
Vol.:(0123456789)1 3

Journal of Polymer Research (2023) 30:294 
https://doi.org/10.1007/s10965-023-03672-z

ORIGINAL PAPER

Electrospun nanocomposite membranes for wastewater treatment: 
γ‑alumina nanoparticle incorporated polyvinyl chloride/thermoplastic 
polyurethane/polycarbonate membranes

Javad Yekrang1  · Habib Etemadi2

Received: 30 January 2023 / Accepted: 27 June 2023 / Published online: 6 July 2023 
© The Polymer Society, Taipei 2023

Abstract
In this study, the nanocomposite membranes were electrospun using conventional polymers, including polyvinyl chloride 
(PVC), thermoplastic polyurethane (TPU) and polycarbonate (PC) at different levels of incorporation of the γ-alumina 
nanoparticles (1, 3 and 5 wt.%). Morphological investigation using SEM images showed that the diameters of the nanofib-
ers were in the range of 155-491 nm. The energy dispersive spectroscopy (EDS) analysis and FTIR test revealed the pres-
ence of the γ-alumina nanoparticles (NPs) and characteristic chemical groups in electrospun nanocomposite membranes 
(ENCMs). The contact angle test showed that the hydrophilic features of the membranes improved with the incorporation 
of γ-alumina NPs with the decrease of contact angle from 80° to  27°. Mechanical tests exhibited a drop in tensile strength 
and strain of the nanocomposite membranes by adding more γ-alumina NPs to the neat membrane. Filtration efficiency of 
ENCMs was evaluated using the submerged system with the humic acid (HA) solution. Results showed that the permea-
tion flux of the membranes increased with an increase in the content of the γ-alumina NPs (from 49 to 102 L.m-2.h-1). The 
irreversible fouling ratio (IFR) of the membranes was also improved by increase in the content of the γ-alumina NPs up to 
3 wt.%. Results also demonstrated the better anti-fouling performance for the blended nanofiber membrane with 3 wt.% of 
the nanoparticles (flux recovery ratio, FRR=94.4 %). HA rejection test also proved the enhanced foulant removal (99.6 %) 
of ENCM containing 3 wt.% γ-alumina NPs.
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Introduction

Drought stress and water availability have become a major 
concern worldwide which have affected multiple aspects 
of humankind’s life, economic sectors, environmental sys-
tems and agricultural production, especially in the case of 
countries of North Africa and the Middle East [1, 2]. Water 
resources are in a challenging situation globally caused by 
several factors, such as economic development, popula-
tion growth, climate change, etc. Recycling and reuse of 

wastewater have presented potential opportunities towards 
producing new sources of potable water [3, 4].

The most current technologies that are involved with 
water purification are chemical [5–7], physicochemical [8, 
9] , biological [10, 11] and combined treatments [12, 13]. 
The membrane-based technologies (as a physicochemical 
method) have also attracted great attention for wastewa-
ter purification due to advantages such as selective treat-
ment, high separation efficiency, stability, higher permea-
tion flux, low energy consumption, cost-effectiveness and 
eco-friendly aspects [14]. The electrospun nanofibers have 
been extensively applied in different fields, including health 
care, energy devices, biomedical and environmental appli-
cations due to their high surface-to-volume ratio, ability 
of functionalization and interconnected pores [15]. The 
nanofibrous membranes have also introduced new oppor-
tunities for wastewater treatment due to their high flux and 
lower energy consumption than conventional membranes 
[16–18]. The most common polymers for the electrospinning 
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of water filter media are polyacrylonitrile (PAN) [19–21], 
polycarbonate (PC) [22], polyvinyl chloride (PVC) [23, 
24], polystyrene (PS) [25], polyurethane (PU) [26, 27], 
polyvinylidene fluoride (PVDF) [28, 29] and polyether 
sulfone (PES) [30]. Polyvinyl chloride and polycarbonate 
polymers exhibit many advantages, including optimal ten-
sile strength, wear resistance, stability against chemicals and 
being economically viable, which make them suitable for 
water treatment applications. However, PVC and PC have 
some limitations, such as low hydrophilicity and high brittle-
ness [31, 32]. Thermoplastic polyurethane exhibits superior 
mechanical properties, which makes it a good candidate for 
enhancement of the strength and extensibility of membranes 
[33]. Considering the pros and cons of different polymers, 
polymer blending is applied to improve essential properties 
of membranes, including the hydrophilicity, anti-fouling fea-
ture, water flux and filtration efficiency [9, 34–37]. How-
ever, most of the researches have focused on the air filtra-
tion capability of PVC, PC and TPU nanofiber membranes 
[22, 38, 39]. The lack of studies could be attributed to the 
disadvantages of these polymers, regarding low hydrophi-
licity and the poor anti-fouling properties. In our previous 
work, we electrospun blended membranes of PVC/PC/TPU 
to investigate their capability for wastewater treatment [33]. 
Results showed that the electrospun nanofiber membranes 
exhibited good performance in rejecting the organic pollut-
ant from the contaminated water. However, the hydrophilic-
ity of the membranes remained a challenging issue.

Functionalization by multifunctional hydrophilic mate-
rials and nanoparticles could be used as an efficient way 
to enhance the hydrophilic property and filtration perfor-
mance of the electrospun nanofiber membranes (ENMs) 
[40]. The most used method for the functionalization of 
nanofiber membranes is thee incorporation of the carbon 
nanomaterials, metal nanoparticles and inorganic materi-
als in electrospinning solution [41]. Different nanoparti-
cles have been used to modify the characteristics of ENMs, 
including titanium dioxide  (TiO2) [42, 43], zinc oxide 
(ZnO) [20, 44, 45] and silver (Ag) NPs [46, 47]. Aluminum 
oxide (alumina,  Al2O3) NPs widely used as an enhancer for 
the hydrophilic properties of water purification membranes 
[48–50]. Alumina oxide NPs are low-cost and highly stable 
particles with excellent surface chemistry features. The ter-
minal hydroxyl groups on the alumina could also enhance 
the hydrophilicity and improve the anti-fouling quality of 
the membranes [51]. However, there is no study to evaluate 
the influence of alumina NPs in filtration performance and 
fouling of blended ENMs.

