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Abstract
Polyurethane nanofibers recognized to perform as a sub-layer were employed herein as a medial-layer of high porosity in the 
fabrication of a novel class of thin-film nanofiltration membranes. In line with the primary aim of high throughput produc-
tion of PU electrospun nanofibrous membranes (ENMs) with different fiber sizes and proper morphologies, the needle-free 
electrospinning technique was employed. An interfacial polymerization procedure was also utilized to conveniently coat a 
polyamide (PA) thin film on the polyurethane ENMs. The effects of the nanofibrous interconnecting network, fiber size, pore 
size, and morphology on the NF performance were investigated. The nanofiltration performance including the separation of 
various salts, water flux, and the MWCO test were performed. The results implied that the fiber size decrement, nanofibers 
interconnection increment, as well as nanofibrous membrane pore size decrement, and the nanofibrous layer increment (with 
different fiber size) would lead the interfacial polymerization to perfection and obtaining a uniform PA thin layer. The salts 
rejection and water flux of  Na2SO4,  MgSO4,  MgCl2 and NaCl were (~ 99 ± 0.5 %, 37 ± 2.7 L/m2h), (~ 98 ± 1 %, 40 ± 1.5 L/
m2h), (~ 95 ± 2 %, 33 ± 2 L/m2h) and (~ 52 ± 1 %, 30 ± 3 L/m2h), respectively. In the final analysis, a comparison of filtration 
performance between PU nanofibrous NF membranes with other well-known nanofibrous NF membranes was conducted.
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Introduction

New ways had to be found to develop the vital issue of novel 
filtration processes in the water treatment and the purifica-
tion of various resources, i.e. surface water, groundwater, 
seawater, industrial wastewater, and/or peripheral contami-
nated water resources [1, 2]. The application of membrane-
based processes has emerged as a topical state-of-the-art 
water purification technology and remarkable progress has 
been recently reported in terms of their utilization [3]. Nano-
filtration (NF), as a pressure-driven procedure featuring both 
the advantages and utility of reverse osmosis (RO) and ultra-
filtration (UF), have as yet been utilized in the water manage-
ment field including the production of potable water, water 
softening, removal of micropollutants, as well as wastewater 

treatment [4, 5]. The NF membrane process offers so many 
benefits such as lower required operating pressures, higher 
fluxes, and cost-effectiveness compared with those of RO 
membranes [6]. The major architecture employed in the fab-
rication of commercial NF membranes includes a thin-film 
composite (TFC) framework based on three layers involving 
(i) a non-woven polyester backing material, (ii) a micropo-
rous mid-layer cast or built on a non-woven fabric layer and 
(iii) a thin selective barrier polyamide layer. The interfacial 
polymerization (IP) technique is customarily the method of 
choice for the preparation of a thin selective barrier layer of 
TFC NF-membranes [7, 8]. Recently, tremendous efforts in 
research works have been devoted to excel the efficiency and 
filtration performance of the TFC membranes. However, the 
performance of conventional TFC membranes is restricted 
with water flux decline [9].

In light of this, the optimization of each layer in TFC 
membranes is quite essential for the enhancement of the 
filtration performance. Among which, the mid and active 
layer are the most influential ones for this purpose. In recent 
years, it was demonstrated in some studies that superseding 
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the second microporous mid-layer by a nanofibrous layer 
prepared by electrospinning technique would lead to the 
higher flux values in the novel class of TFC membranes so-
called thin-film nanofibrous composite (TFNC) membrane 
in comparison with commercial membranes of the analo-
gous rejection rate [10–13]. The reason for this increase 
in permeate flux is principally due to the generation of 
the water channels through the unique interface structure 
between the active layer and the nanofibers during interfacial 
polymerization [14]. The application context of electrospun 
nanofibrous mats involves such a broad domain extending 
from liquid phase water treatment, and air filtration to tissue 
engineering, and reinforced composites due to their proper 
interconnected nanofibrous networks and higher porosity 
[15–19]. As regards these characteristics, ENMs have come 
upon a remarkable situation in various filtration applications 
e.g. microfiltration (MF) [20, 21], UF [22], and NF [23]. 
Although ENMs have demonstrated their unique capabilities 
in the MF water treatment domain, the studies addressing the 
enhancement of their NF performance through a mid-layer 
appear to be relatively rare. The poor mechanical strength 
of the nanofibrous layer is amongst their major disadvan-
tages in further applications. To tackle this problem, in most 
cases, heat pressing and thermal treatment methods have 
been used to increase the mechanical strength of the fibrous 
mats. Also, in most articles, a nozzle electrospinning tech-
nique has been used to make a nanofibrous sub-layer for the 
production of nanofiltration membranes. On the other hand, 
obstacles of the nozzle system, including nozzle clogging, 
low production rate, and the need for conditions monitor-
ing are incompatible with the large-scale production of NF 
membranes [20–23].

