffle less), fabricated by Liqui-CelTM, for the extraction 
of Cu2+ from aqueous solution with TFA diluted in 1-decanol at 
25 °C as a base case simulation. Resistance-in-series approach 
was adopted on membrane and its boundary layers to develop 
mathematical model. Simulation has been performed to inves-
tigate the effects of membrane structural characteristics, hydro-
dynamics and the module geometry for extraction efficiency 
and solute mass flux. The current work provides an insight into 
the phenomenon and its implications in scale-up of a mem-
brane based liquid-liquid extraction system.

2 Studied System
This study is focused on the modelling of once through HFMC 

based extraction system. The steady state model thus developed 
is able to predict the solute concentration at the exit of module 
as a function of desired operating conditions. The schematic rep-
resentation of pilot plant is shown in Fig. 1. Aqueous solution 

of Cu2+ is passed through shell of the module and the organic 
phase which was a mixture of 15 % v/v TFA in n-decanol was 
passed inside the fibers. As described in previous studies [5, 27] 
such flow configuration results in higher extraction efficiency. 
Allowing the aqueous phase to flow in shell side of module 
increases the surface area as compared to inside fibers. The 
overall mass transfer coefficient has also been found to increase 
which causes a faster extraction of solute.

Fig. 1 HFMC based once through extraction

A slightly higher pressure was applied on tube side in order 
to immoblize the organic phase in the pores mouth at tube-
membrane interface and to avoid its dispersion in aquesous feed. 
When the two phases come into contact at immobilzed interface, 
Cu2+ reacts with extractant to form copper-complex and conse-
quently transfers from feed solution to the extractant because of 
the concentration gradient. Simulation considered the plant to be 
operated in such a way that each time fresh feed and extractant 
make contact in module. Two different HFMC modules X-40 
(baffled) and X-50 (baffle less) fabricated by Liqui-CelTM have 
been used in dispersion-free extraction of Cu2+. The geometical 
characterictics of both modules are shown in Table 1.

3 Theory
In HFMCs the dispersion free extraction of solute takes 

place through a combined phenomenon of convection and dif-
fusion. In this type of extraction, the function of membrane is 
to provide the surface and make a contact between the aque-
ous and organics phases. The driving force is the concentration 
gradient which is responsible for the mass transfer between the 
two phases across the membrane [4]. It is desired to maximize 
mass transfer by optimizing the design and process parameters. 
The diffusion flux model equation is given by [12]

J k C Ci i i i= −( )∗ (1)
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Where  J  stands for the solute flux of solute  i,  k  for mass 
transfer coefficient and C denotes the concentration of the sol-
ute. C*  is concentration at interface. Likewise convective flux 
model equation is given by [13]

J Aq C Ci i i i
in

i= −( )
Here A is the mass transfer interfacial area between the two 

phases. “q” represents the flowrate of the individual phase 
flowing in the module. The theoretical mass transfer analysis 
incorporates mass balances of solute and extractant and the 
partitioning equilibrium of solute-solvent extraction system. 
The extent of solute transferred across the membrane is con-
trolled by partition coefficient denoted here by P. It is defined 
as the ratio of Cu2+ concentration in organic phase to that in the 
aqueous phase at equilibrium and is given as [14]

P
C
C
i sol

iaq

= ∗

For modelling purpose the mass transfer correlations are 
indispensable. Several authors have made greater contribution 
for the estimation of various correlations and are available in 
the literature [4, 15, 16]. The mass transfer correlation shown 
by Eq. (4) an (5) have been used for the fluid flowing in shell 
side of the module X-40 and X-50, respectively [17, 18].

Sh Sc= 0 32 0 61 0 33
. Re

. .

Sh d
L Sch= 


 


8 71

0 74 0 33
. Re

. .

Sh, Re, Sc are the dimensionless numbers termed as 
Sherwood number, Reynolds number and Schmidt number, 
respectively, used to find the correlations of mass transfer 
coefficient.  dh  and  L  denote hydraulic diameter and length 
of module respectively. Mass transfer coefficient in the pores 
of the membrane depends upon the structural characteris-
tics of the membrane and solute diffusion coefficient. As the 

membrane used is hydrophobic, therefore organic phase fills 
in membrane’s pores. Membrane side mass transfer coefficient 
based on organic phase is given by [19]

k
D

mb
org=
ε

στ

Where  Dorg  is the diffusion coefficient of copper complex in 
organic phase,  σ  is the thickness of the membrane,  ε  and  τ  are 
the porosity and tortuosity of the membrane respectively. Wakao-
Smith [20, 21] gave the following relation between  ε  & τ .

