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AbstractThe dehydration process of natural gas was investigated by mixed matrix membranes (MMM), which were
fabricated by electrospinning and sol-gel coating methods. Silica and titania nanoparticles (NPs) were incorporated into
the polymer matrix via sol-gel method. The fabricated MMMs were characterized by field emission electron micros-
copy (FESEM), X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR). Dehydration tests were
carried out for wet pure methane and natural gas streams individually. The effects of different process parameters,
including feed and sweep gas flow rates, moisture content in the feed, feed pressure and other hydrocarbons in the feed
were investigated. The prepared electrospun nanofibrous supports (ESNS) have smaller fiber diameters in comparison
to previously reported works, and with regard to the commercially available materials, contribute to higher water vapor
permeation. The results showed that by increasing the feed pressure from 2.5 to 15 bar for the membranes without
NPs, the permeance of methane and water vapor was decreased by 8.2 and 29%, respectively. It was also observed that
the permeance of heavier hydrocarbons in Pebax 1657 membrane is higher than methane, leading to the increase of
H2O/CH4 selectivity and the loss of heavier hydrocarbons. Finally, determining the resistances of the support and selec-
tive layers based on the existing empirical relations demonstrated that the total resistance to water vapor transmission
had decreased by 75.2% using ESNS instead of microporous supports (MPS). In addition, the contribution of support
layer resistances was decreased from 67% in MPS membranes to less than 30% in ESNS ones.
Keywords: Natural Gas Dehydration, Mixed Matrix Membranes, Electrospinning, Sol-gel Method, Water Vapor Transition

INTRODUCTION

The presence of water vapor in natural gas is responsible for
major problems in gas transfer pipelines, such as corrosion, hydrate
formation, pneumatic systems destruction, gas heating-value reduc-
tion, high-pressure drops, and reduction in gas transmission effi-
ciency. These phenomena damage the equipment of compression
units and pipelines. To meet pipeline specifications, natural gas
should not contain water vapor more than 7 lb/MMscf [1].

Natural gas can be dehydrated by different methods, including
absorption [2,3], adsorption [4], refrigeration and supersonic [5],
and membrane permeation [6]. Traditionally, Triethylene glycol
(TEG) units have been widely used to remove water from indus-
trial gas streams. Glycol dehydration faces increasing environmen-
tal restrictions for volatile organic compounds (VOCs) emitted by
the unit, hazardous air pollutants (BTEX) and NOx from the regen-
eration reboiler. Besides, the pneumatic control devices typically
deployed in glycol systems emit methane and VOCs. Chemical
handling and maintenance requirements of glycol units in remote
locations is also a challenging task. Glycol evaporation and conden-
sation in downstream pipelines act as a source of corrosion and
foaming problems in the downstream of amine plants. In contrast

to glycol and other dehydration methods, membrane technology
has many advantages, such as small footprint area, easy operation
without moving parts, no need for chemical reagents, lower energy
requirements and also good reliability for operation in remote loca-
tions. Several research groups have shown a higher selectivity of
water over methane using polymeric membranes [7,8]. Such tech-
nology is expected to reduce the dew point of the gas by 30-50 oC.

Many previously reported works have shown that incorporation
of NPs into the polymeric matrix enhances the properties of poly-
mers in various fields [9-13]. MMMs combine the advantages of
excellent flexibility and ductility of the polymers [14] with func-
tional properties of NPs, including chemical and optical properties
[15,16], mechanical strength [14,17], high thermal stability [18] and
high surface area to volume ratio [19,20]. Such characteristics sug-
gest that these materials are able to improve the performance of
industrial processes such as gas dehydration, textile and water ab-
sorption treatment.

To improve the gas dehydration process by the aid of MMMs,
the performance of the selective and support layers of polymeric
membranes should be enhanced. Many researchers have investi-
gated the dehydration of methane gas and water vapor transport
process through polymeric membranes [21-31]. In most of these
works, the main problem in the process is the high resistance to
water vapor transport of MPS layers in polymeric membranes. The
support layers, which are usually fabricated by casting of polymer
solutions, contribute to low porosity MPS films. Under these condi-
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tions, the transport rate of water molecules through MPS layers is
limited by the well-known concentration polarization phenome-
non. At the best operating conditions, about 30% of the water vapor
transmission resistance is due to selective layers, and 70% is due to
support layers [30,31]. To overcome these problems, the physical
structure of the support layers should be modified to provide sup-
ports with high porosity and flexibility. One efficient method for
achieving enormous improvement in the polymer properties is the
use of nanostructured polymers (NSPs). Among various techniques,
nanoscale polymers and nanofibers are widely investigated to pre-
pare NSPs. A number of methods have been used for synthesis of
polymer nanofibers, among which electrospinning process seems
to be the only reliable approach for massive production [32]. This
method has been investigated and applied widely to many indus-
trial applications such as ultrafiltration [33,34], clothing [35], air filtra-
tion [36,37] and energy recovery ventilators [38]. It is demonstrated
that high water vapor permeation rates can be achieved by reduc-
ing the fiber diameters [36,37]. Based on the results obtained in our
previous work [39], polyacrylonitrile (PAN) showed satisfactory
performance in the water vapor transmission process, and it can
be a reasonable choice for fabricating the ESNS.

Another significant issue in screening the polymeric membranes
is the separation factor of selective layer. By applying a reliable tech-
nique of incorporation NPs into a hydrophilic polymer, the water
vapor separation efficiency of selective layers may be improved.
Among the hydrophilic rubbery polymers, Pebax 1657 is one of the
favorite polymers in the process of water vapor separation. It is a
commercially available polymer that contains a hydrophilic poly(eth-
ylene oxide) (PEO) phase and a rigid glassy polyamide phase in its
structure [40-42], which makes Pebax 1657 a reasonable polymer
for the preparation of selective layers.

Among the various NPs, silica has unique properties that make
them specific for water absorption and water vapor transmission
processes. These properties include high surface area, inert nature,
low toxicity, thermal stability, facile synthetic route, large-scale syn-
thetic ability and the ability to be functionalized with a wide range
of polymer molecules [13,43]. Silica NPs are highly hydrophilic mate-
rials in which the surface energy that is estimated from the specific
interaction between the filler surface and polar chemicals is much
higher for silica than other NPs such as carbon black [44]. Integra-
tion of these properties allows the nanocomposite polymers to have
improved hydrophilicity, toughness, and permeability [45-48]. An-
other filler incorporated into Pebax 1657 is titanium dioxide, due
to its hydrophilic nature and a wide range of applications [49-53].