In this study, a needle-free electrospinning technique 
was applied for the aim of preparing the ENMs with high 
throughput and the continuous production of nanofibrous 
mats. Moreover, the influential parameters in nanofibrous 
mid-layer morphology, i.e. nanofiber diameter, porosity, the 
interconnection of voids, nanofibrous membrane pore size, 
etc., on the thin layer and NF performance are investigated. 
Therefore, the distinction of present study is to prepare a 
nanofibrous mid-layer of high acceptability and sustainabil-
ity using a needle-free method. What’s more, thermoplastic 
polyurethane (TPU) presents a very high mechanical stabil-
ity due to its elastomeric intrinsic which made it an attrac-
tive candidate for such broad research and application in the 
NF supporting layer. The nanofiber of TPU has thus been 
produced regarding its outstanding properties such as mar-
velous nanofibrous morphology, long-standing electrospin-
ning capability, and unique mechanical properties [24, 25]. 
Thereby, the needle-free electrospinning set-up was utilized 
herein to fabricate electrospun nanofibrous PU mat as a mid-
layer for TFNC-NF membranes. In this way, the electrospun 
nanofibrous PU was prepared along with an endeavor to 

optimize the needle-free electrospinning parameters such as 
electrospinning technique, polymer concentration, and addi-
tives. Moreover, the effect of these parameters on the nanofi-
brous membranes was monitored. Ultimately, the TFNC-NF 
membranes were prepared through interfacial polymeriza-
tion method upon one and two nanofibrous layers, and the 
impact of nanofibrous layer utilization was also evaluated.

Experimental

Materials

T h e  t h e r m o p l a s t i c  e l a s t o m e r  p o ly u r e t h a n e 
(Elastollan®1180A10) was purchased from BASF SE. 
Non-woven poly (ethylene terephthalate) (PET) substrate 
was obtained from Sanko, Japan, and employed as a baking 
material (BM). Tetrahydrofuran (THF), n-Hexane (99 %), 
N,N-Dimethylformamide (DMF, 99.5 %), m-phenylene-
diamine (MPD), trimesoyl chloride (TMC), triethylamine 
(TEA), sodium sulfate, magnesium chloride, and sodium 
chloride were purchased from Merck. Polyethylene gly-
col (PEG) with molecular weights of 200, 400, 600, and 
1000 Da were purchased from Sigma-Aldrich.

Preparation of PU Nanofibrous Supports

  As mentioned, a needle-free electrospinning method was 
employed to prepare PU ENMs as a sub-layer for TFNC-NF 
membranes, and the whole system is schematically depicted 
in Fig. 1. The positive pole of the high voltage power sup-
ply section was connected to two porous wires of a 500 mm 
length and 2 mm diameter. Likewise, the negative pole of 
high voltage was connected to the collector electrode plate 
of 650 mm length centered in the upper side of the nozzle 
electrodes. Moreover, the system was equipped with a scan-
ning system of the polymeric solution with a scanning rate 
of 50 mm/s as well as wiry electrodes composed of two 
holders of 1L volume enabling reload-ability with either the 
same or different concentrations of the polymer. The take-up 
cylinder rate required for oscillating the PET as a BM was 
adjusted at 50 mm/s. The polymeric solutions of PU were 
prepared in concentrations of 12 and 5 w/v % at 50/50 v/v 
DMF/THF solvent mixture ratio at the ambient temperature. 
Besides, LiCl was utilized in the desired concentrations as a 
polymeric solution modifier. The other needle-free electro-
spinning conditions of PU ENMs preparation are presented 
in Table 1.