In this paper, we attempted to electrospun PVC/TPU/PC 
membranes incorporated with three concentrations of the 
γ-alumina NPs (1, 3 and 5 wt.%). We also studied the effect 
of the content of the γ-alumina NPs on the morphological 
properties, wettability, chemical structure, tensile strength, 

water filtration performance and anti-fouling features of 
ENCMs. Thermoplastic polyurethane was employed to 
increase the elasticity and mechanical strength of ENCMs 
membranes. Polycarbonate and polyvinylchloride polymers 
also were used due the economic issues in the manufac-
turing of membranes. Furthermore, the solubility param-
eter (δ) of the selected polymers was similar to each other 
(PVC=21.9, PC=19.5 and TPU= 20  [MPa1/2]) [52–54], 
which facilitates their miscibility in the blended matrix. 
The nanofibrous structure was also used for its high porosity 
and specific surface area and interconnectivity of the pores, 
which could enhance the water flux and improve the fouling 
properties of the electrospun membranes compared to tradi-
tional microfiltration (MF) membranes, which is desirable 
in pressure-driven separation [55, 56]. It was also believed 
that the incorporating of the γ-alumina NPs into blended 
PVC/TPU/PC nanofibers could improve the hydrophilicity, 
fouling behavior and water filtration efficiency of ENCMs.

Materials and methods

Martials

Polyvinyl chloride  (Mw = 80,000), polycarbonate and 
Cetyltrimethylammonium bromide (CTAB) were supplied 
from Sigma Aldrich Co., USA. TPU (Desmopan 588E) 
was purchased from Bayer Co., Ltd., Germany. Tetrahy-
drofuran (THF, 99%) and N, N-dimethylformamide (DMF, 
99%) solvents were received from Merck Co, USA. The 
aluminum oxide nanoparticles (γ-Al2O3, 99.9%, 20 nm) 
were purchased from SkySpring Nanomaterials, Inc., USA. 
Humic acid (HA, Sigma Aldrich Co., USA) was used to 
examine the filtration performance and pollutant rejection 
of ENCMs. Sodium hydroxide (NaOH, ≥ 98%) and hydro-
chloric acid (HCl, 37%) were also provided by Merck Co., 
USA. HCl and NaOH were used to adjust the pH of the 
humic acid solutions.

Preparation of the electrospinning solutions

1 g of the polyvinyl chloride powder and 1 g of TPU pellets 
were independently dissolved in 10 g of THF/DMF 50:50 
v/v% solvents to prepare 10 w/w% PVC and TPU solutions, 
respectively. The prepared solutions were then stirred for 4 
h at ambient temperature. The γ-alumina NPs were added to 
10 g of THF/DMF 70:30 v/v% solvent, and the suspension 
was sonicated for 15 min at a frequency of 25 Hz for disper-
sion to prevent aggregation of the γ-alumina NPs. Then, 
1.6 g of polycarbonate powder was added to the γ-alumina 
loaded solvent and stirred for 2 h at ambient temperature 
to prepare the 16 w/w% PC solution. CTAB surfactant 
(0.2 w/w/%) was added to the PC solution to facilitate the 
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electrospinning of the solution. The γ-alumina NPs were 
added to the solvents, so that three different percentages of 
nanoparticles were obtained in the PC solutions (1, 3 and 5 
wt.%). The prepared solutions of PVC, PC and TPU were 
then mixed at PVC:TPU:PC ratio of 25:25:50. The blended 
solution was stirred for 1 h at ambient temperature. A con-
trol sample was also electrospun without the addition of 
γ-alumina NPs to compare with ENCMs.

Electrospinning of ENCMs

The schematic of the solution preparation and the elec-
trospinning procedure is presented in Fig. 1. The blended 
solution containing γ-alumina NPs was electrospun using 
a syringe needle within an electrostatic field (18 kV) at 0.6 
mL/h flow rate. The nanofiber membranes were electrospun 
randomly on a reciprocating rotating drum (250 rpm) cov-
ered by aluminum foil. The distance between the needle tip 
(gauge 23) and the collector drum was adjusted at 20 cm. 
The electrospinning was performed for 300 min to produce 
sufficient thickness of ENCMs.

Characterization of the membranes

Morphology of the electrospun membranes

The morphological features of ENCMs were evaluated 
using scanning electron microscopy (SEM) images. The 
MIRA3 XMU microscope was used to capture SEM images 
of the platin sputtered ENCMs (at 5000X magnification). 
Digimizer (version 6.1.1) software was also applied to meas-
ure the diameter of the nanofibers at 100 random places 
in SEM images. The energy dispersive X-ray spectroscopy 

(EDS) analysis was also used for identifying and quantifying 
the elemental composition of ENCMs.

FTIR analysis

FTIR spectroscope (Shimadzu 8600S, Japan) was used to 
study the absorption peaks of the functional groups in the 
membranes loaded by γ-alumina NPs. Thin pellets were 
made by mixing the tiny pieces of samples and potassium 
bromide (KBr) powder. The prepared pellets were used 
to record FTIR spectrum of ENCMs in the region of 500-
4000  cm-1.

