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ABSTRACT

In this study, a number of electrospun nanofibrous polystyrene (PS) filters were developed
and applied for coalescing filtration of an oily wastewater stream at pilot scale. The effect of
thermal treating on the morphology and performance of electrospun nanofibrous filters was
studied. The initial effect of thermal treating started after 130˚C and the maximum allowable
thermal treating temperature observed was 150˚C. The results obtained indicated that ther-
mal treating led to the formation of uniform pore structure and pore size distribution, lower
pore size, lower pore tortuosity, as well as higher coalescing filtration efficiency. Moreover,
the surface roughness and surface energy decreased after thermal treating. To the best of our
knowledge, this was the first attempt to use thermal treated electrospun nanofibrous PS fil-
ters at pilot-scale liquid–liquid coalescing filtration of oily wastewaters.
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1. Introduction

When two liquids are immiscible in one other, they
can form either an emulsion or a colloidal suspension.
In either of these mixtures, the dispersed liquid forms
droplets in the continuous phase. In colloidal suspen-
sion, the droplets are less than 1 lm, in diameter, and
the phases cannot readily be separated naturally. On
another hand, emulsions divided into two major cate-
gories involve primary emulsion and secondary emul-
sion. Dispersed droplets in the first type typically have

diameters more than 100 lm while in the secondary
emulsions, droplet diameter typically decreased from
100 to 1lm [1–3]. Both the colloidal suspensions and
the secondary emulsions are serious challenges for dif-
ferent industries due to their stability and difficulty of
separation through the conventional methods [4–7].

In the case of oily wastewaters (usually oil-in-
water emulsions), fine divided oil droplets are, almost
uniformly, dispersed in water as the continuous
phase. The most conventional method commercially
available for the treatment of oily emulsions involves
chemical demulsification followed by air floatation
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[8,9]. This system needs to use expensive special
chemicals and it produces sludge that has to be
disposed of. Several physical methods are also used
for the treatment of such kind of wastes in a more
conventional way such as centrifugation, packed bed
or electrolytic cells [10]. Liquid–liquid coalescing fil-
tration is a versatile method which accelerates the
merging of many droplets to form a lesser number of
droplets, but with greater diameter [2,7,10]. This phe-
nomenon can be explained by the well-known Stock’s
law which expresses that the falling or rising velocity
of droplets as follows

td /
R2gðqd � qfÞ

9l
ð1Þ

where ts is the falling or rising velocity, R is droplets
radius, qd is the droplets density, and qf is the fluid
medium density. Settling/rising of the larger droplets
downstream of the coalescing system then requires
considerably less residence time [11,12]. Droplets coa-
lescing involve three major steps: (a) droplets strike
target and adhere, (b) several captured droplets coa-
lesce on the medium, and (c) forming larger drops
which trickle down/up and becoming separated.
Therefore, coalescing medium is the most important
part of a coalescing filtration system.

Electrospinning (ES) method has been applying to
develop membranes [13–16] and filters [2,10,11,17–20]
for various applications. Thavasi et al. [21], Pham et al.
[22], Balamurugan et al. [23], and Nataraj et al. [24]
published a number of reviews for various aspects of
ES of polymers. Great worldwide attention to the ES
method was observed because this technique is a sim-
ple and versatile method that creates fibers in the range
of micron- to nano-size through an electrically charged
jet of a polymer solution [25,26]. Various parameters
such as operating parameters [27], solvent system
[28,29], and type of applied needle [30] affect the mor-
phology and the structure of nanofibrous mediums.

In this study, a number of electrospun nanofiber
filters made of polystyrene (PS) were developed for
coalescing filtration of secondary emulsion of oil in
water at pilot scale. Thermal treating was used to pre-
pare filters with more uniform pores and durable
structure. Comprehensive morphology observations
via scanning electron microscopy (SEM) and atomic
force microscopy (AFM) analyses were carried out.
The variation of surface energy was measured by use
of contact angle (CA) analysis. The effect of thermal
treating on the chemical stability of electrospun filters
was studied by use of Fourier transform infrared spec-
troscopy (FTIR) analysis. The thermal behavior and
crystal formation in electrospun fibers’ structure,

before and after thermal treating procedure were
measured by differential scanning calorimetry (DSC).
To the best of our knowledge, this was the first
attempt to use thermal treated electrospun nanofi-
brous PS filters at pilot scale liquid–liquid coalescing
filtration of oily wastewaters.