Preparation of TFNC‑NF Membranes

After which the PU ENMs were prepared with the desired 
properties (i.e. convenient morphology, mechanical stability, 
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and uniformity), the TFNC-NF membranes were fabricated 
via the interfacial polymerization built on these prepared 
nanofibrous membranes. Figure 2 depicts the two feasible 
pathways for the interfacial polymerization technique.

The phase sequence shifts in producing a thin layer would 
also lead to a metamorphosis in its quality and properties. 

When the organic phase is added to the aqueous phase, 
the polymeric layer of a certain thickness is formed at the 
interface of the two phases. Conversely, when the aqueous 
phase is added to the organic phase, a thin layer is primarily 
formed in the interface with a phase displacement which 
then occurs due to the difference of density between the two 
phases. As a result, the phases are penetrated to one another 
causing the reaction media to shift into the aqueous phase 
during polymerization and the polymeric films remain in 
the aqueous phase. In this work, the method for the prepa-
ration of a thin selective polyamide layer on the surface of 
the nanofibrous mat was according to the Fig. 2b pathway. 
When the PU ENMs were immersed in the organic and sub-
sequently in the aqueous phase, a phase shift takes place on 

Table 1  Needle-free electrospinning settings

Applied voltage (kV) 120

The gulf between electrodes (cm) 22
Chamber temperature (ºC) 24
Relative humidity (%) 45

Fig. 1  Schematics of the wiry needle-free electrospinning system

Fig. 2  Interfacial and reverse interfacial polymerization techniques



2466 Journal of Polymers and the Environment (2021) 29:2463–2477

1 3

the membrane’s surface which enables the polymeric thin 
film to infiltrate throughout the nanofibrous network lead-
ing to the enhancement of adhesion between sub-layer and 
thin film. Owing to the higher adhesion between these two 
layers and thus better permeation of the thin layer into the 
nanofibrous network, the nanocomposite architecture of the 
membrane becomes more dominant. This, in turn, would 
result in the improvement of water passage, flux, and per-
formance for the nanofiltration membrane.

The reverse interfacial polymerization (IP-R) method uti-
lized herein for the preparation of TFNC-NF membranes is 
according to the following test recipe: MPD (1.0 % (w/v)) 
and TEA (1.0 % (w/v)) were dissolved in water and TMC 
(0.1 (w/v)) was dissolved in hexane. Pre-cut PU nanofibrous 
layers (in the size of 7 × 7 cm) of a certain thickness were 
pasted on a clean dry glass container wrapped with adhe-
sive tape. In the first step, nanofibrous support layers were 
impregnated by the organic phase for 3 min and then the 
solution was blotted from the sub-layers surface. In the fol-
lowing, they were sustained vertically for one minute and 
subsequently immersed in the aqueous solution for 2 min. 
The excess aqueous solution was also decanted after the 
polymerization. The resulting NF membranes were dried 
and cured at 87 °C for 20 min and finally washed thoroughly 
with de-ionized water and kept in water before any further 
examination.

Characterizations

The morphology of all samples was investigated by scan-
ning electron microscopy (SEM, JEOL, JSM-5600LV). For 
cross-sectional analysis, all samples were fractured in liquid 
nitrogen and the average fiber diameter of PU nanofibrous 
mats were measured from the SEM image analyzer software. 

The porosity of sub-layers, as a criterion of nanofibrous den-
sity, was evaluated using the Eq. (1) [26]:

 in which ρ′ and ρ represent the apparent and the bulk density 
of PU nanofibrous membrane, respectively. For this purpose, 
the apparent density of membrane samples with nearly 2 cm2 
and 130 ± 12 µm was calculated and the bulk density of PU 
granule was taken to be 1.11 g/cm3. The porosity test was 
repeated three times and the average of which was reported. 
The total thickness of the nanofibrous sub-layer was deter-
mined using a micrometer. For the measurement of static 
water contact of thin-film nanofibrous composite nanofiltra-
tion membranes, advanced surface technologies, and data 
physics, the OCA 15 plus was applied. The mechanical 
study of PU nanofibrous membranes was performed using 
the Instron (the UK make 3345 Single Column Testing 
Systems). Besides. membranes in size of 1 cm × 4 cm were 
applied for mechanical strength evaluation. The mean flow 
pore size and the bubble-point of the PU nanofibrous mem-
branes were estimated employing a hand-made capillary 
flow porometer set-up (based on ASTM-F316-03) depicted 
in Fig. 3a [27]. The procedure of which the capillary flow 
porometer operates is as follows: initially, an inert gas, e.g. 
 N2 flows through a dry membrane and then through the same 
membrane after which it has been wetted by a wetter liquid. 
Ethyl alcohol with a defined surface tension of 22.3 dynes/
cm was utilized as the wetter agent [27]. Ultimately, after 
obtaining the data, the curves of gas flows versus pressure 
are plotted for dry and wet samples.

