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Highlights
• Two different PES and PEI hollow fiber membranes were fabricated and applied
in gas humidification process.
• Effects of different operating conditions on the performance of membranes in
humidification process were studied.
• Even though the skin layer of PES membrane is more porous but the water flux
of PEI membrane is higher.
• The structure of membrane sublayer has critical role in humidification process
as the pore condensation occurs in narrow regions of membrane sublayer and
declines the water flux.

Abstract
Humidification process is one of the applications of membrane contactor systems in which partial pressure of a vapor in the gas stream increases. In this study, two different
polyethersulfone and polyetherimide hollow fiber membranes were fabricated and characterized by various test methods and their performance in humidification process under
different operating conditions was investigated. The PES membrane has more porous skin layer which its mean pore size and gas permeance are 191% and 566% more than PEI
membrane, respectively but its porosity is lower that can be related to its more spongelike structure and higher concentration of the polymer at the cloud point. On the other hand,
the water vapor flux of PEI membrane is higher than PES membrane that can be related to the difference in the sublayer structure of the membranes which causes water vapor to
condense along the pores of the membrane. Furthermore, the difference in water vapor fluxes between PEI and PES membrane increases as the operating pressure/liquid temperature
increases that may be related to the intensification of pore condensation phenomenon. The results of this research show that the structure of membrane sublayer has critical effect on
the vapor flux in the humidification process.

1. Introduction
Gas humidification process has widely been used in petrochemical and
chemical industries in which the vapor pressure of a liquid is increased in a gas
stream e.g., in fuel cell applications, the relative humidity of the reactant gases
is essential to make the proton exchange membrane (PEM) more effective;
therefore the reactant gases are generally saturated with water vapor before
entering the fuel cell chamber.
Traditionally, bubbling of the gas in the liquid (generally hot liquid) is
used and the vapor is carried by the gas stream. For example, in formaldehyde
production process, air is bubbled in a vessel of hot methanol and the air/
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methanol mixture is sent to the reactor. This process has some drawbacks
such as low efficiency, high pressure drop [1], entrainment of liquid droplet
and low contact area between the gas and liquid streams that necessitates the
application of huge equipments [2].
Several processes have been proposed to overcome the aforementioned
difficulties such as steam generation [3], spray towers [4] and ultrasonic
humidification. Humidification of gas, based on enthalpy wheel system was
proposed by Casalegno et al. [5] where heat and humidity are transferred
simultaneously from the exit gas of the fuel cell to the inlet gas through a
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rotating ceramic wheel, even though some fluctuations are created in the
system due to the rotation of wheel. Furthermore, optimization of this system
is not easy that is related to the number of effective parameters.
Spraying of the liquid in the packed bed column is another method for
humidification of gas where the gas and liquid enter to the column from the
top and the bottom of the column, respectively while the column is filled with
packing. Even though this process makes low pressure drop for the gas, long
tower, difficulties in selection of suitable packing and maintenance of the
tower limit the application of this process [6].
Membrane based processes have been suggested for humidification of the
gas [7] that offer some advantages such as higher efficiency and less energy
consumption [8], high modularity, easier control of the process, lower
pressure drop, smaller equipments etc. [9]. In this process, a membrane
(porous or nonporous) is located between the gas and liquid streams where
the liquid vapor diffuses through the membrane pores to reach the gas phase
[10, 11].
In case of nonporous membrane, the membrane has a dense skin layer
that governs the transfer of liquid to the gas stream. The liquid should
dissolve firstly in the skin layer and then penetrate through the membrane;
therefore the polymer that is used for the fabrication of membrane should be
selected based on its affinity to the liquid [12]. Traditionally, Nafion based
nonporous membranes are used for increasing the relative humidity of gases
in the fuel cell applications which show high mechanical stability and water
uptake [13] but their price is high (e.g. 500 $ m-2) [11, 14]. The application of
Nafion membrane in humidification process and developing a model for
water permeation through the membrane was done by Park and Oh [15]. The
water permeation through solvent-resistant polyimide dense membrane was
investigated by Huang et al. [16]. The application of dense Nafion membrane
in gas humidification process was studied by Merida and Cave [17].
Performance comparison between porous and nonporous membranes in
humidification process was studied by Park et al. [11] where they used porous
PSf and Nafion flat sheet membranes in a humidifier. Even though the price
of Nafion membranes is much higher than PSf membrane (at least 50 times
more), the performance of porous membrane is 2-10 times more than Nafion
membrane.
The arrangement of membrane in the membrane contactor depends on the
type of the membrane as for flat sheet membrane, the parallel-plate membrane
contactor is the common one [18] in which the gas and liquid flow in counterflow or cross-flow regime. Furthermore, in case of hollow fiber membrane,
the membranes are arranged in a tube and were potted at both ends which the
arrangement of the contactor is similar to shell-and-tube heat exchanger [7,
19, 20]; the liquid can flow in the shell or through the lumen side of the
contactor.
In porous membrane [21, 22], the mechanism of mass transfer is by
diffusion of the molecules through the gas filled pores of the membrane i.e.
the liquid evaporates at the entrance of the pores, the vapor diffuses through
the pores and enters the gas stream at the other end of the pores. Since the
liquid should not enter the pores of the membrane, membranes with low
wettability (e.g. hydrophobic membranes [23]) are applied in humidification
process. Even though penetration of liquid in the pores of the membrane
decreases the diffusion length of the vapor, it further reduces the rate of heat
transfer to the liquid along the pores and declines the evaporation rate.
Furthermore, the wettability of membrane can be reduced by adjusting the
pore size of the membrane which enables the non-hydrophobic membranes to
be used in the humidification process [21].
As the vapor diffuses through the pores of the porous membrane and
there is no dense skin layer on the surface of the membrane, the performance
of porous membranes in humidification process is much higher than
nonporous membrane. The characteristics of porous membrane such as pore
size, membrane porosity, surface porosity etc. are effective on the vapor flux.
Furthermore, the resistance of the membrane against the penetration of liquid
prevents the decline in vapor flux during long term operation, even though
partial wettability of membrane decreases the performance of the membrane,
mainly at the beginning of the process [24].
The objective of this study is to apply two different polyetherimide (PEI)
and polyethersulfone (PES) hollow fiber membranes in gas humidification
process and comparing their performance at various operating conditions and
study the effect of operating parameters on the water vapor flux. PEI and PES
membranes have good thermal and chemical resistance and have been applied
in membrane gas absorption process [25, 26] which showed reasonable
results; therefore it is expected that PEI and PES membranes present suitable
performance in humidification process. Furthermore, comparing the
characteristics of membranes provides the criteria to find the ones that govern
the performance of the membrane in the humidification process.