Hydrophilicity and porosity of ENCMs

The water contact angle (WCA) of ENCMs was measured 
to evaluate the hydrophilicity of the γ-alumina loaded mem-
branes. Jikan CAG-10 (Jikan Co., Iran) was used to drip a 
water drop on the surface of ENCMs. The image of the water 
drop was obtained 9 s after the drop came into contact with 
the surface of the nanofiber webs. Three tests were con-
ducted on the surface of ENCMs, and the average values of 
WCA were calculated. ImageJ 1.53n software was employed 
to measure WCA of the electrospun membranes.

The gravimetric technique was used to measure the poros-
ity (ε) of the γ-alumina NPs incorporated membranes using 
Eq. (1) [50]:

where md (g) and mw (g) are the weights of dry (at 65 °C for 
6 h) and wet membranes (for 24 h in water), respectively. 

(1)� (%) =

(

mw − md

)

∕�w
(

mw − md

)

∕�w + md∕�p
× 100

Fig. 1  The electrospinning schematic of ENCMs loaded by γ-alumina NPs
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ρw and ρp also represent the density of water (0.998 g.cm−3) 
and the blended matrix, respectively. The general rule of 
mixtures was used to calculate the density of the blended 
membranes. Considering the density of TPU (1.24 g.cm-3), 
PC (1.20 g.cm-3), PVC (1.38 g.cm-3) and γ-alumina NPs 
(3.95 g.cm-3), the ρp was calculated as 1.26, 1.33, 1.38 and 
1.43 g.cm-3 for membranes containing 0, 1, 3 and 5 wt.% of 
γ-Al2O3, respectively.

Mechanical experiments

ASTM D882 method was used to measure the stress and 
strain at the rupture of ENCMs. The Zwick universal 
machine (ZwickRoell Co., Germany) was applied to deter-
mine the mechanical properties of ENCMs (rectangular 
shaped, 60 mm × 10 mm). The gauge length and test speed 
were set at 30 mm and 10 mm/min, respectively [50]. Five 
experiments were carried out on each membrane, and the 
average values were reported.

Flux test

The laboratory testing setup was employed to examine the 
anti-fouling features and contaminant rejection of ENCMs. 
Figure 2 demonstrates the schematic of the filtration unit. 

The test specimen was fixed on the submerged module with 
an (A = 14.7  cm2) and a diffuser was used to create air turbu-
lence in the test solution at the rate of 4 L.min-1. The air flow 
was used to create a homogenous solution of the humic acid 
and to prevent from deposition of the foulants on the surface 
of ENCM. The humic acid solution (1 g.L-1) was used as 
contaminated water model (pH 7). The flux of the pure water 
(FW1) of ENCMs was measured before the flux test with the 
polluted water. The pure water test was performed for 30 
min at 0.8 bar vacuum pressure to minimize the compactness 
effect of ENCMs. Equation (3) was used to calculate the flux 
of the pure water at the steady state condition [50]:

where V (L) is the volume of the permeated water and A  (m2) 
and t (h) are the effective surface area of ENCMs and the 
test time, respectively.

HA rejection test was carried out after the pure water flux 
experiment. The test was conducted using water/HA solution 
at a vacuum trans-membrane pressure (TMP) of 0.2 bar. The 
experiment was conducted for 240 min at intervals of 15 
min. The flux of the humic acid solution (FHA, L.m2.h-1) was 
measured by collecting and weighting the permeated water. 
The membrane was then removed, and the filtration cake 

(3)FW1
=

V

A × t

Fig. 2  The schematic of the flux testing setup for evaluation of the filtration efficiency of ENCMs
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was cleaned gently with the distilled water. The membrane 
then reassembled in the submerged module in the pure water 
tank. The flux of the pure water after the fouling test (FW2) 
was also measured using Eq. (3). The flux recovery ratio 
(FRR) of ENCMs was calculated using Eq. (4) [50]:

The irreversible fouling ratio (IFR), reversible fouling 
ratio (RFR) and total fouling ratio (TFR) of ENCMs were 
obtained using Equations (5) to (7) [50]:

Equation (8) was used to calculate the rejection rate of 
the pollutant (R, %) as a representative of the efficiency of 
the foulant rejection of ENCMs [50]:

where Cf and Cp are the concentration of the pollutant (g.L-1) 
in the fed and permeated water, respectively. The ultraviolet 
spectrometer (Shimadzu UV-1800, Japan) was used to deter-
mine the concentration of the humic acid in the permeated 
solute at 250 nm wavelength.

Results and discussion

Morphological investigation of ENCMs

The morphological properties of ENCMs were investi-
gated using SEM images. Figure 3 shows the SEM images 
of the neat membrane (NFM) and ENCMs containing 
1, 3 and 5 wt.% of the γ-alumina NPs. Minitab 21.1.0 
software was applied to plot the diameter distribution 
histogram of ENCMs. SEM images revealed that the 
nanofiber structures had been successfully electrospun 
at different contents of the γ-alumina NPs. As can be 
seen, the agglomeration of the γ-alumina nanoparticles 
occurred at a few places of the longitudinal direction of 
the nanofibers at 1 and 3 wt.% of the nanoparticle con-
tents (see Fig. 3b, c). The aggregation of the γ-alumina 
NPs depends on the dispersion step before preparation of 

(4)FRR (%) =

(

FW2

FW1

)

× 100

(5)RFR (%) =

(

FW2
− FHA

FW1

)

× 100

(6)IFR (%) =

(

FW1
− FW2

FW1

)

× 100

(7)TFR (%) = RFR + IFR =

(

FW1
− FHA

FW1

)

× 100

(8)R(%) =

(

1 −
CP

Cf

)