2. Materials and methods

2.1. Materials

PS granules (190,000Mw, Sigma–Aldrich, USA)
were dissolved in N,N-Dimethylacetaminde (DMAc)
(Merk, Germany) in order to prepare 20wt.% polymer
solution, as proper concentration for ES of PS [29].
Tetraethylammonium bromide salt (Merk, Germany)
was used as an additive to prevent the beads forma-
tion [31,32]. Kerosene (Tehran Refinary Co., Iran) was
used to synthesize oily wastewater.

2.2. ES and thermal treating procedure

An ES setup (Fig. 1) was used for fabrication of
electrospun nanofibrous PS filters. About 18 kV electri-
cal power was supplied by a Gamma high voltage
power supply system (ES60P-5W, USA) between a
stainless steel needle tip (18 gage) as nozzle and a col-
lecting surface with 17 cm distance. The polymer solu-
tion was electrospun with the flow rate of 0.1ml/min
for 30min in the preparation of each filter. All nanofi-
brous mats were kept in a fume hood for 48 h to dry
at environmental conditions. ES system was worked
at environmental temperature (25˚C) and pressure and
20–25% relative humidity.

A vacuum oven (Memmert, Germany) (in order to
prevent surface oxidation and change in surface
chemical composition), was used for 30min thermal
treating of nanofibrous filters under 90, 100, 120, 130,
140, 150, 160, and 170˚C temperatures, respectively.

2.3. Analysis

Based on the application, different specifications and
properties of filters and membranes are required. In
other words, surface properties have been described as
direct influencing factors on the filter’s and membrane’s
performance [33]. As occurred in other membrane-based
separation processes, the successful application of coa-
lescing filtration may be aided by a proper knowledge of
the properties of the applied filter [34].

2.3.1. AFM and SEM characterization

There are several research studies using various
analyzing methods, mainly SEM and AFM analyses, to
describe surface topography [33–35]. Besides the
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well-known technique of SEM, AFM is a relatively new
and emerging high resolution method to study the sur-
face morphology of the separation filters and mem-
branes [36]. Three-dimensional (3D) topographical
images of the surface up to the atomic level by scanning
a sharp tip can be achieved by AFM. The most impor-
tant advantage of this method, other than the high reso-
lution images, is that heavy metal coating (special
sample preparation)—which is required in SEM and
which may lead to some surface damage—is not neces-
sary. HITACHI S-4160 SEM system with a voltage of
15.0 kV analyzing (Japan) and DUALSCOPE 95-200E
AFM system with non-contact mode (DEM, Denmark)
were used for morphology observation. SEM images
were analyzed for fibers diameter, pore size, and pore
size distribution, and porosity by use of Image
Analyzer Software (Digimizer, Version 4.2.0.0). Rough-
ness parameters were measured from AFM images.

2.3.2. Hydrophobicity characterization

Hydrophobicity of heterogeneous solid surfaces is
usually measured by CA between the surface and a
liquid droplet (mostly water). Analysis of the surface
CA for the electrospun filters were performed by the
use of a CA measuring system (KRUSS G-10,
Germany).

2.3.3. Chemical stability

FTIR analysis (BRUKER EQUINOX-55 FTIR
(Germany) (wavelengths ranging from 4,000 to

500 cm�1)) for electrospun filters were performed (via
infrared absorption spectra) to study the effect of ther-
mal treating on the chemical stability of nanofibers’
surface, before and after thermal treating.

