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A B S T R A C T

In this work, we have reported a facile method to improve the water vapor permeation performance of thin film
nanocomposite membranes by tailoring the surface properties of Silicon nanoparticles. Inductively coupled
plasma technique was utilized to synthesize amorphous Silicon nanoparticles (~10 nm) which were im-
mediately dispersed in alcohol solvents to functionalize the hydrogenated surface. The major aim was to increase
the loading capacity of nanoparticles in the polyamide membrane without sacrificing the membrane perfor-
mance. The nanoparticles were then added to the aqueous phase monomer for interfacial polymerization re-
action to form a polyamide nanocomposite membrane. The physicochemical properties of the nanocomposite
membranes were investigated using electron microscopy, surface roughness profiling, water contact angle, and
X-ray photoelectron spectroscopy. The isopropyl alcohol (IPA) dispersed nanoparticles showed better hydro-
philicity and higher surface roughness than ethanol counterparts. Mixed gas permeation tests indicated that the
addition of nanoparticles in the polyamide membrane increases the water vapor permeation due to the excess
sorption sites provided by the nanoparticles. The degree of polyamide cross-linking decreased in modified
membranes as compared to the pristine polyamide membrane. Nonetheless, the increase in hydrophilicity
compensated for the membrane selectivity. Furthermore, isopropyl alcohol dispersed nanoparticles showed
higher permeance, flux, and selectivity even at higher concentrations indicating a uniform dispersion in the
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polyamide membrane. A maximum water vapor permeance of 2125 GPU with vapor/gas selectivity of 581 was
observed for nanocomposite membranes containing 1.0 wt% IPA dispersed Silicon nanoparticles.

1. Introduction

Burning coal in a power plant produces huge amounts of water
vapor which are exhausted in the atmosphere with the flue gas. After
the flue gas desulfurization process, the stream is left with Nitrogen,
water vapor and only traces of toxic gases. Moreover, the cooling
towers operating in a power plant and other industries such as oil re-
fineries, paper mills etc. also emit water vapor in huge quantities which
are a cause of thermal air pollution. It is critically important to separate
the water vapor from Nitrogen due to the environmental concerns and
the fact that it can be used for industrial and domestic purposes.
Membrane based separation system has been proven to be a versatile
technology for gas separation due to its energy efficiency, low cost, and
ease of operation [1]. The gas separation in polymeric membranes is
governed by the ‘solution-diffusion’ model according to which the
water vapor molecules adsorb on the membranes surface, diffuse
through it, and desorb on the permeate side [2]. The kinetic diameter of
water vapor is 2.6 Å as compared to Nitrogen's 3.6 Å, which implies
that the former will diffuse/permeate faster than the latter due to its
high diffusivity. Thus, the separation is governed by the difference in
solubility of the two species. Therefore, in order to get highly perme-
able and selective water vapor separation membranes, it is essential to
make them hydrophilic [3]. In this regard, thin film composite mem-
branes prepared by reaction between an aqueous and organic phase
monomer on polymer membranes have been studied in great detail.
Tsai et al. investigated different types of monomers for interfacial
polymerization to achieve high Oxygen permeance and O2/N2 se-
lectivity [4]. Yuan et al. investigated the structural properties of com-
posite membranes for CO2/N2 separation and found out the optimum
monomer concentrations for high-performance gas separation mem-
branes [5]. Similarly, a number of different types of composite mem-
branes have been extensively reported in literature for water based
applications. Lin et al. investigated the void structure of the polyamide
membrane and correlated with the water permeability in nanofiltration
and reverse osmosis applications [6]. Accumulated researches on thin
film composite membranes have already identified the optimum
monomer concentrations and reaction conditions of high performance
polyamide membranes [7–9].

In the past decade, there has been a keen interest in utilizing na-
nomaterials for membrane based processes. These ‘nanocomposite’
membranes have been extensively applied for a number of applications
including gas separation [10,11]. The nanoparticles incorporated in the
polyamide layer provide excess permeation channels to the permeate
species, thereby enhancing the permeability. Nanoparticles such as
silver [12], TiO2 [13], Silica [14] and even carbon based nanomaterials
[15,16] have been incorporated in the polyamide matrix for improving
the water permeability. The nanoparticles not only increase the per-
meability but also provide structural stability to the polyamide mem-
brane along with a larger surface area. However, a number of studies
have reported the agglomeration of nanoparticles after certain con-
centration which negatively effects the permeability of components
[17,18]. Therefore, another attractive approach to reduce the tendency
of agglomeration and further improving the performance of nano-
composite membranes is to functionalize the nanoparticles before the
interfacial polymerization reaction [19–21]. The functional groups on
the surface of nanoparticles interact with the polyamide layer and assist
in increasing the binding affinity of the nanocomposite membranes.
Tiraferri et al. functionalized the surface of silica nanoparticles with
super hydrophilic ligands to increase the hydrogen bonding sites and
ultimately reduce the fouling tendency while increasing the hydro-
philicity [19]. In our recent works, we have demonstrated that the

functionalization of TiO2 nanoparticles with carboxyl and hydroxyl
functional groups increases the water vapor permeability while main-
taining high vapor/gas selectivity [22,23]. The surface tunability of
nanoparticles to control the surface area makes them extremely bene-
ficial for use in nanocomposite membranes. However, large sized na-
noparticles (> 50 nm) agglomerate and deteriorate the membrane
performance after certain concentration. Furthermore, the dispersion of
such large nanoparticles at higher concentration becomes a problem.
Jadav et al. developed Silica nanoparticles with average particle size
(1–20 nm) and reported the increased interaction between the nano-
particles and thin layer with excellent water permeabilities [14].
Therefore, to get uniform dispersion, high interaction with the host
membrane and increased water permeabilities, the size of the functio-
nalized nanoparticles shall be reduced.

In light of the above mentioned foundation, we report a novel ap-
proach to prepare nanocomposite membranes incorporated with func-
tionalized amorphous Silicon nanoparticles with average particle size of
10 nm. Silicon possesses the highest energy density among common
elements, is cheap and environmentally friendly [24]. Moreover, it is a
common material for nano-ink coatings [25]. Furthermore, the func-
tionalization of the nanoparticles does not require extra chemical re-
actions which makes this approach scalable. Amorphous Silicon nano-
particles are synthesized using inductively coupled plasma (ICP)
technique employing a double tube reactor which gives high production
rates at lower costs. The synthesis methodology ensures that the na-
noparticles are functionalized with hydroxyl functional groups. The aim
of this work is to increase the loading capacity of Si nanoparticles in
polyamide membrane by introducing functional groups on the surface
by dispersion in different solvents. Ethanol-water and isopropyl al-
cohol-water mixtures were chosen for dispersion of amorphous Silicon
nanoparticles because of the availability of hydroxyl groups with hy-
drocarbon chain.

