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Abstract Electrospun nanofibrous membranes (ENMs)

are used in a variety of applications, including sensors,

tissue engineering, air filtration, energy, and reinforcement

in composite materials. Recently, they have gained an

interest in the field of liquid filtration. The membranes,

surface, bulk, and overall architecture play an important

role in the filtration properties and hence the right char-

acterization technique needs to be established, which will

pave the way for future developments in the field of fil-

tration. In this article, we have reviewed the recent

advances in ENMs for liquid separation application.

Introduction

Electrospinning has been exploited for almost a century to

process polymers and related materials into nanofibers with

controllable compositions, diameters, porosities, and por-

ous structures, for a variety of applications. Electrospinning

is a relatively non-material specific process of fabricating

nanofibers and its principle is well understood. A high

voltage is required to elongate the polymer solution/melt

from the tip of the spinneret and fibers can be collected in

different assemblies depending on the type of collector [1].

Owing to its high porosity and large surface area, a non-

woven mat of electrospun nanofibers is highly explored in

several applications such as tissue engineering and has been

commercially used as air filters and recently it has gained

interest in the area of liquid filtration.

An advantage of electrospun nanofibrous membrane

(ENM) is that a variety of modification techniques can be

applied on it to meet a certain desirable function. The

nanofiber itself can also be functionalized through attach-

ment of a bioactive species for affinity separation [2], and the

top most surface can be modified by plasma-induced grafting

[3], coating [4], or interfacial polymerization [5]. Different

fiber diameters can be achieved by manipulating the pro-

cessing parameters [1]. In addition, the nanofibers can be

assembled into a variety of arrays or architectures by

manipulating their alignment, stacking, or folding. All these

attractive attributes make electrospinning a powerful tool for

generating nanostructured material. Hence, researchers with

various backgrounds such as science, engineering, and

mathematics together with industry researchers, are working

on this electrospinning area, which has resulted in significant

advancements in this field. Figure 1 depicts the rapid growth

of nanofibers since 2000 in terms of published articles

(source SciFinder). An overview of nanofibers applied in

various subjects and their application domain is given in

Fig. 2. The application of ENM in water filtration domain is

rapidly growing.

Depending on the pore size of the materials, ENM have

been applied in microfiltration (MF) [2, 3, 6], ultrafiltration

(UF) [4, 7, 8], nanofiltration (NF) [5, 9, 10], and forward
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osmosis (FO) [11] applications, except reverse osmosis

(RO). ENMs when applied as such showed enhanced flux

than conventional membranes in MF applications. The flux

was further improved by blending [6], surface modification

[6], and in situ polymerization [12] techniques. The thin-

film coating of MF membranes by chitosan were success-

fully applied in UF applications [7]. Several authors have

reported that when the mid-layer made up of electro-spun

MF/UF membranes was coated with top layer by thin-film

composite configuration in NF; higher permeate flux for

ENM composite than conventional membranes were

achieved [5, 9, 10]. Optimization of various properties such

as surface architecture, thickness, and pore size of the mid-

layer ENM was studied to increase the flux and salt sepa-

ration. Yoon et al. reported that TFNC membranes

fabricated with ENM showed 2.4 times more permeate flux

than conventional membranes in NF application, which is

due to large open pore structure and low hydraulic resis-

tance of ENMs [5]. The improvement in flux and separa-

tion efficiency by pore size reduction was reported by Kaur

et al. [13]. The internal concentration polarization bottle-

neck observed in commercial phase-inverted-forward

osmosis (PI-FO) membranes for desalination application

was eliminated by applying ENM as support layer by Song

et al. [11], which provides low tortuosity and high porosity.

Many reviews [14–31] have been written to give a

snapshot of the recent developments of ENM in liquid fil-

tration. Although these reviews address overall advance-

ments in this field, a review article emphasizing the

characterization of ENMs is very much needed as the sur-

face and morphological properties of ENMs are quite dif-

ferent from the bulk materials. Also, some of the

characterization involves significantly different sample

preparation conditions when compared to bulk sample

preparation (for example, tensile strength analysis). In

addition, accurate characterization would be highly useful

to develop the membranes with desired properties. Based on

the desired properties, desired applications can be decided

or fine-tuned. Hence, in this review, we have taken the

opportunity to write about the various characterization

techniques used to determine the properties of ENMs. When

the ENMs are explored for liquid filter applications, several

challenges faced and various electrospinning parameters

and membrane modifications applied for its successful

application are highlighted.

We have gathered a snapshot of various characterization

techniques that have been established within our research

group and other groups. These characterization techniques

Fig. 1 Number of journal and patent publications

Fig. 2 Overview of the number of publications of nanofibers in various applications
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have proved to be useful and essential in determining the

application of ENMs for liquid separation.

Membrane properties

Some of the interesting features of ENM are (1) high

porosity due to interconnected structure and hence high

flux, (2) enhanced specific surface area hence better effi-

ciency, (3) unique topography hence unique features such

as enhanced hydrophobicity, and (4) differing surface

chemical properties and chemical composition. The above

properties can be altered by changing the variable in the

electrospinning process. The selection of the polymers, and

choice of the solvent, this also affects the wettability/

hydrophilicity of the membranes, which in turn decides the

filtration properties of the ENM.

Two key parameters—flux and selectivity—define

membrane efficiency in water filtration applications.