× 100

the polymer solutions. The γ-alumina NPs were dispersed 
within the solvent system of the PC solution using the 
ultrasonic method. Sonication is an effective method to 
prevent from agglomeration of NPs [57]. The effective-
ness of the sonication process to prevent agglomeration 
could be enhanced by the simultaneous use of surfactant 
agents and pH adjustment of the solution [58–60]. How-
ever, adding any chemical agents (such as surfactants) 
or changing the pH of the solution will change the elec-
trospinning stability, surface tension of the polymer jet, 
and formation of the nanofibers [61]. Consequently, the 
preparation of entirely uniform nanofibers without aggre-
gation of the nanoparticles cannot be expected, and the 
outcome of the sonication process is uncertain [61–63]. 
Moreover, agglomerations often occur at high particle 
concentrations (in blend electrospinning) [64]. The time 
and frequency of the sonication process can also affect 
the dispersion of the nanoparticles within the solution 
[65, 66]. Furthermore, the concentration and viscosity 
of the polymer matrix can affect the way the particles 
aggregate. The γ-alumina nanoparticles were mixed and 
stirred mechanically two steps after the sonication pro-
cess, firstly in a concentrated solution (PC, 16 wt.%) and 
the second step in the polymer mixture. The two stages 
of the mechanical stirring and higher viscosity of the 
polymer solution could also be responsible for the re-
agglomerating some of the nanoparticles within the poly-
mer matrix.

Figure 3d represents the microscopic image of the elec-
trospun membrane loaded with 5 wt.% of the γ-alumina NPs. 
It seems that the formation of the nanofiber structures is 
disrupted with the increase in the content of the nanoparti-
cles to 5 wt.%. The increase in the content of the γ-alumina 
NPs leads to a significant raise in the conductivity of the 
electrospinning solution. The stretching of the polymer jet in 
the electrostatic field would be increased with an increase in 
the conductivity of the solution. As a result, there is less time 
for the solvent to escape, and the polymer spreads over the 
collector before the fiber-like structure is formed. It is also 
evident that the bead-like points had been created with the 
increase in the content of the nanoparticles to 5 wt.%. The 
average, standard deviation and the coefficient of variation 
(CV%) of the diameters of ENCMs are listed in Table 1.

Results showed a decrease in the nanofiber diameters 
from 323 nm to 263 nm with the increase in the content of 
the γ-alumina NPs from 1 to 5 wt.%. The solution conduc-
tivity is increased with the increase in the content of the 
aluminum oxide NPs. Solution conductivity is an effective 
parameter that can affect the electrospinning process. The 
charge density of the polymer solution increases with the 
increase in solution conductivity, which is resulted in more 
stretching forces within the electrostatic field, and the crea-
tion of the finer nanofibers [67]. It was also found that the 
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Fig. 3  SEM images of ENCMs 
at different content of the 
γ-alumina NPs: (a). 0 wt.% (b). 
1 wt.%, (c). 3 wt.%, (d). 5 wt.%
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average diameter of ENCMs was increased with the addi-
tion of the γ-alumina NPs. The nanofiber diameters were 
increased from 208 nm to 323 nm at 1 wt.% of the γ-alumina 
NPs. The nanoparticles are surrounded by the polymer 
matrix to form the nanofiber structures. The addition of the 
nanoparticles to nanofiber membranes leads to the covering 
of the more nanoparticles by polymer solution, resulting in 
to increase in the diameter of the nanofibers compared with 
the neat PVC/TPU/PC nanofibers. It is also concluded that 
the addition of the γ-alumina NPs had led to a decrease in 

the uniformity of the nanofibers. CV% of the diameter of the 
nanofibers was increased from 32% in the neat membranes 
to 52, 34 and 36% in ENCMs containing 1, 3 and 5 wt.% of 
the γ-alumina NPs, respectively. This result can be assigned 
to the agglomeration of the nanoparticles within the polymer 
matrix of the nanofibers. The nanoparticles were agglomer-
ated in different sections of the longitudinal direction of the 
nanofibers surrounded by PVC/TPU/PC blended polymer 
matrix. Thus, the variation of the diameter of the nanofib-
ers would be increased in the γ-alumina NPs incorporated 
membranes [64].

Minitab software was used to conduct the one-way analy-
sis of variance (ANOVA) at a 95% confidence level (α = 
0.05) to analyze the effect of the addition of the γ-alumina 
NPs on the diameter of ENCMs. The ANOVA analysis 
showed that the content of the γ-alumina NPs had a signifi-
cant impact on the diameter of ENCMs (p-value = 0.007 
< 0.05).

EDS results

The energy dispersive spectroscopy (EDS) spectrums of the 
alumina-loaded ENCM and EDS-SEM images of the data 

Table 1  The results of diameter measurement of the nanofiber mem-
branes using SEM images

Membrane Morphology of the nanofibers Diameter
(nm)

CV%

NFM No beads-nanofiber formation 208 ± 67 32
NFM-Al 1 wt.% No beads-agglomeration of 

NPS
323 ± 168 52

NFM-Al 3 wt.% No beads-agglomeration of 
NPS

304 ± 104 34

NFM-Al 5 wt.% Bead formation- polymer 
spread

263 ± 95 36

Fig. 4  SEM-EDS images and energy dispersive spectrum of the electrospun nanofiber membrane loaded by γ-alumina NPs (NFM-Al 3 wt.%)
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collection area, are illustrated in Fig. 4. The percentage of 
each element is also given in Table 2. The energy disper-
sive spectroscopy test was only performed on the ENCM 
containing 3wt.% of the γ-alumina NPs to evaluate the ele-
mental composition of ENCMs. The EDS results confirmed 
the presence of all elements of the involved materials (see 
Table 2). The peak of Al and O elements originate from the 
γ-alumina  (Al2O3) NPs. The presence of O element can also 
be attributed to polycarbonate  (C5  H16  O2) and TPU poly-
mers. The observed peak for the Cl element can be assigned 
to the elemental composition of PVC  (C2H3Cl) polymer. 
The EDS results revealed the presence of the γ-alumina 
NPs in the electrospun nanofiber membranes. EDS-SEM 
images in Fig. 4 also demonstrated clustered spots rich in 
nanoparticles.