2. Experimental
2.1. Materials
Polyethersulfone (PES, UDEL TM) and polyetherimide (PEI, Ultem®) as
the base polymers for fabrication of hollow fiber membranes were purchased
from ARKEMA and General Electric companies, respectively and were dried
overnight at 70 oC before dissolution in the solvent. N-methyl-2-pyrrolidone
(NMP) with the purity of 99.5 wt% was purchased from Merck and was used
as the solvent. Distilled water was used as the nonsolvent additive to PES
solution.
2.2. Preparation of spinning solution
The polymers were dissolved in NMP at 70 oC under gentle mixing to
make the polymer solution with desired concentration. The compositions of
the polymer solutions are presented in Table 1.
Table 1
The compositions of polymer solutions.
Material (wt%)

#1

#2

PES concentration (wt%)

15

-

PEI concentration (wt%)

-

12

NMP concentration (wt%)

81

88

Nonsolvent concentration (wt%)

4

-

In case of PES solution (#M1), the nonsolvent additive (water) was added
to the polymer solution where a white solid was formed and then was
dissolved by gentle mixing.
2.3. Fabrication of hollow fiber membranes
Nonsolvent induced phase inversion (NIPS) method was used for
fabrication of the membranes. The fabrication conditions are presented in
Table 2 and the details of spinning process were reported elsewhere [27].
Table 2
The conditions for membrane fabrication.
Parameter
Bore fluid

Membrane #M1

Membrane #M2

Water

Water

Bore fluid temperature

Room temperature

Room temperature

Coagulant bath temperature

Room temperature

Room temperature

1

0

Air gap (cm)