2. Experimental

2.1. Materials

Microfiltration Polysulfone (PSf) hollow fiber membranes were
purchased from Guiyang Shidai Huitong Film Technology Co. Ltd.
China and used as received. The hollow fiber membranes had outer and
inner diameters of 1400 μm and 1000 μm respectively, with the mole-
cular weight cut-off of 8000 Da. The physical characteristics of these
membranes have been studied and reported elsewhere [9]. The
monomers m-phenylenediamine (MPD, 99%) and 1,3,5-benzene-
tricarbonyl trichloride (TMC, 98%) were purchased from Sigma-Al-
drich. n-Hexane (99.9%) was purchased from Duksan Pure Chemicals,
South Korea. Pure Nitrogen (99.99%), hydrogen (99.99%) and Silane
(SiH4) gases were purchased from Safety Gas, South Korea. Deionized
water was obtained from a Millipore purification system (Milli-Q). All
the chemicals and reagents were used as received.

2.2. Synthesis of amorphous Silicon nanoparticles in different solvents

Amorphous Silicon nanoparticles were synthesized by inductively
coupled plasma (ICP) technique which has been studied in detail and
reported elsewhere [26]. A double tube reactor was employed to syn-
thesize the Silicon nanoparticles in two different solvents. The reactor
mainly constituted a gas injection unit, plasma cooling unit, and a
gathering zone. SiH4, Argon and H2 gases were supplied to the reactor
where the amorphous Silicon nanoparticles were obtained by applying
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100–500 W of power to the coil. The resulting nanoparticles were
brown in color indicating the amorphous nature in contrast to the
metallic lustre of crystalline Silicon [27]. The obtained nanoparticles
were collected on a metal mesh and quickly transferred to a vacuum
glove box where they were dispersed in (1) Ethanol-water mixture and
(2) Isopropyl alcohol-water mixture (0.5 wt% in solvent). Silicon na-
noparticles oxidize easily and, therefore, were handled in a controlled
environment to ensure no oxidation has occurred. X-ray diffraction
pattern of the as-synthesized nanoparticles is shown in Fig. S1 (Sup-
plementary information) which shows the broad peak of Silicon at
2θ= 28.4°.

2.3. Polyamide nanocomposite layer fabrication by interfacial
polymerization

Cylindrical membrane modules were fabricated to perform inter-
facial polymerization on the inner surface of hollow fiber membranes.
Five hollow fibers were bundled together and sealed at both the ends
using an epoxy resin. The fiber bundle was inserted in a stainless steel
cylindrical module which was 30 cm in length and had an outer dia-
meter of 2.54 cm. The ends of the cylindrical module were sealed by a
polyurethane epoxy. The effective membrane area of the hollow fiber
membranes was 47.10 cm2.

MPD and TMC were used as the aqueous and organic phase
monomer for the interfacial polymerization reaction, respectively. The
as-synthesized amorphous Silicon nanoparticles solution was added to
2.0 w/w% MPD solution in various concentrations, ranging from
0.05 w/w% to 2.0 w/w%, with respect to the MPD. Ultrasonication of
the MPD solution was performed for 1 h before interfacial poly-
merization reaction. Two sets of thin film nanocomposite membranes
i.e. ethanol dispersed nano-Si and isopropyl alcohol dispersed nano-Si,
were prepared depending on the solvent used for dispersing Silicon
nanoparticles. The ethanol dispersed nano-Si will be referred to as ‘ET
(concentration)’ and isopropyl dispersed nano-Si will be referred to as
‘IPA (concentration)’. For instance, ET (0.05) indicates that the nano-
composite membrane was prepared by addition of 0.05 w/w% ethanol
dispersed nano-Si in MPD solution. Similarly, IPA (1.0) means that the
nanocomposite membrane was prepared by adding 1.0 w/w% isopropyl
alcohol dispersed nano-Si in MPD solution.

Interfacial polymerization was performed on the inner surface of
hollow fiber membrane by using a semi-automatic inside coating ma-
chine developed by Korea Institute of Energy Research. At first, the
membrane module was mounted on the inside coating machine and
aqueous phase monomer (containing nanoparticles) was fed to the tube

side of the membrane module for 10 min followed by Nitrogen purging
in order to remove the excess monomer. Next, the organic phase
monomer (0.2 w/w% TMC) was fed to the tube side of the membrane
module where it flowed through the entire length of the module for
5 min to form a thin film polyamide membrane. After the formation of
nanocomposite membrane, Nitrogen gas was purged to remove excess
monomer. Heat treatment was performed at 70 °C for 10 min to
strengthen the newly formed cross-linked structure [8].

2.4. Characterization of thin film nanocomposite membranes

Physicochemical characteristics of the synthesized nanoparticles
and the nanocomposite membranes were analyzed using various ana-
lytical tools. Attenuated total reflection Fourier transformed infrared
spectroscopy (ATR-FTIR) was performed on the nanocomposite mem-
branes in order to investigate the chemical functionalities.
Characterization was conducted by exposing the coated surface and
placing it on the sample holder such that the selective layer faced the
diamond crystal. Analysis was performed on ALPHA-P Spectrometer
(Bruker Optik GmbH) in the wavenumber range 600–4000 cm−1. The
morphology and size of the synthesized Silicon nanoparticles was vi-
sualized by high-resolution transmission electron microscopy (HRTEM)
using the HRTEM, Philips, Tecnai 20. The dispersed solution of nano-
particles in both the solvents i.e. ethanol and isopropyl alcohol was
dropped on the copper mesh and allowed to dry under ambient con-
ditions before the images were taken. Surface and cross-section mor-
phology of the polyamide thin film was visualized using the field
emission scanning electron microscopy (FE-SEM). Hollow fiber nano-
composite membrane samples were cut open in order to expose the
selective layer. For cross-section visualization, the membrane samples
were prepared by immersing the nanocomposite membranes in deio-
nized water followed by immediate cooling in liquid nitrogen. This
results in freezing of the internal structure of the hollow fiber mem-
brane for easy visualization. After the sampling, nanocomposite mem-
brane samples were sputter coated with a thin layer of gold using the
sputter coater Balzers Union SCD 040. Surface and cross-section SEM
images were taken on S4800-Hitachi field emission scanning electron
microscope equipped with energy dispersive X-ray spectroscopy (EDX).
The surface roughness parameters of the thin film nanocomposite
membranes were obtained using the XE-100 atomic force microscopy
(AFM) machine in the non-contact, tapping mode in the air. The
scanning area for the AFM measurements was 3 × 3 μm. The AFM
images were analyzed by the in-built software to obtain the average
surface roughness (Ra), maximum surface roughness (Rmax), root mean

