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Abstract: Water absorption and water vapor transition are significant mechanisms in many industrial processes.
Nanocomposite polymers are appropriate materials for water transition process due to their specific properties. The present
work was aimed to enhance the water absorption and water vapor transition by high loading incorporation of silica
nanoparticles (NPs) into polyacrylonitrile (PAN) and Pebax 1657 polymers. PAN was used to prepare both the
nanocomposite films (NCFs) and support layers of nanocomposite membranes (NCMs). Pebax 1657 was used to fabricate
the selective layers of NCMs. Incorporation of NPs into the NCFs were carried out using ex-situ and in-situ (sol-gel)
methods. NCFs were fabricated by electrospinning and casting methods. The fabricated NCFs of fibers and polymers were
examined through water absorption tests. For fabrication of NCMs, the electrospinning and dip-coating methodologies and
the incorporation of NPs into the selective layers by in-situ method were used. Besides, the water vapor permeation tests have
been designed and constructed to examine the NCMs for dehydration of methane gas. In order to provide efficient NPs
dispersion into NCFs, the surface functionalization of silica NPs with ethylene glycol (EG) was also considered. The
functionalized silica NPs were used in the fabrication of NCFs and into the selective layer of NCMs. It is found that in
applying the ex-situ method, there is a lot of NPs agglomeration, while the dispersion quality of NPs is higher with the sol-gel
method. In addition, the dispersion is improved greatly with functionalization of silica NPs. The water uptake ratio of
electrospun mats is about 400 % higher than the cast layers for the same loadings of NPs. The water uptake ratio of the
polymeric layers containing EG is about 50 % higher than the samples without EG. The permeance of water vapor for the
NCM (15 wt.% of SiO2/Pebax 1657) fabricated by sol-gel method was enhanced to 54.4 % higher than the membranes
without NPs. Functionalization of silica NPs also enhanced the water vapor permeation process. For instance, the water vapor
of the NCM containing 30 wt.% of EG/Pebax1657 was increased by 68.7 %.
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Introduction

In the last two decades, practical use of inorganic

nanoparticles has been increased in many fields such as

adsorption, water treatment, membrane gas separation,

medical and electronic devices. This great attention to these

inorganic materials is due to their unique size-dependent

properties mainly consist of chemical and optical properties

[1,2], mechanical strength [3,4], electrical conductivity and

high thermal stability [5,6]. Addition of metallic NPs to

polymers can enhance their properties remarkably because

of the high surface area to volume ratio of NPs [7,8]. On the

other hand, polymeric nanocomposites are able to combine

the advantages of excellent flexibility and ductility
 [4] with

functional properties of NPs. This combination of properties

can enhance the performance of many industrial processes

such as gas dehydration, water absorption, and textile

materials. Industrial textile processes require relatively large

amounts of water, in which mass transport is often the rate-

limiting step [9]. In order to achieve high water transition

rates by the aid of NPs and polymeric materials, the

dispersion quality of NPs into the polymer matrix should be

improved. There are other applications that their functionality

demands high inorganic material content [10,11] and carbon

capture materials [12]. High loading of NPs into the

polymers is limited due to the high tendency of NPs

agglomeration. Therefore, to incorporate a high loading of

NPs, the distribution uniformity and dispersion stability of

NPs in the polymer matrix should be enhanced. For this

reason, the selection of NPs materials, the method of NPs

incorporation into the polymers and surface modification of

NPs are the important factors that can help enhancing the

NPs dispersion and water transition processes in and through

the polymers. 

The stable incorporation of appropriate NPs into the

polymer has enhanced the properties of polymers in many

fields. Sreekumar et al. [13] added single-walled carbon

nanotube (SWNT) to PAN (10 wt.%) and in comparison to

pure PAN a significant increase in tensile modulus, reduction in

thermal shrinkage and glass transition temperature was

achieved. Ge et al. [14] have shown that functionalization of

PAN-based nanofiber with 20 wt.% multi-walled carbon

nanotubes (MWNT) will enhance the electrical conductivity,

mechanical properties, thermal deformation temperature,

thermal stability and dimensional stability of the PAN

polymer. In two other works, silver with an equal molar ratio*Corresponding author: pdarvishi@yu.ac.ir
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of acrylonitrile to silver nitrate [15] and titanium dioxide

(6 wt.% in the PAN solution) [16] nanoparticles embedded

in the PAN polymer and fine dispersion of nanoparticles was

achieved. Bai et al.
 [17] dispersed AgCl with a different

molar ratio (5, 10 and 20 %) to PAN polymer and suggested

this nanocomposite polymer for the fields such as photonic,

catalysts and electronics. Bonino et al. [18] incorporated tin

oxide nanoparticles (1.9 to 8.6 wt.%) into PAN solution and

showed the performance improvement of lithium ion battery

anodes by increasing the conductivity from 0.03 (for pure

PAN solution) to 0.11 mS cm
-1 (for composite solution).

Silica nanoparticles are also added to PAN polymer by some

researchers [19-23]. Ji et al.
 [23] measured the surface area

of the composite materials using the Brunauer-Emmett-

Teller (BET) nitrogen adsorption method. They reported that

the composite silica/PAN (5 wt.%) nanofibers have 20 %

higher surface area in comparison to pure PAN nanofibers.

In order to reach high water transition rates in the

membrane systems, the performance of both support and

selective layers of the polymeric membranes should be

improved. For this purpose, the thermodynamic interaction

parameter between the selected materials should be enough

to encounter specific interactions between the components

and prepare the desired nanocomposite polymers for the

process [24]. Van der Waals, electrostatic and hydration

interactions between the polymers, NPs and water molecules

are also important and should be considered in the selection

of polymers and NPs [25,26]. Most of the previously

fabricated polymeric membranes for water vapor transition

had a microporous support layer, which acts as a barrier for

H2O molecules. Since these support layers are made by

casting of polymer solutions, they usually have a low

porosity. In addition, the high condensability of water

molecules limits their transportation through the layers

because of the well-known concentration polarization

phenomena [27]. At the best-operating conditions, about

30 % of the water vapor transmission resistance is

contributed by selective layers and 70 % is of support layers

[27,28]. An efficient method that may help to overcome this

problem is the application of nanostructured polymers

(NSPs) as construction materials. Among various techniques

have been considered for preparing NSPs, nanoscale polymers

and nanofibers are widely investigated and applied [29].