After spinning, the wet spun hollow fibers were immersed in the water
bath for a few days to take out the residual solvent and then were dried
naturally by hanging at room temperature.
2.4. Measurement of the cloud point and viscosity of polymer solutions
The thermodynamic stability and the viscosity of polymer solution are
two parameters that affect on the mechanism of phase inversion process. The
method for cloud point measurement was described in detail elsewhere [26];
briefly the quantity of water that is required to make the polymer solution
cloudy was measured. The viscosity of polymer solutions was measured by
viscometer, EW-98965-40, Cole Parmer, USA.
2.5. Fabrication of membrane module for gas permeation test
Gas permeation test is a common test for measuring the effective surface
porosity and mean pore size of the membrane [28] and is used for comparing
the membranes that are used in contactor applications. One end of some
hollow fiber membranes with specified length were potted in a stainless steel
tubing while the other end of the fibers was closed by epoxy resin. The gas
permeation module and the system used for gas permeation test are shown in
Figure 1.
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2.7. Liquid entry pressure of water (LEPw) test
Penetration of the liquid into the pores of membrane influence on the
mass transfer through the membrane; therefore the resistance of the
membrane against the wettability should be measured. In liquid entry pressure
of water test, the liquid is pushed to the lumen side of the membrane and the
pressure of the liquid is increased with a step size of 0.2 bar; the pressure that
the first droplets of water appear on the outer surface of the membrane is
reported as LEPw. Even though the biggest pores wet at first, LEPw is a
suitable criterion for the resistance of membrane against the wettability.
2.8. Scanning electron microscopy (SEM) analysis
SEM analysis was used to observe the structure of the membrane. The
fibers were fractured in the liquid nitrogen and then platinum sputtered. The
SEM micrographs of the membrane cross section were taken.
2.9. Gas humidification test

Fig. 1. The schematic of hollow fiber membrane module and gas permeation test system.

In gas permeation test, the helium gas flows through the shell side of the
membrane module and the pressure of the gas is increased with a step size of
0.5 bar; at each pressure, the flow rate of the permeated gas is measured by
soap bubble flow meter. The permeation rate of the helium gas is calculated
based on the outer surface area of the hollow fiber membranes.
Assuming the pores of the membrane to be straight and cylindrical and
the gas flows through the pores of the membrane under Knudsen and
Poiseuille flow regimes, the total gas permeation rate is calculated by Eq. 1.
2
2 8RT 0.5 rP,m ξ
1 rP,m ξ
P = PK + PP = (
)
+
p= A+ Bp
3 πM
RT LP 8 μ RT LP

(1)

The performance of the fabricated membranes in gas humidification
process was evaluated in terms of the water vapor flux and enhancement in
the relative humidity of the gas. The specifications of the membrane contactor
modules, used in the humidification process is presented in Table 3 and the
schematic of the gas humidification system is shown in Figure 2 where the
dry gas (N2) was sent to the shell side of the contactor while its mass flow rate
(in terms of standard liter per minute (SLPM)) was controlled by mass flow
controller (MFC, model: Alborg DFC26). The pressure of the gas was
controlled by the valve at the exit of the contactor. Distilled water was
warmed by the heater in the tank to the specified temperature and was sent to
the lumen side of the contactor. The pressure of the liquid was adjusted 0.5
bar higher than the pressure of the gas. The flow rate of the liquid was
changed by the valve at the exit of the contactor.
The relative humidity and temperature of the exit gas were measured by
the humidity analyzer (model: Lutron LM 8000) and the water vapor flux was
calculated using the mass flow rate of the dry N2 gas, the temperature and the
relative humidity of the exit gas.

where P is the total gas permeance (mol m-2 Pa-1 s-1), PK and PP are the gas
permeation rate under Knudsen and Poiseuille flow regimes, respectively
(mol m-2 Pa-1 s-1), T is the absolute temperature (K), M is the molecular weight
of the gas (Kg mol-1), R is the universal gas constant (8.314 J mol-1 K-1), rp,m is
the mean pore radius (m), ξ is the surface porosity (the ratio of AP to AT where
AP is the area of the pores and AT is the total area of the membrane), µ is the
gas viscosity (Pa.s), LP is the effective pore length (m) and P is the mean

pressure (Pa) (that is pu + pd where Pu is the upstream pressure and Pd is

2
the downstream pressure). Therefore, the plot of total gas permeance versus
mean pressure should be a straight line and the slope (A) and intercept (B) of
the line are used in Eqs. 2 and 3 to calculate the effective surface porosity and
mean pore size of the membrane.

ξ 8 μRTB
=
2
LP
rP,m
rP,m =

16 B 8 RT 0.5
(
) μ
3 A πM

(2)

(3)

Fig. 2. Schematics of the humidification system, TI: temperature indicator, PI:
pressure indicator, MFC: mass flow controller.