Fig. 1. Schematic diagram depicting the experimental setup employed for the water vapor mixed gas permeation tests.
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square roughness (Rq) and relative surface area (Δ) [28]. Elemental
analysis of the nanocomposite membranes was performed using the X-
ray photoelectron spectroscopy (XPS) with a MultiLab 2000 spectro-
meter (Thermo Electron Corporation, England). Monochromatic Alu-
minum Kα radiation was used as the X-ray source with a characteristic
energy of 1485.6 eV, running at 150 W with constant analyzer pass
energy of 160 eV. The spectra were scanned in the range of −10 eV to
1400 eV with a 1000 meV step. Thermal gravimetric analysis (TGA)
was conducted using the SDT Q600 (TA Instruments, USA). The na-
nocomposite membranes samples were heated from 25 °C to 800 °C in a
nitrogen atmosphere at the rate of 10 °C/min. The quantitative surface
hydrophilicity of the nanocomposite membranes was obtained using
the sessile drop technique on a Phoenix 300 Plus, SEO Co., Ltd. water
contact angle analyzer. Deionized water was used as the probe liquid to
carry out the analysis while measurements were taken at five different
locations on the thin film membrane sample and the average value of
left and right angles is reported here. To get an accurate representation
of the surface hydrophilicity, surface interfacial free energy (−ΔGSL)
was calculated by employing the Young-Dupre equation, Eq. (1),
modified for relative surface area (Δ):

− = ⎡
⎣

+ ⎤
⎦

G γ θΔ 1 cos
ΔSL L (1)

where γL is the surface tension of water (72.4 mJ/m2) and θ is the
average water contact angle in degrees.

2.5. Water vapor permeation setup

Water vapor/gas separation tests were conducted on the setup il-
lustrated in Fig. 1. Water vapor and nitrogen gas were used for the
mixed gas separation experiments. Vapor was generated by a water
vapor generator kept at 300 °C containing deionized water. The vapor
generated in this step was mixed with nitrogen gas and the stream was
designated as ‘carrier gas’ which represents the gas carrying water
vapor. Similarly, the nitrogen gas stream without the water vapor was
designated as ‘dilution gas’. The flow rates of both streams were regu-
lated by a mass flow controller. Dilution and carrier gas streams were
mixed to constitute the feed gas. The humidity of the feed gas was
controlled by regulating the flow rates of the constituent gases such that
the total feed flow rate was kept constant at 1000 cm3/min. For in-
stance, in order to increase the relative humidity in the feed stream, the
flow rate of carrier gas was increased while reducing the dilution gas
flow rate. Both the streams were fed to a demister to remove the water
droplets. After attaining the desired humidity level, the feed stream was

heated in a gas preheater to 30 °C. This heated stream was then fed to
the cylindrical membrane module from the shell side. The pressure in
the membrane module was maintained by a back pressure regulator,
P1, such that the total operating pressure was kept constant at 3.0 kg-f/
cm2. Water vapor/gas separation occurs at the membrane surface
where the permeant gas leaves the membrane module from the
‘permeate side’ while the remaining gas leaves the module from the
‘retentate side’. Humidity and temperature transmitter (HMT), Probe
type 344 Vaisala Oyj, Finland, was connected at feed and retentate
streams to get the humidity measurements. The membrane module and
the gas heater were placed in an oven maintained at a constant tem-
perature of 30 °C throughout the experiment. A vacuum pump, oper-
ating at 0.1 kg-f/cm2, was connected to the permeate stream in order to
maintain constant pressure and provide the necessary driving force for
permeation. Both the permeate and retentate streams were passed
through the steam trap CTB-10, JEIO Tech., Korea to capture the liquid
water before measuring the flow rates by bubble flow meters (Gilli-
brator, USA). The experiments were conducted at 30 °C as a function of
feed side relative humidity. All the measurements were taken when the
system attained a steady state. In order to study the effect of tem-
perature on water vapor permeation properties of the prepared TFN
membranes, the operating temperature was increased from 30 °C to
60 °C in increments of 10 °C.

The calculation procedure for evaluating the water vapor per-
meance and selectivity has been reported in detail elsewhere [22]. The
water vapor flux is water vapor flow rate at the permeate stream per
unit membrane area. To get the water vapor permeance, water vapor
flux was divided by the water vapor partial pressure difference between
the feed and the permeate side of the membrane. The permeance data is
reported in gas permeating units (GPU) where
1 GPU = 1 × 10−6 cm3 (STP)/(cm2·s·cm Hg). Finally, the water
vapor/gas selectivity was calculated by taking the ratio of water vapor
permeance and nitrogen gas permeance.

3. Results and discussion

3.1. Characteristics of the thin film nanocomposite membranes

3.1.1. ATR-FTIR
The infrared absorbance spectra of the Polysulfone substrate and the

thin film polyamide nanocomposite membrane are shown in Fig. 2. The
characteristic bands associated with the Polysulfone functionalities can
be observed in all the spectra since the depth of penetration of the ATR-
FTIR is 0.4–0.5 μm. The characteristic bands at 1586 cm−1 and
1495 cm−1 can be associated with the aromatic CeC stretching of the
sulfone group, 1241 cm−1 to the asymmetric CeOeC stretching of the
aryl ether group and the typical peak at 1150 cm−1 is characteristic of
the symmetric O]S]O stretching of the sulfone group. Moreover, the
peaks at 1295 cm−1 and 1323 cm−1 are attributed to S]O stretching
of the sulfone. All these bands are characteristics of the Polysulfone
functionalities [29].