Selectivity is governed by the surface properties of the

membrane that discriminates the type of species that can

pass through the membrane. Flux, on the other hand,

describes how much gets into the membrane and how fast it

moves. These two parameters, however, are affected by a

number of factors and it is detrimental to characterize the

membrane in relation to these.

Membrane characterization is useful to the determina-

tion of structural and morphological properties of the

membrane. This includes knowledge of porosity, largest

pore size (bubble point), pore-size distribution, wettability

(hydro-phobicity/-philicity), transmembrane pressure drop

across the membrane, membrane thickness, cross-sectional

geometry, and flux permeability. The information gathered

is essential in determining which type of separation pro-

cesses the membrane can be used for and importantly its

potential performance. Before the required properties are

determined, the right characterization techniques need to

be established and usually several techniques are required

in conjunction with each other to determine the properties

of the membrane.

Atomic force microscopy, differential scanning

calorimeter, Fourier transform infrared spectroscopy,

scanning electron microscopy, tensile test, transmission

electron microscopy, and X-ray photoelectron

spectroscopy

Atomic force microscopy (AFM) and scanning electron

microscopy (SEM) observations directly give visual

information on the membrane morphology, such as surface

pore size and its distribution, pore density, surface porosity,

and cross-sectional structure. Differential scanning calo-

rimetry (DSC) is used to determine the thermal properties

of ENMs and its rigidity. ENMs are rigid if the glass

transition temperatures are high. The tensile strength of

ENMs determines mechanical stability. Fourier transform

infrared (FT-IR), and X-ray photoelectron spectroscopy

(XPS) are used to find out the functional groups and ele-

mental compositions of the ENMs. For example, the pre-

sence of functional groups, like amino (–NH) and hydroxyl

(–OH), in the phenylcarbomylated b-cyclodextrin (CD)

blended PMMA ENMs is confirmed by the FT-IR spec-

troscopy [32]. The existence of a nitrogen peak on the

surface of ENMs confirmed the presence of phenylcarb-

omylated b-CD on the PMMA nanofiber surface, which

was observed by XPS. Polyacrylonitrile (PAN) blended

with multi-walled carbon nanotubes (MWCNTs) was used

for ENMs [33]. It is observed from SEM images that after

the incorporation of MWCNTs in the ENMs, the nanofibers

are thinner and appear wavier as compared to the control

PAN ENMs.

Heat treatment

When we started using electrospun membranes, it was very

difficult to handle the membrane. This weak property

became a stumbling block for the development of elec-

trospun fibers as liquid filters. Specifically polysulfone

(PSU) and polyvinylidene fluoride (PVDF) ENMs had a

very loose ‘‘cotton-like’’ morphology and were not easy to

handle. There were excessive surface charges on the fibers

and hence they were easily detached from the layers below.

To increase the integrity and strength, heat treatment was

performed on both PSU and PVDF ENMs.

15 % (w/v) PVDF (MW 440 kDa, dissolved in 2:3 N,N0-
dimethylacetylamide: acetone) was electrospun. The

melting temperature of PVDF raw material and ENM was

required so that the heat treatment temperature of the ENM

could be determined. Thermal analysis of the PVDF raw

material and ENM was performed on a DSC (Perkin Elmer,

Pyris 6) in a temperature range of 20–200 �C at a rate of

10 �C/min. Table 1 shows the onset temperature, peak

temperature of PVDF pellet and non-heat-treated PVDF

ENM. The onset temperature was determined as 158 �C.

Hence the heat treatment of the ENM (performed in a

convection oven—carbolite) was applied before this tem-

perature. When the membrane was heated directly to

157 �C, occasional fusion of several fibers occurred due to

the low boiling point of acetone, which resulted in faster

evaporation thereby inducing fusion to occur. This phe-

nomenon is observed through SEM (Quanta 200F, FEI

Comp., Hillsboro, OR, USA) in Fig. 3c. To prevent this,

ENMs were heated from room temperature to 60 �C for 1 h

at a rate of 1 �C/min to remove any trace amount of sol-

vent. Subsequently, the membranes were then heated up to

157 �C at the same rate for 3 h to improve the structural
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integrity of the membrane. From the SEM micrographs in

Fig. 3b it was evident that only overlapping fibers fused

over one another. The heat-treated ENM was sufficiently

flexible to be folded without any distortion to the mem-

brane and is easily stamped out into a circular shape for

water flux characterization at a later stage. Alternatively,

the ENM could be heat treated at 60 �C for 1 h to remove

any trapped residual solvent, and the temperature was

subsequently raised to 150 �C at rate of 2 �C/min and

maintained for 3 h.

To further understand what happens to the structure of

the heat-treated ENM, the heat-treated ENM (at 150 �C

for 3 h) was subjected to thermal analysis. Figure 4 shows

that the heat-treated ENM possessed two melting peaks

unlike the native ENM and PVDF raw material. A double

endotherm in the melting region on a DSC scan is gen-

erally found in semi-crystalline polymers. Two interpre-

tations have been presented for this phenomenon. One is

that the lower-temperature endotherm does not correspond

to melting of a crystalline phase, but rather to a solid–

solid phase transition or partial melting, and that the

higher temperature endotherm indicates melting of the

crystalline phase formed by such transitions as orientation

changes of crystals, phase transition between crystalline

modifications or recrystallization. The other interpretation

is that the two endotherms were attributable to the melt-

ing of two different crystalline phases initially coexisting.

