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Abstract
The new class of microfiltration (MF) membranes based on nanofibrous sub-layers 
was investigated in this study. To this end, polyethylene terephthalate (PET) nanofi-
brous layers were produced via electrospinning technique based on PET supports as 
baking material, and subsequently, the solvent vapor treatment was applied for pore 
size modification of nanofibrous membranes. Capillary flow porometry and scan-
ning electron microscopy were used to evaluate of pore size and morphology of the 
membranes, respectively. Moreover, filtration performance was evaluated by water 
flux and microparticle/bacteria retention. The results showed that average pore size 
of PET electrospun nanofibrous membrane was greatly reduced from 1.2 to 0.4 µm 
during modification process. Solvent vapor-treated MF membranes show signifi-
cantly higher flux and acceptable rejection compared to commercial MF membranes.

Keywords  Microfiltration · Electrospinning · Solvent vapor treatment · Polyethylene 
terephthalate

Introduction

Population increments and the requirement for water resources are one of the main 
concerns in the world. According to reports, nearly 1 billion people are in a deficit of 
clean water [1, 2]. Membrane technology is a cost-effective and practical technique 
applied in the filtration of pollutants from water. The pressure-driven membrane 
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filtration processes are categorized into microfiltration (MF), ultrafiltration (UF), 
nanofiltration (NF), and reverse osmosis (RO) [3]. Microfiltration membranes with 
the lowest energy-consuming and rapid filtration rate are mostly applied in the sepa-
ration of contaminants such as microparticles in the different industry application 
[4]. Commercial MF membranes are produced based on phase inversion from solu-
tion or melt casting techniques, and these processes need high exactitude control of 
production conditions, also commercial membranes, having higher density and fast 
clogging [5].

Nanofiber is one of the nanotechnology outputs, widely used in different areas 
such as air purification [6], tissue science [7], and liquid phase filtration including 
MF [8], UF [9], NF [10, 11], and RO [12] membranes. Due to the higher porosity, 
interconnected pore, large surface area, and easier controllable producing condition, 
nanofibrous membranes are interesting among researchers for the production of a 
new class of liquid phase membranes [13]. The electrospinning technique is used 
to prepare nanofibrous membranes. In this method, a high electric force between 
two poles caused the formation of nanofiber jets. Subsequently, by the evaporation 
and elimination of solvent from the jets, nanofiber and then nanofibrous mats were 
formed. The process can be controlled by adjusting the solution and environment 
conditions [14]. Controlled pore size nanofibrous MF membranes have been manu-
factured by altering the electrospinning condition, physical and chemical treatment 
of nanofibrous mats. Wang et al. prepared polyacrylonitrile (PAN) nanofibrous MF 
membranes with a uniform structure by controlling of electrospinning parameters 
[15]. Hsiao et al. demonstrated the potential of polyvinyl alcohol (PVA) nanofibrous 
mat for MF membrane, which could be prepared by crosslinking with glutaralde-
hyde (GA) [16]. In our previous work, microfiltration membranes with a pore size of 
0.2–0.47 µm were prepared with a controlled interfacial polymerization technique, 
based on polyurethane nanofibrous supports [17].

PET is a thermoplastic polymer with wide industrial applications that includes 
a wide range of properties like elastomeric, hydrolytic resistance, and nanofibrous 
support characteristics [18, 19]. In this study, the solvent vapor treatment method 
was used to modify the nanofibrous membranes. At the following, in the first step, 
PET nanofibrous supports were prepared by electrospinning technique, and after 
optimization of the solution and process, solvent vapor treatment was applied for 
modification and controlling the membrane pore size. In the end, the modified mem-
branes were characterized by SEM, capillary flow porometry, water flux, and MF 
retention methods.

Experimental

Materials

PET granule was prepared from Tondgooyan Petrochemical Industries Co., Iran. 
Nonwoven PET (Hollytex 3242) was prepared by Ahlstrom Mount Holly Springs, 
USA. Trifluoroacetic acid (TFA), dichloromethane (DCM) and LiCl were purchased 
from Sigma-Aldrich Co. Polybead carboxylate microparticles (0.20, 0.50, and 
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1.0  μm) were purchased from Polysciences, Inc. Commercial membranes (Model 
GSWP, Millipore, 0.45 and 0.22 μm) were purchased for comparison.