Previous studies have shown that polymeric nanofibers

(PNFs) will have a set of favorable properties such as high

porosity, outstanding mechanical and thermodynamic

properties, and increased surface-to-volume ratio [29]. A

number of methods are used for the synthesis of PNFs,

among them electrospinning process seems to be the only

approach that can be used for massive production. Based on

the obtained results in our previous work [30], the electrospun

PAN showed a satisfactory performance in the water vapor

transmission process due to its very low Flory-Huggins

interaction parameter with water molecules that makes it to

be a good candidate for the mechanisms relevant to water

operations. It is a superabsorbent semi-crystalline polymer

[31,32] that consists of high polar nitrile groups and dipole

moment, and it can be a reasonable choice for fabricating

high porous support layers via electrospinning methodology.

Polymeric membrane selective layers play the basic role in

the gas separation process. The efficiency of the water vapor

separation in the membrane selective layers may be improved

by selecting a suitable material and finding a reliable

technique for incorporating the NPs into the polymer matrix.

Among the hydrophilic rubbery polymers, Pebax 1657 is a

qualified and suitable polymer for manufacturing the

membrane selective layer. It has been attracted significant

interest for water vapor transition and specially dehydration

of permanent gases such as nitrogen and methane
 [33-35]. It

consists of a hydrophilic polyethylene oxide (PEO) phase and

a rigid glassy polyamide phase. The hydrophilic rubbery

PEO phase provides good separation properties for H2O/

CH4, and the rigid glassy phase provides good mechanical

properties for operation at high pressures and high water

contents [36].

Selection of the NPs is also very essential for water

transition treatment. Each nanofiller has its specific application

in the industry based on its properties. Most of nanomaterials

can increase the surface porosity of polymers and improve

their properties [37]. Beside, nanofillers can steer the spatial

distribution of polymeric chains and increase their free

volume [38]. Metal-organic frameworks (MOFs) are made

by linking inorganic and organic units through strong bonds.

The high surface area, tunable porosity, and diversity in

metal and functional groups make them attractive to use as

catalysts but their applications are not commercialized [39].

They are good adsorbents in water-based adsorption heat

pumps in comparison to traditional zeolites and activated

carbon materials [40,41]. MOFs can also be used for gas

storage, purification and separation, and sensing applications

but they are crystalline materials [42] and incorporation of

them into the polymer matrix will enhance the crystallinity

of the polymers. Carbon nanotubes (CNTs) have high

transport diffusivities of light gases in comparison to zeolites

of similar pore sizes [43]. In addition, CNTs have a double

adsorption capacity compared to activated carbons [44], but

they are expensive sorbents [45]. Due to the nature of water

molecules, the hydrophilicity and polar surface energy of

incorporated NPs are the dominant factors in the water

absorption process. Silica NPs are highly hydrophilic materials

in comparison to activated carbon [46] and the specific or

polar component of the surface energy, which is estimated

from the specific interaction between the filler surface and

polar chemicals, is much higher for silica than carbon black

[47]. Therefore, silica NPs can interact very well with

polymers such as PAN that have highly polar groups in their

structure. This leads to a strong hydrogen bonding between

the polymer nitrile groups and -Si-OH group on the silica
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surface. On the other hand, silica NPs have unique properties

that make them specific for water absorption and water

vapor transmission applications. These properties include

high surface area, inert nature, low toxicity, thermal stability,

facile synthetic route, large-scale synthetic ability and the

ability to be functionalized with a wide range of polymer

molecules [21-23,48]. These properties allow the nano-

composite polymers to have improved properties of

hydrophilicity, toughness, and permeability
 [49-52]. 

Methods of NPs incorporation can affect the dispersion of

NPs significantly. Generally, there are two completely

different methods for incorporation of NPs into the polymer

matrix. In the first method which is called ex-situ method,

the inorganic NPs and polymer solution are blended after

they are synthesized individually [53]. In the solution, the

NPs are in the form of colloid, and the incorporation process

depends on the surface tension of polymer solution as well

as the wettability between the solid particles and the solution

[54]. Although some nanoparticles have good compatibility

with specific polymer solutions, a non-uniformity may

achieve in small amounts of NPs which leads to the

agglomeration of inorganic materials in the matrix [23]. In

the second method which is called in-situ method, NPs are

synthesized inside the polymer matrix through the sol-gel

process [55,56]. A precursor is used as the nanoparticle

source, and during the hydrolysis and condensation reaction,

the NPs are synthesized in the proper solvent. Since the

metallic precursor must be soluble in the solvent, the

selection of solvent is important. The method is simple,

convenient and leads to the production of inorganic materials

with uniform size and shape
 [57]. The sol-gel matrix can

disturb the reticulation and agglomeration process of the

NPs [58], where the fabrication of NPs is inside the polymer

solution. Therefore, optimal bonding between the polymer

matrix and inorganic NPs as well as the improvement of NPs

dispersion can be expected.

Functionalization of NPs, which allows modifying and

controlling their properties is another effective methodology

to enhance the dispersion of NPs. This process is carried out

by surface coating of NPs with another chemical group

which assists to regulate the properties of NPs for target

characteristics. Selection of the chemicals for surface

modification of NPs is also important. Chemical surfactants

have been used for efficient dispersion of NPs by some

researchers [59,60] but these chemicals can lead to harmful

environmental impacts [61]. 