FTIR results

FTIR technique was used to investigate the presence of the 
functional groups and chemical bonds in ENCMs. Figure 5 
demonstrates FTIR spectra of ENCMs at different contents 
of the γ-alumina NPs. The absorbance peak near 3000  cm-1 
represented the presence of C-H bonds in  CH2 and methyl 
groups  (CH3) of TPU [68]. The characteristic peak at 3330 
 cm-1 correspond to N-H functional groups. The intense 
peaks at 1220, 1720 and 1770  cm-1 could be attributed to 
C-H bonds and C-N stretching of carbonyl groups, respec-
tively [68]. The observed peaks at 1160 and 1080  cm-1 could 
be responsible for C-O-C stretching.

The absorption peak at 714  cm-1 in the PVC spectrum 
could be related to C-C stretching. The peaks at 1226  cm-1 
and 1450  cm-1 could be responsible for C-H rocking and 
 CH2 deformation, respectively. The absorption peak in the 
region of 2900 to 2970  cm-1 could be attributed to C-H 
stretching [32]. The fingerprint peaks of PC at 1230 and 
1080  cm-1 correspond to the stretching of the C-O bond. The 
intense peaks at 1770 and 1220  cm-1 were related to C=O 
bonds [69]. The absorption peaks at 1400 and 1450  cm-1 
could be explained by the bending vibration of C-H bonds 
and C=C stretching, respectively.

The FTIR spectrum of the NFM sample (0 wt.%) shows all 
the abovementioned characteristic peaks for the PC, PVC and 
TPU polymers. There is an elementary peak near 3330  cm-1, 

which could be assigned to N-H stretching, indicating the 
presence of the functional groups of the polyurethane in the 
matrix. The IR spectra of the blended membrane thus showed 
no chemical interaction between the constituent polymers.

The FTIR results for γ-alumina incorporated ENCMs 
also demonstrated that the elementary peaks of the PVC/
TPU/PC membrane remained unchanged. Accordingly, the 
broad absorption peak between 3100-3500  cm-1 could be 
corresponded to the overlap of OH stretching vibrations of 
the adsorbed water molecules by the γ-alumina NPs and N-H 
stretching in the blended membrane [70]. The intense peaks 
between 700 and 900  cm-1 correspond to the O-Al-O vibra-
tions. The peaks near 600-700  cm-1 could also be ascribed 
to Al-O bending and stretching vibrations [71]. FTIR results 
confirmed the presence of the γ-alumina NPs and functional 
groups of PC, PVC and TPU polymers in nanocomposite 
structures without any other chemical reaction.

Hydrophilic properties and porosity of ENCMs

The total porosity of the neat and nanocomposite nanofiber 
membranes was measured using Eq. (1). Table 3 shows 
the density and porosity of ENCMs. The total porosity of 
ENCMs was increased significantly (p-value = 0.006 < 
0.005) by adding the γ-alumina NPs in nanofiber membranes 
from 70% to 86%. It has been reported that modifying the 
phase inversion membranes by γ-alumina NPs improved 
the porosity features [49]. The γ-alumina NPs (as the high 
hydrophilic agents) absorb more water during immersion 
in the water environment, resulting in to increase in the 
hydroxyl content of the membranes [72]. Thus, the incorpo-
ration of the γ-alumina NPs leads to an increase in the total 
porosity of the nanocomposite membranes. Consequently, 
the total porosity of ENCMs increased from 86.4% to 90.3% 
with more increase in the content of the γ-alumina NPs.

Figure 6 shows the results of the contact angle test of 
ENCMs. WCA was measured to investigate the hydrophilic 
properties of ENCMs (see Table 3). The results indicated 
that the incorporation of the γ-alumina NPs in the nanofiber 
membranes has reduced the WCA of ENCMs, resulting from 
improving hydrophilicity of ENCMs. WCA decreased from 
80.3° (for nanofiber membrane) to 73.4° by embedding 1 
wt.% of the γ-alumina NPs. It was also observed that the 
further incorporation of the γ-alumina NPs led to significant 
improvement in the hydrophilic features of ENCMs. The 
contact angle of the nanocomposite membranes decreased 
from 73.4° to about 27° with the increase in the content of 
the γ-alumina NPs from 1 to 5 wt.%. Figure 6d to f rep-
resent the hydrophilic behavior of NFM-Al 5 wt.% mem-
brane at different frames (time intervals of 3 s). As can be 
seen, the water droplet spread gradually over the surface of 
NFM-Al 5 wt.% membrane during the test time (9 s) and 
remained unchanged at the contact angle of about 27° (see 

Table 2  The elemental composition in the (PVC/TPU/PC)-Al2O3 
nanofiber membrane (NFM-Al 3 wt.%)

Element Line Int K Kr wt.%

C Kα 416.8 0.7517 0.3056 67.43
O Kα 128.8 0.1157 0.0470 25.47
Al Kα 278.0 0.0875 0.0356 4.87
Cl Kα 96.4 0.0451 0.0183 2.23
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Fig. 6d to f). The nanocomposite membrane, thus exhibited 
super-hydrophilic properties with the incorporation of the 
higher levels of the γ-alumina NPs. The enhancement in the 

hydrophilicity of ENCMs could be explained by the excel-
lent hydrophilic characteristics of the alumina nanoparticles 
[50, 73].