The presence of the polyamide nanocomposite membrane was
confirmed by the new peaks that appeared at 1660 cm−1, 1610 cm−1,
and 1540 cm−1 which are the characteristic peaks attributed to the C]
O stretching vibrations of amide (amide I), aromatic ring breathing
(NeH stretching of the amide) NeH bending (amide II), and CeN
stretch of the amide, respectively [29]. A small peak at 1450 cm−1,
which is most likely associated with a carboxylic acid group (C]O
stretching/OeH bending of carboxylic acid), appeared in all the TFN
membranes except PSf substrate [30]. The appearance of such band
could result from an acid chloride group of TMC which hydrolyzes to
form carboxylic acid groups. The formation of carboxylic acid is as-
sumed to be favorable for the water vapor permeation since it increases
the hydrophilicity of the membrane and as a result increasing the water
flux. Furthermore, the characteristic band associated with CeCl stretch
appears at 780 cm−1, which arises due to the unreacted acyl chloride of

Fig. 2. ATR-FTIR spectra of the Polysulfone substrate and the functionalized nano-Silicon
based thin film nanocomposite membranes.
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the TMC. Another significant peak appears at ~3300 cm−1 which is
associated with the OeH stretch and is only observed for the polyamide
coated membranes. It indicates the presence of alcohol group (eOH) in
the nanocomposite membrane owing to the functionalized nano-
particles dispersed in ethanol and isopropyl alcohol [31]. The intensity
of this peak is quite significant as compared to the PSf membrane in-
dicating the extent of eOH groups in the TFN membranes. The peaks
around 3000–2900 cm−1 are assigned to the aliphatic CeH stretch
arising from the hydrocarbon chains associated with the dispersion
solvents. The characteristic peaks associated with the functionalized
Silicon nanoparticles appear at 1040 cm−1 and 920 cm−1 which can be
assigned to asymmetric stretching of SieOeSi and the stretching vi-
bration of SieOH respectively [32]. Nevertheless, the presence of car-
boxylic acid group and unreacted acyl chloride group of the TMC,
coupled with the dense and selective layer play an important role in
increasing the water flux and improving the nanocomposite membrane
selectivity.

3.1.2. Electron microscopy
High-resolution transmission electron microscope (HR-TEM) image

of the amorphous Silicon nanoparticles is shown in Fig. 3. The nano-
particles look agglomerated because the dispersed solution containing
the nanoparticles was allowed to dry in air before the TEM analysis,
which resulted in the solvent being evaporated. It can be observed that
the synthesized Silicon nanoparticles size is around 10–15 nm.

The particle size was calculated by TEM image by measuring the
size of 100 nanoparticles and taking an average. It can also be observed
that the particle size distribution is very narrow. One of the major ad-
vantages of the using inductively coupled plasma technique is that it is
possible to obtain nanoparticles with desired particle size and narrow
size distribution [26]. Furthermore, the particle size distribution and
the average Silicon nanoparticle size was the same in ethanol and as
well as in isopropyl alcohol. It is because the size of the nanoparticle
does not depend on the type of solvent used for dispersion rather it
depends on the synthesis conditions. The only difference lies in the
surface functionalities of the synthesized nanoparticles. The as-syn-
thesized amorphous Silicon nanoparticles are partially hydrogenated
because of the reactant Silane gas. The hydrogenated Silicon nano-
particles are extremely reactive and form hydroxyl groups upon dis-
persion in alcohols. Thus, the nanoparticles get –OH functionalized. In
case of the nanoparticles dispersed in isopropyl alcohol, the hydro-
carbon chain is also associated with the –OH functional groups thus
causing a steric hindrance between the particles and reducing the ag-
glomeration. With such a small particle size (10–15 nm), the nano-
particles dispersion is excellent in the solvent as well as the aqueous
phase monomer leading to higher loading capacity in the polyamide
membrane.

The structure and morphology of the PSf hollow fiber membrane
substrate is shown in Fig. S2 (Supplementary information). It shows
finger-like pores which are a characteristic of membranes prepared by
non-solvent induced phase separation. The cross-section view of the
nanocomposite membranes can be visualized by SEM images shown in
Fig. 4. Due to the higher surface roughness of the nanocomposite
membranes, it is not possible to define the outer boundary of the se-
lective layer. The outline of the selective layer is shown by a dotted line.
The structure is a typical “ridge-valley” type with higher points corre-
sponding to the ridges and lower to the valleys. It is important to
mention that the morphology of the TFN membranes incorporating
nanoparticles show convolutions and small voids in their structure [6].
These voids do not act as pores rather independent voids that are not
connected to either of the feed side or permeate sides. Presence of the
voids in polyamide layer prepared by nanoparticles dispersed in aqu-
eous phase monomer is vital for increasing the water flux across the
membrane. As will be shown later, the water vapor permeance values
for the TFN membranes are far greater than those of TFC membrane.

In the first stage of IP reaction, the pores near the surface of the
membrane substrate are completely filled by the aqueous phase
monomer (MPD). Fig. 5 shows a schematic representation of the poly-
amide layer formation containing functionalized Silicon nanoparticles.
Since the aqueous phase monomer contains nanoparticles, the latter
also reside in the near surface pores of the membrane even after the
excess monomer is removed by purging N2 gas. Upon contact with the
trimesoyl chloride solution, the amine molecules diffuse towards the
interface due to their higher solubility in the organic solvent. The ra-
pidly diffusing molecules react with trimesoyl chloride to form poly-
amide nuclei. The nuclei's eventually combine laterally and grow to
form a thin layer which continues to grow until the mass transfer re-
sistance becomes high enough to prevent further diffusion of MPD to-
wards the organic front. At this step, the rate of interfacial poly-
merization reduces sharply and the polyamide layer becomes stable.
Moreover, the water molecules readily hydrolyze the TMC thus redu-
cing the number of active sites for reaction and limiting the polyamide
membrane's thickness [33]. The nanoparticles are assumed to be buried
in this polyamide layer rather than existing near the surface. The
functional groups on the surface of nanoparticles play a vital role in
stable embedment of the nano-Si in the polyamide matrix. The hydroxyl
groups of nano-Si form a hydrogen bond with the carbonyl groups of
the polyamide membrane resulting in a stable attachment in the matrix
and providing excess paths for water vapor permeation (Fig. 5). It is
quite possible that the hydroxyl groups on the surface of Silicon na-
noparticles react with the acyl chloride group to form esters, however,
the absence of the characteristic peak in the ATR-FTIR spectra at
1735–1750 cm−1 (C]O of ester) is an indication that there is no re-
action between the two species. It could be because the nanoparticles

Fig. 3. High resolution TEM image of the synthesized
Silicon nanoparticles. The average particle size of the na-
noparticles was evaluated to be 15 nm.
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are apparently buried deep inside the dense layer and hence there was
no interaction with the acyl chloride groups of TMC during the poly-
merization reaction. Furthermore, the thickness of the Silicon con-
taining nanocomposite membranes cannot be measured accurately due
to the heterogeneity and extreme convolution of the membrane [14].
Although, indicative measurements show that the thickness of the se-
lective polyamide layer was in the range of 350–400 nm as identified
from Fig. 4. It is pertinent to mention that the addition of ethanol and
isopropyl alcohol in the aqueous phase monomer increases the mis-
cibility of aqueous and organic media during the IP reaction thus in-
creasing the breadth of the reaction zone. Miscibility enhancement due
to the addition of alcohol based solvents result in films with greater
roughness and high permeability which is enhanced further due to the
addition of Silicon nanoparticles.