τ
ε

=
1

Likewise mass transfer correlations for fluid flowing inside 
lumen of both the modules is described by Leveque equation 
and widely applied by various researchers using solute extrac-
tion in the same modules [22-24].

Sh Gz Gz
Sh Gz Gz

= >
= ≤
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0 33
.

.

.
for
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k S D
d
h=
int

Here Gz stands for dimensionless Graetz number. Overall 
mass transfer coefficient, denoted by K, for aqueous phase 
flowing through shell side is calculated based on resistances-
in-series model and it was found to be [25, 26]

1 1

K k
d

Dk d
d

Dk daq aq

ext

mb lm

ext

org

= + +
int

For organic phase flowing in shell, above equation becomes

1 1

K k
d

Dk d
d

Dk daq aq mb lm org ext

= + +int int

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

Table 1 HFMC module characteristics provided by the manufacturer or taken from literature [5, 27]

Geometrical characteristics Liqui-CelTM Module X-40 Liqui-CelTM Module X-50

Internal diameter of the fiber (m) 2×10-4 2.2×10-4

External diameter of the fiber (m) 3×10-4 3×10-4

Mean diameter of pore (m) 3×10-8 4×10-8

Diameter of the module shell (m) 4.90×10-2 4.25×10-2

Length of the module (m) 146.2×10-3 121. 8×10-3

Number of fibers [-] 10000 7400

Porosity (%) 25 40

Aqueous side diffusion coefficient (m²s-1) 2.79 ×10-9

Organic side diffusion coefficient ( m²s-1) 1.31 ×10-10m²/s
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Partition coefficient is a limiting parameter which defines the 
extent of extraction. Maximum possible extraction based on the 
partition coefficient is denoted by “ϕ” and is given by [27]

φ = −1 C
C
out

in

The key indicator to evaluate the performance of HFMC to 
obtain the desired solute extraction in once-through mode is 
the height of a transfer unit (HTU), which also reflects the effi-
ciency of the module. It is given by [28]

HTU
q
K aA

aq

aq

=

where  a  is the interfacial area per unit volume. On the other 
hand, the number of transfer units (NTU) is a measure of the diffi-
culty of the separation. NTU is defined as change in concentration 
of fluid for the unit driving force responsible for the transfer of 
solute. In current research work driving force is the concentration 
gradient of Cu2+ between the two phases being contacted [29].

NTU dC
C CC

C

in

out

=
− ∗∫

Theoretical length of the module, denoted by Z, is suggested 
which meets the desired extraction under the specified condi-
tions of solute, solvent and operating parameters [30].

Z HTU NTU= ×

For simplicity, the modules are assumed to compose of flow-
cells. A flow-cell is defined as tubular extractor which encap-
sulates the single fiber. Thus the whole hollow fiber membrane 
contactor module is divided into equal number of flow-cells 
which means that the total flow-cells and fibers are equal in the 
module [31].

4 Methodology
The module length, diameter and packing density are the 

key design parameters to be calculated to obtain the desired 
solute extraction under the specified operating conditions. 
Experiments were performed for once-through mode i-e with-
out recirculation of both the phases in HFMC modules of X-40 
and X-50. Initial concentration of Cu2+ was taken as 7.8 molm-3.  
The TFA was taken 15 % v/v diluted in 1-decanol equivalent 
to 1798 molm-3. The experiments were performed at 25±2 °C. 
Partition coefficient for this extraction system was measured 
to be 6.9 [27]. The flowrate of the aqueous phase was varied 
for each experiment while other parameters were kept constant. 
Aqueous solution was allowed to flow in the shell of the mod-
ule and counter-current to organic phase flowing inside fibers. 

Simulation was run to study the influence of hydrodynam-
ics and structural parameters of the module on extraction 

efficiency, Cu2+ flux, HTU and theoretical length of the module 
in order to achieve the desired extraction. The coupled model 
was validated for extraction efficiency against various values 
of feed flow rate in both the modules.