A typical wet, dry, and half-dry curve for a membrane sam-
ple is displayed in Fig. 4. The determination procedure of the 
largest pore and mean flow pore size from these curves is as 
follows. In the wet flow, the pores commence evacuating from 

(1)Porosity = [1 − (ρ�∕ρ)] × 100%

Fig. 3  a Pore size measurement set-up and b Separation and permeation set-up
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the largest (bubble point) towards the smallest while the nitro-
gen gas pressure increases. Therefore, the pressure at which 
the increment of the wet flow initiates has corresponded to 
the largest pore, and that of the intersection of half-dry gas 
flow and wet flow is attributed to the mean flow pore size. The 
largest and mean flow pore sizes of the membranes were cal-
culated from these mentioned pressures plotted in the curves 
applying the Eq. (2) [27]:

 in which D is the membrane pore diameter (µm); θ the con-
tact angle of the wetting agent; p the differential pressure 
(Pa); and γ is the surface tension of the wetting agent (dyn/
cm). For the aim of this analysis, the membranes were cut 
into circular shapes of 4 cm diameter.

Nanofiltration Performance

The hand-made dead-end nanofiltration system possessing an 
active filtration area of 7.09 × 10−4  m2 was employed so as to 
evaluate the membrane performance (i.e. salt rejection and 
water flux) of TFNC-NF membranes which is schematically 
depicted in Fig. 3b. The TFNC-NF membranes were incised 
into the round shapes of the 4.5 cm diameter in a way that all 
membranes possessed a total thickness of 130 ± 12 µm. In the 
salt rejection measurement experiments, the concentration of 
salts as a feed aqueous solutions was 2000 ppm of  Na2SO4, 
 MgCl2, and NaCl and the operating pressure for filtration was 
5 bars. The collected permeate solution was weighed every 25 
min and the value of feed and permeate solution conductiv-
ity was assessed using a conductivity meter (Extech-EC150).

The salt retention (R %) was calculated through Eq. (3):

(2)D = 2860γcosθ∕p

(3)R = [1 − (CP∕CF)] × 100%

 in which  CP and  CF represent the conductivity of filtrate and 
feed solutions, respectively.

The pure water flux widely described as the representa-
tive of the energy consumption in the filtration as well as a 
practical method of comparing the permeability of different 
NF membranes was measured and reported in the volume of 
water permeate per time per area.

For TFNC-NF pore size characterization, a series of 
aqueous solutions comprising 1000 ppm PEG with differ-
ent molecular weights of 200, 400, 600, and 1000 g/mol 
was utilized. In this manner, the aforementioned dead-end 
filtration cell operating in 5 bars pressure equipped with a 
total organic carbon analyzer (TOC, model Shimadzu TOC-
5000) was utilized to determine the PEG concentrations in 
the permeate and feed solutions.

Results and Discussion

Pore Size Characterization of Nanofibrous 
Sub‑layers

The dry flow, wet flow, and half-dry flow curves of PU 
nanofibrous sub-layer membranes were illustrated in Fig. 5, 
diagrams from which the membrane’s pore characterizations 
could be realized. The diagram of Fig. 5a shows the data 
obtained from ENM-1 (i.e. 12 w/v% PU in a solvent mix-
ture containing 50/50 v/v DMF/THF and 0.04 %wt of LiCl). 
The pressure at which the wet flow has initiated is located 
at 0.12 bar and thus the largest pore was 5 µm calculated 
from the pore-pressure formula. Likewise, the pressure cor-
responding to the beginning of mean flow pore size was 
0.65 bar and the correlated pore size was calculated to be 
0.97 µm. The bubble points as well as the mean flow pore 
size of ENM-2 prepared by 5 w/v% PU in the 50/50 v/v 
DMF/THF solvent mixture and 0.04 wt% LiCl, have been 
decreased as shown in Fig. 5b. This is due to the polymeric 
concentration drop during the electrospinning process which 
makes the fiber diameter and porosity to reduce and also 
the fiber density to increase. The bubble point and the cor-
relating pressure to this point were 0.55 µm and 1.15 bar, 
respectively. Besides, its mean flow pore size was found to 
be 0.17 µm and the correlating pressure to this point has 
taken place at 3.75 bar.