In spite of the above considerations, the inclusion of NPs into
the polymeric materials has some critical aspects. The dispersion
of NPs should be uniform and avoid the NPs agglomeration ten-
dency. In addition, a reasonable bonding between NPs and poly-
mer matrix should be guaranteed [54]. In this case, the sol-gel
process is effective and useful for the incorporation of NPs into the
polymeric membranes. The operating temperature of this method
is typically low, which minimizes the thermal volatilization and deg-
radation of entrapped species. It also uses compounds that do not
create impurities at the end of process, which makes it a waste-free
technique with no need for a washing stage. Since NPs are synthe-
sized in the polymer solution, the reticulation process may be dis-

turbed and an optimal bond between inorganic and organic materials
is expected [54,55]. The proper functionalization of NPs surfaces
also improves the dispersion uniformity of NPs into the polymer
matrix during the sol-gel process. By applying a suitable chemical
group that assists regulating the properties of NPs for target char-
acteristics, a reliable enhancement in NPs properties can be achieved.
Glycols contain hydroxyl groups in their structure that gives them
a wide variety of derivatives. These groups permit them to act as
an intermediate in a wide range of reactions and processes, espe-
cially in water-related operations.

The existence of heavier hydrocarbons in the natural gas may
also affect the dehydration process. Due to high condensability,
heavier hydrocarbons can influence the permeance of methane and
the nature of polymeric membranes. To the best of our knowledge,
the work of Lin et al. [56] is the only published work that has been
devoted to natural gas dehydration process to investigate the best
design of this process and overcome the limitations of feed-to-per-
meate pressure ratio. Mixed-gas dehydration data are not widely
available to see the effect of heavier hydrocarbons on natural gas
dehydration process. Indeed, there are few works considering NPs
as fillers in the polymeric membranes for water vapor separation
[31,57,58]. Besides, there is no reported work to investigate the per-
formance of sol-gel incorporation method into polymeric mem-
branes with ESNS layers for dehydration of natural gas.

The present study is aimed to prepare MMMs with optimized
properties in order to have a higher performance than the currently
available material in the gas dehydration process. For this purpose,
polymeric layers were prepared by electrospinning of PAN poly-
mer to obtain support layers with high porosity and flexibility. After
that, polymeric solutions of Pebax 1657 were prepared and the
NPs were incorporated into the polymer matrix via sol-gel method.
Then, the nanocomposite polymers were deposited on electrospun
supports by dip-coating method. The fabricated membranes were
tested for dehydration of methane and natural gas individually to
show the effect of heavier hydrocarbon components on natural gas
dehydration performance. The effect of process parameters such
as feed and sweep gas flow rates, moisture content in the feed and
feed pressure was also investigated. Finally, the mass transfer resis-
tances of the support and selective layers were determined and ana-
lyzed in detail.

MATERIALS AND METHODS

1. Chemicals
Polyacrylonitrile (PAN, average molecular weight=100,000) was

provided by Esfahan Polyacryl Company, Iran. Pebax 1657 was
purchased from Arkema, France. Tetraethyl orthosilicate (TEOS,
purity=95 wt%) as silica precursor and N, N-dimethylformamide
(DMF, purity=99wt%) were supplied from Samchun, Korea. Hydro-
chloric acid (HCl, purity=37 wt%) and Ethylene glycol (EG, purity=
99.8 wt%) were purchased from Merck. Titanium isopropoxide
(TTIP) as titania precursor was provided from Sigma Aldrich.
Table 1 gives the characteristics of the materials used in this study.
Nitrogen with a purity of 99.9% and methane with a purity of
99.95% were purchased from Farafan gas, Iran. Natural gas with
the composition mentioned in Table 2 was supplied from national
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Iranian gas company (NIGC). All chemicals were used as received
without further purification.
2. Preparation of the Electrospun Support Layers

Fig. 1 shows a schematic diagram of the electrospinning setup.
The process involves the use of an electric field for fiber forma-
tion in which many parameters such as the distance between the
syringe tip to the collector, solution concentration, solution viscos-
ity, molecular weight of polymer, dielectric constant of the solvent,
feeding rate, orifice diameter, the applied voltage, humidity and the
surface tension of the polymer solution affect the formation of
nanofibers [32]. The most effective parameter on fiber diameter is
the polymer solution concentration [59-61]. Deitzel et al. [62]
demonstrated that a higher fiber diameter will be obtained by
increasing the polymer concentration according to the power law
relationship. Demir et al. [63] showed that the fiber diameter is
proportional to the cube of polymer concentration. Therefore, a
minimum possible polymer concentration should be chosen to
create ESNS layers with small fiber diameter and good morphology.

PAN solution was prepared by mixing 8 wt% of PAN powder
with DMF and then stirring at 60 oC for 6 h until a well-dissolved
solution with light yellow color was achieved. The stirring was con-
tinued at room temperature overnight. Once dissolved bubbles were

removed, the solution was placed in a 5ml syringe with a spinneret
at the head. The spinneret was installed 15 cm from a 10×20 cm
flat-grounded copper collector. A 25 kV voltage was applied from
a high voltage DC source that allowed the solution to jet from the
syringe to the collector. The feed rate of solution was kept constant
at 1.2 mL h1 using a controlled syringe pump. The electrospinning
of PAN solution lasted for 4 h to achieve the appropriate thickness
of support layer. To collect the nanofibers conveniently, a non-woven
polyester support with high porosity (>60%) was used on the cop-
per plate. This support helps to easily prepare smooth ESNS and
increases the mechanical strength of the membranes.
3. Fabrication of Mixed Matrix Membranes

Pebax 1657 solutions were prepared by mixing 2 wt% of Pebax
granules in a solvent composed of deionized water and ethanol
(30 : 70 v/v), and then stirring for 12 h at 90 oC. Water is used as a
co-solvent for the production of Pebax membranes and helps to
separate the two phases of ethanol and Pebax polymer. It encour-
ages the aggregation of polymers, simplifies the preparation of poly-
mer solution and improves the performance of solvent. Without
the use of water, droplets of ethanol coalesce into distinct domains
and polymer is more randomly dispersed [64]. To prepare the nano-
composite solutions of the selective layers, the sol-gel methodol-
ogy was utilized based on Stöber method [65]. Various amounts of
TEOS were dissolved in the mixture of water/ethanol and stirred
at room temperature for 30 min. Then, HCl was added dropwise
to achieve a solution concentration of 0.1 M followed by stirring at
60 oC for 2 h. Finally, the Pebax 1657 solution was gradually added
and the mixture was completely mixed at 60 oC for 60 min. In a
similar way, TTIP was used instead of TEOS for preparation of
MMMs containing titania NPs. Based on the hydrolysis reactions
of the sol-gel process [66], each mole of TEOS produces one mole
of silica and each mole of TTIP produces one mole of titania NPs.
With this in mind, the required amounts of TEOS and TTIP are
adjusted to prepare MMMs at the desired concentration of NPs.
To functionalize the silica and titania NPs, EG was added to the