Generally, solid phase PVDF can exhibit three different

spherulitic crystalline forms: phase I, phase II, and phase

III, depending upon the method of production [34]. The

degree of crystallinity (v) of PVDF normally ranges from

35 to 65 % [35, 36]. The v does not go beyond 65 % due

to two factors: the polymer is inherently easy to crystal-

lize because of the simple structure of its monomer, but

more complete crystallization is inhibited because of the

presence of head to head structure in a polymer chain.

The degree of crystallinity, v, was calculated by the

expression:

Fig. 3 SEM surface morphology of PVDF EM a before heat treatment, b after slow heat treatment, and c quick heat treatment

Table 1 Thermal transitions of PVDF pellet and non-heat-treated

ENM

PVDF Tm at onset (�C) Tm at peak

(�C)

DH (J/g)

Raw material 161.2 170.0 33.59

Non-heat-treated ENM 158.2 167.1 51.67
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vc ¼
Hf

H0
f

� 100 %; ð1Þ

where Hf is the heat of fusion for the tested sample and

Hf
0 = 104.7 J/g [16], the heat of fusion for the 100 %

crystalline sample. Table 2 reflects the v of PVDF raw

material, non-heat-treated PVDF ENM, and heat-treated

PVDF ENM. It is clear that PVDF in raw material form has

a low v of 32 % and when it was electrospun into fibers, the

v increased by 17 %. However, when the ENM was heat

treated, the v increased by almost twice. This highlights the

presence of more ordered structures within the fibers and

the degree of orderness is increased further when the

overall membrane was heat treated.

The mechanical properties of the heat-treated and non-

heat-treated ENM were tested in a tensile machine Instron

3345 equipped with a 100 N load cell. Three strips of

length 3 cm by 1 cm were used for the tensile test.

The heat-treated membrane became sufficiently rigid to

be used for further characterizations. The increase in

rigidity is evident from the tensile profile shown in Fig. 5.

The heat-treated PVDF membrane had a significantly

higher mechanical strength (8.5 MPa) compared to the

non-heat-treated PVDF ENM (0.4 MPa).

Likewise the melting temperature (Tm) of PSU ENMs was

measured using DSC. Based on DSC measurements, the Tg

(glass transition temperature) and Tm of PSU (Mn 26,000 Da,

Aldrich, St Louis, MO, USA) was determined to be identical,

occurring at 190 �C (Fig. 6a). This is quite unique. Based on

this information, heat treatment of 20 % (w/v, dissolved in

N,N0-dimethylformamide) PSU ENM was conducted just

below 190 �C (i.e. at 188 �C) for 3 h. This caused the fibers to

‘‘fuse’’ together and thereby intersect each other and hence

increase the structural integrity of the overall membrane. This

is supported by tensile test study using Instron 3345 as shown

in Fig. 6b where the mechanical strength of the heat-treated

membrane was increased by threefold. Upon heat treatment,

the integrity of the membrane was significantly improved. It

was easily handled; changing from a cotton-like morphology

to that of paper. The observed SEM images (Fig. 6c, d) con-

firm this concept, which was further supported by AFM

images (Fig. 6e). Thermal analysis of the non-heat-treated

and heat-treated PSU membranes were performed on a DSC.

As evinced from Fig. 6a heat-treated PSU showed an

increased crystallinity as compared to non-heat-treated PSU.

Having successfully improved the handling of the fibrous mat,

it was now possible to treat it as a separating unit—a mem-

brane filter—and study its properties.

Hot pressing

One of our studies has shown that the hot pressing of PAN

ENM [9] prior to interfacial polymerization is essential as

it ‘‘locks’’ the fibers in place and improves the adhesion of

the ENM layer with the backing material (BM). The benefit

of this treatment was twofold. It was realized through SEM

micrographs (Fig. 7) that the adhesion between the ENM

layer and BM improved. When the membrane was not hot

pressed, a ‘‘loose’’ network of fiber structure was observed.

Second, the thickness of the ENM layer becomes more

compact. Mechanical properties of these membranes were

studied and it was revealed that as the pressure of the hot

pressing machine increases, the thickness of the ENM layer

reduces and the tensile yield improves.

Subsequently when a thin film is formed on the surface

of the hot-pressed ENM via interfacial polymerization

Fig. 4 Melting transition of PVDF raw material, non-heat-treated

ENM, and heat-treated ENM

Fig. 5 Mechanical strength of heat-treated and non-heat-treated

ENM [3]

Table 2 Degree of crystallinity (v) of PVDF in various forms

Material Tm at

onset (�C)

Tm at

peak (�C)

Hf (J/g) vc (%)

PVDF raw material 161.2 170.0 33.59 32

Non-heat-treated ENM 158.2 167.1 51.67 49

Heat-treated ENM 157.7 165.8 66.34 63
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(labeled as TFNC, thin-film nano-composite), the rejection

of 2000 ppm magnesium sulfate is considerably high and

stable even at high temperatures as compared to non-hot-

pressed ENM.

AFM results revealed that surface roughness values of

hot-pressed TFNC were reduced as compared to non-hot-

pressed TFNC.