PET nanofibrous membranes

A solution of 18% wt PET was prepared in TFA/DCM (80/20 v/v) and stirred till 
completely dissolved. LiCl was added as an electrospinning additive. The prepared 
solution was placed in a syringe possessing 10 ml and 0.7 mm nozzle diameter, and 
then the electrospinning was performed under the conditions listed in Table 1, on 
the PET substrate support layer.

Due to the same material of the nanofibers and the substrate, and the presence 
of residual solvent in the nanofiber jets during electrospinning, the adhesion of the 
nanofibers to the substrate was done well, and this is an advantage in making mem-
branes with resistance to delamination.

Modification of nanofibrous membranes

For pore size modification, PET nanofibrous membranes were put in a chamber sat-
urated with solvent (DCM) vapor. In this way, the membranes were placed inside the 
chamber for different periods of time, and in the following, the effect of the solvent 
vapor and the treatment time on these membranes were investigated.

Characterization

The morphology of all membranes was investigated by scanning electron micros-
copy (SEM). The average fiber diameter of PET/PET nanofibrous membranes was 
assigned by the SEM image analyzer software.

The porosity of PET nanofibrous membranes is determined from Eq. (1) [19].

where ρ′ and ρ present the apparent density and bulk density of the PET nanofibrous 
membranes, respectively. In order to calculate apparent density, samples of about 5 
cm2 and 150 ± 14 μm were weighted. The bulk density of PET was taken at 1.4 g/
cm3.

(1)Porosity =
[

1 −
(

��∕�
)]

× 100%

Table 1   Electrospinning 
conditions

Polymer concentration (wt%) 18

TFA/DCM(v/v) 80/20
LiCl (wt%) 0.01
Solution flow rate (ml/h) 0.8
Applied voltage (kV) 30
Distance between needle and collector (cm) 14
Drum collector speed (rpm) 800
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The bubble point and mean pore size of the PET nanofibrous membranes were 
evaluated by capillary flow porometry technique [20].

In this test, the wet and dry membranes were placed in a holder, and the 
changes in airflow with pressure were drawn for each sample, as shown in Fig. 1a. 
For wet samples, the membrane surface is entirely soaked in the wetting agent 
(alcohol with a surface tension of 23 dyn/cm) and, with a gradual increase in 
pressure, the airflow is plotted. At the following, the dry membrane is put inside 
the cell, and the airflow is measured and the flow diagram of the dry sample is 
plotted. In the end, the dry air flow values against the pressure are halved, and the 
diagram of half-dry airflow is plotted beside the wet flow. So, the plots intersect 
each other at a specific point. The corresponding pressure of the wet flow start-
ing and the intersection of wet flow and half-dry flow are assigned and placed 
in Eq.  (2) which is calculated as the bubble point and the average hole size, 
respectively.

D, θ, p, and γ are the pore diameter membrane (μm), contact angle of wet-
ting agent, pressure (Pa), and surface tension of the wetting agent (dyn/cm), 
respectively.

For evaluation of MF membrane performance (rejection and flux), the home-
made dead-end filtration set-up was applied (Fig. 1b). The microparticle retention 
of the MF membranes was measured based on the following procedure. 200 ppm 
aqueous suspensions of polybead microparticles in different sizes were prepared 
by ultrasonic dispersion, and subsequently, the 30 cc of the solution was filtered 
through the filtration system (PET/PET nanofibrous and commercial GSWP mem-
branes). The carbon concentrations in the primary and permeate solution were 
measured with a total organic carbon analyzer (TOC, Shimadzu TOC-VCPN). 
The rejection of the carboxylate microparticles is calculated based on Eq. (3):

Cf and Cp show the carbon concentration in primary and permeate solution.