Table 1. Characteristics of chemicals used in the study
Material CAS no. MW Density (g cm3) Supplier
PAN 25014-41-9 100000 1.1840 ESPC*

Pebax 1657 Proprietary** 60% PEO
40% PA6

1.1400 Arkema

DMF 68-12-2 73 0.9300 Samchun
Ethanol 64-17-5 46.07 0.7893 Samchun
TEOS 78-10-4 208.33 0.9330 Samchun
HCL 7647-01-0 36.5 1.1800 Merck
EG 107-21-1 62.07 1.1132 Merck
TTIP 546-68-9 284.22 0.9600 Sigma Aldrich

*Esfahan polyacryle company
**The specific chemical identity is withheld, as it is the confidential business information of Arkema Inc.

Table 2. The composition of natural gas
Component Methane Ethane Propan Butane Pentane Hexane+ CO2 N2

Mole percent 88.01 4.02 1.13 0.39 0.11 0.06 0.07 6.21

Fig. 1. A schematic diagram of the electrospinning setup.
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solutions after the addition of HCl, and then stirring was contin-
ued for 2 h at 60 oC. To complete the fabrication of nanocomposite
membrane, the prepared solutions of Pebax 1657 with and without
NPs were deposited on the ESNS of PAN via dip-coating method.
Since the electrospun PAN supports are highly porous layers, some
of the Pebax 1657 solution may penetrate through the support pores.
To prevent forming a new layer in the membrane support, the
penetrated solution was collected by a syringe from the bottom
and around the membrane. The weight percent ratio of NPs and
EG used in each membrane is summarized in Table 3.
4. Membrane Characterization

Field emission electron microscopy (HITACHI S 4160 FESEM,
Japan) was used to examine the surface morphology of PAN nanofi-
bers, and the NPs incorporated into the selective layers of Pebax
1657. X-ray diffractometer (Philips PW1830, Netherlands) was used
to investigate the phase and crystalline state of MMMs. The surface
chemistry of MMMs was examined by Fourier transform infrared

spectroscopy (ABB, BOMEM 102, Canada) in the range of 4,000-
400 cm1.
5. Permeation Measurement

The MMMs were tested using a typical gas permeation setup
(Fig. 2) for measuring the permeability of gases and water vapor.
Pure methane or natural gas was introduced into the water bub-
bler at a controlled temperature to produce the wet gas. Then, the
wet gas stream entered a demister to capture each droplet of liq-
uid. The membrane permeation cell was fabricated from stainless
steel and all sides of the membrane were sealed by O-rings. A rectan-
gular porous plate made from stainless steel was used to withstand
the feed side pressure. The plate was mounted in the cell to sup-
port the membrane sheet with an active area of 157 cm2. Nitrogen
was used as sweep gas in the permeate side of the membrane. The
permeation cell was designed under sweep/countercurrent condi-
tions to enhance the permeation of water vapor through the nano-
composite membrane. The water content in the feed, retentate and
permeate streams was measured using a dew point sensor (S212,
CSi-tec, Germany, measurement range: 0-100% RH) and the gas
composition was analyzed by gas chromatography. The feed flow
rate was measured using a mass flow meter (S420, CSi-tec, Ger-
many, measurement range: 0-60 Nl/m).

Permeation tests were carried out for pure methane gas, pure
nitrogen gas, methane/water and natural gas/water gas mixtures.
The required time to reach steady state permeation data depends on
the nature of gas and membranes. It was varied from 60 to 90
min. Each permeation test was carried out four times to decrease
the uncertainty of experiments. Each measured data point in the
current study is the average of four independent measurements. In
addition, error bars are indicated for better comparison between
different cases.

Heavier hydrocarbons (ethane, propane, and butane) and water
vapor are highly condensable materials. Therefore, sorption of these
components into MMMs may affect the nature of polymer matrix

Table 3. The concentration of NPs used in the fabricated membranes

Membrane NPs NP/Pebax 1657
(wt%)

EG/Pebax 1657
(wt%)

Pebax - - -
Pebax-S5 SiO2 05 -
Pebax-S15 SiO2 15 -
Pebax-S30 SiO2 30 -
Pebax-S50 SiO2 50 -
Pebax-SE SiO2 30 15
Pebax-T5 TiO2 05 -
Pebax-T15 TiO2 15 -
Pebax-T30 TiO2 30 -
Pebax-T50 TiO2 50 -
Pebax-TE TiO2 30 15

Fig. 2. The schematic diagram of the sweep/countercurrent setup used to measure the permeance of water vapor and natural gas compo-
nents through the mixed matrix membranes.
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and plasticize the polymer. To ensure that the fabricated membranes
are not defected during dehydration tests, the permeance of nitro-
gen was measured before and after the natural gas dehydration
tests. The highly condensable components evaporated after several
hours of dehydration tests and their effect on the polymer chains
disappeared. Thus, the nitrogen tests were carried out for each MMM
right after the dehydration tests and continued for 24 h to obtain a
constant N2 permeation flux.
6. Determining the Properties of Mixed Matrix Membranes
6-1. Determination of Gas Permeance

The permeability of gas molecules within a polymeric film is
defined as follows [67]:

(1)

Permeability coefficient is usually expressed in units of Barrers, where
1 Barrer=1010 cm3 (STP) cm/(cm2s cm Hg). To compare the per-
formance of thin films with different thicknesses, permeance is
used instead of permeability, which is defined as the permeability
divided by the film thickness (P/l). The selectivity of a membrane
for gas A relative to gas B is equal to the ratio of their permeances
and is often expressed in gas permeation units (gpu), where 1gpu=
106 cm3 (STP)/(cm2s cm Hg).