Membrane thickness

The thickness of a membrane is one of the important fac-

tors that influence flux. The thickness of the selective layer

(that governs the separation) is an integral component of

transport models such as Pore Model [37], used for solute

transport through pores or Thomas Model used for affinity

Fig. 6 a Thermal analysis of PSU pellet and PSU heat-treated ENM, b mechanical strength of heat-treated PSU ENM and untreated PSU

nanofiber, c SEM micrograph of non-heat-treated PSU ENM, d SEM micrograph of heat-treated PSU ENM, e AFM of heat-treated PSU ENM
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separation [38]. Thus, independent of the type of separation

that occurs, it is important to measure this feature as

accurately as possible.

Although it would seem to be a simple feature to mea-

sure, this is far from being that the case. The most straight

forward method would be to use a micrometer, if the

membrane thicknesses are around 50–200 lm. However,

when the membrane is highly porous, like that of a nano-

fibrous membrane, using a micrometer can lead to erro-

neous measurements due to compression of the membrane.

One of the methods that can measure the thickness of

the ENM would be using a microscope. The advantage of

this method is that the cross-sectional geometry of the

membrane can also be observed simultaneously (in addi-

tion to thickness). We have explored few alternative

techniques (on PSU ENM) which are presented below.

Cryotome and microtome sectioning

The first technique carried out was to embed the membrane

in a mounting medium and then sectioning it on a cryo-

tome. This is a common technique used in biological

research to observe the cross-section of tissues. Very thin

sections that are of several microns are possible to

measure.

PSU ENM was covered with a tissue mounting medium,

which is in a solution state at room temperature. This was

then quenched into liquid nitrogen to freeze the sample.

The sample was then transferred into a cryotome that was

maintained at -20 �C and sliced into 10 lm sections. The

sections were collected onto glass cover slips and upon

removal from the cryotome, the solution melted and the

membrane section recovered. The section was then gold

coated and observed under SEM. A typical image is shown

in Fig. 8.

Although it was possible to measure the thickness of the

membrane, the geometry of the pore spaces across the

membrane is not visible and was masked. Thus, this

method was not as effective as expected.

Another mounting medium, paraffin wax, was consid-

ered. This time the sectioning was done on a microtome as

sectioning at room temperature. Unfortunately, this method

was even less informative than the previous method. From

Fig. 9, it can be seen that neither thickness nor geometry

was visible. Since both these attempts failed, it was con-

cluded that embedding the method was not a suitable

method for ENMs.

Quenching in liquid nitrogen

To section the membrane without any embedding medium,

quenching it into liquid nitrogen was considered. The

temperature of liquid nitrogen is -196 �C. It was expected

that at such low temperatures, materials will become brittle

and thus, can be easily fractured. However, the ENMs were

still flexible.

Even after prolonged immersion, it did not become

brittle. This was a very surprising observation. This was

repeated many times with prolonged immersion, but the

ENM still remained flexible.

Blade sectioning

As all the above methods proved to be unsuccessful, the

membrane was then cut with an extremely sharp surgical

blade. The resulting images are shown in Fig. 10.

The blade sectioning was by far the best method for

measurement. The PSU membrane thickness from the SEM

image (Fig. 10) was 240 lm. When the same membrane

was measured using a micrometer, the thickness was

190 lm. As can be seen from the above measurements, the

Fig. 7 Cross-sectional images of a non-hot-pressed PAN ENM and

b hot-pressed PAN ENM. Dotted arrow indicates the ‘‘loose’’ and

non-compact structure of the ENM layer. Full red arrow indicates the

improved adhesion between the ENM layer and backing material [9]

(Color figure online)
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difference is very large. Such large errors in the measure-

ment may lead to very poor model analysis.

Cross-section geometry

Another observation obtained from the above image

(Fig. 10) is that the ‘‘flow’’ path across the ENM would be

extremely tortuous; no clear interconnecting pore struc-

tures were visible. There was no ‘‘clear’’ path for solute to

transport across the ENM. Most transport models devel-

oped for membrane processes rely on the assumption of a

continuous pore across the membrane thickness. Although

most of the membranes do not possess such a character-

istic, independent of the fabrication technique used, the

assumption might be more invalid for ENMs. If this proves

to be so, a corrective parameter must be included or a new

transport model has to be developed. Such information can

only be derived with the experimental data generated

through the course of many studies similar to this.

When the ENM was sectioned, the SEM image revealed

several kinds of morphologies. Two kinds of fiber mor-

phologies were observed. When the fiber diameter was

smaller (less than 300 nm), it appeared smooth. However,

as the fiber diameter increased, it appeared to take on a

convoluted surface. There are two possible scenarios for

this difference. The lack of a smooth surface could be due

to the occurrence of phase separation taking place. When

the fiber is very small, possibly much of the solvent had

already ‘‘escaped’’ and there is no generation of solvent-

rich or solvent-poor regions that can induce such features

with time. In the larger fibers, there is more mass present

and it is possible for phase separation to occur.

Closer inspection of some of the larger fibers indicates

that these fibers seem to be formed from the fusion of

several smaller fibers, which could have occurred during

the heat treatment process. This could explain the presence

of some larger fibers having the convoluted fibers. It can be

observed from the SEM image (Fig. 11) that both scenarios

exist. Some large fibers have convoluted surfaces that seem

to be ordered along the length of the fiber, indicating that it

was formed due to the fusion of smaller fibers. Simulta-

neously there are large fibers that have a highly convoluted

surface which indicates the probability of phase separation,

similar to those of beads.