The surface morphology of the nanocomposite membranes is shown
in Fig. 6. The ‘leaf-like’ structure, which is a characteristic of all the
polyamide membranes prepared by reaction between MPD and TMC, is
clearly visible in all the TFN membranes. These leaves are the result of
lateral growth of the polyamide nuclei which eventually combine to
form the polyamide dense structure. It is well known that the reaction
of MPD and TMC can result in cross-linked and linear polyamide
structures as shown in Fig. 5. The three-dimensional networked struc-
ture of the TFN membranes (Fig. 6) indicates the density of the nano-
composite membranes. Furthermore, the stable embedment and good
binding of the nanoparticles with the polyamide membrane ensure a

rough texture as seen in Fig. 6(a)–(f).

3.1.3. Atomic force microscopy (AFM) and water contact angle analysis
Three-dimensional surface roughness profiles of the TFN mem-

branes prepared by ethanol and isopropyl alcohol dispersed nano-Si are
shown in Figs. 7 and 8 respectively. The average surface roughness (Ra)
of the TFN membranes increased with an increase in the nano-Si con-
centration independent of the solution they were dispersed in. The
average surface roughness at of 2.0 wt% nano-Si was higher than
0.05 wt% in both types of TFN membranes. The surface roughness
parameters of the prepared nanocomposite membranes are listed in
Table 1. In the case of the nanocomposite membranes prepared by
ethanol dispersed nano-Si, the average surface roughness increases
from 67 nm (ET(0.05)) to a maximum value of 78 nm (ET (0.5)). Fur-
ther increase in the concentration of the nanoparticles causes a decrease
in the average roughness but the magnitude remains greater than ET
(0.05). The ridge-valley morphology of the nanocomposite membranes
can be seen clearly in Figs. 7–8. As explained earlier, the reaction be-
tween the monomers occur at the organic front of the interface. In the
initial stages of polymerization, the MPD molecules carry the small
nanoparticles to the reaction zone with little resistance. As a result, the
nanoparticles get buried in the polyamide layer as shown schematically
in Fig. 5. However, if the concentration of nanoparticles is high enough,
they obstruct the moving MPD molecules and the resistance to the
diffusion increases. Furthermore, at higher concentrations of the

Fig. 4. FE-SEM images showing the cross-section morphology and convolution of the polyamide layer. (a) ET (0.05), (b) ET (0.5), (c) ET (2.0), (d) IPA (0.05), (e) IPA (0.5) and (f) IPA
(2.0).

Fig. 5. Schematic illustration of the interfacial polymerization reaction leading to the formation of nanocomposite membrane containing nanoparticles. MPD penetrates through the near
surface pores and fills them before the excess monomer is removed by gas purging. Upon contact with the TMC, the MPD molecules diffuse towards the organic front where the reaction
takes place.
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nanoparticles, it is assumed that the nanoparticles agglomerate at
higher concentrations of solvents and might interfere in the interfacial
polymerization reaction leading to a decrease in surface roughness.

Similar results were obtained for the TFN membranes prepared by

isopropyl alcohol dispersed nano-Si where the average surface rough-
ness increased till IPA (1.0) and then started to decrease as shown by
Table 1 and Fig. 8. Moreover, the maximum surface roughness (Rmax) of
456 nm in the case of IPA (1.0) shows that the ridge and valley

Fig. 6. FE-SEM images showing the surface morphology of the polyamide thin film nanocomposite membranes incorporating nano-Si in different solvents. (a) ET (0.05), (b) ET (0.5), (c)
ET (2.0), (d) IPA (0.05), (e) IPA (0.5) and (f) IPA (2.0).

Fig. 7. Atomic force microscopy images showing the surface roughness morphology of the TFN membranes prepared by using ethanol dispersed nano-Si solution. (a) ET (0.05), (b) ET
(0.5), (c) ET (1.0), and (d) ET (2.0).
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structure in the polyamide membrane is more prominent. This fact is
supported by the FE-SEM image shown in Fig. 4(e) where the con-
volution and protuberance of the polyamide membrane is distinct. The
separation mechanism in gas separation membranes is explained by the
‘solution-diffusion’ mechanism in which the water vapor molecules
adsorb on the membrane surface and diffuse through the entire mem-
brane to desorb on the permeate side. As the name of the mechanism
suggests, the solubility and the diffusivity of the gas molecules control
the permeation rate. Therefore, a nanocomposite membrane with
higher surface roughness will provide larger surface area for the water
molecules to adsorb on the surface.

Another important factor that accelerates the solubility of the water
molecules in polyamide membrane is the surface hydrophilicity [19].
Surface hydrophilicity is determined by the solid-liquid interfacial free
energy (−ΔGSL) which takes into account the relative surface area term
(Δ) and the water contact angle. Higher value of −ΔGSL is an indicative
of a hydrophilic surface. The surface hydrophilicity of the

nanocomposite membranes follows the same trend as the surface
roughness i.e. increase with the addition of nanoparticles up to a certain
concentration (ET (0.5)). Further addition of the nanoparticles results
in a decrease in surface hydrophilicity of the TFN membrane, which is
confirmed by the reduction in the solid-liquid interfacial free energy
value from 112 mJ/m2 to 96 mJ/m2 (ET (2.0)). It could be due to the
increased agglomeration of the nanoparticles on one location which
causes this trend. Furthermore, it can also be deduced from Table 1 that
the polyamide membrane prepared by isopropyl alcohol dispersed
nano-Si solution show higher values of surface interfacial energies than
their ethanol counterparts. It means that the former renders the surface
more hydrophilic coupled with high surface area for water vapor to
adsorb and dissolve readily. However, similar to the average surface
roughness, the maximum hydrophilicity (129 mJ/m2) was achieved at
1.0 wt% of isopropyl alcohol dispersed nano-Si. On the contrary, in case
of ethanol dispersed nano-Si, the maximum hydrophilicity was
achieved at 0.5 wt% of nanoparticles. It means that the dispersion of
amorphous Silicon nanoparticles in isopropyl alcohol leads to an in-
creased loading capacity, higher hydrophilicity and rougher surfaces as
compared to dispersion in ethanol. It could be because the long hy-
drocarbon chain associated with the isopropyl alcohol helps in better
dispersion of the nanoparticles in the solution thereby reducing the
chances of agglomeration even at 1.0 wt% concentration. Nevertheless,
the water vapor permeation greatly depends on the surface roughness
and hydrophilicity of the nanocomposite membranes and it will be
shown in the water permeance results.