The selectivity of a membrane for gas A over gas B is the ratio
of their permeances:

(2)

Under mixed gas/water vapor conditions, the permeance of water
vapor and other gases is determined from Eq. (3) and Eq. (4), respec-
tively [30,56]:

(3)

(4)

6-2. Determination of Fractional Free Volume
Based on the amounts of NPs and polymers used in the prepa-

ration of each MMM, the fractional free volume (FFV) of the mem-
branes can be determined. FFV is an intrinsic property that affects
the permeability and transport of gases through the membrane. It
is created by the volume left between the entangled chains of poly-
mer. The most common method to calculate this property for pure
polymeric membranes (without NPs) is as follows [68]:

(5)

where MPebax is the molar weight of Pebax 1657 monomer (g/mol),
Pebax is the density of pure Pebax 1657 (g/cm3) membrane, and
VW, Pebax is the van der Waals volume of Pebax (cm3/mol). The value
of VW=95.09 cm3/mol is obtained for Pebax 1657 based on Bondi’s

group contribution method [69,70]. For the fabricated MMMs, the
contribution of silica or titania NPs should be taken into account
from the following equation [71]:

(6)

where VMMMs is the specific volume of MMMs (cm3/g) and NPs is
the volume fraction of silica or titania NPs in the sample.

RESULTS AND DISCUSSION

1. Membrane Characterization
Fig. 3 shows the FESEM images of the ESNS and selective lay-

ers. The image of PAN nanofibers is presented in Fig. 3(a) with a
magnification of 30 kx and 1m scale. The nanofibers were fabri-
cated by electrospinning method and used as support layers for
membranes. The nanofibers exhibit a uniform and smooth surface,
no beads, random orientation and a high porosity.

The nanofiber diameters were measured using the KLONK image
software after the calibration of FESEM images based on their scale
bars. The average fiber diameter based on measuring 100 differ-
ent nanofiber diameters is 284±46 nm. This indicates that the fab-
ricated ESNS have smaller fiber diameters than the electrospun
membranes used for energy recovery ventilators [38]. Fig. 3(b) indi-
cates the surface of composite membrane with no NPs with a magni-
fication of 60 kx and 500 nm scale bar. Fig. 3(c) shows the surface
of nanocomposite membrane containing 15 wt% of silica NPs
(Pebax-S15) with a magnification of 30 kx and 1m scale bar. The
FESEM images of other MMMs were similar to Fig. 3(c) with dif-
ferent concentrations of NPs. A representative cross-sectional image
of the fabricated MMMs is shown in Fig. 3(d) with a magnifica-
tion of 20 kx and 30m scale bar.

Fig. 4 illustrates the XRD patterns of silica NPs and the struc-
tural changes of MMMs due to the presence of silica NPs. Generally,
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Fig. 3. FESEM images of (a) electrospun support layer of PAN (b)
the surface of composite pure Pebax membrane (c) the sur-
face of Pebax-S15 mixed matrix membrane (d) the cross-sec-
tional image of fabricated MMMs.



Improvement the natural gas dehydration process 919

Korean J. Chem. Eng.(Vol. 36, No. 6)

the sharp peaks with a strong intensity are related to the crystal-
line region, while broad peaks with a weak intensity are related to
the amorphous state of materials [72,73]. The XRD spectrum of sil-
ica NPs is presented in Fig. 4(a). The figure indicates a broad and
weak peak for the fabricated NPs via the sol-gel method, demon-
strating that the synthesized silica NPs are amorphous materials.
The absence of sharp peaks also confirms that the prepared silica
NPs do not have crystalline structure.

The pure Pebax 1657 (Fig. 4(b)) has a sharp and strong peak at
2=24.2o, resulting from polyamide 6 polymer via interchain hy-
drogen bonding. As illustrated in Fig. 4(b), the intensity of peak in
MMMs of Pebax-S5, Pebax-S15, Pebax-S30, and Pebax-S50 de-
creases due to doping of silica NPs, implying that the amorphous
region in the hybrid material is enhanced. Similar results were ob-
tained for the MMMs containing TiO2 NPs. As a result, increas-
ing the titania concentration contributes to enlarging the amor-
phous region in the polymer matrix.

FTIR is a useful quantitative tool to identify chemical compounds
and the functional groups in the polymeric samples and other
products. Fig. 5 shows the FTIR spectra of pure Pebax 1657 and

the MMMs containing silica NPs in the range of 4,000 to 400 cm1.
The bands at 3,290 and 1,641 cm1 are related to N-H and H-N-
C=O groups, respectively. The peak at 2,940cm1 is related to –CH2

group and those in the range 1,452-1,500 cm1 are ascribed to C-
C stretching vibrations. The band at 3,411 cm1 is ascribed to O-H
group, which is presented during the hydrolysis step of the sol-gel
method. The asymmetric and symmetric stretching of Si-O-Si as
well as Si-O-Si bending are presented at 1,100 cm1, 800 cm1 and
470 cm1, respectively. The results of hybrid membranes contain-
ing titania NPs also indicate that titania NPs have optimal bonds
with Pebax 1657 polymer. The presence of silica and titania NPs
peaks on the FTIR of polymer suggests that the NPs are attached to
polymers via chemical bands. This phenomenon was also reported
previously for Polyurethane-silica [74] and Pebax-silica [73] hybrid
membranes.

Good attachment and grafting treatment of NPs into the polymer
matrix can deagglomerate the NPs [75]. Fig. 6 shows the FESEM
images of various amounts of silica and titania NPs incorporated

Fig. 4. XRD pattern of mixed matrix membranes for pure Pebax
1657, Pebax-S5, Pebax-S15, Pebax-S30, and Pebax-S50.

Fig. 5. FTIR spectra of mixed matrix membranes (a) Pure Pebax
1657 (b) Pebax-S5 (c) Pebax-S15 (d) Pebax-S30 (e) Pebax-S50.

Fig. 6. FESEM images of the membranes surface for (a) Pebax-S5,
(b) Pebax-T5, (c) Pebax-S15 and (d)Pebax-T15.
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into the Pebax 1657 polymer via sol-gel method. There is no evi-
dence of NPs agglomeration in Pebax-S5, Pebax-T5, Pebax-S15,
and Pebax-T15 membranes. The good distribution of silica and tita-
nia NPs into Pebax 1657 shows that the electrostatic forces between
the NPs are weakened and the interactions with organic polymer
are enhanced. The chemical bands between the NPs and Pebax
1657 polymer, and the proper distribution of NPs into the poly-
mer matrix indicate that SiO2 and TiO2 NPs are grafted into the
polymer matrix and the sol-gel reaction is carried out successfully.
2. Permeation Properties of Nitrogen and Methane Pure Gases

Table 4 indicates the FFV of MMMs fabricated in this study. As
shown, there is an increasing trend for FFV of MMMs with enhanc-
ing the concentration of silica or titania NPs. The higher FFV of
MMMs compared to pure Pebax 1657 results in an interstitial vol-
ume that is accessible to the polymer segments. This leads to higher
chain mobility, higher gas permeability, and stronger interactions
between fillers and polymers [76].