2.3.4. Thermal behavior characterization

Differential scanning calorimetric (DSC) is a ther-
moanalytical method in which the difference in the
amount of heat required to increase the samples’ tem-
perature (electrospun nanofibrous filters in this work)
as a function of the temperature, which can be used
for analysis of the thermal behavior and the crystal
formation in the nanofibrous structure. DSC analysis
of electrospun filters, before and after thermal treat-
ing, were performed using TA-Instrument DSC-2010
system (USA) from 0˚C until thermal degradation of
the samples at 175˚C.

2.3.5. Coalescing filtration efficiency test

Coalescing filtration efficiency tests were per-
formed using synthesized oily wastewater (prepared
by dispersing kerosene (37ml) (Tehran Refining Co.)
in distilled water (30,000ml)) by use of each electro-
spun PS filter. A pilot-scale filtration system, with
800 l/h maximum capacity, was used for experiments.
Fig. 2 shows the coalescing filtration setup which con-
tains: a centrifugal pump for feed stream, two stain-
less steel tanks for feed and the permeate, a precious
flow-meter for feed-flow-rate adjustment, a precious

Fig. 1. A general scheme of the ES setup applied in this work.
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manometer for pressure-drop measurement between
two sides of the filter medium, an in-line decanter for
separation evaluation after coalescing, and a dead-end
filter housing made of stainless steel. The housing was
divided into two parts and composite nanofibrous fil-
ter was fixed in the middle side. A perforated stain-
less steel structure was used as support for the filter
medium. Fig. 3 shows the arrangement of the compos-
ite nanofibrous filter. Each experiment was run for
12min with the constant flow rate of 140 l/h. Particle
size analyzing (CILAS-1064 particle size analyzer) test
was performed, for the feed and the filtered samples,
to evaluate oil droplets distribution.

3. Results and discussion

3.1. SEM analysis

Various parameters affect the morphology of the
electrospun filters including type and molecular

weight of polymer (PS in this work); solution parame-
ters, ES conditions, and the ambient conditions such
as temperature and humidity. ES through various
mentioned conditions usually lead to three major mor-
phologies including beaded structure, bead on string
structure, and fiber structure (with ribbon or cylindri-
cal shape). As it could be observed in Fig. 4((a) and
(b)), randomly nanofibers—with the average diameter
of 452 nm—were fabricated, while no beads were
observed in the fibrous mat network. Fig. 5 shows the
fibers’ diameter and pore size distribution of electro-
spun filters. As it could be observed (Fig. 5(a)), about
40% of fibers were in the range of 400–500 nm, and
about 27.5% of fibers were in the range of 300–400 nm.
There were no fibers in the range of 0–200 nm and
more than 800 nm. Moreover, the fabricated fibers had
a smooth surface (Fig. 4(b)).

In order to study the effect of thermal treatment
on the morphology of electrospun nanofibrous filters,
30min thermal treating, and 90–170˚C with 10˚C ele-
vation range, was carried out. During 90–130˚C, no
significant change was observed in the morphology of
nanofibrous mats. For instance, Fig. 4(c) and (d)
shows the SEM images of the filters after 90 and 120˚
C thermal treating, and no merging has happened
among the fibers. However, analyzing the SEM
images indicated that a minor change in the mean

Fig. 2. Pilot scale coalescing filtration setup applied in this
work (part A: horizontal filter housing and manometer,
part B: baffled feed tank, mixer (located in the tank), flow-
meter).

Fig. 3. The arrangement of composite nanofibrous filter,
((a) and (c): non-woven polyester layers, (b): electrospun
nanofibrous PS layer).
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Fig. 4. SEM images showing the morphology of the electrospun nanobibrous filter, before thermal treating (a and b)
(with two magnification); and after (c) 90˚C; (d) 120˚C; (e) 130˚C; (f) 140˚C; (g) 150˚C; (h) 160˚C; and (i) 170˚C thermal
treating, respectively.
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Fig. 5. Fibers diameter distribution and pore size distribution of the electrospun nanofibrous filters before (a) and after
130˚C (b), 140˚C (c), and 150˚C (d) thermal treating.
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fibers’ diameter was achieved after thermal treating.
Table 1 presents the measured values for mean fibers’
diameter before and after thermal treating operation.
It is worth noting that fibers’ mean diameter was
increased by thermal treating up to 100˚C, while it
was decreased after 120˚C and was increased again
up to 150˚C. Experimental results indicated that the
maximum allowable temperature for thermal treating
of electrospun nanofibrous PS filters was 150˚C.
Higher operating temperatures led to thermal degra-
dation of the electrospun structure (Fig. 4(h) and (i)).

