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Recent ship accidents that resulted catastrophic oil spills necessitate producing environmentally friendly, cost-
effective, and large-scale fabrication technology for oil- sorbent materials. Various material systems have been
employed to fabricate sorbent materials; however, using fresh material components as adsorbent can lead to a
secondary pollution. Therefore, recycling of plastics wastes for the fabrication of adsorbent material could be a
wise approach to handle this environmental issue. In this study, foam-expanded polystyrene (f-PS), a commodity
polymer used for insulation and packingmaterials, was electrospun from solution mixture of THF and DMF. Sur-
face and interior porositywere achieved from individualfibers electrospun from a composition of DMF:THF (1:3)
at 20-wt% of solid f-PS content. The resulting adsorbents exhibited a considerable hydrophobicity (WCA≈ 120°)
and oleophilicity (CA≈ 10°), which can selectively adsorb both vegetable and engine oils from polluted waters.
The porosity of the fibers has significant effect on the sorption capacity and separation efficiency up to 124 g/g
and 99%, respectively. Thus, electrospun mats of the polystyrene wastes offer a promising adsorbent for the re-
mediation of oily wastewaters.

© 2018 Published by Elsevier B.V.
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1. Introduction

A remarkable increase in the amount of oily wastewater originating
from various sources particularly sea accidents brings front serious en-
vironmental issues that threaten human life and ecological systems
[1–5]. According to a report of National Academy of Sciences, nearly
343,200,000 gal of oil were spilled into seas annually. [6] Conventional
oil-water separationmethods vary from gravity separation, [7] centrifu-
gal settling, [8] air flotation, [9,10] and chemical demulsification [11];
however, they have inherent drawbacks such as low efficiency, need
of large footprint, consumption of high energy, equipment corrosion,
high equipment cost, and secondary pollution. Thus, there is an out-
growth environmental demand for the oily wastewater treatment sys-
tems, which are highly selective, efficient and effortless to apply. In
recent years, filtrationmembranes have been developed for the remedi-
ation of oily wastewater. However, membrane-fouling problems that
reduce the separation efficiency, and high cost limit the applicability
of these materials. [12] Therefore, the fabrication of low-cost adsorbent
materials showing special wettability to oil arises a significant attention.
[3,13,14] This feature determines the interaction between liquid and
solid surface and wettability originating from the oleophilic and hydro-
phobic character of the sorbent surfaces. Oil removing type of adsor-
bents can selectively adsorb oil from oil/water mixtures and this
property is ascribed to their superhydrophobic/superoleophilic nature.
[12] This type of adsorbents can convert liquid state oily wastes into
semisolid state and enables the ease removal of oil from the medium.
[15,16] Diverse methods have been proposed for the fabrication of this
kind of novel materials by rational combination of surface composition
and rough structure such as sol-gel [17], salt induced phase inversion
[18], layer-by-layer assembly [19,20], chemical or plasma etching
[21,22], and electrochemical processes [23]. Among all the current tech-
niques, electrospinning is one of the most versatile techniques used to
fabricate hydrophobic surfaces. [24,25] It is a straightforward method
for the fabrication of nonwovenmicro−/nanoscalefibers and utilization
of the electrospun mats as adsorbents in various media. [26–31] The
structural advances of the mats stem from their enhanced surface
area, promising mechanical integrity, and tunable surface features.
[32–36] Since the nonwoven fibers present micrometer-sized
interfibrillar spacing, the fibrous mats have surface roughness that
trap air and could minimize the interfacial energy between solid sor-
bents and liquid oily water [25,37].

There are plenty of material systems that have been used for oil sep-
aration from aqueous systems such as inorganic adsorbents (silica
aerogels, zeolites, clays), [12] organosilane surfaces, [38] poly(vinyli-
dene fluoride), [39] polycarbonate monolith, [40] poly acrylonitrile,
[41,42] polyurethane, [43] modified polyurethane. [44] Zhang et al.
demonstrated the low oil adhesion property of successfully fabricated
pindle-knotted structured graphene oxide – polyacrylonitrile compos-
ite fibers and graphene oxide modified polyacrylonitrile fibers by
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electrospinning. [41,42] Among them, polystyrene (PS) is known with
its low cost, high chemical resistance aswell as hydrophobicity. The hy-
drophobic property brings about the oleophilic feature for PS adsor-
bents. There are numerous routes for the fabrication of PS adsorbents
in oil spill cleanup applications but many of the existing routes chal-
lenge for easy to use due to the multistep procedures. [45] For instance,
Lee et al. fabricated electrospun PS nanofibers onto stainless steel mesh
for the removal of oil spills and PS membranes exhibited high efficiency
to remove many types of organic solvents or oils from water at large
production scales. [46] Other studies also elucidate the utilization of
PS fibers for oily wastewater remediation. [47,48]