(2)D = 2860� cos �∕p

(3)R = [1 − (Cp∕Cf)] × 100

Fig. 1   Schematic diagram of the capillary flow porometer set-up a and MF test set-up b 
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Results and discussion

Morphological study of PET nanofibrous membranes

The SEM technique was used to evaluate the morphology of nanofibrous PET mem-
branes. As shown in Fig. 2a–d, the PET nanofibrous membrane produced from 18 
wt% in 80/20 v/v TFA/DCM had a non-uniform structure and film-like morphol-
ogy with an average fiber diameter of 200 ± 30 nm. Surface tension is one of the 
important parameters that effect on nanofibrous membranes morphology. The higher 
surface tension of solution brings the lower elongation of the nanofibrous jet in the 
electrical field. As a result, the polymeric solution droplets cannot be sufficiently 
elongated in the electrical field, and consequently, some beads and film-like struc-
tures are produced [21].

For improving nanofibrous membrane structure, various parameters such as addi-
tives, solution components, electrical fields, and surrounding conditions have been 
evaluated in various literature [22]. In this study, LiCl was applied as an additive for 
electrospinning of PET nanofibrous membrane with uniform structure. LiCl induces 
higher conductivity for polymeric solution and as a result, electrical force dominates 
on surface tension of the solution, and then more stretching force is performed in 
the electrical field. Consequently, polymeric jets are more stretched and the beaded 
and film-like structures. Figure  2e–h shows the SEM images of PET nanofibrous 
membranes that were prepared from the same polymeric solution composition in the 
presence of LiCl as an additive. As seen from the images, no beaded and film-like 
structure was detected for them.

In the next step, after optimization of the nanofibrous supporting layer, solvent 
vapor treatment was applied to modify and reduce nanofibrous membrane pores 
(Table 2).

Figure 3 demonstrates the SEM images of the solvent-treated nanofibrous mem-
branes. In this modification, samples were placed in a solvent vapor chamber for 
different periods of time. Figure 3a, b is related to pristine nanofibrous membranes 

Fig. 2   SEM images of PET (18% (w/v) a–d) and PET (18% (w/v), LiCl 0.01 wt%) e–h) membranes
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(M1). Figure 3c, d shows the morphology of M2 membranes. After the 30 s expos-
ing membranes in the chamber, small changes have been made in the morphology 
of the membrane. In the case of M3, the samples were placed in the chamber for the 
60 s. As seen from Fig. 3e, f, the morphology of the nanofiber was changed, and the 
interconnecting of nanofiber was slightly increased. For M4, the exposing time was 
increased to 120 s, and the morphology of the nanofibrous network changed more. 
As seen from Fig. 3g, h, due to swelling, the diameter of the nanofiber was increased 
and also the interconnecting of the nanofiber improved. Figure 3i, j is related to M5 
that the time of vapor solvent treatment was 180  s. As seen from the image, the 
swelling and interconnecting of nanofiber was more improved, and the morphology 
was changed from nanofiber to nanofiber-film structure.

Table 2   Solvent vapor method 
for membrane modification

Membrane no Solvent Time (s)

M1 DCM 0
M2 DCM 30
M3 DCM 60
M4 DCM 120
M5 DCM 180
M6 DCM 240
M7 DCM 300

Fig. 3   SEM images of modified PET nanofibrous membranes under different modification conditions
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By increasing solvent vapor treating time to 240 s, M6 in this case, the morphol-
ogy of the surface has changed significantly, so that the film structure is dominant to 
the structure of the fibers while maintaining the lucidity of nanofiber morphology 
(Fig. 3k). For M7, the treating time was enhanced to 300 s. As seen from Fig. 3l, by 
increasing solvent vapor exposure, the solvent penetration, swelling, and local dis-
solution of fiber result in the total abolishing of the nanofiber morphology and film 
structure formation. As a result, the surface pores of M6 and M7 membranes are 
reduced to such an extent that the size of the pores is out of the area of microfiltra-
tion. Hence, according to image analyses, pore size characteristics of M1 to M5 were 
investigated.