This work is aimed to improve the water absorption and

water vapor transition into and through the polymers. For

this purpose, three techniques of electrospinning methodology,

high incorporation of silica NPs into the polymer and

functionalization of silica NPs by EG were applied. At first,

the dispersion of silica NPs into the casted and electrospun

polymeric films of PAN with ex-situ and in-situ methods

was investigated. Then, the functionalization of silica NPs

by EG was applied to achieve a reasonable quality of

dispersion at high loadings of NPs into the NCFs. The

required analysis including XRD, FESEM and FTIR of

samples were taken to demonstrate the effect of examined

methods on NPs dispersion and structure of polymers. The

fabricated NCFs were tested through water absorption tests

and compared with each other to show the effect of each

technique on water absorption process. Having found the

best strategy, NCMs of Pebax 1657 were fabricated, and

silica NPs and functionalized silica NPs were incorporated

into the selective layers of NCMs using in-situ method. The

fabricated NCMs of Pebax 1657 copolymer were used for

dehydration of methane gas in a water vapor permeation set-

up. 

Experimental 

Chemicals

Polyacrylonitrile (PAN, average Mw=100000) was provided

from Esfahan Polyacryl Company, Iran. Pebax 1657 was

purchased from Arkema, France. Tetraethyl orthosilicate

(TEOS) 95 % as silica precursor, ethanol (99.9 wt.%), and

N, N-dimethylformamide (DMF) with purity of 99 wt.%

were supplied from Samchun, Korea. Hydrochloric acid

(HCl) 37 wt.% and EG (99.8 wt.%) were purchased from

Merck, and silica NPs were provided from Tecnan, Spain.

Nitrogen with a purity of 99.9 % and methane with a purity

of 99.95 % were purchased from Farafan gas, Iran. All

chemicals were used as received without further purification.

Nanocomposite Films Preparation

To show and compare the effect of the new methods for

water absorption in comparison to the traditional ones, three

important categories were investigated in the fabrication of

NCFs, including electrospinning and/or casting method, in-

situ (sol-gel) and ex-situ incorporation methods and

functionalization of silica NPs by EG. For each category, the

pertinent polymer solutions (including different amount of

silica NPs) were prepared via the specific procedure and the

NCFs were fabricated by casting and electrospinning

methods. The detailed description of the NCFs preparation is

described in the following order. All of the as-prepared

NCFs were tested and compared for water absorption

process. 

PAN solution was prepared by mixing 10 wt.% of PAN

powder with DMF, and stirred at 60
oC for 6 h until a well-

dissolved solution with light yellow color was achieved.

Stirring was continued at room temperature overnight. A

casted (FM18) and electrospun (FM17) film of this solution

without NPs were prepared to compare with each other and

with the NCFs containing silica NPs. The silica NPs were

incorporated into PAN solution to find the best way of NPs

incorporation based on the following procedures. 

In the first method, silica NPs were added to DMF and
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stirred for 30 min. Then, the PAN solution was added to

obtain 5 and 15 wt.% of SiO2/PAN solutions. Finally, the

solution was stirred vigorously for 12 h and ultra-sonicated

for 60 min after each 3 h stirring. Nanocomposite films of

the prepared solutions were fabricated by casting and

electrospinning methods (FM1-FM4). 

In the next method, the sol-gel was utilized to synthesize

the silica nanoparticles based on Stöber method [62].

Different amounts of TEOS were dissolved in DMF and

stirred at room temperature for 30 min. Then, HCl is added

dropwise to reach a concentration of 0.1 M followed by

stirring at 60 oC for 2 h. Finally, the PAN solution was

gradually added and the mixture was thoroughly mixed for

60 min by stirring at 60
oC. The nanocomposite films (FM5-

FM12) of this method were also fabricated by casting and

electrospinning of the polymer solutions. 

In the last technique, to functionalize the silica NPs, EG

was added to the solutions prepared by the sol-gel method.

After the addition of HCl, EG was added to the solutions and

stirred for 2 h at 60
oC. Finally, the PAN solution was added

and stirred for 60 min at 60 oC. Since the surface tension of

EG is higher than the PAN solution, the addition of EG

increases the surface tension of the solutions and these

solutions cannot be electrospun even at high DC voltages.

Therefore, only the casted films (FM13-FM-16) were

fabricated for these polymer solutions. The details of

chemicals used for preparation of all fabricated polymeric

films (FM1-FM18) is summarized in Table 1. 

For electrospinning of the polymer solutions, an elec-

trospinning set-up was used, as described in our previous

work [30]. The feed rate of the solution was kept constant at

0.5 ml h
-1 for nanocomposite films and 1.2 ml h-1 for pure

PAN solution (without NPs) using a controlled syringe

pump. The distance from the spinneret to the collector was

fixed at 15 cm. To prepare the casted NCFs, polymer

solutions were casted using a blade at 200 μm above the

glass plate. Then, the glass plates were immersed for 24 h in

a deionized water bath to remove the solvent. Finally, the

casted films were dried at room temperature for 24 h. 

Films Characterization

Field emission electron microscopy (Hitachi S 4160

FESEM, Japan) was used to examine the surface morphology

of PAN nanofibers and silica NPs incorporated into PAN

polymeric films. X-ray diffractometer (Philips PW1830,

Netherlands) was used to investigate the phase and crystalline

state of the NCFs. The surface chemistry of nanofibers and

NCFs was examined by Fourier transform infrared

spectroscopy (ABB, BOMEM 102, Canada) in the range of

4000-400 cm
-1. 

Water Uptake Measurement 

The method of Kiatkamjornwong et al. [63] was used to

measure the water absorption capacity of the NCFs. The

Table 1. Chemicals used for the preparation of nanocomposite films

DMF (g) TEOS (g)a
HCL (g)

(37 wt.%)
Silica NPs (g) EG (g)

PAN sol.

(g)

Fabrication 

method

FM1 10 - - 0.05 - 10 Cas.b

FM2 10 - - 0.05 - 10 Elec.c

FM3 10 - - 0.15 - 10 Cas.