Note that electrospinning of PS allows controlling both surface and
internal porosity of an individual fiber along with the roughness of
electrospun mat (assembly of the nonwoven individual fibers) [49].
During the electrospinning of polymer solutions, solvent evaporation
occurs rapidly and thermodynamically driven events dominantly
come into play. [50] Phase separation is a common strategy, particularly
in humid environments, for the development of porosity inside and/or
on the fibers surface. Vapor-induced phase separation (VIPS) and
thermal-induced phase separation (TIPS) are the most pertinent phase
separation mechanisms that cause to the development of porosity for-
mation on PS fibers. [51–54] In the former, moisture plays a significant
role due to the non-solvent/solvent interaction such that water acts as
a non-solvent for PS. This process is induced by penetration of non-
solvent from vapor phase into the polymer solution and non-solvent
(water) precipitates the polymer out of the solution by generating a
solid matrix from polymer-rich phase. The solvent-rich regions leave
behind porosity. In the latter, liquid-liquid disintegration has significant
importance; a phase separation takes place in polymer rich and solvent
rich regions. [55] Phase separation in TIPS mechanism occurs by lower-
ing the surface temperature of fibers due to the rapid evaporation of sol-
vent and the system passes through the binodal curve to enter the
metastable region. The porous structure of amorphous polymers
comes from the liquid-liquid phase separation following by gelation of
the polymer. [56] Moreover, rapid evaporative cooling on the surface
of fibers could lead to the formation of the breath figure on the surface
that cools the moisture in air and condenses by following the growth
of droplets. As the jet dries, thewater droplets leave imprints on the sur-
face in the formof pores. [57,58] It can be claimed that neither the phase
separation nor the formation of breath figures alone fully explains the
pore formation in electrospun PS fibers. Rather, the combination of all
mechanisms may simultaneously play active role in the structural de-
velopment of the electrospun fibers.

There are limited numbers of researches for the fabrication of PS fi-
bers from waste Styrofoam (expanded PS, f-PS). [59–61] In connection
with the recycling problem of f-PS wastes, which comes from the long
recycling periods and being a widely used material in industry, there
is a need for the recycling of EPSwastes and reusing thesewastes as sec-
ondary products. Herein, we reported a simple and low-costmethod for
the fabrication of hydrophobic oil adsorbent fibers from waste PS
sources by electrospinning inN,N-Dimethylformamide (DMF)/Tetrahy-
drofuran (THF)mixture. The solvent composition governs themorphol-
ogy of the fibers such that the fibers have surface texture and/or interior
porosity. Considering the growing number of oil-spill accidents and var-
iable oil compositions, the adsorbentswere examined formultiple types
of oil. Themorphology is optimized for the highest oil adsorption capac-
ity for both vegetable and engine oils.
2. Experimental section

2.1. Materials

Expanded polystyrene (f-PS) wastes were used without further pu-
rification. N,N- Dimethylformamide (DMF, 99%, Carlo Erba) and Tetra-
hydrofuran (THF, Sigma – Aldrich) were used to dissolve the polymers.
2.2. Adsorbent fabrication by electrospinning