Fig. 5  FTIR spectrum of the 
neat PC, TPU, PVC, γ-alumina 
NPs and ENCMs at different 
contents of the γ-alumina NPs 
(0, 1, 3 and 5 wt.%)
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The primary organic pollutants in the water are hydro-
phobic [74]. These hydrophobic matters have more affinity 
to attach to the membrane surface due to hydrophobic inter-
actions. Moreover, the hydrophilicity of ENCMs enhances 
the formation of a layer of water on the membrane surface, 
which can limit the pollutant adsorption or deposition on the 
surface [73, 75]. The hydrophilic modification is known as 
an anti-fouling strategy for MF membranes [76, 77]. Wang 
et al. developed the super-hydrophilic polyphenylsulfone 
(PPSU) nanofiber membranes by plasma treatment [78]. 
They reported that the plasma treatment could enhance 
the water contact angle of PPSU membranes from 137° to 
0°, making it a candidate to use as a support layer for thin-
film composite membranes. Literature also reported the 
improvement in fouling behavior of the super-hydrophilic 
nanofiber membranes, especially for oil/water separation: 
(PANI/PAN, WCA < 5°) [79] and (PVDF/PAN, WCA = 

0°) [80]. Moreover, improving the fouling performance of 
the nanofiber membranes has been reported for hydrophilic 
modifications by embedding of the nanoparticles such as 
ZnO (decrease in WCA from 80° to 55.5°) [81] and gra-
phene oxide (decrease in WCA from 87° to 0°) [82]. Accord-
ingly, it was expected that the enhancement in the hydro-
philic features of the γ-alumina NPs incorporated ENCMs 
could improve the anti-fouling characteristic of the mem-
branes. ANOVA analysis also confirmed that the content of 
the γ-alumina NPs had a significant effect (p-value=0.000 
<0.005) on the hydrophilic properties of ENCMs.

Mechanical properties of ENCMs

Figure 7 demonstrates the stress-strain curves and the meas-
ured values of the tensile strength and strain at the rupture 
of ENCMs. The results indicated that the incorporating the 
γ-alumina NPs in the electrospun membranes has caused a 
drop in mechanical and elastic properties. The stress and 
strain at break of the nanofiber membranes were decreased 
from 3.5 to 2.81 MPa (about 20% decrease) and 40.60 to 
29.30% (a drop of about 28%) by adding 1 wt.% of the 
γ-alumina NPs to the neat nanofiber membranes, respec-
tively (see Fig. 7b, c). The further incorporation of the 
γ-alumina NPs in the nanocomposite membranes led to a 
dramatic drop in the mechanical properties of the mem-
branes. The stress and strain at the rupture of ENCMs were 

Table 3  Density, porosity and water contact angle of ENCMs

Membrane Density
(g.cm-3)

Total porosity
(%)

Contact angle
(degree)

NFM 1.26 70.2 ± 3.9 80.3 ± 0.8
NFM-Al 1 wt.% 1.33 86.4 ± 5.4 73.4 ± 2.6
NFM-Al 3 wt.% 1.38 88.7 ± 4.7 62.8 ± 2.1
NFM-Al 5 wt.% 1.43 90.3 ± 3.1 27.3 ± 1.5

Fig. 6  The water contact angle of ENCMs (a). neat PVC/TPU/PC (NFM), (b). NFM-Al 1 wt.%, (c). NFM- 3 wt.%, and (d) to (f). The spreading 
behavior of water drop on the surface of NFM-Al 5 wt.% during 9 s of the test
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significantly decreased from 2.81 to 1.60 MPa and 29.30 
to 12.70 % by an increase in alumina content from 1 to 5 
wt.%, respectively. According to Fig.  4, the γ-alumina 
NPs agglomerated at some sections of the nanofibers. The 
aggregated spots of the γ-alumina NPs can create defect-
like structures in the fibers. These cluster-like structures can 
weaken the mechanical performance of the nanocomposite 
membranes by making the local stress concentration regions 
in the fibers, which in turn deteriorates the mechanical prop-
erties of ENCMs [64]. Different studies also proved that 
the addition of higher contents of nanoparticles can cause a 
significant drop in the mechanical properties of ENCMs, due 
to the agglomeration of the NPs and restriction of interface 
area [73, 81, 83, 84].

The tensile strength of the membranes is a determining 
factor for their working pressure [85]. The MF membranes 
usually work under low trans-membrane pressure condi-
tions (0.1-2 bar, 0.2 MPa) [86–88]. However, the electro-
spun membranes were tested under 0.8 MPa pressure for 
pure water test and no damage or burst was observed under 
the enhanced condition. On the other hand, it should be 
noted that the tensile strength of the membranes was meas-
ured without the common supporting layer that is used in 
the industry to provide mechanical support for thin-layer 
membranes [85, 89]. Considering the operating pressure 
of ENCMs (0.2 bar, 2 MPa) the threshold of 2 MPa for 
tensile strength could be enough for the microfiltration 
process, which was covered by NFM-Al 1 wt.% and NFM-
Al 3 wt.% membranes.