FM4 10 - - 0.15 - 10 Elec.

FM5 10 0.178 0.107 - - 10 Cas.

FM6 10 0.178 0.107 - - 10 Elec.

FM7 10 0.535 0.111 - - 10 Cas.

FM8 10 0.535 0.111 - - 10 Elec.

FM9 10 1.070 0.117 - - 10 Cas.

FM10 10 1.070 0.117 - - 10 Elec.

FM11 10 1.785 0.125 - - 10 Cas.

FM12 10 1.785 0.125 - - 10 Elec.

FM13 10 1.785 0.129 - 0.5 10 Cas.

FM14 10 1.785 0.133 - 1.0 10 Cas.

FM15 10 1.785 0.138 - 1.5 10 Cas.

FM16 10 1.785 0.142 - 2.0 10 Cas.

FM17 - - - - - 10 Elec.

FM18 - - - - - 10 Cas.
aEach gram of TEOS contains 0.28 gram SiO2, 

bcasting, and celectrospinning.
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specimens of each film were cut (40 mm×50 mm) and dried

for 24 h above the glass transition temperature of PAN to

obtain the initial mass (W1) of each sample. Then, the dried

film was immersed in deionized water for 24 h under

controlled temperature conditions. After that, the samples

were weighed (W2) to obtain the soaked weight of swollen

films. The water uptake ratio was calculated from equation

(1):

(1)

And, the porosity was calculated using the following

equation [64]:

(2)

Each test of water uptake measurement was carried out

four times to decrease the uncertainty of experiments. Each

measured data point in the current study is the average of at

least four independent measurements. Besides, along with

each data points, error bars are indicated for better comparison

between the different cases. 

Nanocomposite Membrane Preparation

As discussed earlier, the composite and nanocomposite

polymeric membranes usually consist of two main layers.

Due to much better performance of electrospun support

layers in water vapor transition compared to casted supports

[30], the support layers were prepared by electrospinning

methodology. In order to gain more mechanical strength of

the membranes, PAN solutions were electrospun on a porous

polyester layer. 

Before fabricating the selective layers of the NCMs, we

investigated the results of the NPs distribution into the NCFs

and the water uptake measurements of the NCFs. Based on

the obtained results from the previous sections, we utilized

the in-situ method (sol-gel and functionalized silica NPs) to

incorporate silica NPs into the membrane selective layer

solutions. To this end, Pebax 1657 solutions for fabrication

of selective layers were prepared by mixing 2 wt.% of Pebax

granules in a solvent mixture of deionized water and ethanol

(70 vol.% of ethanol) and stirred for 12 h at 90
oC. Then,

different amounts of TEOS, HCL and EG were added to

Pebax 1657 solution via in-situ method and deposited on the

fabricated electrospun support layers of PAN using dip-

coating process. The detailed properties of nanocomposite

selective layers are presented in Table 2. 

Water Vapor Permeation Tests

The fabricated NCMs were tested using a typical gas

permeation set-up (Figure 1) for measuring the permeability

of water vapor. Pure methane gas was introduced into a

water bubbler at a controlled temperature to produce the wet

gas. Then, the wet gas stream was entered a demister to

capture any liquid mist. The permeation cell was modified

under sweep/countercurrent conditions to enhance the

wΔ
w2 w1–

w1

---------------- 100×=

ø %( )
w2 w1–

Alρ
----------------
⎝ ⎠
⎛ ⎞ 100×=

Table 2. Properties of nanocomposite membrane selective layers

Mem 1 Mem 2 Mem 3 Mem 4 Mem 5 Mem 6

Incorporation method No nanoparticle Sol-gel Sol-gel Sol-gel Func. SiO2 Func. SiO2

SiO2/Pebax (wt.%) - 5 15 30 30 30

EG/Pebax (wt.%) - - - - 10 30

Figure 1. Water vapor permeation set-up. 
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permeation of water vapor through the nanocomposite

membranes. 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%).

The feed flow rate was measured with a mass flow meter

(S420, CSi-tec, Germany, measurement range: 0-60 NL min
-1).

The membrane permeation cell was fabricated from stainless

steel and all sides of the membrane were sealed by o-rings.

The membrane sheet with an active area of 157 cm
2 was

supported by a rectangular porous plate made from stainless

steel to withstand the feed side pressure mounted in the cell.

The permeability of a polymeric film to gas molecules is

determined by the following equation: 

(3)

Permeability coefficient is usually expressed in units of

barrers, where 1 barrer=10
-10cm3 (STP) cm-2s-1 (cm Hg)-1.

For comparison of thin films with different thicknesses,

permeance is used instead of permeability, which is defined

as permeability over the film thickness (P/l) and is often

expressed in gas permeation units (gpu), where 1 gpu=

10-6cm3 (STP) cm-2s-1 (cm Hg)-1.

Results and Discussion

Films Characterization

Figure 2 shows the FESEM images of four nanocomposite

films (FM1-FM4) fabricated by adding silica NPs to PAN

solutions. As it is shown, the ex-situ incorporation method of

NPs into polymeric solutions is not appropriate due to high

agglomeration of NPs. The agglomeration of silica NPs is

much higher in Figure 2(b) (15 wt.% of SiO2/PAN) than

Figure 2(a) (5 wt.% of SiO2/PAN). Figure 2(c) and (d)

represent the same loadings of silica NPs as Figure 2(a) and

(b), respectively but these layers were fabricated using the

electrospinning method. Although the aggregation of silica

NPs is lower than casted films, the NPs agglomeration is still

observed in some areas.

Figure 3(a) and (b) demonstrate the FESEM images of

casted nanocomposite films fabricated by the sol-gel method.

The dispersion of NPs is appropriate in 5 and 15 wt.%

concentrations of SiO2 in the PAN polymer. As it is shown in

Figure 3(c), at higher loading of NPs (30 wt.% of SiO2/

PAN), the agglomeration is increased and in 50 wt.% of the

SiO2/PAN composition (Figure 3(d)), the dispersion of NPs

is failed and high agglomerations of NPs are achieved.