Even more interestingly, the bead exhibited a unique

ultrastructure within (Fig. 11b). The SEM image suggests

the possibility of some form of phase separation that is

taking place within the bead (Fig. 11b).

The above observations indicate that the humidity level

and the choice of the solvents could be two of the important

Fig. 8 Cryotome sectioned of PSU ENM a 9400 magnification and b 93000 magnification

Fig. 9 Microtome sectioned PSU ENM
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parameters that affect the spinning for smooth uniform

fibers. On the other hand, when an increased surface area is

preferred, it might be better to spin at high humidity levels

to attain such convoluted morphology.

Hydrophobic/hydrophilic characteristics

The hydrophobic (or hydrophilic) nature of a membrane

has a direct impact on the avenue of its usage. For example,

in the case of a membrane distillation domain, it is desir-

able to use a hydrophobic membrane, as the water must not

enter the membrane. On the other hand, in the case of

separation of protein solutions, hydrophilic membranes are

preferred, if possible, to minimize protein adsorption.

Hence after the fabrication of ENMs, they were subjected

to water contact angle (WCA) measurements. The WCA is

the measure of the angle formed between the surface of a

solid and the line tangent to the droplet radius from the

point of contact with the solid. The WCA is related to the

surface tension by Young’s equation through which the

behavior of specific liquid–solid interactions can be cal-

culated. In general, the contact angles are measured by

various techniques, such as the static and dynamic sessile

drop method, dynamic Wilhelmy method, etc.

A WCA of zero results in wetting, while an angle

between 0� and 90� results in spreading of the drop (due to

molecular attraction). Angles greater than 90� indicate the

liquid tends to bead or shrink away from the solid surface,

i.e., surface is hydrophobic (Fig. 12).

Advancing contact angle

VCA Optima Surface Analysis System (AST Products,

Inc., Billerica, MA, USA) equipment was used to measure

the WCA of the PSU membranes. The static advancing

WCA measured was around 140�. This is almost 100 %

higher than the WCA (60�–70�) reported for the same

Fig. 10 Blade-sectioned of PSU ENM at a 9150 magnification, and b 91200 magnification

Fig. 11 Morphologies observed: a fiber diameter and b bead showing porous ultrastructure [1]
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material in film form. The ENMs were exhibiting higher

hydrophobicity characteristics than the conventional phase-

inversion membranes. When a more hydrophobic material,

such as PVDF, was electrospun, the resulting WCA was

also observed to be around 145� (Fig. 13) [39] when

compared to WCA of 80�–90� in film form.

The above results indicated that the morphology has

significantly influenced the wetting behavior. In surface

technology, two models exist that relate the surface mor-

phology to hydrophobicity. These are the ‘‘Cassie Model’’

[40] and the ‘‘Wenzel Model’’ [41], named after the scientists

who discovered and developed the models, respectively.

The Wenzel model relates the increased surface area,

brought about by surface roughness, as the cause of an

increased hydrophobicity in materials. The Cassie model

on the other hand states that the air pockets in the hollows

of a rough surface are the cause of the increased hydro-

phobicity. Both models, to a certain extent, are related and

they are generally accepted arguments when justifying the

hydrophobic phenomenon (Fig. 14).

The AFM and SEM images of ENM show that both

attributes are present. There are large air pockets on the

surface (Fig. 15a) and the roughness is in the micron range

(Fig. 15b). These could have contributed to the increased

hydrophobicity.

The liquid entry pressure of water (LEPw) of the ENM

was experimentally determined to be 1.80 psi (Fig. 16)

[10]. Thus, there is initial ‘‘resistance’’ for water to enter a

completely dry ENM. Once the ENM is completely wetted,

the high porosity contributes to relatively large flow rates

and the pressure can be reduced.

More in-depth experimentation is required to determine

which of these parameters have a dominant effect on the

hydrophobicity of the membrane. Different materials—

hydrophilic and hydrophobic—must be considered to see if

such a phenomenon exists or if it is just pertaining to

hydrophobic materials. Once the dominant parameter is

identified, ENM can find applications in membrane distil-

lation, where hydrophobicity and high porosity are essential.

Hydrophilicity can be improved by surface modification

techniques such as plasma-induced grafting [3]. The surface

of PVDF-ENM was exposed to argon plasma and subse-

quently graft-copolymerized with methacrylic acid. The

surface-modified membrane achieved a 0� WCA. In addi-

tion to an improved surface hydrophilicity, the surface pores

can be reduced depending on the plasma-induced grafting

parameters. PVDF was blended with polyurethane-based

Fig. 12 Contact angle

measurements: wetting of a

solid surface

Fig. 13 Contact angles of electrospun a PSU and b PVDF ENM

Fig. 14 Schematic of the Cassie and Wenzel model effects

6152 J Mater Sci (2014) 49:6143–6159

123



hydrophilic surface modifying macromolecules (LSMMs)

to make ENMs and the in-depth investigation was made

regarding characterization of ENMs [6]. LSMM of end-

groups PEG of average molecular weight 1000 Da (SMM-

1000) played a significant role in increasing the hydrophi-

licity of the PVDF blended ENM, when compared to

LSMM of end-groups PEG of average molecular weight

400 and 600 Da (LSMM-400 and LSMM-600) of slightly

increased hydrophobicity. This phenomenon was due to the

orientation that the LSMMs adopted during electro-spin-

ning in which the hydrophobic part of LSMM-400 and

LSMM-600 was primarily at the surface as compared to

LSMM-1000. Recently, the modified PVDF hydrophobic

composite membranes were made using hydrophobic sur-

face modifying macromolecules (BSMM) through electro-

spun process and tested for direct contact membrane

distillation (DCMD) with feed 3.5 wt% NaCl solution [42].