3.1.4. X-ray photoelectron spectroscopy (XPS) analysis
Surface chemical structure of the nanocomposite membrane is very

important as it controls the selective water sorption characteristics.
Survey scans of the nanocomposite membranes were performed using
XPS to investigate the surface elemental composition (~5 nm depth)

Fig. 8. Atomic force microscopy images showing the surface roughness morphology of the TFN membranes prepared by using isopropyl alcohol dispersed nano-Si solution. a) IPA (0.05),
(b) IPA (0.5) (c) IPA (1.0), and (d) IPA (2.0).

Table 1
Surface roughness parameters and water contact angle of the polyamide nanocomposite
membranes.

Membrane Rq (nm) Rmax

(nm)
Ra (nm) Water

contact angle
(°)

Surface interfacial free
energy, −ΔGSL (mJ/
m2)

ET (0.05) 90 296 67 42 ± 2 103
ET (0.5) 102 449 78 37 ± 3 112
ET (1.0) 97 360 76 41 ± 1 107
ET (2.0) 86 296 69 56 ± 3 96

IPA (0.05) 62 285 46 49 ± 2 105
IPA (0.5) 87 268 70 44 ± 4 107
IPA (1.0) 100 456 75 33 ± 1 129
IPA (2.0) 90 403 67 43 ± 2 108
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and the bonding chemistry. The elemental composition was determined
based on the intensity counts of Carbon (284.6 eV), Nitrogen (400 eV)
and Oxygen (532 eV) peaks shown in Fig. S3 (Supplementary in-
formation). The atomic composition of the TFN membranes and a
composite membrane (TFC) without the nanoparticles (MT) is sum-
marized in Table 2. The surface composition of polyamide composite
membranes is well in accordance with the literature [34]. As expected,
Silicon is detected in very small amounts in the TFN membranes pre-
pared by nano-Si dispersed in ethanol and isopropyl alcohol. Since the
concentration of the nanoparticles is very less, the Silicon peaks
(103 eV) in survey scan cannot be easily differentiated due to the less
intensity. Moreover, the XPS scan gives the surface chemistry (~5 nm)
of the sample and since the nanoparticles are embedded deeper inside
the polyamide layer (~400 nm), it is possible that there were very few
Si nanoparticles in the region that was scanned. That being said, the
consistent increase in the Oxygen concentration indicates the presence
of functionalities of nanoparticles and an additional source of oxygen
atoms other than the polyamide. Alcohol based solvents used for the IP
reaction act as the additional source of Oxygen in the nanocomposite
membranes.

The extent of cross-linking of the polyamide membrane is usually
estimated by the O/N ratio obtained using the XPS data [31]. For a fully
cross-linked polyamide membrane, the ratio of O/N is 1 which indicates
that all the Oxygen and Nitrogen are bonded to form the polyamide
layer. However, since the nanocomposite membrane is modified by the
addition of functionalized nanoparticles, the O/N ratio does not accu-
rately quantify the cross-linking density. This approach must be mod-
ified when considering TFN membranes incorporating nanoparticles
which may contribute to change in the Oxygen concentration. There-
fore, the relative extent of cross-linking density can also be estimated by
C/N ratio which increases with the latter and is unaffected by the extra
Oxygen content [35]. By looking at the C/N ratios mentioned in Table 2
it can be inferred that the nanocomposite membranes were less cross-
linked than the TFC. It indicates that the addition of nanoparticles
significantly alters the polyamide film structure without reacting with
the acyl chlorides of TMC. The results are consistent with the findings of
Lind et al. who found that the cross-linking density of the polyamide
layer decreased upon addition of zeolite nanoparticles without lowering
the rejection [35]. The decrease in cross-linking density does not affect
the selectivity of the membranes as will be explained in the permeation
test results.

3.1.5. Thermal gravimetric analysis (TGA)
The thermal stability of the Polysulfone substrate and the nano-

composite membranes was investigated using the TGA analysis. Fig. 9
shows the TGA curves of the prepared samples.

It is evident that the degradation behavior of all the membrane
samples follows a distinct major three step decomposition process. In
the first step, evaporation of the volatile matter and water occurs in the
temperature range of 25–150 °C. In the second step, the degradation of
the polymer chains occur in the range of 200–500 °C while in the third
step the degraded products are carbonized. In the case of the
Polysulfone substrate, Fig. 9(a), the sulfone chains start to break after
200 °C due to the degradation of sulfonic groups. The exact temperature
can vary due to the dependency of the sulfonic groups or if there is a
side chain present [36]. Furthermore, the major weight loss occurs in
the temperature range 450–600 °C corresponding to the polymer com-
bustion. It can be observed from Fig. 9(b)–(c) that the polyamide na-
nocomposite membrane increases the stability of the Polysulfone sub-
strate by suppressing the percentage weight loss. The weight loss at
234 °C in Polysulfone substrate is approximately 31% which is reduced
to around 12% by the existence of polyamide nanocomposite mem-
branes. Furthermore, the residual material at the end of the test was
24% for PSf while 31.7% and 32.9% for ET (0.5) and IPA (0.5) re-
spectively. It means that the nanocomposite membranes impart thermal
stability to the Polysulfone membrane which can be attributed to the

Silicon nanoparticles and their interaction with the polyamide mem-
brane and the resulting structures [37].

3.2. Mixed gas separation performance of the polyamide nanocomposite
membranes containing amorphous Silicon nanoparticles

Water vapor/N2 mixed gas separation performance of the poly-
amide nanocomposite membranes containing functionalized Silicon
nanoparticles is shown in Fig. 10. Water vapor permeation tests were
conducted as a function of feed side relative humidity while the oper-
ating temperature and pressure were kept constant. For reproducibility
of the results, two modules of each concentration were tested twice and
the average data is reported here with the standard deviation.