5 Results and discussions
5.1 Effect of hydrodynamics on module performance

Simulation was run to find the effect of feed and organic 
phase hydrodynamics on extraction efficiency and flux. Initial 
copper concentration in feed was 7.8 molm-3 while that of TFA 
in solvent was 1798 molm-3. Aqueous phase flow rates were 
chosen within the range of 1.67×10-6 to 1.67 ×10-5 m3s-1. The 
organic phase flow rate was held constant at 5×10-6 m3s-1.  
Simulation has been performed for both X-40 & X-50 modules. 
The results are plotted for extraction efficiency and flux against 
feed flow rate on x-axis. From the Fig. 2 it can be observed 
that for both the modules, flux increases with increasing aque-
ous phase flow rate. Furthermore, X-40 module guarantees 
higher flux than achieved by X-50 under same operating condi-
tions. The higher flux obtained by X-40 module is due to larger 
interfacial area for the solute contact with the organic solvent 
(1.3 m2 & 0.85 m2 for X-40 & X-50 respectively).

Fig. 2 Effect of feed flowrate on Cu2+ flux, Qorg = 5×10−6 m3s−1.  
Counter flow: C

ini

Cu2+ = 7.8molm−3, C
ini

TFA  = 1798molm−3, P = 6.9, T = 25±2 °C

In contrast to the above pattern, Fig. 3 represents that higher 
efficiency can be obtained at lower flowrate of aqueous phase 
for both modules. However performance of X-40 is found to be 
approximately 4 times much better than that of X-50 module. 
Maximum extraction efficiency of former one ranges up to 78% 
while that of later one is 20% at the minimum aqueous flow 
rate. The plausible justification for reduced efficiency at the 
higher flow rate could be that solute finds lesser contact time 
with solvent, thus causing reduction in extraction efficiency.

Higher efficiency offered by X-40 module could be due to 
the presence of baffle in it, which are responsible for promoting 
the turbulence that in turn lead to better performance.

(14)

(15)

(12)

(13)
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Fig. 3 Effect of feed flow rate on extraction efficiency, Qorg = 5×10-6 m3s-1

Counter flow,  C
ini

Cu2+ = 7.8molm−3, C
ini

TFA  = 1798molm−3, P = 6.9, T = 25±2 °C

5.2 Effect of hydrodynamics on HTU 
As it has been discussed earlier that HTU is the height of 

transfer unit and reflects the efficiency of the column. Small 
values of HTU designate the lower theoretical height of the 
column to achieve the desired mass transfer, meaning the effi-
cient and fast extraction. This provides the better design of 
membrane contactors to accomplish the maximum possible 
extraction. In the literature, HTU is sometimes used to desig-
nate the length of contacting device since the membrane con-
tactor may not necessarily orient vertically. By observing the 
Fig. 4 we can sensibly conclude that HTU offered by X-40 
module is much lower than that of X-50 module for both flow 
configurations. Least value of HTU is offered by X-40 module 
when aqueous feed is in shell side; this confirms our previous 
results that better efficiency is offered by X-40 module. 

Fig. 4 Effect of feed flow rate on HTU, Qorg = 5×10-6 m3s-1. Counter flow,  
C
ini

Cu2+ = 7.8molm−3, C
ini

TFA  = 1798molm−3, P= 6.9, T = 25±2 °C

Figure 4 shows that X-50 module with aqueous phase in shell 
side gives highest HTU as compared to that for X-40, indicating 
that the poorest performance is exhibited by this combination. 
Highest efficiency as indicated by least HTU for X-40 mod-
ule is in fact due to higher mass transfer coefficient and higher 
interfacial area which is also clear from Eq. (13). The least HTU 
value of 10 cm was obtained which is in closest agreement with 

the literature values reported by Prasad and Sirkar [32]. On the 
other hand, if organic flow is introduced in shell side of X-50, 
HTU value further increases which consequently reduces fur-
ther the module efficiency. Thus when comparing the flow con-
figurations it can easily be abstracted that for both the modules, 
HTU is low when aqueous phase is routed through the shell side 
of the membrane. In fact shell side of the module offered larger 
surface area than tube side thus lowering the HTU value which 
ultimately is responsible for better extraction efficiency.

5.3 Effect of module geometry on module 
performance

The design of a membrane contactor module means to define 
the geometry of the module. An efficient membrane contactor 
is capable to extract the desired solute from the solution. Solute 
extraction is not only affected by the contact time between the 
solute and solvent but module structure also plays an important 
role in effective extraction. By the structure of module we mean 
to specify its diameter and length in order to achieve the desired 
level of extraction. Also, an efficient and a good design of mem-
brane contactor requires choosing the precise values of packing 
density, porosity, diameter and thickness of the membrane.