Morphological Investigation of the Nanofibrous 
Membranes

The morphology properties of PU nanofibrous support pre-
pared through needle-free electrospinning technique was 
evaluated by SEM technique. Amid the preparation way of 
these samples, the two holders of polymeric solution were 
charged by the same concentration of 12 % wt PU in 50/50 

Fig. 4  Capillary flow porometry test for characterization of pore size 
and bubble point
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v/v DMF/THF, and thus the nanofibrous support with one 
layer having a concentration of 12 % was produced. Figure 6 
shows that the prepared electrospun nanofibrous membrane 
had a nanofibrous network with a non-uniform structure. 
Also, some beaded-fibers and beads and structure could be 
seen in this nanofibrous sub-layer. For this purpose, different 
methods have been utilized to produce nanofibers membrane 
with a uniform structure. One of the practical methods is to 
use different additives to improve the properties and mor-
phology of nanofibers. In this work, LiCl was applied as an 
additive for the electrospinning solution.

In this way, for the preparation of nanofibrous membrane 
with a uniform structure, two holders of polymeric solution 
were charged by the same concentration of 12 % wt PU in 
50/50 v/v DMF/THF in the presence of 0.04 % wt LiCl as a 
solution modifier (ENM-1) and thus the nanofibrous support 

with one layer having a concentration of 12 % was produced 
(Fig. 7). The adding of LiCl to the solution improved the pol-
ymeric solution conductivity which led to a higher needle-
free electrospinning performance. This, in turn, enhanced 
the nanofibrous jets elongation and helped prevention of the 
beaded fiber formation. As a result, a uniform structure was 
obtained in which the average fiber diameter and porosity 
of PU nanofibrous sub-layers were 272 ± 7 nm and 86 %, 
respectively.

The preparation of a nanofibrous sub-layer capable of 
meeting the required characteristics such as consistent mor-
phology, fitting porosity, and excellent mechanical strength 
on the thin film formation during polymerization is a cru-
cial step in the fabrication of TFNC-NF membranes. This 
sub-layer, which substantively serves as a mid-layer in the 
structure of TFNC-NF membranes, is also of paramount 

Fig. 5  The diagrams of pore-size measurements result using the capillary flow poro-meter method

Fig. 6  SEM images of PU 
ENM-1 (12 % wt PU in 50/50 
v/v DMF/THF)
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importance for the desired filtration performance besides 
the related pore size and morphology of the thin-film active 
layer. In line with this, the reverse interfacial polymerization 
technique was applied within NF production. The results 
of the evaluation of PU nanofibrous membranes (ENM-1) 
properties are illustrated in Fig. 6. The morphological char-
acteristics of the TFNC membrane built on the mentioned 
nanofibrous sub-layer are shown in Fig. 8.

According to Fig. 8, an inhomogeneous composition of 
the PA layer on the ENM-1 sub-layer (having one nanofi-
brous layer) was observed which hindered the TFNC-1 
membrane’s propriety for NF application. The reason behind 
this could be due to the fiber’s diameter and the related pore 
size enlargement which results in a defective coating of the 
polymeric active layer prepared from polymerization upon 
the nanofibrous sub-layer. Also, under the mentioned condi-
tions, the density of the PA active layer could not meet the 
objects of NF filtration processes. In order to make great 

strides in the thin active barrier layer and the preparation of 
a proper TFNC-NF membrane, the settings of the needle-
free electrospinning technique (i.e. polymeric concentration 
and electrospinning procedure) were adjusted regarding the 
aim of continuous production of convenient nanofibrous 
sub-layers.