Filtration efficiency of ENCMs

Figure 8a shows the permeation flux of nanocomposite 
nanofiber membranes. Results showed higher permeation 
flux for NFM-Al 5 wt.% membrane (about 102 L.m2.h-1). 
The higher membrane flux at the first step of filtration could 
be related to higher total porosity (90.3 %) and hydrophilic-
ity (WCA = 27.3°) of the γ-alumina incorporated ENCMs. 
Figure 8a shows an evident trend for the permeation flux of 
tested membranes. The initial and the final flux of ENCMs 
were increased by incorporation and increase in the content 
of the γ-alumina NPs. The initial and the final permeation 
flux of nanocomposite membranes were increased from 49 
to 102 L.m2.h-1 and from 16.4 to 27.7 L.m2.h-1, respectively. 
The results could be explained by an improvement in the 
hydrophilic features of ENCMs with the increase in the alu-
mina content from 0 to 5 wt.% and the increase in the total 
porosity of ENCMs from 70.2 to 90.3 %. The hydrophilicity 
of nanocomposite membranes increase due to the presence 
of hydrophilic hydroxyl groups in the γ-alumina NPs, which 
in turn could be resulted in a decrease in the affinity of HA 
molecules to absorb to the surface of ENCMs [50].

The calculated parameters, including IFR, RFR, FRR 
and TFR, were used to study the fouling behavior of 
ENCMs. The calculated parameters are listed in Table 4. 
Although reversible fouling could be recovered by physi-
cal cleaning, irreversible fouling results from the entrap-
ment of the foulant particles inside the internal pores or 
adsorption of the pollutants on the surface of membranes 

Fig. 7  (a). The stress-strain 
curves of ENCMs at different 
incorporation contents of the 
γ-alumina NPs, (b) and (c). The 
average values of the tensile 
strength and strain of ENCMs, 
respectively
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[90]. The irreversible fouling can increases the process 
complexity and reduces the working life of the membranes 
[91]. Results showed a decrease in IFR value from 11.1% 
to 5.6% by an increase in content of the γ-alumina NPs 

from 0 to 3 wt.%. However, the irreversible fouling ratio 
of the nanocomposite membranes increased slightly (from 
5.6% to 5.9%) by increase in the content of the γ-alumina 
NPs from 3 to 5 wt.%. This result could be attributed to the 
non-uniform structure of the nanofibers with the increase 
of the γ-alumina NPs up to 5 wt.% (see Fig. 3d). The sur-
face morphology of NFM-Al 5 wt.% membrane consists 
of non-fibrous smooth sites, so the pollutants entrapped 
within the interconnected pore structures cannot be 
washed away. Thus, the irreversible fouling parameter of 
the membrane was increased slightly than NFM-Al 3 wt.% 
sample. The current results for enhancement in the anti-
fouling properties and permeation flux by using γ-alumina 
NPs were also in agreement with the literature [49, 50].

Fig. 8  Results of the filtration 
test for ENCMs at different 
contents of the γ-alumina NPs 
(TMP = 0.2 bar): (a). Permea-
tion flux and (b). The pollutant 
rejection efficiency of ENCMs

Table 4  Fouling parameters of ENCMs (TMP = 0.2 bar)

Membrane Alumina 
content
(% w/w)

RFR
(%)

IFR
(%)

FRR
(%)

TFR
(%)

NFM 0 81.5 11.1 88.9 92.6
NFM-Al 1 wt.% 1 91.8 6.7 93.3 98.5
NFM-Al 3 wt.% 3 92.6 5.6 94.4 98.2
NFM-Al 5 wt.% 5 92.0 5.9 94.1 97.9
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The anti-fouling property could be affected porosity 
and hydrophilicity of the membranes [92]. Upon further 
addition of the γ-alumina NPs into membranes, the hydro-
philicity and porosity of ENCMs were improved signifi-
cantly (see Table 3 and Fig. 6). The decrease in IFR of 
ENCMs is ascribed to the improvement in the porosity 
and hydrophilicity of ENCMs [93]. The hydrophilicity of 
the membranes causes the formation of a layer of water 
on the surface of ENCMs [75]. Consequently, hydropho-
bic molecules of the humic acid cannot be attached to 
the membrane surface, which resulting in to a decrease 
in IFR value. Furthermore, the anti-fouling performance 
of the membranes could also be explained based on the 
surface electrostatic interactions (zeta potential of the 
membrane surface). Breite et al. proved the zeta potential 
effects on anti-fouling properties of the membranes [94]. 
Ghezelgheshlaghi et al. reported the decrease in the zeta 
potential of the PAN membrane incorporated with alumina 
NPs [95]. Considering the negative charge of most soluble 
pollutants (including humic acid), the decrease in the posi-
tive charge of the membranes enhances the anti-fouling 
feature of ENCMs [96–98]. Incorporation of the γ-alumina 
NPs into membranes may be resulted in to reduction of 
the zeta potential of ENCMs, resulting in to decrease in 
the positive charge of the surface of the membranes. As 
a result, the affinity of the negatively charged pollutants 
(like humic acid) to stick to the surface of the membranes 
will be reduced, leading to improving the anti-fouling 
properties of ENCMs.

The reversible fouling ratio of ENCMs was also measured 
according to Equation (5). RFR parameter represents the por-
tion of total fouling that could be recovered by physical clean-
ing. Results showed that RFR parameter of the γ-alumina 
loaded ENCMs increased from 81.5 to 92.6% with incorpora-
tion and increase in the content of γ-alumina NPs from 0 to 3 
wt.%. The increase in RFR value improved the reusability of 
the nanocomposite structures compared to neat PVC/TPU/
PC membranes. Although, RFR of NFM-Al 5 wt.% sam-
ple decreased slightly from 92.6 to 92.0% by an increase in 
the content of NPs, the reversible fouling of the membrane 
was higher than the neat PVC/TPU/PC (NFM) and NFM-Al 
1 wt.% membranes. The increase in RFR value of ENCMs 
by incorporation of the γ-alumina NPs is in agreement with 
the literatures. Etemadi et al. reported the improvement in 
the RFR parameter of the PVC membranes by incorporating 
2 wt.% alumina from 28.6 to 32.7 % [73]. It has also been 
reported that the alumina NPs could be affected the reversible 
fouling of PVC-PU membranes [50]. The enhancement in the 
RFR parameter of ENCMs could be explained by the hydro-
philicity of the γ-alumina NPs, which prevents the adsorption 
of organic pollutants on the surface of membranes [75].