The simulation was run to study the influence of structural 
parameters of the membrane and the module. The flow rates 
were kept constant in both sides of the membrane at 5×10-6 m3s-1 
in both the modules for once through extraction of Cu2+. Interest 
has been taken to study the solute extraction efficiency of the 
module, solute flux through the membrane, height of transfer 
unit (HTU) and number of transfer unit (NTU).

5.3.1 Effect of packing fraction
Extraction efficiency and flux was plotted versus packing 

fraction as shown in Fig. 5. Packing fraction, denoted by Pf , of 
a module is defined from the following relationship,

P N d
df

ext

s
= ×


 




2

Where N stands for the number of fibers inside the module 
and  dext and  ds  show the external diameter of fiber and diam-
eter of the module shell, respectively. 

The number of fibres are varied in order to measure the dif-
ferent values of packing fraction while the diameter of the fiber 
and shell was kept constant. Simulation was performed for the 
different values of packing fraction as determined in Table 2.

It is found from Fig. 5 that an increase in packing fraction 
increases the extraction efficiency. Packing fraction varies 
with number of fibers without changing the size of the mod-
ule. However, increased packing fraction hinders the flow of 
solute across the membrane and flux is reduced. The results 
showed that effect in former are usually suppressed by the 
later one. Thus flux falls with the increase in packing fraction. 
Also by comparing the efficiency of the two different modules 

(16)
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i.e. X-50 and X-40 one can observe that extraction efficiency 
of X-40 module is more than that of X-50 module. The mass 
transfer coefficient and hence the efficiency enhances with the 
increase in packing fraction. This could be due to the fact that 
more area becomes available for solute transfer. Maximum 
efficiency attained for the packing fraction of 65-70%. The 
later decline is due to the formation of “dead zones”. These 
are the regions where the fibers are close enough to each other, 
this obstructs the flow leading to the reduced efficiency [33].

Table 2 Packing fraction calculations

Number of fibers, N Packing fraction (Pf )

X-50 Module
dext = 3×10-4 m 
ds = 42.5×10-3 m

X-40 Module
dext = 3×10-4 m
ds = 49×10-3 m

P N d
df

ext

s
= ×


 




2

2000 2660 0.10

5000 6645 0.25

7400 9836 0.37

10000 13294 0.50

13000 17282 0.65

15000 19939 0.75

Fig. 5 Effect of packing fraction on extraction efficiency at  
Qaq=Qorg= 5×10-6 m3s-1, counter flow,  C

ini

Cu2+ = 7.8molm−3, C
ini

TFA  = 1798molm−3, 
P= 6.9, T = 25±2 °C

Figure 5 also describes the variation of HTU with the pack-
ing fraction. It has been discussed earlier that HTU reflects the 
efficiency of the column. By observing the above figure, we 
can judiciously conclude that HTU of X-40 module is much 
lower than that of X-50 module. This confirms our results that 
better efficiency is offered by X-40 module.

On the other hand when a wise comparison is made between 
the flow configurations it can easily be deducted that for both 
the modules, HTU is low when aqueous phase is routed through 
the shell side of the membrane. Interestingly, the enhanced effi-
ciency of membrane contactor is not only due to the higher mass 
transfer coefficient. In fact mass transfer coefficient obtained 

with membrane contactors are usually same or even lower 
than those obtained with conventional column extractors. The 
increased efficiency is actually the consequence of increased 
interfacial area which is unchangeable with the operating condi-
tions. Membrane contactors offer an area of 500 times more than 
what is obtainable in conventional dispersive contactors [34].

It is presented in Fig. 6 that the packing fraction has an 
inverse relation with the solute flux which is more effective in 
X-40 modules as compared to X-50. The least flux of 2 molm2s-1 

was reported in X-40 module at packing fraction of 0.75 while 
9.1 molm2s-1 was reported in X-50 modules at the same value 
of packing fraction. As we are increasing the number of fibers, 
packing fraction increases as a result the solute flux across the 
module decreases which results in increase of efficiency.

Fig. 6 Effect of module packing fraction on flux at Qaq=Qorg= 5×10-6 m3s-1,
counter flow,  C

ini

Cu2+ = 7.8molm−3, C
ini

TFA  = 1798molm−3, P= 6.9, T = 25±2 °C

5.3.2 Effect of membrane thickness
Fibers thicken when their internal or external diameters 

increase. Simulation has been carried out to investigate the 
effect of thickness of the fiber ranging from 1×10-5 to 10×10-5m. 