The pores’ structure is one of the major character-
istics of synthesized filters and membranes which
should be considered. As it could be observed in
Fig. 4, thermal treating led to a more uniform pore
structure and the best configurations were achieved
after 130–150˚C thermal treating (Fig. 4(g)). In other
words, the pore tortuosity (which is defined as the
degree of deviation of the pore structure from a
straight cylindrical shape) decreased after thermal
treating operation in comparison with non-thermal
treated electrospun filter. Moreover, the porosity of
150˚C thermal treated filter decreased to 61.6%. It
could be explained by this fact that after thermal treat-
ing, the nanofibers start to merge together. As it could
be observed in Fig. 4, increasing the thermal treating
temperature led to increase in the fibers’ merging up
to 150˚C. The maximum, the minimum, and the mean
pore size after 150˚C thermal treating were 3.44, 0.151,
and 1.018 lm; while these values for the non-thermal
treated and the 130˚C thermal treated filters were
2.359, 0.262, and 1.008 lm; and 1.650, 0.207, and
0.648lm; respectively.

Fig. 5 shows the fiber diameter range and the pore
size distribution of electrospun filters, before and after
thermal treating. As it could be observed, about 40%
of fibers were in the range of 400–500 nm before ther-
mal treating, while after 130˚C, thermal treating about
50% of the fibers were in the range of 300–400 nm.
However, after 140 and 150˚C, thermal treating a
number of fibers with wide ranges of diameter distri-
bution were observed (Fig. 5(c) and (d)). This was due
to fibers’ merging with increase in the thermal treat-
ing temperature.

Before thermal treating, about 20 and 17% of pores
were in the range of 900–1,000 nm and 1,400–1,500nm,
respectively. After 130˚C thermal treating, about 30%
of the pores were in the range of 1,300–1,400nm; while
after 140˚C thermal treating, 20 and 16% of the pores
were in the range of 700–800 nm and 1,100–1,200 nm,
respectively. As it could be observed in Fig. 5(d), after
150˚C thermal treating the more uniform pore size
distribution was achieved, and about 23% of the pores
were in the range of 900–1,000 nm. It is worth quoting
that 20% of pores were in the ranges of 500–600 nm
and 600–700 nm.

Generally speaking, it could be concluded that the
thermal treating operation had considerable effect on
the electrospun filters’ structure, and directly affected
the fibers’ diameter, porosity, tortuosity, 3D-intercon-
nected structure, and pore size and pore size distribu-
tion. In other words, increasing the thermal treating
temperature up to 150˚C led to an increase in the
fibers’ diameter while decreasing the pore size.
Moreover, uniform fibers’ diameter and pore sizes’
distribution as well as lower pores’ tortuosity were
achieved after thermal treating.

3.2. AFM analysis

Researches in the past years have demonstrated
the power of AFM for characterization of polymeric
membranes [33,34]. Therefore, non-contact mode of
AFM was used for characterization of surface rough-
ness, and phase study of elecrospun PS filters, before
and after 150˚C thermal treating operation. Fig. 6
shows the two dimensional (2D) AFM and phase
images of electrospun filters.