Table 4 also shows the pure gas permeance of fabricated mem-
branes. The permeance of pure Pebax membrane for nitrogen is
0.83 and for methane is 1.1 gpu at 26 oC and 2.5 bar. These values
are compatible with previous works [30,77] using Pebax 1657 for
the selective layer of membrane, demonstrating that the fabricated
membranes are defect free. The intrinsic permeability of Pebax 1657
films for nitrogen gas is 2.4 Barrer [77]. The actual thickness of the
selective layers of MMMs was determined using the FESEM and
KLONK image software. By measuring the thickness of selective
layers at ten different locations randomly and averaging them, the
actual thickness of the selective layer of MMMs was determined
to be 3.12±0.23m.

In general, the permeance of MMMs for pure N2 and CH4 gases
is higher than pure Pebax membrane. The permeances of Pebax-
S50 and Pebax-T50 are more than twice the permeance of pure
Pebax membrane. Functionalization of silica NPs also increased
the permeance of CH4 by 35.4% and that of N2 by 12.4%. In the
case of functionalized titania NPs, these results are 31.3% and 8.9%
for CH4 and N2 permeance, respectively. In addition, the perme-
ance of MMMs containing titania NPs for methane and nitrogen
is more than the permeance of MMMs containing silica NPs,

which is due to the higher FFV of the MMMs containing titania
NPs compared to silica NPs. The results for permeance of pure N2

in MMMs of the present work are relatively in good agreement
with the previous work containing silica NPs [73].
3. The Permeance of Water/Methane Mixture

Due to the high differences in critical temperature and molecu-
lar size of water and methane, it is expected that these molecules
have different permeances. In this manner, a concentration gradi-
ent for the more permeable component (water) near the surface of
membrane may be created [40,78]. The effect of this boundary
layer is reduced by increasing the feed flow rate [40,78,79]. There-
fore, it is necessary to measure the permeances of water and meth-
ane at different feed flow rates.

The permeance of water vapor at the feed flow rate of 0.2-8 nor-
mal liters per minute (Nlpm) is shown in Fig. 7. The feed gas was
CH4 containing 0.4 mol% water at 2.5 bar and 26 oC. The sweep
gas was N2 at 3Nlpm and 30kPa. The effect of feed boundary layer
for each membrane is eliminated at a specified feed flow rate. There-
fore, concentration polarization occurs in the feed side of mem-
branes at low flow rates of the feed. These flow rates are higher for
MMMs in comparison to pure Pebax membrane. The reason is
the hydrophilic nature of silica and titania NPs, which absorb more
water molecules and reduce the concentration of water on the feed
side. The minimum required feed flow rate for each membrane to

Table 4. The transport properties of pure gases in mixed matrix
membranes

Membrane FFV N2 permeance
(gpu)

CH4 permeance
(gpu)

Selectivity
(CH4/N2)

Pebax 0.102 0.83 1.10 1.32
Pebax-S5 0.163 0.98 1.27 1.29
Pebax-S15 0.236 1.09 1.39 1.18
Pebax-S30 0.292 1.26 1.58 1.25
Pebax-S50 0.447 2.26 3.23 1.43
Pebax-SE 0.342 1.71 1.72 1.00
Pebax-T5 0.179 1.06 1.35 1.27
Pebax-T15 0.248 1.17 1.44 1.23
Pebax-T30 0.308 1.42 1.63 1.14
Pebax-T50 0.461 2.48 3.46 1.39
Pebax-TE 0.354 1.87 1.84 1.01

Fig. 7. Water vapor permeance at different feed flow rates for (a)
—○— Pebax —□— Pebax-S5 □ Pebax-S15 — Pebax- S30
—△— Pebax-SE × Pebax-S50 (b) —○— Pebax-T5
—□— Pebax-T15 —◇— Pebax-T30 —△— Pebax-TE ×
Pebax-T50.
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eliminate the effect of the boundary layer in the feed side is given
in Table 5.

The equilibrium permeance of water vapor through pure Pebax
is about four-times the permeance of membranes that used MPS
in their structure [30]. The water vapor permeance of MMMs con-
taining more than 15 wt% of NPs is more than 10,000 gpu, which
is a criterion for commercially available materials [38]. The enhance-
ment of water vapor permeance compared to previous MPS and
ESNS membranes is due to both incorporations of NPs in the
selective layer and the smaller fiber diameters of ESNS. The per-
meance of CH4 was also measured at the same conditions of feed
and the results are presented in Fig. 8. By changing the feed flow
rate, the permeance of methane remains constant. The feed com-
position mainly consists of methane and there is no concentration
gradient for this component in the feed side. These results are con-
sistent with the data obtained in the previous work for pure Pebax

Table 5. The minimum required feed flow rate to eliminate the boundary layer effect on the feed side
Pebax Pebax-S5 Pebax-S15 Pebax-S30 Pebax-SE Pebax-S50

Minimum flow rate (NLPM) 0.6 1.5 1.8 2.2 2.6 3
Pebax-T5 Pebax-T15 Pebax-T30 Pebax-TE Pebax-T50

Minimum flow rate (NLPM) 1.3 1.6 2 2.2 2.8

Fig. 8. Permeance of CH4 at different feed flow rates (a)  —○—
Pebax —□— Pebax-S5 —× Pebax-S15 —◇— Pebax-S30
—△— Pebax-SE × Pebax-S50 (b) —○— Pebax-T5 —□—
Pebax-T15 —◇— Pebax-T30 —△— Pebax-TE × Pebax-
T50.