The SEM image of ENM-2 is illustrated in Fig. 9, in 
which the morphology betterment of this nanofibrous 
membrane compared to ENM-1 is crystal clear. During the 
preparation process of this sample, the two holders 1 and 
2 were loaded with 12 % w/v PU in 50/50 v/v DMF/THF 
solvent mixture with 0.04 % wt LiCl as an additive and of 
the polymeric solution in the 5 %w/v PU concentration in 
50/50 v/v DMF/THF solvent mixture with 0.04 % wt LiCl 
as an additive, respectively.

In this technical procedure, initially, the polymer in a 
higher concentration has been electrospun by the way of 
relocating the substrate to the front, thereafter so is the case 

Fig. 7  SEM images of PU ENM-1 (12 % wt PU in 50/50 v/v DMF/THF and 0.04 % wt LiCl)
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for the polymer with different concentrations and properties. 
Therefore, the resultant nanofibrous membrane possesses 
three layers including (i) the sub-layer (a non-woven PET, a 
backing material), (ii) the mid-layer (nanofiber of 12 %w/v 
PU in 50/50 v/v DMF/THF solvent mixture and 0.04 %wt 
LiCl as an additive), and (iii) the top-layer (nanofiber with 
the concentration of 5 %w/v PU, 50/50 v/v DMF/THF sol-
vent mixture and 0.04 % wt LiCl). This means that, on the 
polyester non-woven baking material, two nanofiber layers 
with different fiber sizes are formed. As indicated in the 
images, the geometrical morphology of the nanofibrous sub-
layer was remarkably improved by the enrichment of the 
porosity and interconnection of the nanofibrous network. 
Moreover, the fiber diameter has been reduced (93 ± 5 nm, 
78 % and 272 ± 7, 86 % for ENM-2 and ENM-1, respectively) 
which is desirable for the NF performance. In this way, the 
reverse interfacial polymerization was applied for produc-
ing TFNC-NF membrane based on ENM-2 under the same 
procedure condition.

Figure 10 demonstrates the SEM images of the TFNC-
NF-2 membrane. As remarked in the images, a suitable 
active layer was formed on the nanofibrous membrane 
surface and also throughout the membrane with high 
uniformity and reproducibility. Moreover, the layers are 

free of defects and they thoroughly were coated and redis-
tributed in the entire nanofibrous membrane structure. 
These results imply the fundamental role of nanofibrous 
sub-layer on the thin active layer and consequently on the 
TFNC-NF membrane of which has been built on thereof. 
As the nanofiber diameter was decreased, the related pore 
size was diminished and the polymerization process was 
accomplished more thoroughly. In consequence, the per-
fect and uniform active layer was obtained.

The SEM images of the TFNC-NF-2 membrane from 
yet other two viewpoints (top and cross-sectional) are 
exhibited in Fig. 11. Of the top view (left), the proper 
surface morphology of the nanofibers in TFNC membranes 
was manifestly discerned, and also the cross-sectional 
images (right) represented the formation of a uniform thin 
barrier layer of a thickness of 227 ± 11 nm on PU ENM-2. 
Focusing more elaborately on the cross-view, it is inferred 
that the polyamide thin layer and the reaction zone have 
shifted to a nanofibrous network due to the density dis-
parity of the two phases as well as the nature of the IP-R 
method. As mentioned earlier, the drastic increase in the 
adhesion between the nanofibrous mat and the polyamide 
active layer could be the outcome of infiltration of polyam-
ide thin films through the nanofibrous network.

Fig. 8  SEM images of TFNC-
NF-1 membrane based on 
ENM-1
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Nanofiltration Performance

The flux and rejection profile curves of TFNC-NF-2 in 
respect of  Na2SO4,  MgSO4,  MgCl2, and NaCl salts are 
shown in Figs. 12 and 13, respectively. As featured, the 
water flux for each feed solution was intensified while the 
pressure was increasing without any harsh pressure vari-
ation/drop. The nanofiber’s fiber size decrement leads to 
the increment of the fibers packing density which, in turn, 
results in their pore-size decrement. The even pore-size dis-
tribution engendered a uniform thin film formation with the 
higher potential to adopt a cross-linked and compact struc-
ture. Thereby, a remarkable improvement in the mechani-
cal properties of the NF membrane, as well as the adhesion 
between the nanofibrous network and the thin barrier layer, 
was achieved. The mentioned results demonstrate the sus-
tainability of the TFNC-NF-2 membrane at various pressure 
ranges (4–10 bar).