The corresponding values of external diameter were 2.4×10-5 
to 4.2×10-5m. Aqueous and organic flow rates were set at 
5.0×10-6 m3s-1. Figure 7 compares the extraction efficiency of 
X-40 baffled and X-50 baffle less modules with respect to mem-
brane fiber thickness. A decrease in extraction efficiency occurs 
with the increase in thickness of the fiber. This is due to the dif-
ficulty of the passage with the increased thickness across which 
solute has to travel. In other words mass transfer resistance 
offered by membrane rises with thickness leading to the lower 
flux and efficiency. If internal diameter is increased keeping the 
external one constant, this also leads to increase in fiber thick-
ness, thus ultimately producing the same results. Additionally, 
if both the internal and external diameters increase in such a 
way as to keep the thickness constant, improved efficiency has 
been observed due to the availability of larger surface area.

As observed from Fig. 7 the HTU for both the modules tends 
to increase with the increase of fiber thickness up to 6×10-5 m 
but as we further increase fiber thickness, HTU starts to decrease 
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gradually and at higher values there is negligible effect on HTU. 
Similarly, by comparing the value of HTU we can see that there 
is considerable difference between HTU based on X-40 module 
and those based on X-50 module. The HTU for X-50 module 
are 2 to 5 times greater than those obtained by X-40 under the 
same working conditions. This is an indication of better per-
formance offered by X-40 module. Surprisingly X-40 module 
presents same HTU at higher thickness with both flow configu-
rations. In contrast the HTU based on X-50 module changed 
substantially when the flow configuration is changed.

Fig. 7 Effect of fiber thickness on extraction efficiency and HTU at Qaq=
Qorg= 5×10-6 m3s-1, counter flow,  C

ini

Cu2+ = 7.8molm−3, C
ini

TFA  = 1798molm−3,
P= 6.9, T = 25±2 °C

It is shown in Fig. 8 that membrane thickness has an inverse 
relation with the solute flux for both X-40 and X-50 modules. 
The effect of fiber thickness on solute flux is quite significant 
at lower values which decrease gradually with the increase 
in thickness thus resulting in lower extraction efficiency. At 
higher values of thickness, it is difficult for the solute to pass 
through the membrane which results in a decrease of flux and 
hence affecting module performance. It can also be concluded 
that X-40 module has higher solute flux than X-50 which again 
supports our previous results which states that X-40 has better 
performance than X-50.

Fig. 8 Effect of fiber thickness on solute flux, Qaq = Qorg = 5×10-6 m3s-1,
counter flow,  C

ini

Cu2+ = 7.8molm−3, C
ini

TFA  = 1798molm−3, P= 6.9, T = 25±2 °C

5.3.3 Effect of porosity to tortuosity ratio
Simulation was carried out to explore the effect of ε/τ ratio 

ranging from 0.02 to 0.64, which corresponds to the porosity of 
20% to 80%.  Fig. 9 shows these effects. It can be observed that 
with the rise in porosity to tortuosity ratio extraction efficiency 
enhances. Actually as this ratio increases more solute trans-
fers across the membrane due to the increase in pore volume, 
leading to higher efficiency. Additionally extraction efficiency 
for the X-40 is greater than for the baffle-less X-50 module. 
Porosity to tortuosity ratio influences the membrane side mass 
transfer coefficient according to Eq. (7) and thus higher flux and 
enhanced extraction can be achieved by increasing this ratio [9].

Fig. 9 Effect of porosity/ tortuosity ratio on efficiency and flux, Qaq= Qorg= 
5×10-6 m3s-1, counter-current flow, C

ini

Cu2+ = 7.8molm−3, C
ini

TFA  = 1798molm−3,  
P= 6.9, T = 25±2 °C

By comparing the value of HTU one can deduce that X-40 
module with the aqueous phase flow through shell side has 
been proven to be most efficient, having the least value of 
HTU. Surprisingly, X-40 module with the organic phase flow-
ing through shell side showed approximately the same value. 
In contrast, HTU for X-50 module are substantially higher indi-
cating poor performance as compared to X-40 module. While 
analyzing the flow configuration, it is clear that X-40 module 
with the aqueous phase flow through shell side exhibits lower 
HTU value, enhanced performance as compared to that of X-50 
module with the organic phase flow through shell side. 