Table 3
The specifications of contactor module used in humidification process.
Parameter

#M1

#M2

2.6. Membrane porosity and tortuosity

Dshell

1 cm

The membrane porosity (ε) is a measure of the void volume in the
structure of the porous membrane and influence on the permeation flux in
contactor applications. The method for porosity measurement was described
elsewhere in detail [29] where the length and weight of wet and dry
membrane were measured and used for calculation of membrane porosity.
The tortuosity of membrane (τ) is calculated by Eq. 4 and is a criterion of the
actual length of the pores; the higher the tortuosity of membrane, the higher
the mass transfer resistance of membrane.

Effective length of contactor

18 cm

Number of fibers
Gas
Liquid
Tgas (inlet)

4

5
Pure N2
Distilled water
Room temperature
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3. Results and discussion
3.1. Morphological studies

The cloud point and viscosity tests results are shown in Table 4. In
addition, the concentration of the polymer (PES or PEI) at the cloud point,
which can influence on the membrane porosity, was calculated using the
concentration of the polymer solutions and the amounts of the coagulant
(water) that is required to reach the cloud point.

Table 4
The cloud point and viscosity tests results for the polymer solutions.
g water / 100 g
polymer solution

Polymer (wt%)
at cloud point

Polymer solution
viscosity (cP)

#M1

7.50

13.96

216.8

#M2

4.53

11.48

201.8

Solution No.

Cloud point test results show that PES solution is more stable
thermodynamically than PEI solution even though the concentration of PES
solution is higher and nonsolvent additive was added to the PES solution; that
is associated to the characteristics of the polymers. Furthermore, the
concentration of the polymer at the cloud point for PEI solution is lower that
can enhance the porosity of the fabricated membrane. The viscosity of the
polymer solutions is nearly the same; the parameter that affect on the
intrusion rate of the external/internal coagulants into the structure of nascent
fibers. On the other hand, the hydrophilicity of the polymers are different that

(a)

will affect on the phase inversion process.
The SEM micrographs for the cross section and outer surface of the
fabricated membranes are shown in Figure 3 where both membranes show
porous skin layer, sublayer with fingerlike macrovoids that extend from the
outer and inner surfaces of the membrane to the middle of membrane cross
section and a small area with spongelike structure in the middle of the cross
section, that is related to the slow phase inversion process; this spongelike
area is more pronounced in membrane #M1. The low viscosity of the polymer
solutions causes fast intrusion of the internal and external coagulants into the
structure of nascent fiber that makes the macrovoids [30].
Since dry jet-wet phase inversion method was used for the fabrication of
membrane #M1, the VIPS (Vapor Induced Phase Inversion) process makes a
nascent skin layer on the outer surface of the membrane that can hinder the
penetration of coagulant; the lower length of macrovoids originating from the
outer surface of the membrane #M1 can be related to this phenomenon (see
Figure 3). Furthermore, the polymer solution #2 is more unstable
thermodynamically than polymer solution #1. However, the characteristics
tests results for the fabricated membranes (Table 5) show that membrane #M1
has bigger mean pore size (191% higher) and higher gas permeation rate
(566% higher), i.e. the skin layer of the membrane #M1 is more porous that
may be related to the higher hydrophilicity of PES solution that makes more
intrusion of coagulant into the structure of nascent fiber. On the other hand,
membrane #M2 has higher porosity that can be related to the lower
concentration of polymer at the cloud point. The higher porosity of membrane
#M2 provides lower tortuosity that reduces the effective diffusion length of
the vapor through the membrane. The LEPw test results show that membrane
#M1 has lower wettability, i.e. the size of the biggest pores on the surface of
membrane #M1 is smaller than membrane #M2 and the pore size distribution
of membrane #M2 is wider than membrane #M1.

(b)

Fig. 3. SEM micrographs of membranes’ cross section and outer surface: (a) membrane #M1 and (b) membrane #M2.
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Table 5
The characterization test results of the fabricated membranes.
Helium gas permeance @
Membrane No.