Therefore, the sol-gel (in-situ) method improves the dispersion

of NPs with respect to conventional ex-situ ones, but at

higher loadings of NPs (more than 30 wt.% of SiO2/PAN

composition), another effective technique should be considered.

P
Nl

A p2 p1–( )
-----------------------=

Figure 2. FESEM images of the nanocomposite films; (a) FM1,

(b) FM3, (c) FM2, and (d) FM4. The zone magnification is 30000

and the scale bar is 1 μm. 

Figure 3. FESEM of the casted nanocomposite films; (a) FM5,

(b) FM7, (c) FM9, and (d) FM11. The zone magnification is

40000 and the scale bar is 750 nm. 

Figure 4. FESEM of the electrospun nanocomposite films; (a) FM6,

(b) FM8, (c) FM10, and (d) FM12. The zone magnification is

40000 and the scale bar is 750 nm. 
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Figure 4 indicates the effect of electrospinning methodology

on the dispersion of NPs in the polymeric films fabricated

by the sol-gel method. It is clear that up to 30 wt.% of SiO2/

PAN composition, there is no significant agglomeration of

NPs. In 50 wt.% of SiO2/PAN loading (Figure 4(d)), the

adhesion of NPs is observed, but it is distributed among all

nanofibers. The synthesized silica NPs became a part of the

polymer chain and the electrospinning methodology causes

the NPs to be blocked within the polymeric nanofibers. In

comparison of Figures (3) and (4), it is concluded that for the

same loading of NPs, the electrospun nanocomposite layers

include much better NPs dispersion with respect to casted

layers.

The effect of functionalization of silica NPs has been

examined by addition of EG to the solutions prepared by sol-

gel method. The FESEM images of the casted nanocomposite

films are shown in Figure 5. In all of the four prepared

solutions, the amount of silica NPs loading is high (50 wt.%

of the SiO2/PAN composition) and the amount of EG is

increased from 25 to 100 wt.% of EG/silica. The pictures

reveal that addition of EG improves the dispersion of silica

NPs with respect to solutions do not contain EG (Figure

3(d)). There is a little NPs agglomeration in Figure 5(a)

(25 wt.% of EG/silica), but it is eliminated when using

higher amounts of EG. 

After calibration of the images based on their scale bars,

the nanofiber diameter of electrospun mats was measured

using KLONK image software. For each of electrospun

NCFs, the average diameter of 100 different nanofibers was

determined. The thickness of NCFs needed for porosity

calculations was measured using a micrometer (Mitutoyo

MDC 0-1 PF, Japan) at ten different locations and the

average value was calculated. The average diameter, thickness,

and porosity of NCFs with their standard deviations are

reported in Table 3. 

A comparison between Figure 3(a) and 4(a) or Figure 3(b)

and 4(b) with the same amounts of silica NPs shows that

electrospun films are highly porous with respect to casted

layers. It is due to the polymer nanoscale size and inherent

characteristics of the electrospinning methodology. To check

the effect of doping silica NPs on the properties of casted

layers, the cross sectional images of some samples are taken

and shown in Figure 6. The cross sections are pertinent to

FM18 (the cast without NPs), FM5, FM7 and FM9. As it

seen, increasing the concentration of silica NPs in the matrix

Figure 5. FESEM of the casted nanocomposite films; (a) FM13,

(b) FM14, (c) FM15, and (d) FM16. The zone magnification is

40000 and the scale bar is 750 nm.

Table 3. The characteristics of nanocomposite films 

Fiber diameter 

(nm)

Thickness 

(μm)

Porosity

(%)

FM1 - 82±6 48.8±2.6

FM2 255±25 76±4 86.3±3.3

FM3 - 81±5 53.6±2.8

FM4 260±40 84±5 89.4±3.7

FM5 - 96±4 52.3±2.5

FM6 290±35 83±4 88.3±4.3

FM7 - 87±3 58.2±3.0

FM8 315±50 72±3 91.3±4.6

FM9 - 85±4 62.1±3.4

FM10 345±60 77±3 93.5±5.2

FM11 - 90±5 68.6±3.5

FM12 340±70 82±4 94.6±4.8

FM13 - 88±5 71.2±3.7

FM14 - 94±6 72.3±3.5

FM15 - 102±7 74.2±3.9

FM16 - 83±5 73.7±4.1

FM17 250±30 79±4 78.4±4.4

FM18 - 86±5 42.7±2.3

Figure 6. Cross section images of (a) FM18, (b) FM5, (c) FM7,

and (d) FM9. It is seen that the pores become larger by increase in

the silica NPs. 
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of polymer contributes to more and larger pores in the

structure of polymer, leading to an increase in the porosity of

the films.

Another characteristic that shows the effect of doping

silica NPs on the porosity of samples is the fractional free

volume (FFV) of polymer, which is an intrinsic property

created by the volume left between the entangled chains of

polymer. The simplest and most used way to calculate this

property for pure polymer without NPs is as follows [65]:

(4)

where Mp is the molar weight of polymer monomer (g mol-1),

ρp is the density of pure polymer (g cm-3), and Vw, p is the van

der Waals volume of the polymer (cm3mol-1). The value of

VW=32.5 cm3mol-1 is obtained for PAN based on Bondi’s

group contribution method [66,67]. For fabricated NCFs, the

contribution of silica NPs should be taken into account,

which can be calculated from the following equation [68]:

(5)

where VNCFs is the specific volume of NCFs (cm3g-1) and

 is the volume fraction of silica NPs in the sample. The

calculated FFVs for pure PAN and NCFs are presented in

Table 4. As can be seen, there is an increasing trend for the

calculated FFVs by increasing the concentration of silica

NPs. This increase in FFVs of NCFs can be a proof for the

improvement of their properties with respect to polymers

without NPs (FM18). Based on the amount of silica NPs in

the samples, the FFV of FM17, FM2/FM5/FM6, FM7/FM8,

FM10, and FM12 are the same as the FFV of FM18, FM1,

FM3, FM9, and FM11, respectively. 