It is also presented in Fig. 10 that solute flux has a direct 
relation with (ε/τ) keeping other parameters constant. At low 
value of (ε/τ), there is no significant difference in flux for both 
X-40 and X-50 modules but as (ε/τ) increases to higher val-
ues, the effect on solute flux across the membrane becomes too 
large and it increases quite randomly. The maximum solute flux 
of 21×10-4 is reported for X-40 module at (ε/τ) value of 0.64 
while keeping flow rates of both feed and organic phase con-
stant. It is 4 times more than the flux of X-50 module at the 
same (ε/τ) value which is due to larger interfacial area and ulti-
mately more contacts time of feed stream with the membrane.
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Fig. 10 Effect of porosity/tortuosity on solute flux, Qaq=Qorg= 5×10-6 m3s-1, 
counter-current flow,  C

ini

Cu2+ = 7.8molm−3, C
ini

TFA  = 1798molm−3,  
P= 6.9, T = 25±2 °C.

Both the modules studied here use membrane which is made 
of polypropylene. Although made of the same material, mor-
phological and geometrical characteristics of membranes dif-
fer, for example X-40 membrane has a porosity of 0.25 and that 
of X-50 is 0.40 [5,27] and is enlisted in Table 1. 

As shown by Eq. (6), the change in values of porosity/tortuos-
ity changes the mass transfer coefficient within membrane. Flux 
is calculated by resistance in series model described in previous 
studies [5, 8, 27] in detail which is based on individual mass 
transfer coefficients in boundary layers on aqueous phase and 
organic phase sides and within membrane. It is worth noting that 
the correlation for mass transfer coefficient on aqueous side is 
different for both the modules e.g. X-40 and X-50 as described 
by Eq. (4) and (5), respectively. Change in values of ratio of 
porosity to tortuosity affects the flux for both the modules how-
ever, the quantitative effect is different due to their different cor-
relations for Sherwood number. For low values of ratio of poros-
ity to tortuosity the difference is not marginal on flux however, 
the effect becomes significant for flux in both modules due to 
the share of mass transfer coefficient within membrane. This is 
also important to note that mass transfer resistance within mem-
brane decreases with the increase of porosity/tortuosity for both 
the modules however this effect is not same. Therefore effect of 
porosity/tortuosity on flux also differs in both modules.

5.3.4 Theoretical length of the module
The module length has been calculated from HTU and NTU 

by using Eq. (15) while keeping other parameters constant. It has 
been shown that increase in fiber length directly affects module 
length and a significant increase resulted in theoretical length of 
both X-40 and X-50 module for the organic phase in shell side.

Moreover, the extraction improves with length of the fibre 
due to high residence time and increase in interfacial area [5]. 
This results in better performance of membrane contactor but 
with reduced flux which is overcome by the other aforemen-
tioned factors.

The effective length of membrane module has an inverse 
relation with “ε/τ” ratio in any case whether feed is in the shell 
side or in the fiber. Simulation has been performed to explore 
the effect of ε/τ ratio from 0.02 to 0.64, which corresponds to 
the porosity of 20% to 80%. It can be concluded from Fig. 11 
that at low value of “ε/τ” the effective length of membrane 
module is high while there is a rapid decrease in it with the 
increase in ε/τ up to a certain limit after which there is no effect 
of “ε/τ” on module length. The module length for X-50 is lesser 
than X-40 at lower “ε/τ” value while at higher value, the mod-
ule length for X-50 is lower than X-40. It is also concluded 
that the module length is high for a given value of ε/τ when the 
organic phase is allowed to flow in shell side [35].

Fig. 11 Effect of porosity to tortuosity ratio on theoretical length,  
Qaq= Qorg= 5×10-6 m3.s-1, counter flow,  C

ini

Cu2+ = 7.8molm−3, C
ini

TFA  = 
1798molm−3, P= 6.9, T = 25±2 °C

The effect of aqueous feed flow rate on theoritical length 
of module has been shown in Fig. 12. The increase in flow 
rate results in increase of flux and HTU due to which it has 
direct affect on the module length. But the extraction efficiency 
decreases drastically due to less residence/contact time for 
mass transfer (extraction of Cu2+ by TFA) and maximum pres-
sure drop occurs at high flow rates.