For themolecular weight determination of PS samples, refractive in-
dices of PS solutions (150, 100, 50, and 25 g.l−1) were determined using
a manual Abbe Refractometer and the refractive index increment (dn.
dc−1) of each PS sample was calculated. Then, these records were en-
tered dynamic light scattering (DLS) instrument (Malvern Nano ZS,
Worcestershire, UK). The scattering Rayleigh ratio of DMF was taken
as 9.82 Å~10−6 and the weight-averaged molecular weight of samples
was calculated. This procedure was conducted for virgin polystyrene
(vir-PS) and waste foam PS (f-PS). Molecular weight of vir-PS and f-PS
were found to be 322 and 40 kDa, respectively. Precursor
electrospinning solutions of both vir-PS and f-PS were prepared in var-
ious compositions of DMF:THF mixture with various solid contents of
10–15–20-25-30-wt%. Viscositymeasurements of all sampleswere con-
ducted using a rotational viscometer (Thermo Scientific HAAKE
Viscotester C, Massachusetts, USA) with a L1 spindle, where the rota-
tional velocity of the spindle was 20 rpm for 10-wt% solution, 10 rpm
for 15-wt% solution, 5 rpm for 20-wt% solution, 2 rpm for 25-wt% solu-
tion and 1 rpm for 30-wt% solution. Each solution was then transferred
into a 10 mL plastic syringe using a stainless-steel needle (18 gauges);
the needle was connected horizontally to a high voltage supply under
12 kV (Gamma High Voltage Research Ormond Beach, FL, US). A
micro-infusion pump (New Era NE300 Infusion Pump, Farmingdale,
NY, USA) was used to fix the flow rate at 2.0 mL h−1 and the tip to col-
lector distance was set at 12 cm; therefore, the potential difference was
1.0 kV cm−1. Humidity and temperature were recorded as 52% and 24
°C, respectively. Nonwoven electrospun fibers were collected on alumi-
num foil.

2.3. Fiber characterization

The morphology of fibers was examined using a Scanning Electron
Microscope (SEM, Carl Zeiss 300VP, Germany) after sputtering by gold
using ion sputter. The average size of the fibers and pores were esti-
mated by statistically from SEM micrographs using ImageJ software.
Contact angle measurements were achieved with Contact Angle Meter
(Attension Lite, Biolin Scientific, Stockholm, Sweden) for both water
and oil contact angles. The surface area of the electrospun mats was
measured using the Brunauer–Emmett–Teller (BET) gas adsorption
method (Micromeritics Gemini V, GA, USA). Surface chemistry of fibers
was studied using an X-ray photoelectron spectrometer (XPS, Thermo
Scientific K-Alpha Surface Analysis, Massachusetts, USA) and thermal
degradation profile was determined by Perkin-Elmer Diamond TG/DTA.

2.4. Oil adsorption capacity and oil separation efficiency of fibers

For the comparison of the oil adsorption capacity of electrospun fi-
bers, the maximum oil adsorption capacities of each type of fibers
were studied. A sample of 25 mg of each fiber mats was immersed in
10 mL of vegetable oil (which is stained with red oil paint) or engine
oil. Then, the adsorbed oil amount was determined by measuring the
difference between initial and final weight of the fibers with an analyt-
ical balance. All experimentswere repeated 3 times to control the repro-
ducibility. The results were given as adsorbed oil amount (g) per gram
fiber with their standard deviations. The required contact time for the
maximum oil adsorption was determined 60 s, which is the optimum
time for the highest oil adsorption. (Fig. S1a) For each f-PS fiber, the
oil adsorption capacity increases with adsorption time until the fibers
reach saturation at 60 s. Plots of ln(qe-qt) versus time were described
in Fig. S2 and adsorption constant (K) in Table S1 were obtained from
the slope of pseudo order plots. The K value decreased with raising
the polymer solution concentration from10 to 20-wt% due to the higher
oil adsorption capacity of f-PS-10 fibers. The fibers were taken in an-
other vessel beforemeasuring their weights and the excess oil on the fi-
bers, which is not adsorbed by thefibrousmaterial, was drained out. The
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required drain out time of fibers before performing gravimetric analysis
was determined as 30 s for the reason of comparison with literature
(Fig. S1b). The removal efficiency of oil from the aqueous mixtures
was examined by preparing different concentrations of oil polluted
water mixtures 2, 5, and 10% (v/v) in 20 mL water by adding vegetable
or engine oil droplets. An amount of 25mgof fiberwas immersed in oily
water and mixed for 60 s. Then, the difference between initial and final
weight of fibers was measured with an analytical balance. The results
are reported as percentage oil separation efficiency with their standard
deviations. The maximum oil adsorption capacity and oil water separa-
tion efficiency were examined for pristine foam and a commercial ad-
sorbent, which was supplied by Municipality of İzmir, for the
comparison of as-prepared fibers with the existing products.