Mean pore
size, rp,m (nm)

Effective surface
porosity (m-1)

3
cm (ST P)
1 bar (

)

cm

2

Liquid entry
pressure of water
(LEPw) (bar)

Membrane
porosity

Membrane
tortuosity

ID/OD of HFM
(mm)

cmHg s

#M1

653

28

0.0304

4.2

0.805

1.77

0.50/0.81

#M2

224.5

15

0.0046

3.0

0.831

1.65

0.46/0.78

7.0
Specific humidity ratio (g H2O/kg dry N2)

1.2

Water flux (Kg/hr/m2)

1.0

0.8

0.6
Membarne #M1

0.4

Membrane #M2
0.2

6.0

5.0
4.0

3.0
Membarne #M1

2.0

Membrane #M2
1.0
0.0

0.0
0.0

0.5

1.0

1.5

2.0

0.0

2.5

0.5

1.0

1.5

2.0

2.5

Liquid velocity (m/s)

Liquid velocity (m/s)

30
Membarne #M1
28

Membrane #M2

RH (%)

26

24

22

20
0.0

0.5

1.0

1.5

2.0

2.5

Liquid velocity (m/s)
Fig. 4. Plots of water flux, specific humidity ratio and relative humidity of the exit gas versus liquid velocity for the fabricated membranes; Qgas = 3 SLPM, T = 30 oC, P = 3 bar.

3.2. The effect of liquid velocity
The effect of liquid velocity on the water vapor flux (in terms of kg m -2
hr-1), specific humidity ratio (in terms of g water/kg dry N2) and relative
humidity of the exit gas are presented in Figure 4 where all terms improve

with the liquid velocity. Since the liquid is pure in the humidification process,
there is no mass transfer boundary layer in liquid side [31] and the total mass
transfer resistance depends on the membrane and gas side resistances. On the
other hand, the vaporization of liquid at the entrance of the pores needs
energy transfer from the bulk of the liquid. Therefore, temperature
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polarization affects on the liquid temperature profile in the vicinity of the
membrane; the higher the liquid velocity the thinner the thermal boundary
layer. For liquid velocities more than a specific value (Vc), the temperature
polarization effect is negligible and the plot of vapor flux levels off [8, 23] as
is shown in Figure 4. The lower the membrane/gas side mass transfer
resistance or the higher the liquid temperature, the higher the Vc.

6.0

Increasing the operating pressure increases the partial pressure of water
vapor and reduces the capacity of the gas for water vapor; as a result, the
driving force for the liquid vaporization decreases [22]. Furthermore, the
diffusivity of water vapor through the pores of the membrane decline as the
operating pressure increases. Therefore, the water flux, specific humidity ratio
and relative humidity of the exit gas diminish with the pressure (see Figure 6).
Furthermore, the water flux of membrane #M2 is higher than membrane #M1
where at higher pressure, the difference in water flux between membrane
#M2 and membrane #M1 is more.

5.0

Water flux (Kg/hr/m2)

The water flux at different dry gas (N2) flow rates are presented in Figure
5 where both membranes illustrate better water flux at higher gas flow rate
that is due to the reduction in gas side mass transfer resistance [7, 31, 32]. On
the other hand, the specific humidity ratio and relative humidity of the exit
gas decreases as the gas flow rate increases that is related to the dilution of
water vapor in the gas stream at higher gas flow rate even though the water
flux increases [11, 23].
3.4. The effect of operating pressure

5.5

4.5
4.0
3.5
3.0
2.5

Membarne #M1, Qgas = 3 SLPM
Membrane #M2, Qgas = 3 SLPM

2.0

Membarne #M1, Qgas = 5 SLPM
Membarne #M2, Qgas = 5 SLPM

3.5. The effect of liquid temperature

1.5
0.0

0.5

1.0

1.5

2.0

2.5

Liquid velocity (m/s)