Electrospun-modified PVDF membranes have higher

WCAs than the control PVDF membrane. The pore size of

the nano-fiber membrane increases with BSMM concen-

tration. The average fiber diameter of the modified PVDF-

BSMM nano-fiber membranes increased with an increase in

BSMM concentration. Acrylic acid and methacrylic acid

were grafted to PVDF ENMs by plasma-induced or chem-

ically induced copolymerization or a combination of both

[43]. The presence of grafting on the top surface of the

ENMs was confirmed by the WCA and XPS observations.

Electrospun nanofiber membranes consisting of PVDF

blended with clay were prepared to prevent the pore wet-

ting by adding highly hydrophobic clay into the dope

Fig. 15 Attributes of PSU

nanofibrous membrane that

could contribute to increased

hydrophobicity. a SEM

micrograph. b AFM image and

properties

Fig. 16 Flux–pressure profile of PSU-ENM [10]

J Mater Sci (2014) 49:6143–6159 6153

123



solution and characterize the PVDF–clay nanocomposite

electrospun membranes with different clay concentrations

were characterized and also tested for DCMD [44]. It was

noticed that the WCA of the membranes increased as the

concentration of clay increased and at the highest clay

concentration of 8 wt% a membrane with WCA of

154.2 ± 3.0� was obtained. It is noted that the melting

point of the PVDF–clay electrospun nanofiber membrane

increases with the increasing concentration of clay which

indicated that the clay particles influence the crystallization

process of the nanocomposite membrane.

PVDF nanofiber membrane is used in air-gap membrane

distillation to produce potable water from saline water and

also removal of chloroform from water was carried out by

membrane gas stripping [45, 46]. The WCA of the PVDF

nanofiber membrane was 130� and the AFM images were

obtained wherein the surfaces were graded due to the

presence of nodules. It is noted that these nodules are

aligned and elongated toward the axial direction of nano-

fiber [45].

Transmembrane pressure

The flow rate across a membrane depends on the trans-

membrane pressure differential. Transmembrane pressure

is the pressure difference across the top and bottom sides of

the membrane. The lower the pressure difference, the

easier is the flow through the membrane (less resistance to

flow). To determine the flux through the nanofibrous

membranes, a simple set-up was constructed, the schematic

of which is shown in Fig. 17a.

One of the early challenges faced was to find an effec-

tive way to place the ENM into a permeation cell. When

the ENM was placed directly into the cell, the edges of the

cell were cutting the ENM. To protect the ENM, an alu-

minum sheet with a 25 mm diameter hole was glued to the

ENM (Fig. 17b). This proved to be effective. In the first

attempt, a stainless steel module of 200 ml capacity was

used. The membrane was placed as shown in the schematic

and nitrogen gas was used to pressurize the system until

water started to flow out at the outlet.

It was observed that very little pressure was needed for

the PSU-ENM used. The pressure was much less than

1 bar. The set-up was not able to measure this small drop.

The air flow could not be regulated effectively at lower

pressures. To achieve more control and allow for small

incremental increases of pressure, the set-up was modified

to include a reservoir gas tank, as shown in Fig. 18. This

set-up was successful in determining the flow rate effec-

tively with sufficient control. All flux studies were carried

out using this set-up.

From the affinity membrane point of view, having such

a low pressure drop is advantageous. This eliminates the

need for pressurizing the system during separation. How-

ever, since the pressure drop is directly proportional to the

Fig. 17 Schematic of a permeation cell and b ENM configuration placed within the cell

Fig. 18 Schematic of a modified permeation cell set-up suited for

ENMs [37]
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membrane thickness, there is a high chance that this will

increase if several ENM sheets are used for the separation.

Thus it is important to study the pressure drop as a function

of membrane thickness.

Pore size, pore-size distribution, and porosity

Pore size refers to the diameter of the pores present in the

membrane. Such information can discriminate between the

type (size or molecular weight) of species which can per-

meate through and will be retained. However, pores in the

membrane, especially polymeric membrane, do not have

identical pore size but rather a range of sizes. This is

known as the pore-size distribution. Whereas, porosity is

the fraction of the membrane volume occupied by the pores

(void volume). The pore size and its distribution discrim-

inates the type of species that can permeate and it is the

porosity that determines the flux.

Liquid intrusion technique—mercury porosimeter

The most common method employed in membrane tech-

nology to determine pore size and its distribution is the

Mercury Intrusion method. Mercury has a high surface

tension (485.5 dynes/cm at 2 �C) [47] and forms large

contact angles with most other materials (*=130�) [48] and

is therefore considered a non-wetting liquid. Mercury does

not spontaneously penetrate pores by capillary action so an

external pressure must be applied to force the mercury into

the pores. Mercury intrusion measures the pressure required

to push mercury through the pores in a material. At low

pressures, the larger pores get filled first. This transition

pressure can be related to pore size by the Washburn

equation described in the well-known Ref. [49]. As the

pressure increases, the smaller pores get filled. Through this

relationship the pore size and its distribution can also be

obtained. Furthermore, by measuring the volume of mer-

cury pushed into the membrane, the porosity can be deter-

mined. The high pressure required to force viscous mercury

through the pores distorted the ENM. A similar finding has

been reported that mercury intrusion causes an irreversible

structural compression [50]. The mercury intrusion method

can only provide useful representations of porosity and

surface area [47, 51]. In addition the danger of using mer-

cury makes the method unattractive.