3. Results and discussion

3.1. Fabrication of PS adsorbents with tailored morphology

Waste-EPS (f-PS) was dissolved in DMF and/or THF at various con-
centrations and subjected to electrospinning at 1.0 kV cm−1. Along
with the neat solvents (DMF or THF), their binary mixtures (DMF:THF
= 3:1, 1:1, and 1:3, by volume) were employed. Table 1 shows physical
properties of all f-PS solutions and their corresponding fibers obtained
by electrospinning of these solutions. Various morphologies of individ-
ual fibers (porous polymer cups, wrinkled beads-on-string, smooth fi-
bers, wrinkled fibers and porous ribbon-shaped fibers) were achieved.
Fig. 1 presents SEM micrographs of the f-PS fibers fabricated from the
neat and binary solvent systems. The first column of the SEM images
given in Fig. 1 shows the electrospun fibers obtained from neat DMF,
(DMF:THF = 4:0) at different f-PS concentrations. The fibers favor 0.4
μm AFD with a smooth surface at 10-wt%. When the concentration in-
creases to 30-wt%, AFD systematically increases up to 5.0 ± 0.6 μm. It
is well established that increasing the concentration, i.e. viscosity of
the solution, increases the AFD. [62,63] At high concentration, the en-
tanglements of the chains enhance the formation of stable jet with
higher mass transfer of the electrospinning solution.

The first row of the SEMmicrographs presented in Fig. 1 shows the
fibers obtained from various compositions of the co-solvents DMF and
Table 1
The characteristics of PS solutions and the resulting electrospun f-PS fibers.

f-PS-wt% DMF THF Viscosity (mPa ∙ s) Fiber morphology

10 4 0 24 fiber
3 1 52 fiber
1 1 44 fiber
1 3 34 bead on string
0 4 28 bead

15 4 0 95 fiber
3 1 171 fiber
1 1 130 fiber
1 3 140 bead on string
0 4 88 bead

20 4 0 580 fiber
3 1 681 fiber
1 1 554 fiber
1 3 311 fiber
0 4 279 bead on string

25 4 0 1400 fiber
3 1 2630 fiber
1 1 1862 fiber
1 3 756 fiber
0 4 507 fiber

30 4 0 2319 fiber
3 1 5867 fiber
1 1 2517 fiber
1 3 2750 fiber
0 4 2120 fiber
THF. Neat DMF provides straight fibers with uniform AFD without
beads. Since DMF has high electrical conductivity, the electrospun jet
is exposed to high electrical force and bead-free uniform fiberswere ob-
tained. On the other hand, binary solvent systems promote the forma-
tion of porosity through the fiber structure due the difference
between evaporation rates of THF and DMF. The vapor pressures of sol-
vents are ~200 hPa and ~3.5 hPa, respectively. The addition of small por-
tion THF (DMF:THF = 3:1) into the solvent system does not have
remarkable effect on the surface texture such that electrospun fibers
have still smooth surface as observed in fibers obtained from neat
DMF. The equivolumemixture of DMF and THF (DMF:THF=1:1) results
in the formation of wrinkled surface texture especially at high PS con-
centrations. Since the presence of THF in solvent system increases the
vapor pressure and accelerates the solvent evaporation, the occurrence
of surface texture occurs most probably due to the buckling of cylindri-
cal polymer shell under compressive radial or a lateral contraction from
the axial tensile stresses. [64] The rise in the amount of high vapor pres-
sure solvent, THF, increases the solidification and evaporation rate of
solvent system. [53] The fibers fabricated from 1:3 solvent (DMF:THF
= 1:3) have large elongated pores on their surface. The development
of this structure may arise from the rapid removal of solvent from the
core of jet and its continuous stretching. The highly volatile solvent
can rapidly form glassy skin and surface pores probably due to the
phase separation and fast evaporation rate. Meanwhile, low volatile sol-
vent still remains in the jet that makes the polymer core wet and
stretchable. [65–67]