In the first step, the filters were characterized for
their surface roughness. Surface roughness is an
important property which directly affects the surface
hydrophobicity and the fouling potential of mem-
branes and filters. Various roughness parameters such
as the mean roughness (Ra), the root mean square of
Z data (Rq), and the mean difference in the height
between the five highest peaks and the five lowest
valleys (Rz) measured. These parameters were
obtained from the AFM images of different locations

Table 1
Fibers’ diameter range of electrospun filters before and after thermal treating

Fibers diameter (lm) Before thermal treating 90˚C 100˚C 120˚C 130˚C 140˚C 150˚C 160˚C6

Max 0.790 0.960 1.434 0.876 0.697 2.092 4.076 Degradation

Min 0.201 0.227 0.176 0.103 0.117 0.234 0.396 Degradation

Mean 0.412 0.491 0.644 0.460 0.412 0.943 1.456 Degradation
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taken from the 2� 2 cm filter samples, and then the
average values were reported. Ra represents the mean
value of the surface relative to the center plane for
which the volumes enclosed by the images above and
below this plane are equal. Rq is the standard devia-
tion of the Z values within the specific area. Table 2
shows these roughness parameters. As it could be
observed in Fig. 6, the filters’ surface was not smooth
and some nodule aggregates were observed. The nod-
ules are seen as bright high peaks while pores are
seen as darker depressions. As in ES, a charged jet of
polymer solution erupts from the needle tip to the
collecting surface and randomly fibers make a
non-woven filter; therefore, pores are not necessarily
circular. It is worth noting that the thermal treating
changed the pores’ and structure, and decreased the
surface roughness. It can be explains by the fact that

during ES, the solvent evaporates and a solid poly-
meric fiber is formed. This evaporation, especially

from the sub-layers to the fiber’s surface, increases the
nanometric nodules on the fibers’ body, which leads
to an increase in the roughness. When thermal treat-
ing operation was carried out, nanofibers merged

Table 2
The roughness parameters of electrospun PS filters, before
and after 150˚C thermal treating

Parameters Ra (nm) Rz (lm) Rq (nm)

Before thermal treating 290 1.71 354

After 150˚C thermal treating 230 1.35 246

Fig. 6. 2D AFM and phase images of electrospun PS filters (a) before and (b) after 150˚C thermal treating, (AFM images
in the left side and phase images in the right side).
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together and microfibers were formed without nod-
ules on the surface. This led to a smoother surface.
Moreover, as it is explained in Section 3.1, pores with
more uniform structure and lesser tortuosity were
achieved after thermal treating.

One of the abilities of AFM is introducing the
phase image of scanned samples. As the dop solution
for ES is at least a binary solution (mixture of polymer
and solvent), phase images observation can be investi-
gated as an effective method for phase distribution
observation. It could be observed in Fig. 6 that after

thermal treating, the distribution of the condensed
phase (PS) increased in comparison with the electro-
spun filter before thermal treating. It can be explained
by thes fact that thermal treating led to evaporate the
trace of trapped solvent in the fibers’ body during
their merging.

3.3. FTIR analysis

Beyond structural analysis of the electrospun filters
via SEM and AFM, the chemical compositions were

Fig. 7. The FTIR analysis of electrospun PS filters (a) before and (b) after 150˚C thermal treating.
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investigated before and after 150˚C thermal treating.
Fig. 7 shows the infrared absorption spectra, with
wavelengths ranging from 4,000 to 500 cm�1. As it
could be observed, thermal treating did not change
the chemical structure of electrospun filters due to
vacuum condition of applied oven during thermal
treating operation. However, one of the major effects
of thermal treating could be the increase in the
mechanical stability of electrospun filters through
changing the three-dimensional detached intercon-
nected structure to a more durable two dimensional
merged fibers structure.

3.4. Hydrophobicity analysis

Hydrophobicity of membranes is usually measured
by CA between the membrane’s surface and water
droplet. Various parameters affect the surface hydro-
phobicity, which is described elsewhere [37]. In order
to study the effect of ES and thermal treating on the
hydrophobicity of electrospun filters, the intrinsic
hydrophobicity of PS was measured through prepara-
tion of thin film of PS via solution-casting of PS/
DMAc solution on a glass surface. As the CA could
be observed in Fig. 8, the fabricated PS film with 88.6
± 0.5˚ CA was relatively hydrophobic. Obviously, ES
increased the filter’s CA up to 135.5 ± 0.5˚. This result
supports the hypothesis that ES increases the hydro-
phobicity of polymers. Moreover, after 150˚C thermal
treating, the CA of electrospun mat increased up to
156± 0.5˚. It is worth quoting that based on Cassie–
Baxter theory, for a heterogeneous surface, increase in
the surface roughness leads to an increase in the
hydrophobicity. It should be noted that the thermal
treating operation decreased the roughness on the
fibers’ surface, while the overall surface’s roughness
of the electrospun filters increased after thermal
treating.