XRD Patterns

Figure 7 illustrates the XRD pattern of pure PAN, the

SiO2/PAN nanocomposite films with different loadings of

silica NPs and the sample containing EG. The XRD pattern

of pure casted PAN exhibits a peak at 2θ=17
o. The sharp

peak of 17 o corresponds to plane (0 1 0) with a d-spacing of

5.30
oC that verifies the crystalline behavior of PAN [22,69].

Therefore, the pure casted PAN film (FM18) still keeps the

crystalline structure. As it is observed, the peak at 2θ=17 o

becomes weak by addition of inorganic silica NPs and this

attenuation is more revealed at higher loadings of silica NPs.

There is also a weak and broad peak at 2θ=28 o in the

samples containing silica NPs. This indicates that addition of

inorganic fillers enhances the amorphous region in the PAN

films. Addition of EG to nanocomposite polymeric films

also decreases more the crystalline evidence of the peak at

2θ=17 o, implying that better dispersion of hydrophilic

fumed silica to composite solutions enhances the amorphous

phase in the composite films [22].

To show the effect of electrospinning method with respect

FFV
Mp/ρp 1.3Vw p,–

Mp/ρp

------------------------------------=

FFV

VNCFs

1.3Vw p,

Mp

-----------------
⎝ ⎠
⎛ ⎞ 1 ϕsio2–( )

ϕsio2

ρsio2

----------
⎝ ⎠
⎛ ⎞+–

VNCFs

-----------------------------------------------------------------------------------------=

ϕsio2

Table 4. Fractional free volume of the nanocomposite films

FM18 FM1 FM3 FM9 FM11 FM13 FM14 FM15 FM16

FFV 0.057 0.079 0.106 0.143 0.189 0.204 0.221 0.245 0.271

MEM1 MEM2 MEM3 MEM4 MEM5 MEM6

FFV 0.102 0.143 0.171 0.202 0.226 0.247

Figure 7. XRD patterns of nanocomposite films (a) pure PAN

(FM18), (b) FM5 (5 wt.% SiO2), (c) FM7 (15 wt.% SiO2), (d)

FM9 (50 wt.% SiO2), and (e) FM14 (50 wt.% SiO2 with equal

amount of EG). 

Figure 8. XRD pattern of polymeric films; (a) casted PAN

(FM18) and (b) electrospun PAN (FM17). 
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to casted one, the XRD pattern of pure electrospun is

compared with casted PAN films in Figure 8. It indicates

that electrospun PAN has an amorphous structure, while the

casted film exhibits crystalline structure [70]. The induced

crystallinity of casted films reduces the free energy of

mixing and hence the water uptake
 [71]. 

FTIR Spectra

The surface chemistry of nanocomposite films is examined

by FTIR in the range 4000 to 400 cm-1. Figure 9 illustrates

the FTIR of FM1-FM4 films and the pure PAN. As shown in

Figure 9(a), the band at 2940 cm-1 is related to -CH2 group,

while that at 2244 cm-1 is ascribed to nitrile groups. The

absorption band at about 1735 cm
-1 is attributed to C=O

stretching vibration [69] and 1600 cm-1 is related to the C=C

band, 1452-1500 cm-1 is ascribed to C-C stretching vibrations

and 1255-1387 cm
-1 is assigned to C-H bending vibrations.

All of these bands reveal the chemical structure of PAN

nanofibers [72,73]. Figure 9(b), (c), (d) and (e) are pertinent

to FM1, FM2, FM3 and, FM4, respectively. Consequently,

the addition of silica NPs to PAN solutions does not change

the surface chemistry of PAN nanocomposite films and there

are no new bands in the films. Thus, incorporation of silica

NPs to PAN polymer via ex-situ method only cause the silica

NPs to absorb physically and there is no evidence of

chemical bands in this incorporation method. 

Figure 10 shows the FTIR of nanocomposite films

fabricated by the sol-gel method. The FTIR of casted and

electrospun nanocomposite films are the same for an

equivalent concentration of NPs. In addition to the bands of

pure PAN (Figure 10(a)), some new bands are presented.

The band at 3411 cm
-1 in Figure 10(b) to (e) is ascribed to

O-H group which is presented during hydrolysis step of the

sol-gel method. The asymmetric and symmetric stretching of

Si-O-Si are presented at 1100 cm-1 and 800 cm-1, respectively.

The Si-O-Si bending is observed at 470 cm
-1, suggesting that

SiO2 is successfully grafted into the polymer matrix. The

peaks of SiO2 are gradually strengthened by increasing the

SiO2 load. 

Figure 11 indicates the FTIR of functionalized silica NPs

into the PAN polymers by EG. It is clear that all the bands of

the sol-gel method can be observed in the figure. In addition

to the bands of Figure 10, there is a new band around the

1000 cm-1 wave number that is assigned to functionalization

of silica NPs. The peak of silica NPs functionalization is

related to Si-O-CH2 group which is strengthened by higher

concentrations of EG.

Figure 9. FTIR spectra of nanocomposite films of (a) pure PAN

(FM17 and 18), (b) FM1, (c) FM3, (d) FM2, and (e) FM4. 

Figure 10. FTIR spectra of nanocomposite films of (a) pure PAN,

(b) FM5 and FM6, (c) FM7 and FM8, (d) FM9 and FM10, and (e)

FM11 and FM12.

Figure 11. FTIR spectra of nanocomposite films of (a) pure PAN,

(b) FM13, (c) FM14, (d) FM15, and (e) FM16.
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The Water Uptake Ratio of Nanocomposite Films

The capacity of fabricated NCFs for water absorption is

shown in Figure 12 as water uptake ratio. The figure is

divided into four parts to show the effect of each technique

used in this study individually and clearly. The effect of

electrospinning, incorporating of silica NPs (both ex-situ

and in-situ methods), and functionalization of silica NPs has

been shown and discussed separately.