The neat THF system (DMF:THF = 0:4) causes the formation of a
ribbon-like morphology with densely packed nanoscale surface pores
(nearly 90 nm) uniformly distributed over the beads and fibers. Al-
though the most electrospun fibers are in cylindrical morphology,
highly volatile solvents such as THF show ribbon-like morphology due
to the rapid drying following by collapse of jet and this morphology re-
sults in the large AFD varying between 3.5 and 16 μm. [65] THF leads to
the fabrication of porous polymer cupswith ~20 μmsize at low f-PS con-
centrations (10 to 20-wt%). Bead and/or bead-on-string are observed
when the polymer solution is fairly diluted because of the both insuffi-
cient viscosity and electrical conductivity of THF. The formation of
pores may attribute to the both mechanisms of phase separations
Properties Fiber diameter (μm)

thin fiber 0.4 ± 0.1
thin fibers 0.5 ± 0.1
medium thickness fibers 2.0 ± 0.6
medium fibers with macropores 1.5 ± 0.1
porous polymer cups –
medium thickness fibers 1.0 ± 0.2
medium thickness fibers 1.9 ± 0.6
medium thickness fibers with grooves 2.5 ± 0.4
medium thickness fibers with grooves and macro-pores 2.0 ± 0.3
porous polymer cups –
medium thickness fibers 1.8 ± 0.3
thick fibers/interior porosity 4.0 ± 0.4
thick fibers/interior porosity 3.5 ± 0.6
thick fibers with grooves and macro-pores 2.2 ± 0.7
thick/belt shape fibers with nanopores 3.5 ± 0.5
thick fibers 4.0 ± 0.7
thick fibers 4.0 ± 0.8
thick fibers with grooves 3.0 ± 0.9
thick fibers with macro-pores 3.5 ± 0.9
thick/belt shape fibers with nanopores 14.0 ± 2.6
thick fibers 5.0 ± 0.6
thick fibers 8.0 ± 0.7
thick fibers with grooves 5.0 ± 0.9
thick fibers with grooves and macro-pores 5.0 ± 0.9
thick/belt shape fibers with nanopores 16.0 ± 3.5



Fig. 2. Dependence of surface texture on DMF:THF composition versus f-PS solution
concentration (solid lines were estimated by using the SEM micrographs in Fig. 1).

Fig. 1. SEMmicrographs of the f-PS fibers with respect to various solvent compositions and f-PS solution concentrations (Scale bar is 10 μm).
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(VIPS and TIPS) along with breath figure formation. Previously, Lu et al.
proposed that VIPS plays a pivotal role in the formation of this structure
that internal and external porous PS yarns were obtained. [57]

Fiber diameter is a function of solution properties so that AFD is ex-
amined as a function co-solvents composition. [25,27,31] A rise in the
AFDwas observed at all f-PS concentrationswhen the portion of THF in-
creases in DMF. AFD is 1.0±0.2 μmwhen neat DMF is used for spinning
process of 15-wt% f-PS solution. The addition of THF increases the diam-
eter 1.9± 0.6 μm(DMF:THF= 3:1). The reason of increasing AFD could
be the increase in viscosity upon incorporation of THF. DMF (0.79 cP at
25 °C) itself has higher viscosity than THF(0.46 cP at 25 °C) [68]. The vis-
cosity of the electrospinning solution increases from 95 to 171 mPa∙s
upon incorporation of THF for one portion. (Table 1) It is well
established that viscosity is the dominant parameter in diameter of
electrospun fibers. The mixture of co-solvents shows higher viscosity
than the one of the corresponding polymer solution prepared by neat
solvents either DMF or THF most probably due to the strong attraction
of the both solvent molecules. The further increase of the amount of
THF in DMF reduces the viscosity of the mixture at all f-PS concentra-
tions. Thus, low viscosity of electrospinning solution favors the forma-
tion of thinner fibers with beads particularly observed at 10 and 15-wt
% f-PS concentrations.

Conductivity is another important parameter for electrospinning.
Since the process takes place under high electrical field, the stretching
of the spinning jet rigorously occurs for conductive solvents. [69] Dielec-
tric constants of DMF and THF are 38.25 and 7.52, respectively. [68] Be-
cause of the lower electrical conductivity of THF, the addition of this co-
solvent in the mixture inhibits the stretching of jet and results in larger
AFD. As an example, a significant increase was observed from 1.8 to 4.0
μm when 20-wt% of f-PS electrospun from the solvents of 4:0 and 3:1
(DMF:THF), respectively. (Table 1).