Fig. 9. Effect of sweep gas flow rate on water vapor permeance for
(a)  —○— Pebax —□— Pebax-S5 —× Pebax-S15 —◇—
Pebax-S30 —△— Pebax-SE × Pebax-S50 (b) —○— Pebax-
T5 —□— Pebax-T15 —◇— Pebax-T30 —△— Pebax-TE
× Pebax-T50.

membrane [30].
4. Effect of Sweep Gas Flow Rate

Fig. 9 shows the effect of sweep gas flow rate on the permeance
of water vapor. The feed flow rate is 3.5 Nlpm at the conditions of
2.5 bar, 26 oC and 0.4 mol% of water vapor. The effect of sweep gas
flow rate on permeance of methane gas is negligible and the CH4

permeance is the same as shown in Fig. 8. As a result, the support
layers of membranes show no resistance to methane permeance,
and there is no boundary layer effect at the permeate side of mem-
brane. However, the change of water permeance with increasing
the sweep flow rate shows that even electrospun support layers
exert some resistance to water vapor transmission. On the other
hand, the water vapor permeance is enhanced by increasing the
sweep gas flow rate. Sweep gas removes the water molecules that
diffuse to the permeate side and increases the water partial pres-
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sure across the membrane.
5. H2O/CH4 Selectivity

The separation of water vapor from methane is very important
in the dehydration process of natural gas. Therefore, the selectivity
of fabricated MMMs is the dominant factor in the separation pro-
cess. The selectivity of membranes versus the concentration of NPs
is shown in Fig. 10. The addition of NPs to Pebax polymer enhances
the permeance of both water vapor and methane gas. Incorpora-
tion of silica NPs up to 30 wt% increases the selectivity of water
over methane gas. Functionalization of silica NPs by EG also in-
creases the selectivity by 13.3%. At higher concentrations of silica
NPs, the increase in methane permeance is more than water, and
so the selectivity of MMMs is decreased.

As given in Table 4, the permeance of pure CH4 in the MMMs
containing titania NPs was more than MMMs containing silica
NPs, due to higher FFVs. Thus, the selectivity of MMMs contain-
ing titania is less than those containing silica, and even is less than
pure Pebax polymer. This indicates that there is a strong tendency
for the formation of cavities on the polymer-titania NPs interface.
Based on these findings, it is concluded that silica NPs compared
to titania NPs have better compatibility with Pebax 1657 copoly-
mer, and they can be suggested for fabricating the MMMs that
enhance the gas dehydration performance. As a result, pure Pebax
and the MMMs containing silica NPs were selected to investigate
the effects of other parameters on the performance of fabricated
membranes.
6. Effect of Feed Moisture Content

The effect of water vapor activity on water vapor permeance in
Pebax membranes is shown in Fig. 11. The feed flow rate was 3.5
Nlpm at 2.5 bar and 26 oC and the sweep flow rate iwass 3 Nlpm
at 30kPa and 24 oC. The results indicate that the water vapor activity
of the feed has a little effect on water vapor permeance of pure Pebax
membrane, which is consistent with previously reported works
[30]. The presence of silica NPs in the polymer matrix enhances
the water vapor permeance. Silica NPs are hydrophilic inorganic
materials that absorb water molecules and cause transmission of
more water vapor. This effect is enhanced by doping the silica NPs

in MMMs. The Pebax-S30 membrane has a 20% higher water
vapor permeance at the water vapor activity of 0.7 than that of 0.2.
Functionalization of silica NPs by EG also enhances the water vapor
permeance more than 20% compared to MMMs without EG. Gly-
cols contain hydroxyl groups in their structure, which helps ab-
sorption of water molecules via hydrogen bonds.
7. Effect of Feed Pressure on Water and Methane Permeances

In the industry, the gas dehydration process operates at higher
pressures than bench scale. The effect of feed pressure on the per-

Fig. 10. H2O/CH4 selectivity of the mixed matrix membranes.

Fig. 11. Effect of moisture content on water vapor permeance of
—○— Pebax —□— Pebax-S5 —◇— Pebax-S15 —△—
Pebax-S30 × Pebax-SE.

Fig. 12. Effect of feed total pressure on (a) methane and (b) water
vapor permeance —○— Pebax —□— Pebax-S5 —◇—
Pebax-S15 —△— Pebax-S30 × Pebax-SE.
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meation of water vapor and methane gas is investigated in Fig. 12.
The feed with 0.4 mol% of water vapor had a flow rate of 3.5
Nlpm at 26 oC and the sweep flow rate was 3 Nlpm at 30 kPa and
24 oC. The results indicate that the permeance of H2O and CH4 is
decreased by increasing the feed pressure. The permeance is reduced
8.2% for methane and 29% for water vapor at the feed pressure of
15bar. The reduction in the permeance of CH4 gas can be explained
by the polymer compression, which reduces the free volume of
polymer matrix [80]. The reduction in water vapor permeance is
more than methane and is related to the decrease of water vapor
diffusion coefficient in the feed side. The mass transfer coefficient in
the feed side depends on the hydrodynamics and geometry of the
system, which is usually expressed in terms of Sherwood number [81]:

(7)

where   and a, b, c, and d are empirical

constants dependent on the geometry of the system. The diffusion
coefficient of water vapor in gases such as nitrogen and methane
is proportional to the inverse of pressure, as introduced by Mass-
man [82]:

(8)

In the feed gas containing a mixture of water and methane, the
fast transmission rate of water molecules is limited by its transport
from the gas bulk to the surface of membrane. At two different
feed pressures, the following relation is obtained from Eq. (7):

(9)

If the increase in viscosity with pressure is negligible and the tests
are carried out at the same feed flow rate, Eq. (9) is simplified as
follows:

(10)

As the feed pressure increases, gas density increases in contrast to
diffusion coefficient. Most of empirical relations considered a value
of 0.33 for c, and b is varied from 0.46 to 0.91 [81]. As a result, the
diffusion term prevails in Eq. (10), which reduces the mass trans-
fer rate, and consequently the water vapor permeance at higher
pressures.

Metz et al. [40] reported 50% reduction in water vapor perme-
ance by increasing the feed pressure from 2 to 15 bar, but they de-
creased the feed flow rate by increasing the feed pressure. George
et al. [83] changed the feed pressure from 2 to 7.5 bar and reported
almost the same values of water vapor permeability. However, by
increasing the feed pressure, they increased the feed flow rate. There-
fore, it can be concluded from the results of this study and the com-
parison with previous works that increasing the feed flow rate can
reduce the effect of pressure increasing. By increasing the feed flow
rate, the velocity of gas in the feed side increases. This promotes the
mixing phenomenon and reduces the concentration polarization

on the feed side.
8. Effect of Heavier Components in Natural Gas Dehydration

The water vapor permeance and its selectivity over methane are
shown in Fig. 13. The tests of natural gas dehydration were car-
ried out at a feed flow rate of 3.5 Nlpm under the conditions of 2.5
bar, 26 oC and the sweep gas flow rate of 3 Nlpm at 30 kPa and
24 oC. Enhancement in the permeance of water is due to the pres-
ence of heavier hydrocarbons and NPs, which increases the mem-
brane free volume. In high concentrations of silica NPs (e.g., 50
wt% for the mixture of water/methane), the selectivity reduces
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Fig. 13. Water vapor permeance and the H2O/CH4 selectivity in the
tests of natural gas dehydration.