3.5. Coalescing filtration efficiency test

A coalescing filtration efficiency test using synthe-
sized oily wastewater (secondary emulsion of kero-
sene in distilled water) was performed, on which the
dispersed phase (oil droplets) was seen as small drop-
lets with average diameter of 31.54 lm. This test
aimed to evaluate the effect of thermal treating on the
coalescing filtration efficiency of the electrospun PS fil-
ters. The oily wastewater separation in this work
involved three major parts, adsorbing on the filter’s
surface, screening, and coalescing of fine droplets and
releasing of larger ones as floating layer. As the aim
of this work was studying the effect of thermal
treating on the coalescing filtration performance of
electrospun PS filters, an in-line decanter was used to
evaluate the coalescing separation efficiency. Particle
size test was carried out for analyzing the feed and
the filtrated samples. Fig. 9 shows the original
scanned graphs of laser particle size analyses for the
feed and the filtrated samples obtained after using a
single non-woven layer, a non-thermal treated, and
thermal treated filters, respectively. As it could be
observed, the average diameter of oil droplets after
coalescing separation using a single non-woven layer
decreased down to 5.19lm. Same value was obtained
after using the nanofibrous coated non-woven mat;
although, the separated oil was 7 and 8.5ml (in vol-
ume), respectively. Using 130˚C thermal treated elec-
trospun filter, the permeate sample contained droplets
with average diameter of 5.69lm and 9ml oil sepa-
rated. As it could be observed in Fig. 10, the increase
in the thermal treating temperature led to an increase
in the volume of separated oil in the in-line decanter
up to 13ml. It is worth noting that these results for
separations were obtained during about 14min oper-
ating time, while natural separation for the same feed
sample—which was experimented in a sealed gradu-
ated cylinder— took 96 h. It means that using thermal
treated electrospun PS filters significantly increased

Fig. 8. The CA of (a) PS film (fabricated via solution-casting of PS/DMAc solution and environmental conditions (88.6
± 0.5˚)); (b) electrospun nanofibrous membrane before thermal treating (135 ± 0.5˚); and (c) after thermal treating (156
± 0.5˚).
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the separation efficiency and decreased the required
operating time, which directly influenced the operat-
ing costs and the overall process efficiency.

4. Conclusions

Coalescing filtration is one of the major unit opera-
tions in chemical industries, especially in the case of

Fig. 9. The results of particle size analyzing of the applied feed (a), and permeate by use of non-woven (b), non-thermal
treated electrospun (c), 130˚C thermal treated (d), 140˚C thermal treated (e), and 150˚C thermal treated (f) filters,
respectively.
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oily wastewater treatment. As the coalescing medium
has a critical role, development of new filters with bet-
ter performance is a critical subject. Following points
are concluded based on the results obtained in this
work:

• ES is a versatile and could be considered as an
emerging method for fabrication of highly porous
coalescing filters with three-dimensional intercon-
nected pore structure.

• Characterization of electrospun coalescing filters
could provide in-depth knowledge of these filters’
performance.

• AFM method, besides SEM, FTIR, etc., could effec-
tively be used for characterization and morphologi-
cal study of the electrospun coalescing filters.

• Thermal treating led to formation of more uniform
pores, lower tortuosity, lower porosity, and lower
surface roughness of fibers, lower pore size, and
better coalescing filtration performance.

• Thermal treating of electrospun filters up to 150˚C
led to higher coalescing separation efficiency.

• The maximum allowable temperature for thermal
treating of electrospun PS filters observed was 150˚
C, and further increase in temperature led to ther-
mal degradation.

• Thermal treated electrospun PS filters were success-
fully applied for the coalescing filtration of oily
wastewater.
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