Based on the overall data presented in Fig. 1, a map of various fiber
surface textures as a function of the solvent composition and polymer
solution concentration can be achieved. Fig. 2 shows mapping, in
other words phase diagram of f-PS fiber morphology with respect to
both parameters. The boundaries were constructed by estimation
using the SEM micrographs. Polymer cups with surface porosity were
observed from the 10 and 15-wt% f-PS concentrations in neat THF. On
the other hand, the f-PS fibers fabricated from low portion of DMF
(THF rich systems) at the same concentrations demonstrate wrinkled
beads-on-stringmorphology. In addition to the elliptical-like beads, col-
lapsed ones were also obtained depending on the vapor pressure of the
solvent mixture. At low PS concentrations and neat THF solutions, col-
lapsed beads were observed in Fig. 2. While DMF as low vapor pressure
solvent systems form elliptical bead morphology, high vapor pressure
solvent system shows collapsed beads. This variation can be attributed
to the formation of instable fluid jet at low polymer concentration.

Image of Fig. 2
Image of Fig. 1


Fig. 3. Cross-sectional SEM micrographs of the fibers fabricated from 20-wt% f-PS solutions with various solvent compositions of DMF:THF ratio (a) 1–0, (b) 3–1, (c) 1–1, (d) 1–3, and
(e) 0–1.
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[53,70] The grey region of the scheme illustrates the fibrous region that
the fibers may have various morphological characteristics. From top to
down, in other words from high to low DMF ratio, smooth fibers give
their place to wrinkled and porous fibers probably due to the before-
mentioned phase separation mechanisms.

Fig. 3 shows the thin sheaths and porous cores of 20-wt% f-PS fibers
electrospun from the various solvent compositions. Thefibers fabricated
from neat DMF or 3:1 solvent composition (DMF:THF) consist of inte-
rior porosity and fibrils aligned along the fiber axis most probably due
to the longitudinal strain rate of jet during the electrospinning. [53]
Water molecules are inevitably present in the solution system. One
source could be the organic solvents because they are hygroscopic, i.e.
absorb certain amount of watermolecules. Another source could be hu-
midity from the air, which is nearly 52% in the spinning environment.
These water molecules play active role for the generation of interior po-
rosity. DMF is trapped inside the electrospinning jet. Cooling of the jet
upon solvent evaporation forms a glassy skin around the fibers such
that the solvent molecules are unable to escape from the
electrospinning jet. Water and DMF undergo a liquid-liquid phase sep-
aration where DMF is solvent; however, water is non-solvent. The re-
moval of the water molecules causes the formation of the pores.

The increase in THF portion disappears the presence of interior po-
rosity (Fig. 3d and e). However, the addition of THF into the
electrospinning solution causes the formation of surface texture (poros-
ity). The fibers fabricated fromneat THF solvent do not have interior po-
rosity. Since THF has a much higher vapor pressure than water, the jet
−air interface was always saturated by THF even under high humidity,
which effectively hindered the formation of a sheath as well as internal
pores by preventing the water vapor from penetrating into the jet and
inducing phase separation. Consistent with the literature, low vapor
pressure of DMF plays a significant role in the generation of internal po-
rosity, while THF plays a critical role on the surface texture of PS fibers
with pores by discouraging the formation of interior pores.

There is a competitive penetration and diffusion of the three mole-
cules (DMF, THF, and H2O) and vapor has some primary effects, which
are formation of thin but strong sheath due to the interface precipitation
(VIPS and TIPS), internal phase separation due to the penetration of
Fig. 4. (a) Water contact angle of the f-PS adsorbents electrospun from different solvent
combinations with 20-wt% f-PS solution. Photographic images of water and oil droplets
on (b) pristine foam and (c) f-PS fiber.
water vapor (VIPS), and gathering of condensed water on the surface
due to the evaporative cooling (breath figure formation). [57,58]

Electrospinning is a non-equilibrium process because the structure
formation occurs in a very short period of time, on the order of 0.1 s.
[71] The stage at which the phenomenon of phase separation occurs is
a true question. Considering high elongation rate and high speed of
electrospun jet (≈40 m/s), the penetration of water vapor is hard
under these circumstances so that VIPS and/or TIPS should occur before
the transportation of jet trough the collector presumably on solution
droplet from which electrospinning is ejected. The rapid evaporation
of solvent from the jet consumes the heat of vaporization by cooling
the surface and leads the formation of thermodynamically unstable
jets. The separation of phases as well as the breath figure formation
may take place at this stage, where Taylor cone forms on the surface
of a stationary solution droplet. [72,73]