Membranes with higher FRR values exhibit better anti-
fouling behavior [73, 82]. As presented in Table 4, the 

NFM-Al 3 wt.% membrane also had a higher FRR value 
(94.4%), which is in agreement with its lower irreversible 
fouling ratio. Incorporation and increase in the contents of the 
γ-alumina NPs from 1 to 3 wt.% in ENCMs led to increase in 
FRR of the membranes from 88.9% to 94.4%. Although the 
hydrophilicity of membranes had a critical effect on the foul-
ing properties of the membranes, the surface morphology and 
uniformity of nanofiber structures affected the anti-fouling 
characteristics of ENCMs. Thus, the 3 wt.% of the alumina 
content could be considered an optimum level for incorpora-
tion of the alumina NPs in membranes.

TFR represents the sum of reversible and irreversible 
fouling. Results showed that TFR parameter of ENCMs 
increased by incorporation of the γ-alumina NPs from 92.6 
to 98.5%. However, TFR value decreased with increase 
in the content of the γ-alumina NPs from 98.5 to 97.9%. 
Although, TFR of ENCMs was higher than the neat 
structure, the higher portion of the total fouling belonged to 
reversible fouling (RFR), indicating the better anti-fouling 
performance of the electrospun membranes loaded by 
γ-alumina NPs [99].

The HA rejection of ENCMs

The UV visible spectroscopy was used to measure HA rejec-
tion level of the alumina-loaded ENCMs. The results for the 
removal of the humic acid are presented in Fig. 8b. Accord-
ing to Fig. 8b, NFM-Al 3 wt.% membrane exhibited the 
higher performance of HA rejection by removal of 99.6% of 
humic acid in filtered water. Results indicated that the incor-
poration of the γ-alumina NPs in PVC/TPU/PC membranes 
led to an improvement in the pollutant rejection of ENCMs 
compared with the neat nanofibers. HA removal of ENCMs 
was increased from 90.2% up to 99.6% with the increase in 
the content of the γ-alumina NPs from 0 to 3 wt.%. However, 
HA removal of nanofiber composite was decreased from 
99.6% to 97.3% by increase in the content of the γ-alumina 
NPs from 3 to 5 wt.%. This trend in agreement with the 
results of permeation flux could also be explained by mor-
phology and non-uniformity of the nanofibers in NFM-Al 5 
wt.% sample (see Fig. 3d). The increase of HA rejection by 
incorporation of the γ-alumina NPs could also be explained 
by improvement in the hydrophilicity of ENCMs. The hydro-
philic nature of the membranes minimizes the interaction 
and tendency between foulant molecules and the surface of 
ENCMs. Accordingly, the possibility of forming a layer of 
water molecules on the surface of ENCMs is reduced, pre-
venting from adsorption of the pollutants to the surface of 
membranes [50, 100].

Figure 9 shows the performance of the electrospun nano-
composite membranes for HA rejection during the filtra-
tion experiment. Figure 9a, b demonstrate the nanofiber 
membrane at the beginning and the end of the filtration test, 
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respectively. Figure 9c, d show the SEM images of the filtra-
tion cake deposited on the surface of ENCM. SEM image in 
Fig. 9d clearly shows the boundary between the deposited 
layer and the nanofibers. HA rejection tests also revealed the 
better performance of NFM-Al 3 wt.% membrane compared 
with other samples.

Conclusion

In this paper, the blended nanofibers were produced at 
different content of the γ-alumina NPs (0, 1, 3 and 5 
wt.%). SEM results showed that the diameter of ENCMs 
was in the range of 155-491 nm. Results revealed that the 
hydrophilicity of ENCMs was improved by an increase in 
the content of the γ-alumina from 0 to 5 wt.% (with the 
decrease in WCA from 80.3° to 27.3°). Mechanical tests 
showed a significant drop in mechanical properties due to 
the role of aggregated NPs as local stress concentration 
regions along the nanofibers (evidenced by EDS results). 
However, the mechanical parameters of the membranes 
remained within a reasonable range. The filtration tests 

using the submerged module (TMP = 0.2 bar), indicated 
the significant effects of the hydrophilicity and poros-
ity of ENCMs on the rejection efficiency of the organic 
pollutants from the contaminated water. Filtration tests 
showed a higher fouling recovery ratio (FRR) of 94.4% for 
the NFM-Al 3 wt.% membrane. The irreversible fouling 
ratio of ENCMs also showed a decrease up to 5.6% by an 
increase in the content of the γ-alumina NPs from 0 to 5 
wt.%. The pollutant (humic acid) rejection of ENCMs was 
raised (up to 99.6 %) with the increase in content of the 
γ-alumina NPs due to enhancement of the hydrophilicity 
of ENCMs that would minimize the interaction between 
foulant molecules and the surface of the nanofibers. The 
results, thus, revealed that incorporating the γ-alumina 
NPs up to 3 wt.% resulted in the enhanced anti-fouling 
properties of the electrospun nanocomposite nanofibers. 
However, NFM-Al 5 wt.% membrane also can be consid-
ered a desirable structure, if the hydrophilicity, porosity 
and permeation flux are intended for special application.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10965- 023- 03672-z.

Fig. 9  (a), (b). The electro-
spun nanofiber nanocomposite 
membrane at the beginning and 
end of the test, respectively, 
(c) and (d). SEM images for 
filtration performance of the 
γ-alumina incorporated ENCM 
(NFM Al- 3 wt.%) at the differ-
ent magnifications: 500X and 
10000 X, respectively
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