20
Specific humidity ratio (g H2O/kg dry N2)

3.3. The effect of gas flow rate

16

12

8
Membarne #M1, Qgas = 3 SLPM
Membrane #M2, Qgas = 3 SLPM
4

Membarne #M1, Qgas = 5 SLPM
Membarne #M2, Qgas = 5 SLPM

0
0.0

0.5

1.0

1.5

2.0

2.5

The plots of water flux, specific humidity ratio and relative humidity of
the exit gas at different liquid temperatures are presented in Figure 7 where
the increase in liquid temperature enhances all terms, as was reported
elsewhere [7, 8, 12, 23]. Furthermore, the water flux of membrane #M2 is
more and the difference between these membranes in terms of water flux
increases at the higher temperatures.
Increasing the liquid temperature enhances the vapor pressure (according
to Antoine equation) and reduces the heat of vaporization of the liquid, i.e.
more vapor is generated at the entrance of the pore. Furthermore, higher
liquid temperature increases the temperature of the gas stream and enhances
the saturation pressure of the gas, i.e. higher capacity of the gas for water
vapor. In addition, increasing the liquid temperature diminishes the thickness
of thermal boundary layer on the surface of membrane and improves the heat
transfer. Increasing the liquid temperature further enhances the diffusivity of
liquid vapor molecules along the membrane pores which has positive effect
on the water flux.
The temperature plots for the exit gas at two different liquid temperatures
are presented in Figure 8. There are two mechanisms for heat transfer to the
gas stream, 1- energy transfer by the vapor transmitted to the gas, 2throughout the membrane body by the conduction. Even though the water
flux of membrane #M2 is higher than membrane #M1, the trend for the
temperature of the exit gas is reverse that may be due to the higher thermal
conductivity of PES membrane.
Assuming exponential correlation between the water vapor flux and the
temperature of the liquid (Eq. 5), the activation energy of humidification
process can be calculated by plotting Ln F versus 1/T, which should be a line.

Liquid velocity (m/s)

F = F0 exp( −
65

RH (%)

55
Membarne #M1, Qgas = 3 SLPM
Membrane #M2, Qgas = 3 SLPM
Membarne #M1, Qgas = 5 SLPM

45

(5)

where F is the water flux (kg m-2 hr-1), R is the universal gas constant (J mol-1
K-1), E is the activation energy (J mol-1) and T is the temperature of the liquid
(K). The plots were drew at different liquid velocities (a sample plot at Vliquid
= 2 m s-1 is shown in Figure 9) for each membrane and the calculated
activation energies were averaged that are presented in Table 6.
The CO2 absorption fluxes of the fabricated PEI (membrane #M2) and
PES (membrane #M1) hollow fiber membranes were reported elsewhere
[25,26] where PES hollow fiber membrane showed higher CO2 absorption
flux than PEI membrane that can be correlated to its characteristics such as
bigger mean pore size and higher LEPw, e.g. in case of Vliquid = 1.5 m s-1, the
CO2 absorption flux of membrane #M1 is 71% higher than membrane #M2.
However, the results of this study show that PEI membrane has higher water
vapor flux and it can be concluded that other parameters can affect on the
performance of membrane in humidification process, which will be discussed
as follows.

60

50

E
)
RT

Membarne #M2, Qgas = 5 SLPM

40

35

30
0.0

0.5

1.0

1.5

2.0

Liquid velocity (m/s)

Fig. 5. Plots of water flux, specific humidity ratio and relative humidity of the exit gas at
different dry gas flow rates for the fabricated membranes, T = 75 oC, P = 3 bar.

2.5

Table 6
The average activation energies (kJ/mol) for the fabricated membranes in humidification
process.
Membrane #M1

Membrane #M2

20.53

18.73
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17

6.0

Membarne #M1, T = 30 oC

Membrane #M1, T = 45 oC

Membrane #M1, T = 60 oC

Membrane #M1, T = 75 oC

4.5

5.0

Water flux (Kg/hr/m2)

Water flux (Kg/hr/m2)

4.0
3.5
3.0
2.5

4.0

3.0

2.0

2.0
Membarne #M1,
Membrane #M2,
Membarne #M1,
Membarne #M2,

1.5

P = 1 bar
P = 1 bar
P = 3 bar
P = 3 bar

1.0

0.0

1.0
0.0

0.5

1.0

1.5

2.0

0.0

2.5

0.5

1.0

1.5

2.0

2.5

Liquid velocity (m/s)

Liquid velocity (m/s)

6.0

5.0

20

Water flux (Kg/hr/m2)

Specific humidity ratio (g H2O/kg dry N2)

25

15

10
Membarne #M1, P = 1 bar

4.0

3.0

2.0

1.0

Membarne #M2, T = 30 oC

Membrane #M2, T = 45 oC

Membrane #M2, T = 60 oC

Membrane #M2, T = 75 oC

Membrane #M2, P = 1 bar

5

Membarne #M1, P = 3 bar

0.0

Membarne #M2, P = 3 bar

0.0

0
0.0

0.5

1.0

1.5

2.0

0.5

2.5

1.0

1.5

2.0

2.5

Liquid velocity (m/s)

Liquid velocity (m/s)