Liquid extrusion technique: capillary flow porometer

In the case of ENMs, a more suitable approach to obtain

the pore size and distribution would be to use a liquid

extrusion technique instead of intrusion. In this approach, a

wetting liquid is used to fill all the pores of the sample. The

wetting liquid should possess a liquid/solid surface free

energy (cl/s) that is less than the solid/gas surface free

energy (cs/g). Therefore filling of the pores is spontaneous,

but removal of the liquid from the pores is not. Pressure

(from a non-reacting gas) is applied on the sample to

remove the wetting liquid from the pores and permit gas

flow.

Capillary flow porometry is based on this technique. In a

capillary flow porometry measurement, a non-reacting gas

(typically air) flows through a dry sample and then through

the same sample after it has been wet with a liquid of

known surface tension. The change in flow rate is measured

as a function of pressure for both dry and wet processes.

Because of the low pressure applied during the process, the

porous structure of nanofiber membranes is not distorted

[52]. Thus, capillary flow porometry can provide repro-

ducible pore size and its distribution measurements with

ignorable distortion errors. All the required pore structure

characteristics such as pore size at bubble point, mean flow

pore, and pore-size distribution can be computed from the

measured differential pressures and gas flow rates. In this

study, a capillary flow porometer (Porous Materials Inc.,

Ithaca, NY, USA) and a wetting liquid, GalwickTM was

used.

The relationship between the pore size and the corre-

sponding pressure is given by the Young–Laplace Eq. (2):

R ¼ 2c
DP

cos h; ð2Þ

where R is radius of the pore, DP is differential gas pres-

sure, c is surface tension of wetting liquid, GalwickTM

(c = 15.9 dynes/cm) and h is wetting angle.

The pressure at which the capillary action of the fluid

within the largest pore is overcome is termed as the bubble

point pressure. This bubble point pressure is used to

determine the largest pore the ENM possesses using

Eq. (2). The mean flow pore diameter is computed from

mean flow pressure. The mean flow pore diameter is such

that 50 % of flow is through pores larger than the mean

flow pore diameter and 50 % of flow is through pores

smaller than the mean flow pore diameter.

The wetting liquid, GalwickTM, spontaneously wets the

PSU-ENM (fiber diameter and thickness of PSU-ENM was

470 nm and 135 nm, respectively) and hence the wetting

angle was set at h = 0. Figure 19 shows the typical wet

and dry curves obtained by the porometer run and Fig. 20

reflects the pore-size distribution of PSU-ENM. The wet

and dry curves meet at higher pressures indicating that all

the pores within the membranes have been completely

‘‘opened’’ during the porometer run.

The run was repeated three times for each membrane to

validate the accuracy of the measurement technique. For each

membrane, the repeated runs produced similar bubble points
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and the smallest pore measurements. This highlights that

ENMs have sufficient rigidity to undergo repeated testing

cycles without undergoing severe compression or distortion.

Particle-challenge test

A particle-challenge test [10] was done to determine the

separation characteristic of ENM. 100 ppm of polystyrene

(PS) microparticles (Sigma-Aldrich, St. Louis, MO, USA)

of 0.1, 0.5, 1, 2, 3, 7, 8, or 10 lm in size were used to

identify the separation characteristics of PSU-ENM (with

pore size of 4.6 lm) and to relate it to the pore-size dis-

tribution determined by capillary flow porometer.

The presence of any PS microparticles in permeate were

detected via total organic carbon (TOC) Combustion

Analyzer (Apollo 9000, Teledyne Tekmar, Mason, MO,

USA) and the concentration was determined using the

calibration curve obtained for each particle size. The

separation experiment was stopped after 30 mL of per-

meate was collected. The remaining PS solution was

removed and the cell was rinsed three times, without

removing the PSU-ENM. The cell was refilled with dis-

tilled water and the water flux was determined again.

Rejection (R %) was determined using the Eq. (3) below:

Rð%Þ ¼ 1� Cpermeate

Cfeed

� �
� 100 %; ð3Þ

where Cpermeate and Cfeed are the PS solution concentration

of permeate collected and the original feed, respectively. In

addition, the flux recovery after each separation was also

determined (Eq. 4). It is the ratio of the pure water flux

after separation and before separation of a microparticle, X.

Flux recovery Xð Þ ¼
Water flux after Xð Þ

Water flux before Xð Þ
� 100 %: ð4Þ

Separation was carried out first with the 10 lm followed

by 8, 7, 3, 2, 1, 0.5 lm and finally 0.1 lm at 0.5 psig. The

membrane was not changed throughout this experiment to

understand the effectiveness as well as the reusability of

the ENMs. The separation experiment was designed to give

insight into the challenges. The effectiveness of the ENMs

for removal of microparticles and the limiting particle size

beyond which it fails to separate the microparticles was

considered. Through the experimental findings, it was

realized that when the microparticles are larger than the

pores within the ENM, the membrane acts as screen filter

and no fouling was observed. The ENM was most severely

and irreversibly fouled when separating 2 and 1 lm, which

corresponded to the mean flow pore diameter of the ENM.