For comparison purposes, a composite membrane was also fabri-
cated using the same two monomers with similar concentrations as
mentioned in the Experimental section. The membrane module, named
MT, was tested for water vapor permeation in the mixed gas environ-
ment to set a baseline for further experiments. The composite mem-
brane without the nanoparticles had a water vapor permeance and
selectivity of 1340 GPU and 390 respectively. Two sets of TFN mem-
branes were tested for their water vapor separation characteristics
based on the nanoparticles used during the interfacial polymerization
reaction i.e. the ethanol dispersed nano-Si and the isopropyl alcohol
dispersed nano-Si. In both sets of TFN membranes, the water vapor
permeance increases with the increase of the nanoparticles concentra-
tion up to a certain point after which it starts to decrease again. This
type of behavior is a characteristic of nanocomposite membranes pre-
pared using the nanoparticles [14,38,39]. After certain concentration of
nanoparticles in the polyamide membrane, the performance begins to
deteriorate again due to agglomeration and/or interference with the
polymerization reaction resulting in a non-uniform coating layer. For
the TFN membranes prepared using the ethanol dispersed nano-Si, the
water vapor permeance increases from 1710 GPU at ET (0.05) to
2080 GPU at ET (0.5). Similarly, the vapor/N2 selectivity increases
from 405 to 490 at the same concentrations. The increase in gas se-
paration performance is closely related to the increased surface hy-
drophilicity and average roughness. As shown earlier, the hydrophilic
surfaces caused by the –OH functionalized Silicon nanoparticles and the
carboxyl groups increase the sorption of water vapor molecules on the
polyamide nanocomposite membranes. Studies have also shown that
the –OH functionalities of Silicon increase the water sorption capacity
of the polyamide matrix [40]. Sorption, being the foremost step in
‘solution-diffusion’ mechanism, significantly affects the permeation of
water vapor molecules [41]. The hydrophilicity of the membrane is
responsible for high selectivities shown by the membranes. Since the
addition of nanoparticles in the polyamide matrix also increases its free
volume, the water molecules occupy and preferentially permeate
through this excess volume resulting in increased water permeance.
However, after attaining the maximum permeance and selectivity at ET
(0.5), the permeation performance starts to decrease again till ET (2.0).
This kind of trend can be explained by AFM and water contact angle
results which showed that the surface roughness, as well as surface
hydrophilicity, decreases after ET (0.5). It means there are lesser
sorption sites available to the water vapor molecules to adsorb and
diffuse through the membrane thus reducing the permeation. Further-
more, another reason could be the agglomeration of nanoparticles that

Table 2
XPS surface composition (atomic %) of the polyamide composite membranes.

Membrane Elemental composition Ratio

C N O Si C/N O/N

MT 79.16 5.78 15.06 – 13.7 2.60
ET (0.5) 73.57 7.24 16.19 1.12 10.2 2.23
IPA (0.5) 73.95 8.31 15.69 1.02 8.90 1.88
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occurs at a higher concentration which can result in providing re-
sistance to mass transfer for the water vapor molecules as well as dis-
rupting the polyamide network. Both of these factors contribute to the
lower permeation performances shown by the TFN membranes at
higher loading of nanoparticles. The water vapor permeance decreases

drastically from 2080 GPU at ET (0.5) to 1436 GPU at ET (2.0) in ac-
cordance with the results of surface hydrophilicity and explanation
given above. Similarly, the vapor/N2 selectivity dipped to 418 at higher
loading of ethanol dispersed nano-Si.

It is interesting to look at the graphs of the water vapor permeance

Fig. 9. TGA curves of the (a) Polysulfone hollow fiber membrane substrate, (b) ET (0.5) and (c) IPA (0.5).

Fig. 10. Mixed water vapor/gas separation performance of the TFN membranes containing amorphous functionalized Silicon nanoparticles, showing the effect of nanoparticle con-
centration on (a) Water vapor permeance and (b) Water vapor/N2 selectivity. Feed relative humidity ~80%, operating temperature: 30 °C, operating pressure: 3.0 kg-f/cm2, and feed flow
rate: 1000 cm3/min.
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and selectivity of TFN membranes prepared using isopropyl alcohol
dispersed nano-Si. Unlike, ethanol dispersed nano-Si, in this case the
water vapor permeance and selectivity increases till 1.0 wt% of nano-
particles. Till 0.5 wt%, the water vapor permeance of IPA based nano-Si
is lower than ET based nano-Si. Whereas the water permeance de-
creases in case of latter, it increases till 1.0 wt% in case of the former,
resulting in the maximum water vapor permeance and vapor/N2 se-
lectivity of 2125 GPU and 581 respectively. Such a trend could be ex-
plained by the hydrocarbon chain that is associated with the nano-
particles. It could be that the steric hindrance caused by the
comparatively larger hydrocarbon chains prevents the tendency of the
nanoparticles to agglomerate. It means that the nanoparticles remain
un-agglomerated even at higher loading capacity which in turn in-
creases the preferential permeation paths for the water molecules by
increasing surface hydrophilicity. The hydrophilicity exists due to the
polar molecules on the surface of the nanoparticles. Moreover, the
decrease in water vapor permeance after IPA (1.0) is less pronounced as
compared to ET (1.0). It suggests that the isopropyl alcohol dispersed
nano-Si does not significantly alter the polyamide membrane structure
at higher concentrations. In the case of ET based TFN membranes, the
water vapor permeance decreased 31% after attaining maximum point,
however, in IPA bases TFN membranes the decrease only constituted
11% indicating that latter is more effective in retaining the water vapor
permeance and stabilizing the polyamide membrane at higher con-
centrations.

3.3. Effect of operating temperature on the water vapor permeance and
selectivity of nanocomposite membranes

Mixed gas permeation experiments were conducted at different
operating temperatures in order to investigate water vapor permeation

performance of the nanocomposite membranes. As mentioned before,
permeability is a product of diffusivity and solubility. Both of which are
affected by an increase in operating temperature with the former in-
creasing while the latter decreasing as a function of temperature.
Therefore, the water vapor/mixed gas permeation can exhibit intricate
behavior at elevated temperatures. Fig. 11 demonstrates the effect of
operating temperature on the water vapor permeance and selectivity of
nanocomposite membranes prepared by using EtOH and IPA dispersed
nano-Si. In both the cases, increase in the operating temperature results
in the decrease in water vapor permeance as well as the selectivity. This
trend can be explained by Eq. (2) which correlates the vapor perme-
ability (P) with operating temperature (T):

⎜ ⎟= ⎛
⎝

− ⎞
⎠

P P
E

RT
exp p

0
(2)

where P0 is a pre-exponential, Ep is the activation energy for permeation
and R is the ideal gas constant. Furthermore, Ep is actually the sum of
the heat of sorption and activation energy for diffusion. Under-
standably, the activation energy for diffusion always has a positive
value at elevated temperatures due to the rapid movement of mole-
cules. However, the heat of sorption, which is the difference in enthalpy
between the penetrant in the vapor phase and that sorbed in the
polymer matric has a negative value which results in lower solubility of
the penetrant at high temperature. Since the permeance of water vapor
is controlled largely by solubility rather than the diffusivity, low solu-
bility at higher temperatures results in the decline in water vapor
permeance.