Effect of Electrospinning Methodology 

To show the effect of electrospinning methodology, the

casted (FM18) and the electrospun (FM17) polymeric films

are compared with each other in Figure 12(a). It is seen that

electrospun mat absorbs much higher water. The reason is

the higher porosity and nanoscale size of electrospun films,

causing the interaction surface of the polymer with water

molecules to be much higher than the semi-porous casted

ones. Electrospun nanofibers are able to create a specific

surface area of 1000 m
2g-1 which result in much higher

surfaces of the polymer that can be exposed to water

molecules [29,74]. Another reason for this difference is the

amorphous structure of electrospun nanofiber films in

contrast to the crystalline behavior of the casted films
 [71]. 

Effect of Ex-situ Incorporation Method 

The water uptake ratio for the casted film without NPs

(FM18) is 74.8 %, which is indicated in Figure 12(a).

Tripathi et al. [64] obtained a value of 93.1 % for PAN

casted film. The difference can be due to the porosity of the

fabricated films. The porosity of their film was 51.7 %,

which was higher than the porosity (42.7 %) of the casted

film prepared in the present research. In comparison of FM1

and FM3 to FM 18 in Figure 12(a), it can be seen that the

concentration of water is increased about 36.5 percent for

FM1 (5 wt.% of SiO2/PAN) and 70 percent for FM3

(15 wt.% of SiO2/PAN) with respect to FM18. Both of FM1

and FM3 as well as FM18 are fabricated by cast method and

have the same structure. Similar results are obtained for the

electrospun films of FM2 and FM4 in comparison to FM17.

The water uptake ratio has been increased by 16 % for FM2

(5 wt.% of SiO2/PAN) and by 26.7 % for FM4 (15 wt.% of

SiO2/PAN) in comparison to FM17. These three polymeric

films also have the same structure. The reason of high water

absorption is the hydrophilic nature, high surface area to

volume ratio of silica NPs and the porosity of the films,

which is increased by the addition of silica NPs to the

Figure 12. Water uptake ratio of nanocomposite films; (a) FM18, FM1, FM3, FM17, FM2 and FM4, (b) FM18, FM5, FM17, FM9, and

FM11, (c) FM17, FM6, FM8, FM10, and FM12, and (d) FM13-FM16.
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solutions.

Effect of In-situ Incorporation Method 

 The water uptake ratio of the casted and electrospun films

fabricated by the sol-gel method is indicated in Figure 12(b)

and (c), respectively. Both casted and electrospun films of

the sol-gel method absorb more water in comparison to

those fabricated by addition of silica NPs to the PAN

solution via ex-situ method for the same silica loadings. For

example, the water absorption of FM1 (ex-situ method) is

36.5 % higher than that of FM18 (as seen in Figure 12(a)),

while it is 57.4 % higher for FM5 (in-situ method) in

comparison to FM18 as illustrated in Figure 12(b). In the

similar way for the electrospun films, FM2 (ex-situ method)

has increased the absorption of water by 16 %, while the

water uptake ratio in FM6 (in-situ method) has been

enhanced by 20 % as indicated in Figure 12(c). Better

dispersion of silica NPs into the polymeric films and well

grafted of the silica NPs into the PAN polymer via chemical

bands lead to this higher water absorption. 

Effect of Functionalization of NPs 

As mentioned earlier, since the surface tension of EG is

more than the PAN solutions, the addition of EG to the PAN

solutions causes an increase in the surface tension of the

polymeric solution and they could not be electrospun. Thus,

functionalization of silica NPs is only applied in the casted

layers. The water uptake ratio of the films containing EG is

given in Figure 12(d). All of the films have the same

structure (casted layers) and equal amount of silica loadings.

They are compared to FM11, which is also fabricated by

casting of the polymer solution and has same amount of

silica NPs but it does not contain any EG. It is seen that the

films contain EG absorb more water in comparison to the

sample without EG. For instance the water absorption in the

sample containing 25 wt.% EG/silica NPs (FM13) has been

increased by 13 % and this enhancement is more for the

NCFs containing higher concentration of EG. EG has two

hydroxyl group in its structure and these groups are very

strong absorbents for water molecules. 

In summary, three factors cause the enhancement of water

absorption in the fabricated polymeric films. The first is the

electrospinning methodology that makes the polymers to be

fabricated in nanoscale size and contribute the higher

porosity of electrospun films compared to casted layers. The

second factor is the incorporation of silica NPs (via both ex-

situ and in-situ methods), which increases the FFV of

polymer and leads to an increase in the porosity of polymeric

films. Besides, the affinity for absorption of water molecules

by fabricated films is also enhanced. The high porous films

have much higher surface interactions with water molecules

than low porous ones (casted layers) due to the increase in

the chemical potential of the system. At the surfaces, van der

Waals, electrostatic and hydration interactions result in a

positive contribution of chemical potential and lead to

manifest itself as an increase in water concentration [74].

The third factor in the enhancement of water absorption is

the addition of EG to the samples. Glycols contain hydroxyl

groups in their structure that give them a wide variety of

derivatives. Hydroxyl group permits EG to act as an

intermediate in a wide range of reactions [75,76]. The

second advantage of EG is the functionalization of silica

NPs. This functionalization increases the solubility of active

penetrants (H2O molecules) in the hybrid matrix and

maximizes the compatibility of the two phases in the

polymeric films [77].

Water Vapor Transport through Nanocomposite Mem-

branes

The potential of the fabricated NCFs in the absorption of

water molecules motivated us to measure the water vapor

and methane permeation of the nanocomposite membranes.