3.2. Water and oil contact angle of f-PS adsorbents

For the investigation of hydrophobic/hydrophilic character of the
fabricated fibrous materials, water contact angle (WCA) of the f-PS
fiber mats fabricated from the various solvent compositions at 20-wt%
polymer concentration was measured. Fig. 4a demonstrates the depen-
dence ofWCA of the fiberswith respect to theDMF:THF ratio alongwith
foam itself and cast film of the pristine foam. The pristine foam presents
WCA of 60°. The f-PS solution was cast on a glass slide and itsWCAwas
also measured for comparison.WCA of the cast film is nearly 90, i.e. lies
between the pristine foamand the fibrous electrospunmats. Because all
the mats independent of the solvent compositions depict WCA N100°
indicating that the fiber mats are hydrophobic. The hydrophobicity of
the f-PS fibermatsmay predominantly originate from the rough surface
of the electrospun fibers. According to the Cassie-Baxter model, this
roughness creates cavities on the surface and allows the trapping of
air between surface andwater droplet resulting in the inhibition of wet-
ting the surface [25,74,75]. The fibers fabricated from 1:3 DMF to THF
ratio demonstrated the highest WCA among all mats because more
Fig. 5. Vegetable oil adsorption capacity of f-PS electrospun fibers with respect to solvent
composition and initial PS concentration. The letters ‘xx’ refer to the absence of data points
in the dataset probably due to the polymer cup formation and beads on string instead of
fibers.

Image of Fig. 5
Image of Fig. 4
Image of Fig. 3


Fig. 6. Comparison of the vegetable oil adsorption capacity of pristine foam, commercial
adsorbent and f-PS fibers fabricated from 1:3 (DMF:THF) solvent system showing the
best sample consisting of both interior porosity and surface texture. Insets show the
SEM micrographs of pristine foam and commercial adsorbent.
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rough surfaces with cavities and surface texture showmore hydropho-
bic behavior most probably due to the increment in the trapped air in
cavities [76]. On the other hand, smooth fibers with neat DMF solvent
not surprisingly show the lowest WCA among the all-fibrous mats.

The neat THF system resulted in lower WCA than the other fibers
due to the ribbon-like cross section of the resulting fibers, which have
fewer cavities than the circular ones. In conjunctionwith the hydropho-
bicity, the fibers also show oleophilicity. The photographs in Fig. 4b and
c) show the wettability of water and oil droplets on the pristine foam
and electrospun f-PS fiber mats, respectively. It is obviously seen that
red stained vegetable oil quickly wets the surface of the f-PS fibers
while the same amount of oil droplet stays on the pristine foamwithout
being adsorbed. In addition, blue stainedwater droplet stays on the f-PS
fiber surface in nearly round shape whilst the blue droplet spreads on
the surface of the pristine foam. These results suggest that the f-PSfibers
could be served as promising oil adsorbent. For further understanding of
f-PS fibers' hydrophobic nature, their WCA hysteresis with respect to
time has been observed in 60 s.(Fig. S3) It is observed that the water
Fig. 7. The adsorption processes of (a) vegetable oil and (b) engine oil
droplets were not penetrated through the f-PS surfaces and remain
nearly as it is during this time period.

3.3. Oil adsorption capacity

Fig. 5 demonstrates the oil adsorption capacity of the f-PS fiberswith
various surface textures. Whilst neat THF results in the polymer cups or
wrinkled beads on string at lowPS concentrations, the oil adsorption ca-
pacity of these samples could not be measured because the fiber mats
did not have enough mechanical integrity. The oil adsorption capacity
of f-PS fibers fabricated from 10-wt% of PS concentration in equivolume
mixture of DMF and THF solvent system is around 109 g/g; and the ca-
pacity decreases to 60 g/g for the fibers obtained from 30-wt% f-PS con-
centration probably due to having less specific surface of thicker fibers.
The thicker the fiber, the lower the surface area is.