In Fig. 11(a) and (b), there is no significant difference between the
trend of water vapor permeance and selectivity with temperature. It is
interesting to note that even though the hydrophilicity of the membrane

Fig. 11. Effect of operating temperature on the mixed water vapor/gas separation performance of the TFN membranes (a) Water vapor permeance and (b) Water vapor/N2 selectivity.
Feed relative humidity ~80%, operating pressure: 3.0 kg-f/cm2, and feed flow rate: 1000 cm3/min.
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increases with an increase in nanoparticles concentration up to a cer-
tain point, the enthalpy of sorption always remains negative at high
temperature resulting in lower water vapor permeance. Furthermore,
the Nitrogen permeability increases with temperature due to the higher
activation energy for diffusion which means higher diffusion coefficient
of N2. This increase in Nitrogen permeability causes a large decrease in
selectivity which can be observed for both types of TFN membranes as
shown in Fig. 11(a) and (b). For instance, the vapor/gas selectivity of
IPA (1.0) decreases from a maximum of 581 to 397 with the increase in
temperature from 30 °C to 60 °C. Similarly the selectivity of EtOH dis-
persed nano-Si TFN membranes also decreases with an increase in
temperature. Furthermore, when the temperature is increased from
50 °C to 60 °C, the decrease in selectivity is more pronounced because
the Nitrogen permeability increases exponentially at higher tempera-
tures. Therefore, in conclusion, the combination of enthalpy of sorption
and permeability of Nitrogen influences the water vapor permeation
performance of the TFN membranes as a function of temperature
though the solubility of water vapor determines the final selectivity.

3.4. Effect of nanoparticles concentration on the water flux of
nanocomposite membranes

Fig. 12 shows the permeate water flux of the nanocomposite
membranes as a function of nanoparticles concentration. One thing
common in both EtOH and IPA dispersed nano-Si is the fact that the
water flux increased with the increase in nanoparticles concentration.
Clearly, the trend is similar to the water vapor permeance. In case of the
nanocomposite membranes prepared by EtOH dispersed nano-Si, the
water flux increased from 0.24 kg/m2·hr (0.1 wt% nano-Si) to 0.38 kg/
m2·hr (0.5 wt% kg/m2·hr) and then decreased till 2.0 wt%. However,
following the same trend, the water flux in case of IPA dispersed nano-
Si increased from 0.33 kg/m2.hr. (0.1 wt%) to 0.39 kg/m2·hr. (1.0 wt
%). The increase in water flux can be explained by the addition of

hydrophilic nanoparticles in the membranes which impart hydro-
philicity to the membrane as explained in earlier sections. Furthermore,
the extra permeation channels that are provided by the nanoparticles
play a vital role in increasing the flow of water across the membrane.
Furthermore, as explained by the XPS results, the decrease in cross-
linking density of the membranes upon nanoparticles addition also
contributes to the higher water fluxes as there are more permeation
paths for the water molecules to permeate. Nanocomposite membranes
prepared by IPA dispersed nano-Si showed higher water fluxes than
ethanol because of the more uniform dispersion and higher hydro-
philicity courtesy of the lower water contact angles and higher surface
roughness. It can be deduced that the water flux of the membranes
depends more on the surface hydrophilicity of the nanocomposite
membranes.

The TFN membranes prepared in this work are compared to the
state-of-the-art membranes reported in the literature (Table 3). The
water vapor permeance data regarding nanocomposite membranes is
limited since the sustainable nanomaterials for gas separation are still
under development. Nanocomposite membranes still present an upper
hand as compared to physically coated membranes since they are more
stable and give better performance with very thin membrane. Never-
theless, the proposed nanoparticles in isopropyl alcohol can be in-
vestigated further by reducing the nanoparticles size and dispersing in
other polar solvents.

4. Conclusion

The amorphous Silicon nanoparticles (~15 nm) were synthesized
by inductively coupled plasma technique and immediately dispersed in
two different solvents i.e. ethanol-water and isopropyl alcohol-water.
Upon interaction with alcohol groups, the hydrogenated Silicon nano-
particles are functionalized with hydroxyl groups which are useful for
increasing the surface hydrophilicity of the nanoparticles. The thin film
nanocomposite membranes were prepared by an interfacial poly-
merization reaction between the aqueous phase monomer, containing
nanoparticles, and the organic phase monomer on the inner surface of
the hollow fiber membrane. The functionalized nanoparticles imparted
hydrophilicity and formed a hydrogen bond with the carbonyl groups of
the polyamide thin film. The nanoparticles dispersion was better in
isopropyl alcohol as compared to ethanol. The hydroxyl functionalities
and small size of the nanoparticles resulted in higher loading capacity
of the nanoparticles in the selective layer. The nanoparticles provide
increased sorption sites for the water molecules due to the high surface
area of the composite membrane. Isopropyl alcohol dispersed nano-
particles provided rougher surfaces with improved hydrophilicity due
to the increased breadth of reaction zone provided by the alcohol sol-
vent. These factors contributed to higher water vapor permeance
(2125 GPU) as well as increased loading capacity (1.0 wt%) of the na-
noparticles in the polyamide membrane. The increase in the operating
temperature leads to a decrease in water vapor permeance and se-
lectivity which is due to the lower solubility of water vapor at elevated
temperatures. The addition of nanoparticles did not significantly alter

Fig. 12. Effect of nanoparticles and the dispersion solvent on the water flux of the na-
nocomposite membranes.

Table 3
Comparison with the composite membranes reported in literature.

Membrane Water vapor permeance (GPU) H2O/N2 Selectivity Operating temperature (°C) Ref.

Al-MCM 48 180 150 25 [40]
PDMS-Si composite membrane 19 32 35 [42]
NaAlg-gelatin(10)-PSf 30 544 25 [43]
PEBAX®1657 composite 260 274 21 [44]
PDA-MPD-TMC/PES 1029 34 30 [45]
TFC-HF3/PSf 1700 90 30 [46]
TiO2-TFN/PSf 1340 486 30 [22]
PDA-TFC/PSf 3185 195 30 [47]
IPA Nano-Si TFN/PSf 2125 581 30 This study
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the permeation performance of nanocomposite membranes at higher
temperatures. Dispersion of nanoparticles in polar solvents increases
the loading capacity for fabrication of nanocomposite membranes for
water vapor/gas separation. The new nanocomposite membranes can
give way to research on high performance functionalized nanoparticles
for water vapor separation.
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