Fig. 14. (a) Permeance of methane, ethane, propane and butane (b)
permeance of pentane, Hexane+ and CO2 in the tests of
natural gas dehydration.
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because of more increase in the polymer free volume.
The permeance of methane and other components is shown in

Fig. 14. Since the solubility selectivity is a dominant mechanism in
rubbery polymers [74], the permeance of components is improved
by increasing the permeate condensability. Condensability is often
linked to the size of molecules, and heavier hydrocarbons perme-
ate more than the lighter ones. Hence, heavier hydrocarbons make
trouble for methane permeation and cause depletion in methane
permeance. In other words, heavier hydrocarbons obstruct the meth-
ane permeation path in the matrix of membrane. This can be
defined as the methane blocking ratio (MBR), which is the ratio of
methane gas that does not permeate through the membrane due
to the presence of heavier hydrocarbons [84].

As indicated in Fig. 14(b), the permeance of pentane, hexane+
and CO2 is low and nearly constant in the natural gas dehydration
tests. Two reasons may describe this behavior. First, the amount of
CO2 in the natural gas composition is very low (Table 2), which
allows it to permeate completely in all fabricated MMMs. The sec-
ond reason is the presence of other components in the natural gas
that compete with CO2. Although by increasing the concentration
of NPs, the FFV of MMMs is enhanced, the other components
with high concentration in the mixture compete with CO2 and
don’t allow it to permeate faster. As a result, incorporation of NPs
into the membranes has very little effect on the permeation of CO2

and other components of natural gas with negligible concentration.
More permeation of heavier hydrocarbons and methane block-

ing in the fabricated membranes results in a high water-vapor per-
meation and selectivity in the natural gas dehydration process (Fig.
13). Although the permeance of CH4 reduces significantly, the other
valuable components of natural gas are lost during their permeation
through membranes. In this case, the obtained selectivity of water
over methane may not be practicable from the economical point
of view. The value of the main components of natural gas in national
Iranian oil company (NIOC) is given in Table 6. Since heavier
hydrocarbons are more valuable than methane, the economic selec-
tivity for the gas dehydration process is defined as follows:

(11)

Based on this definition, the selectivity of water vapor is calcu-

lated with respect to all valuable components that permeate through
the membrane. The permeation of pentane, hexane+ and CO2 are
not considered in Eq. (11) due to their negligible concentration in
the natural gas. In Fig. 15, the calculated selectivities are com-
pared with the corresponding values obtained for H2O/CH4 in the
mixture of water/methane and water/natural gas. The economic
selectivity was 2109 for pure Pebax membrane, increased to 2475
for Pebax-S5 MMM and then decreased slightly. This reduction is
due to the higher permeability of heavier hydrocarbons than meth-
ane. Therefore, the optimum concentration of silica NPs for dehy-
dration of natural gas is 5 wt%.
9. Changing of Membrane Nature

In the case of polymer softening, the permeation of an inert gas
such as nitrogen with no effect on polymer chain will vary greatly
[74]. Therefore, to ensure the accuracy of the obtained selectivities,
it is necessary to measure the permeance of nitrogen after the dehy-
dration of methane and natural gas tests. The experiments were
performed at 2.5 bar and 26 oC, and the results are compared in
Table 7. The non-change in nitrogen permeability indicates no evi-
dence of plasticization in electrospun MMMs fabricated by the
sol-gel method from Pebax 1657 and silica NPs.

Another aspect that should be clarified for the MMMs of Pebax
1657 is the permanent contact of copolymer with water molecules.
Although water is used as a co-solvent for preparation of Pebax
1657 membranes, the solubility of water in Pebax is low. This is due
to the hard segment of polyamide in the structure of Pebax 1657
copolymer, which does not swell readily in water [25]. Pebax 1657
is also insoluble in water. Different grades of Pebax were tested in
boiling water for 7 days, and the results showed a negligible effect
on the polymer structure [85].
10. Membrane Resistance to Water Vapor Transmission

In the previous sections, it was indicated that the sweep gas flow
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Table 6. Economic values for the main components of natural gas
Component Criteria Value
CH4 9 cent per cubic meter  (about 139 $ per ton)
C2H6 $ per ton 240
C3H8 105.85+6.65×oil price about 438 $ per ton
C4H10 105.85+6.65×oil price about 438 $ per ton

Fig. 15. (a) Selectivity of H2O/CH4 when the feed consists of meth-
ane and water only (b) selectivity of H2O/CH4 when the feed
contains water/natural gas (c) economic selectivity.

Table 7. Permeance of nitrogen before and after the natural gas dehydration tests
N2 permeance (gpu) Pebax Pebax-S5 Pebax-S15 Pebax-S30 Pebax-SE Pebax-S50
Before 0.83 0.98 1.09 1.26 1.71 2.26
After 0.84 0.98 1.12 1.25 1.75 2.32
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rate has no effect on the permeation of methane gas. The trans-
port resistance to methane gas lies only in the selective layers and
no resistance is applied by ESNS. In contrast, the permeance of
water vapor increased by increasing the flow rate of sweep gas. As
a result, there are some applying resistances to water vapor trans-
mission by ESNS that should be determined. Based on existing
empirical relations, the overall resistance to mass transfer is described
by adding all layer resistances in series and the inverse of the per-
meance is considered as the transport resistance [78,86-88]. For
pure Pebax and MMMs, the following relation can be used for
estimating the transport resistance:

(12)

where 1/k is the overall resistance, which is equal to the inverse of
membrane permeance, (l/P)sl is the resistance relevant to the selec-
tive layer of membrane and 1/as

b is the resistance of support lay-
ers, which is empirically related to the sweep gas flow rate. 1/k is
plotted as a function of s

b and the value of b should be chosen to
obtain the best fit. Fig. 16 shows the fitting of data for Pure Pebax
and MMMs containing silica NPs. The parameters of Eq. (12) are

determined (Table 8) to demonstrate the contribution of each layer
to the total resistance of water vapor transmission.