Figure 12 shows the flux performance of the TFNC-2 NF 
membrane for pure water and other single salt solutions. As 
can be seen, the flux of pure water at different pressures is 
higher than that of other saline solutions. Because by add-
ing of various salts to water, the osmotic pressure of the 
solution increased and this reduces the flux at different pres-
sures compared to the pure water. Also, for different saline 
solutions, the permeate flux differ slightly from each other, 
which is due to the different osmotic pressures of solutions 
[28].

The hydrophobic and hydrophilic properties of a mem-
brane play a fundamental role in its application in aqueous 
phase filtration. Case in point, utilization of a hydrophilic 
membrane in the water desalination processes is desired 
whereas, in the protein separation processes, membranes 
of more hydrophobicity are favorable to minimize protein 
adsorption and coagulation effects. To evaluate this property 
of the membrane, the water contact angle of the TFNC-NF-2 

Fig. 9  SEM images of PU ENM-2 (5 % wt PU in 50/50 v/v DMF/THF and 0.04 % wt LiCl)
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membrane was measured and the results were represented in 
Fig. 12 (i.e. ~29º ± 3). This indicates the successful forma-
tion of the polyamide thin barrier layer on the PU nanofi-
brous sublayer via the IP-R method and also the compat-
ibility of the product for NF applications.

The rejection performance of the nanofibrous NF mem-
brane for different salts is shown in Fig. 13. Since the 

water flux throughout the membrane is increased by the 
pressure increment effects, the solute flux is normally 
enhanced while its rejection remains changeless [29]. 
This behavior trend was also observed herein in which 
the flux and the salt rejection performance highly depend-
ing on the pore-size could be controlled and promoted via 
manipulating the nanofibrous sub-layer properties. The 

Fig. 10  SEM images of the 
TFNC-NF-2 membrane based 
upon ENM-2

Fig. 11  Surface (left) and cross-section (right) views of TFNC-NF-2 membrane
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basis for the operating mechanism of the salt separation 
phenomenon could conceivably be explained in two main 
strategies: (I) electric charge effect (Donnan effect) and 
(II) dielectric effect [30]. If presumably, the salt rejection 
is dominated by the electric charge effect, the order in the 
separation outcome, as observed often for other NF mem-
branes, would become  Na2SO4 > MgSO4 > NaCl > MgCl2 
due to the presence of negative charges lying in the 
unreacted carboxyl groups of TMC. In other respect, 
when the second pathway (i.e. dielectric effect) domi-
nates the rejection mechanism, the role of ionic valence 
would be fundamental. The divalent ions are, in a 
more forceful manner, repelled from the membrane 

surface than that of the monovalent counterparts, irre-
spective of the charge character (i.e. positive or nega-
tive). Heretofore, the order of the electrolyte separation 
is expected to be  MgSO4 > Na2SO4 ≈ MgCl2 > NaCl. 
Surprisingly, the salt separation order herein was 
 Na2SO4 > MgSO4 > MgCl2 > NaCl. In this regard, the elec-
trical charge force lies behind the first half of the men-
tioned separation order whereas the other half of that is 
justified by the dielectric force as reported earlier [29]. 
Consequently, it could be suggested that both the charge 
and the dielectric repulsion effect account for the electro-
lyte separation.

For examining the mechanical stability of nanofibrous 
membranes, a tensile test was performed. Figure  14 
illustrates the stress-strain diagram for the ENM-2 and 
TFNC-2 NF membranes. As shown from the image, the 
nanofibrous sub-layer represents acceptable mechanical 
integrity (3.9 Mpa stress and 120 % elongation). Moreo-
ver, the curves demonstrate that the tensile stress of the 
TFNC-2 NF membrane is increased from 3.9 to 4.7 MPa. 
These results suggest that reverse interfacial polymeriza-
tion caused the penetration of polyamide active layer into 
nanofibrous network increasing the mechanical integrity 
of the NF membrane.

To evaluate the filtration constancy of thin-film nanofi-
brous composite NF membrane in practical conditions, 
long-term stability tests throughout water treatment was 
performed. As shown in Fig. 15, the TFNC-2 NF mem-
brane exhibits proper performance during operation time. As 
implied by the results, nanofibrous membranes in proportion 
to their high mechanical strength have presented desired sta-
bility in the field of particle repulsion and flux as well. This 
indicates the realization of the fabrication of a new class 
of nanofibrous NF membranes for practicable applications.