Fig. 12 Effect of feed flow rate on theoretical length,  
Qaq = Qorg= 5×10-6 m3s-1, counter flow, C

ini

Cu2+ = 7.8molm−3, C
ini

TFA  = 
1798molm−3, P= 6.9, T = 25±2 °C
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It is found from Fig. 13 that an increase in packing fraction 
decreases module length and ultimately increases extraction 
efficiency. Packing fraction varies with number of fibers with-
out changing the size of the module which promises for larger 
surface area and thus caused much solute to be extracted. On 
the other hand, increased packing density hinders the flow of 
solute through the membrane and thus flux is decreased.

Fig. 13 Effect of module packing fraction on theoretical length,  
Qaq= Qorg= 5×10-6 m3.s-1, counter flow,  C

ini

Cu2+ = 7.8molm−3, C
ini

TFA  = 
1798molm−3, P= 6.9, T = 25±2 °C.

There is also a significant effect of membrane thickness on 
module length for both X-40 baffled and X-50 baffle less mod-
ules. Figure 14 shows that module length for X-50 module is 2 
to 4 times greater than those obtained by X-40 with the same 
membrane thickness and under the same operating condition.

Fig. 14 Effect of membrane thickness on theoretical length,  
Qaq= Qorg= 5×10-6 m3.s-1, counter flow,  C

ini

Cu2+ = 7.8molm−3, C
ini

TFA  = 
1798molm−3, P= 6.9, T = 25±2 °C

This is an indication of better performance offered by X-40 
module. Surprisingly X-40 module presents same length at 
higher thickness with both flow configurations. In contrast, the 
module length based on X-50 module changed substantially 
when the flow configuration is changed.

6 Conclusions
Two different modules of HFMC, baffled X-40 and baffle 

less X-50 were used for the removal of Cu2+ from aqueous feed 
with an organic solvent TFA. Both the modules were simulated 
in MATLAB® 8.1.2 by varying the design and operating param-
eters to assess the efficiency and performance for the extraction 
of Cu2+. Aqueous and organic phase were allowed to flow in 
tube and shell side of the membrane. It was concluded that when 
the organic phase flows in the tube side, X-40 modules has low 
porosity to tortuosity ratio, HTU and small module length which 
results in maximum flux and higher efficiency. Similarly, X-40 
baffled module has 4-5 times higher flux than X-50 owing to 
larger contact area and higher number of fibres. 

X-40 suffers more pressure drop than X-50 while working in 
the same operating conditions due to small pore size and fiber 
diameter as compared to X-50 module. Moreover, pressure drop 
of organic phase is greater than aqueous phase due to its high 
viscosity. The increase in feed flow rates adversely affects the 
extraction efficiency by having less contact time for extracting 
of copper (II) by TFA from aqueous phase.

Finally, it has been concluded that X-40 module offers bet-
ter results in terms of flux and extraction efficiency compared 
to X-50.

7 Notations and Symbols
Ai  Membrane surface area (m2)
C
ini

Cu2+  Initial concentration of Cu2+ in aqueous   
  phase (molm−3)
Ci  Concentration of “i” component (molm−3)
C
ini

TFA   Initial concentration of TFA in organic  
  phase (molm−3)
dint  Internal diameter of fiber (m)
dext  External diameter of fiber (m)
dpore  Mean pore diameter (m)
D  Diffusion coefficient (m2s−1)
Dorg  Diffusion coefficient of copper complex in   
  organic phase (m2.s−1)
Gz  Graetz number
HTU  Height of Transfer Unit
Ji  Flux of “i” component (molm−2min−1)
Kmb  Membrane side mass transfer coefficient   
  (ms−1)
Ki  Mass transfer coefficient of i component   
  (ms−1)
NTU  Number of Transfer Unit
P  Partition coefficient
△Pc  Critical pressure drop/breakthrough pressure  
  (kPa, psi)
Qorg  Volumetric flow rate of organic phase   
  (m3s−1)
Qaq  Volumetric flow rate of organic phase   
  (m3.s−1)
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Re  Reynolds number (-)
Sc  Schmidt number (-)
Sh  Sherwood number (-)
Z/L  Module length (m)
σ  Membrane thickness (m)
τ  Tortuosity
θ  Contact angle
ε  Porosity
γaq  Aqueous phase interfacial tension
γorg  Organic phase interfacial tension
φmax  Maximum extraction efficiency
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