Fig. 17 shows the total resistance and the resistances relevant to
ESNS at 3 Nlpm of sweep gas. It can be seen that by increasing the
concentration of silica NPs, the total resistance of MMMs is de-
creased. This alleviation is 58.3% for Pebax-S50 compared to Pebax
without NPs, which is due to the hydrophilic nature of silica NPs
and the higher FFV of MMMs. Increasing the NPs concentration
reduces the support resistance less than the total resistance, because

1
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Fig. 16. Correlation of water vapor resistances and sweep flow rate of the membranes.

Table 8. Parameters of Eq. (12) for each membrane

Membrane a
(gpu Nlpmb) B R2 Selective layer

permeance (gpu)
Pebax 07759 1.2 0.9991 14017
Pebax-S5 08322 1.2 0.9995 15581
Pebax-S15 09038 1.2 0.9996 17271
Pebax-S30 13137 1.2 1 17500
Pebax-SE 18740 1.3 0.9999 19716
Pebax-S50 17391 1.1 0.9999 29850



926 S. J. Poormohammadian et al.

June, 2019

the NPs are incorporated into the selective layer of membranes.
In Fig. 18, the total and support resistances of the ESNS pre-

pared in this work are compared with MPS membranes reported
by Haiqing Lin et al. [30] for pure Pebax 1657 at various flow rates
of sweep gas. The results indicate that electrospinning methodol-
ogy is able to reduce the total water vapor transport resistances of
polymeric membranes by 75.2%. In addition, the contribution of
support layers at the best operating conditions (the highest sweep

gas flow rate) is alleviated from 67% in MPS membranes [30] to
less than 30% in ESNS ones.

Based on the high reduction in total resistance of the prepared
membranes in this study compared to MPS membranes, it can be
concluded that for the same feed flow conditions, the ESNS mem-
branes require much less membrane area. The cost of membrane
module in this study is estimated to be $103/m2 based on the
materials used and the cost of fabricating membrane sheet and
module. This value is $110/m2 for MPS membranes [89]. There is
not much difference in the preparation of one square meter of
ESNS and MPS membranes due to almost the same amounts of
chemicals consumed. However, for the same conditions of feed
flow rate, the required membrane area is reduced to 40% when the
membranes prepared in this study are used instead of MPS mem-
branes. As a result, the cost of the membrane module fabricated in
this study can be estimated to be 40% of MPS.

In the economic assessment of membrane-based gas dehydra-
tion system, the total separation cost (TSC) is usually considered.
Basafaa and Pourafshari Chenar [89] reported the TSC of 0.2 $/
MSCM of feed for MPS membranes when the H2O/CH4 selectiv-
ity is about 500 and the permeance of H2O is 1,000 gpu at feed flow
rate of 2.84 MMSCMD, feed pressure of 5,500 kPa, and inlet tem-
perature of 30 oC. As shown, the economical selectivity of fabri-
cated MMMs was more than 2000 and the permeance of water
vapor was more than 6,000 gpu in the natural gas dehydration test.
Consequently, the TSC for the prepared membranes is estimated
to be less than $0.05/MSCM.

CONCLUSION

By introducing more efficient and chemically durable MMMs,
it can be expected that polymeric membranes will play an increas-
ing role in natural gas processing systems. Applying both electro-
spinning and sol-gel incorporation techniques in the fabrication of
polymeric membranes can improve the performance of the water
vapor transport process. In the present study, the electrospinning
technique with the aid of sol-gel method was utilized to enhance
the performance of composite polymeric membranes in the gas
dehydration process. The resistance of composite membranes to
water vapor transmission was reduced by 75.2% using the electro-
spinning methodology. In addition, the permeance of mixed matrix
membranes was enhanced by applying the sol-gel method for incor-
porating the NPs into the polymeric matrix. These permeances are
higher than commercially available materials and can be definitely
introduced to the industry. It was also shown that the loss of heavier
hydrocarbons in the natural gas dehydration process is a signifi-
cant aspect, which should be considered in the design of required
materials. A countercurrent design using a dry sweep gas stream
and the use of permeate stream as fuel is suggested to be investi-
gated in a semi-industrial pilot plant. In the future work, hollow
nanofiber polymers will be considered for the natural gas dehy-
dration process that is expected to have much more reduced resis-
tances than this study. These kinds of materials are usually produced
by two different methods, including the chemical vapor deposition
(CVD) method [90] and direct co-axial spinning method [90,91].
To produce hollow nanofibers by the CVD method, the first pre-

Fig. 17. Total and support resistances of the membranes.

Fig. 18. Comparing the results of this work with the work of Hai-
qing Lin et al. [30] (a) total (b) support resistances.
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cursor polymer is transformed to a nanofiber or ‘‘template’’ by a
conventional electrospinning method. Then, they are coated with
proper polymers or metals. Finally, hollow fibers are fabricated by
dissolving the template material and drying them with centrifugal
rotation dryers or by calcining in furnaces. The co-axial spinning
is more regarded by researchers for fabricating hollow nanofibers.
A jet is formed by a coaxial spinneret when two different polymer
solutions flow through outer and inner capillaries simultaneously
and the core material is dissolved with a selective solvent at the
end of the process.
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NOMENCLATURE

P : permeability [Barrer]
N : flux [cm3 s1]
l : membrane thickness [cm]
A : membrane surface area [cm2]
P1 : downstream pressure [cmHg]
P2 : upstream pressure [cmHg]
pw.L : pressure difference of water at the exit of the feed [cmHg]
pw.0 : pressure difference of water at the entrance of the feed [cmHg]
pg

F : partial pressure of the gas at the feed side [cmHg]
pP

g.0 : partial pressure of the gas at the permeate side [cmHg]
 : selectivity
Sh : Sherwood number
Re : Reynolds number
Sc : Schmitt number
k : mass transfer coefficient [m/s]
dh : hydraulic diameter [m]
 : density [kg/m3]
 : viscosity [Pa·S]
D : water diffusion coefficient [m2/s]
s : sweep gas flow rate [Nlpm]
Nlpm : normal liter per minute

Abbreviations
NPs : nanoparticles
PAN : polyacrylonitrile
MMM : mixed matrix membrane
ESNS : electrospun nanofibrous support
MPS : microporous support
EG : ethylene glycol
NSPs : nanostructured polymers
VOC : volatile organic compounds
TTIP : titanium isopropoxide
TEOS : tetraethyl orthosilicate
DMF : dimethyleformamid
WVTR : water vapor transition rate
NIOC : national iranian oil company
NIGC : national iranian gas company
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