Fig. 12  Flux profile of TFNC-NF-2 membrane for different electro-
lytes and pure water

Fig. 13  Rejection profile of TFNC-NF-2 membrane for different elec-
trolytes

Fig. 14  Mechanical strength of PU ENM-2 and TFNC-2 NF mem-
branes



2474 Journal of Polymers and the Environment (2021) 29:2463–2477

1 3

Pore Size Measurement of Nanofiltration Membrane

The molecular weight cut-off (MWCO) results of the 
TFNC-2 NF-membrane are illustrated in Fig. 16. In this 
manner, PEG standard samples of the molecular weights 
with 200,400,600 and 1000  Da were employed in the 
MWCO testing as the standard test indicators. Accord-
ing to the results, the MWCO of the TFNC-2 NF-mem-
brane was 400 Da in which the correlated rejection ratio 
was found to be 94 ± 2 %. On the other hand, the solution 
average diameter of PEG with related 200, 400, 600, and 
1000 Da molecular weights were 1.3, 1.8, 2.1, and 2.7 nm, 
respectively [31]. Hence, the effective pore size of the 
TFNC-2 NF-membrane was around 1.8 nm.

Performance Comparison of TFNC‑NF Membranes

  A concise overview of the NF performances between the 
sample herein and the various nanofibrous thin-film nano-
filtration membranes are tabulated in Table 2. In compari-
son between TFNC-2-NFa and TFNC-4-NFb membranes, it 
could be observed that the rejection of  MgCl2, NaCl and 
 Na2SO4 salts and their flux were higher than that of TFNC-
4-NFb. In case of TFNC-2-NFa and TFNC-4-NFc, it is found 
that the rejection of  MgCl2, NaCl,  Na2SO4 and  MgSO4 salts 
of TFNC-2-NFa was higher than that of TFNC-4-NFc and 
the electrolyte solution flux for each salt individually was 
also higher than that of TFNC-4-NFc. For TFNC-2-NFa and 
TFNC-NFd, it can be concluded that their NaCl rejection is 
quite close to each other. However, the NaCl solution flux 
of TFNC-2-NFa is markedly higher than that of TFNC-NFd 
membrane. The reason behind this remarkable difference 
can be attributed to the PA thin-layer thickness employed 
in the NF of this study (227 ± 11 nm and 27 µm for TFNC-
2-NFa and TFNC-NFd). At last, in the case of TFNC-2-NFa 
and TFNC-2-NFe, the rejection and permeate flux of  MgSO4 
salt of TFNC-2-NFa were higher than that of TFNC-2-NFe. 
These results demonstrate the admissible and, in some cases, 
the superior performance of TFNC-2-NFa nanofiltration 
membrane compared to the other nanofibrous counterparts.

Conclusions

Thin film nanofibrous composite NF membranes built upon 
TPU nanofibrous sub-layer, in which it was produced by 
means of high throughput needle-free electrospinning tech-
nique, were evaluated for water purification applications. 
Towards the aim of preparing a sub-layer having proper 

Fig. 15  The variation of solution flux and rejection of TFNC-2 NF membrane with operating time

Fig. 16  PEG separation of TFNC-NF-2 membrane
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morphology and properties, the concentration differential 
method was applied in the processes. Reverse interfacial 
polymerization procedure was employed on the surface of 
TPU ENM of different fiber sizes and nanofibrous layer.

The overall results of this study indicate that, the fiber 
size manipulation has resulted in the betterment of its prop-
erties including the porosity, the nanofibrous membrane pore 
size, the uniformity of thin barrier active layer, and the NF 
performance ultimately. However, one should consider the 
upper limit of the fiber-size and the pore-size enlargement 
since the ENMs having over-sized fibers are unable to serve 
as a supporting layer for the thin layer prepared via interfa-
cial polymerization. Therefore, the formation of a uniform 
thin layer on the nanofibrous surface could be failed. In total, 
modification of the fiber-size and the morphology of the 
electrospun layer could offer several advantages towards the 
improvement of thin layer formation and enhance the rejec-
tion and fluxes in line with the water treatment applications.
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