When sub-micron particles were separated, they tended to

Fig. 19 Dry and wet curves of PSU-ENM obtained from ‘‘Capillary

Flow Porometer’’ [10]

Fig. 20 Pore-size distribution

histogram of PSU-ENM used

for study [10]
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be attracted to the surface of the nanofibers and thus the

ENM acts as a depth filter. The attraction of these particles

onto the surface of the nanofibers can occur by numerous

mechanisms: direct impaction, inertial impaction, and dif-

fusion. Direct impaction occurs when a particle collides

head-on with one of the fibers. Inertial impaction results if

the particle in the fluid stream fails to negotiate the tortuous

path presented by the random fiber in the membrane, which

collides with and adheres to a fiber. Diffusion (Brownian

motion) occurs when extremely small particles ‘‘flow

through’’ the membrane regardless of fluid flow, where

they are likely to be retained by adsorptive forces. Such

Brownian movement is typical of particles less than 1 lm

[53]. The above separation characterization highlights the

potential of ENMs as barrier materials in separation tech-

nology. With a better understanding of their separation

behavior, efficient pre-filters can be designed and devel-

oped, taking advantage of their large internal surface area.

Such pre-filters should be used in various applications such

as removal of microparticles from waste-water and with

ultra-filtration or nano-filtration membranes, to prolong the

life of these membranes.

The particle-challenge test also highlighted the robust-

ness of the ENMs. Throughout the test, the membrane was

structurally intact. More importantly, the separation results

obtained and the properties of ENM determined through

the characterization methods employed had a high corre-

lation. This indicates that the characterization techniques

employed proved to be an accurate means to predict the

performance of an ENM with respect to size-exclusion

separation processes. A similar study has also been per-

formed on PVDF ENM [38].

Brunauer–Emmett–Teller (BET) gas adsorption

The surface area and pore structure of the materials

determined through BET adsorption method is more reli-

able method than capillary flow and mercury porosimetry

methods. This is due to the assumption of cylindrical pore

geometry by the later methods. The BET surface area was

found to be dependent on the average fiber diameter and

smaller fiber diameter membranes have the large specific

surface area. The total pore area range varied between 51

and 9 m2/g for average fiber diameter ranges of

167–2737 nm [51].

Transmission electron microscopy (TEM)

TEM has been widely used to characterize the incorpora-

tion of nanoparticles [54], MWCNTs [55] and core–shell

nanostructures of electrospun membranes [54]. The incor-

poration of boehmite nanoparticle flake mounted on an

electrospun nylon fiber was studied by Hota et al. [54] and

applied for the removal of Cd(II) metal ions in water. The

MWCNTs encapsulation enhanced the mechanical dura-

bility of polyacrylic acid/polyvinyl alcohol nanofiber and

studied their Cu(II) removal ability [55].

X-ray energy dispersive spectroscopy (EDS)

EDS has been widely used to study the encapsulation of

various nanostructures such as nanoparticles into the

nanofibers matrix [55]. It has also been used to confirm the

adsorption of various metal ions on to nanofiber surface

from water solution.

X-ray diffraction (XRD) analysis

The crystalline or amorphous nature of the ENMs and

ceramic nanofibrous membranes were evaluated by XRD

analysis. Generally, the ENMs such as PSU and PVDF

were found to be amorphous after electrospinning [56].

Miao et al. reported that electrospun ceramic nanofiber

such as SiO2 nanofiber was amorphous. After decoration of

this nanofiber by boehmite, core/sheath nanofibers (SiO2 as

core and boehmite as shell) were formed in which peaks

related to inorganic component was observed on the sur-

face of SiO2 [57] and tested for water remediation. XRD

technique has also been successfully applied to examine

the incorporation of nanoparticles within nanofiber matrix

by Hota et al. [54] and studied for the removal of metal

ions.

Mass spectral analysis

Royen et al. applied static secondary ion mass spectrometry

(S-SIMS) for the surface analysis of nanofibers [58].

Molecular composition at the surface of poly(e-caprolac-

tone) (PCL) nanofibres containing 0–15 mol % (relative to

PCL) of cetyltrimethylammonium bromide (CTAB) was

studied by S-SIMS spectra. They observed surface

enrichment and depletion of the polar CTAB additive rel-

ative to the PCL matrix for low and high CTAB concen-

trations samples.

Conclusions

The first hurdle for developing an ENM was to maintain its

structural integrity. This was successfully overcome by

post-treatment of ENMs after electrospinning. Having

overcome the handling issue, the next step was to find

suitable characterization techniques. By making some

modifications to traditional techniques and understanding

the nature of ENMs, characterization techniques were

established.
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The advent of the capillary porometer was significant as

it allows the pore-size distribution of ENMs to be effec-

tively characterized. From the permeation studies, it was

observed that some design changes in the permeation cell

were needed to accommodate an ENM. However, without

having to re-design, simple solutions such as adding alu-

minum ring over the ENM to protect it from the sharp

edges proved to be effective. All the established techniques

will allow for good characterization of developed ENMs

and to understand the influence of architecture on a ENMs

performance. Furthermore, along the way, interesting

nuances of ENMs were discovered, which would play a

significant role in determining the potential areas for

application for ENMs in separation technology.
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