(a)

70
20
Specific humidity ratio (g H2O/kg dry N2)

65
60

RH (%)

55
50
Membarne #M1, P = 1 bar
Membrane #M2, P = 1 bar

45

Membarne #M1, P = 3 bar

40

Membarne #M2, P = 3 bar

35
30
0.0

0.5

1.0

1.5

2.0

16

Membarne #M1, T = 30 oC

Membrane #M1, T = 45 oC

Membrane #M1, T = 60 oC

Membrane #M1, T = 75 oC

12

8

4

0

2.5

0.0

0.5

Liquid velocity (m/s)

In membrane gas absorption process, the solute gas diffuses through the
carrier gas in the pores of the membrane from the gas side to the liquid side
while the vapor of liquid absorbent diffuses counter currently from the liquid
side to the gas side. The higher the temperature or the lower the boiling point
of the liquid absorbent, the higher the concentration of liquid vapor in the
pores of the membrane. Therefore, the concentration of the liquid vapor in the
pores of the membrane is generally low as the absorption process is
commonly done at low temperature.
On the other hand, in the humidification process, the liquid vapor diffuses
through the stagnant gas from the liquid side to the gas side and generally the
process is done at high temperature to enhance the vapor flux. Therefore, the
concentration of the liquid vapor in the pores of the membrane is high and
there is more probability for condensation of the vapor in the pores. This
event is more pronounced in the narrow parts of the membrane pore as the
Kelvin phenomenon reduces the dew point temperature of the water vapor
[26].
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Fig. 6. Plots of water flux, specific humidity ratio and relative humidity of the exit
gas at different operating pressures for the fabricated membranes, T = 60 oC, Qgas =
3 SLPM.
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Fig. 7. Plots of (a) water flux, (b) specific humidity ratio and (c) relative humidity of the exit
gas at different liquid temperatures for the fabricated membranes, P = 3 bar, Qgas = 4 SLPM.
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more than PES membrane that can be related to its lower tortuosity and
reduction in vapor condensation along the pore. Furthermore, the
difference in water flux between PEI and PES membranes is more as the
operating pressure/liquid temperature increases that is related to the
enhancement in condensation of water vapor along the pores of the
membrane.
6) In humidification process, the structure of membrane sublayer has critical
role on the water flux.
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Fig. 7. Continued.
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Furthermore, the higher the surface hydrophilicity of the polymer the
more the affinity between the water vapor and the wall of the membrane pores
that facilitates the condensation of the water vapor. Referring to Table 5,
membrane #M1 has more tortuosity and the hydrophilicity of PES polymer is
more than PEI polymer that can cause more condensation of the water vapor
along the pores of the membrane and reduction in water flux.
Referring to Figure 6 (effect of operating pressure) and Figure 7 (effect of
liquid temperature), as the operating pressure or liquid temperature increases,
the difference in water flux between membrane #M2 and membrane #M1
increases that can be related to the effect of the above-mentioned parameters
on the condensation of water vapor.
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Fig. 8. Temperature plots of the exit gas versus liquid velocity at two different
liquid temperatures: (a) membrane #M1 and (b) membrane #M2.

4. Conclusions

1.8

Two different PES and PEI hollow fiber membranes were fabricated and
their characteristics were investigated by different test methods. In addition,
the performance of fabricated membranes in humidification process under
various operating conditions was studied where distilled water was sent to the
lumen side of the contactor and dry N2 gas was used as the carrier gas in the
shell side of the contactor. The conclusions are as follow:
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y = -2246x + 8.0626
R2 = 0.9967

1.4
1.2

Ln (F)

1) PES membrane has more porous skin layer which its mean pore size and
gas permeation rate are 191% and 566% higher than PEI membrane,
respectively.
2) The porosity of PEI membrane is higher than PES membrane that can be
related to the lower concentration of polymer at the cloud point.
Furthermore, the sublayer of PEI membrane shows less spongelike
structure.
3) PES membrane has lower wettability even though the mean pore size of
PES membrane is more that can be related to its narrower pore size
distribution.
4) The water flux of the fabricated membranes increases with liquid
velocity, gas flow rate and liquid temperature while operating pressure
has opposite effect on the water flux.
5) In all humidification experiments, the water flux of PEI membrane is
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Fig. 9. Plot of Ln F versus 1/T for the fabricated membranes at Vliquid = 2 m s-1.
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