Porometry evaluation of PET/PET nanofibrous membranes

A home-designed capillary flow porometry (based on ASTM-F316 03) was used to 
analyze the pore characteristic of samples. Alcohol (aqueous isopropyl alcohol 70 
wt%) with a surface tension of 27.48 dynes/cm at 25 °C was applied as the wetting 
agent. Table 3 shows the results of dry flow, wet flow, and half-dry flow data for 
PET/PET nanofibrous membranes.

As seen from the results, the bubble point and mean flow pore size of the pris-
tine membrane (M1) are 8.7 and 1.6 µm, respectively. For M2, the bubble point and 
mean flow pore size were reduced slightly. As mentioned early, no clear change in 
morphology was observed for the M2 membrane. In the case of M3, the largest pore 
and mean pore size were reduced to 3.5 and 1.1 µm, respectively. In this way, by 
enhancement of treating time to 120 s, the largest pore and mean pore size of M4 
were reduced to 1.2 and 0.43  µm, respectively, and for M5 with a treatment time 
of 180  s, the bubble point and mean pore size of this sample reached to 0.9 and 
0.26 µm, respectively.

Microfiltration test

The PET/PET nanofibrous membranes with a total thickness of 150 ± 14  μm and 
commercial membranes (CMs, 0.45 and 0.22 μm GSWP, Millipore) with a thickness 
of 150 ± 10 μm were investigated by MF filtration set-up. Prior to the experiment, all 

Table 3   Capillary flow porometry results for PET/PET nanofibrous membranes

Membrane no Intersection of wet and half-
dry flow pressure (bar)

Wet flow starting 
pressure (bar)

Mean pore 
diameter (µm)

Largest pore–
bubble point 
(µm)

M1 0.49 0.09 1.6 8.7
M2 0.51 0.09 1.5 8.5
M3 1.1 0.22 0.7 3.5
M4 1.75 0.65 0.43 1.2
M5 3.02 0.87 0.26 0.9
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of the samples were compressed at 1 bar with water. Figure 4 shows the pure water 
flux of nanofibrous and commercial membranes.

Due to the open pore structure and high porosity of PET/PET nanofibrous mem-
branes, the pure water flux is two times higher flux than the commercial membranes 
in distinct pressures. To study the filtration performance of the electrospun nanofi-
brous membranes, standard microparticles were applied as the test markers. Due to 
the spherical shape of polymeric particles, this experiment could be a criterion of 
membrane pores diameter. As shown in Table  4, the electrospun membranes and 
commercial membranes, showed a similar rejection ratio on 1.0, 0.50, and 0.2 μm 
particles. Two types of membranes have the same mean pore size, so the MF effi-
ciency of membranes in microparticle retention is comparable.

Conclusion

The solvent vapor treatment strategy was utilized to modify and adjust PET/PET 
electrospun MF membrane pore size. It was implied that this method can promi-
nently the pore size of PET nanofibers. In this work, at first, the optimum condition 

Fig. 4   Pure water flux for electrospun PET/PET and commercial membranes (CMs)

Table 4   Rejection of 
microparticle standard test 
marker using for electrospun 
and commercial membranes

Microparticle size 0.2 μm (%) 0.5 μm (%) 1 μm (%)

PET/PET ENM (0.43 μm) 90 ± 3 97.5 ± 2 98 ± 0.2
PET/PET ENM (0.26 μm) 97 ± 1 98 ± 1 99 ± 0.4
GSWP, Millipore (0.45 μm) 90 ± 1 97 ± 1 99 ± 0.3
GSWP, Millipore (0.22 μm) 99 ± 0.3 99 ± 0.1 99 ± 0.5
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for electrospinning parameters on the corresponding nanofiber structure was system-
atically evaluated. In the following, for altering pore size, the solvent vapor method 
was applied. In this experiment, the effect of exposure time was investigated. In the 
end, the microfiltration performance of nanofibrous and commercial membranes was 
investigated. The results showed that the nanofibrous MF membrane presented sig-
nificantly higher flux performance (2 times) over the commercial membranes having 
the same mean flow pore size.
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