Figure 13 represents the permeance of water vapor, CH4 and

the selectivity of H2O/CH4. The feed flow rate is 3.5 NL

min-1 at 2.5 bar and 26 oC and the sweep gas flow rate is

3.0 NL min
-1 at 30 kpa and 24 oC. As mentioned in previous

works, the permeance of methane in MEM1 is close to the

intrinsic properties of Pebax 1657 polymer [27,78,79],

indicating that the fabricated membranes are defect-free.

Besides, the actual thickness of NCM selective layers is

determined using FESEM and KLONK image software. By

measuring the selective layers thickness at 10 different point

randomly and taking the average value, the actual thickness

of NCM selective layers was 3.12±0.23 μm. In comparison

with water vapor permeance of other works, it is found that

the equilibrium permeance of water vapor through the

membrane without NPs (MEM1) is about four times the

permeance of water vapor in membranes that used microporous

polymers in their supports layers [27]. This enhancement is

believed to be due to utilizing of electrospinning method for

fabrication of membrane support layers, which contribute to

a high porosity and hence low resistance to water vapor

transition through the layers. In another study, Akhtar et al.

[28] reported 4680 GPU for the permeance of water vapor

Figure 13. Permeance and selectivity of the fabricated membranes;

—○— Water vapor permeance, ―□― CH4 permeance, —∆—

H2O/CH4 selectivity.
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through pure Pebax 1657 membrane, while the permeance

of water vapor for pure Pebax 1657 (MEM1) in present

study was 8340 GPU. The difference is related to the higher

thickness of their membrane selective layer (5.7 μm).

Incorporation of silica NPs to Pebax 1657 contribute to the

increase of both water vapor and methane permeances. In

comparison to the membrane without NPs (MEM1),

increasing the silica NPs concentration to 30 wt.% (MEM4),

enhanced the permeance to about 80 % and 45 % for water

vapor and methane gas, respectively. The specific property

of the prepared membranes, which can improve the

membrane performance and affect the permeability and

mass transport of the gases, is the fractional free volume of

the selective layers. FFV of the fabricated selective layers

was determined based on equations (4) and (5) and are

reported in Table 4. The value of Vw=95.09 cm3/mol is

obtained for Pebax 1657, based on Bondi’s group contribution

method [66,67]. As can be seen, there is an increasing trend

for the calculated FFVs by rasing the concentration of non-

functionalized silica and functionalized silica NPs. This

enhancement in FFVs of the selective layers can give some

proofs for improving the properties of NCMs. The increase

in methane permeance is due to the increase of membrane

fractional free volume and the increase in water vapor

permeance is related to both fractional free volume of the

membranes and the hydrophilic nature of silica NPs. In

previous works, graphene oxide (GO) was incorporated into

the membrane selective layers for water vapor permeation

tests. A concentration of 2 wt.% of GO nanosheets in Pebax

1657 decreased the water vapor permeance by about 12 %

[28] and the water vapor permeance of natural rubber

membrane was reduced to 40 % after incorporation of

1.78 vol% graphene as filler [80]. GO is considered as a two

dimensional nanoparticle, while CNTs and silica NPs are

considered as one dimensional nanoparticles. As a result, the

hydrogen bonding in GO is greater than CNTs and silica

NPs, making it to aggregate faster in the solvents [81,82]. 

Functionalization of silica NPs by using EG (MEM5 and

6) also magnified the permeance of water vapor and CH4

gas. This enhancement in MEM6 was about 45 % for water

vapor and 20 % for methane gas with respect to samples

without EG (MEM4). Ethylene glycol has two hydroxyl

groups in its structure, which are ready to absorb water

molecules via hydrogen bonds. The selectivity of fabricated

membranes is also increased by the addition of silica NPs

and EG to Pebax 1657 copolymer. This increase in the

selectivity is due to more permeation of water vapor in

comparison to CH4. The water vapor permeance greater than

10000 GPU corresponds to a performance higher than the

currently available commercial materials as mentioned in

the work of Huizing et al. [83]. By functionalizing the silica

NPs with EG and using the sol-gel method for incorporating

the NPs into the polymer matrix, the fabricated membranes

in this study provide more than twice of H2O permeance in

comparison to commercially available materials. 

Conclusion

Appropriate dispersion of nanoparticles can affect industrial

processes. The incorporation of silica NPs into PAN and

Pebax 1657 films have been studied in this work. The ex-situ

incorporation method is not able to properly disperse the

NPs even at low loadings. The sol-gel method attenuated the

agglomeration process of silica NPs and improved their

dispersion at moderate loadings. By using this method, silica

NPs grafted well into PAN polymer and enhanced the water

absorption and water vapor permeation processes. This

enhancement could be applicable for industrial textile and

dehydration processes. For higher loadings of NPs, func-

tionalization of NPs is suited well and silica NPs have been

functionalized successfully by EG. By using this method, a

perfect dispersion of silica NPs was attained at 50 wt.% of

NPs. Electrospinning of polymer solutions improved both

distributions of NPs into NCFs and the water absorption

process due to creating high porosity of NCFs. The NCMs

showed a high tendency for water vapor separation from gas

mixtures processes, which is comparable to commercially

available materials. In this study, we focused on the

incorporation of the silica NPs into the polymers to gain

good NPs dispersion at moderate and high loadings of NPs.

The effect of process parameters on gas dehydration process

such as sweep gas flow rate, moisture content in the feed,

feed pressure effect and the effect of heavier hydrocarbons

such as propane and butane in the feed will be considered in

the future work.

Nomenclature

P: Permeability (barrer)

N: Flux (cm3 s-1)

l: Film thickness (cm)

A: Surface area (cm
2)

P1: Downstream pressure (cmHg)

P2: Upstream pressure (cmHg)

w: Sample weight (g)

∆w: Water uptake ratio 

ρ: Water density (g cm
-3)

ø: Film porosity 

FFV: Fractional free volume

MPAN: Molar weight of a monomer of PAN (gmo-1
l)

ρPAN: Density of pure PAN (gcm-1)

VNCFs: Specific volume of NCFs (cm3g-1)

ϕsio2: Volume fraction of the silica NPs
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