When neat THF or DMF solvents were used for the fabrication of f-PS
fibers obtained from 20-wt% solutions, oil adsorption capacities lower
than 60 goil/gfiber were observed. The fibers in both cases have enclosed
cross-section and smooth surface texture (Fig. 3a and e). On the other
hand, f-PS fibers fabricated from binary solvent systems result in better
oil adsorption capacity than neat DMF or THF ones. For instance, oil ad-
sorption capacity of the f-PS fibers fabricated from 3:1 DMF:THF solvent
composition reached up to 118 g/g. The reason could be the presence of
interior porosity although these fibers have nearly smooth surface as in
neat DMF solvent (Fig. 3b). The beads-on-string morphology of the fi-
bers obtained from solvent composition of 1:3 DMF:THF does not
have a significant effect on oil adsorption capacity. However, at 20-wt
% PS concentration, the capacity reaches to its highest value although
the fibers have thicker AFD. Normally the fibers are needed to be thin
to have large surface area. However, the fibers should have enoughme-
chanical integrity to resistance under continuous flow of liquids. The
combination of both interior porosity and surface texture may enhance
the permeability by contributing to a high oil adsorption. (Fig. 3d) The
highest capacity was recorded for this sample as 124 g/g indicating
that 1 g of adsorbent could adsorb 124 times its own weight. Physical
trapping of oil on the fiber surface and filling the voids between the in-
dividual fibers reduce the surface free energy of the fiber mats. The
using the as-prepared f-PS adsorbent with 5% oil-polluted water.

Image of Fig. 7
Image of Fig. 6


Fig. 9. Oil separation efficiency comparison of pristine foam, commercial adsorbent and
proposed f-PS fiber (1:3) by using vegetable oil, engine oil, and real oily wastewater
sample.

Fig. 8. (a) Oil separation efficiency of electrospun fibers using vegetable oil, photographs of oil-water mixture (b-c) before adsorption, (d) after adsorption, optical micrographs of mixture
(e) before adsorption, and (f) after adsorption of 5% oil-polluted water.
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voids between individual fibers and porous structure play a significant
role on oil adsorption. [48,77,78] The pores absolutely increase the spe-
cific surface area, which can be helpful for the adhesion and adsorption
of oil on the fiber surface. The oleophilicity of f-PS fibers may play a piv-
otal role for the oil adsorption because the oleophilic nature of adsor-
bent serves a minimum energy barrier for oil to spread on the surface
and finally diffuse into the fibrous adsorbent. [45,79] Thus, the fibers
prepared from DMF:THF mixture (1,3) at 20-wt% PS have both interior
porosity and surface texture. They are promising candidates for the fab-
rication of oil adsorbents, thanks to electrospinning.

The results were compared with the oil adsorption capacity of pris-
tine foam and commercial adsorbent (Fig. 6). The pristine foam and
commercial adsorbent show much lower oil adsorption capacity (b15
mgoil/mgfiber) than the fibrous f-PS adsorbents prepared in this work
due to their low surface area and non-porous structure.

3.4. Oil – Water separation efficiency

Synthetic oily wastewater mixtures were prepared by changing the
oil concentration in water from 2 to 10% (w/w) and oil separation effi-
ciency of f-PS fibers were studied. Fig. 7 shows the process to capture
of oil from water successfully by using the f-PS fibers. When a piece of
the f-PS adsorbent brought into contact with oil-polluted mixture, the
fiber floated on the water surface and adsorbed both red colored vege-
table or engine oil selectively within a few seconds (Movie S1). After
treatmentwith the f-PS adsorbent, the previously pollutedwater turned
transparent and clean. Moreover, the fibrous adsorbents exhibited
buoyancy that they were able to stay on the surface even after oil ad-
sorption. Hereby, f-PS adsorbent stays compact after capturing the oil
from water by conserving their mechanical integrity. This property of
the f-PS mats is also important for the removal of adsorbents after oil-
spill cleanup.

Fig. 8a shows the comparison of oil separation efficiency of f-PS fi-
bers fabricated from20-wt% concentration frombinary solvent systems.
The oil separation efficiency of the fiberswas examined by changing the
vegetable oil from 2 to 10 v/v% in oil-polluted water. All the fibers
showed N98% of separation efficiency independent of the f-PS surface
texture in 2% oil-polluted water. Increasing the oil concentration to 5
and 10% reduces this ability to 85 and 82%, respectively for the f-PS fab-
ricated from 1:3 DMF to THF ratio. Thus, the performance of the oil sep-
aration is mainly governed by the morphology of the individual fibers
and electrospun mats. The fibers prepared from 20-wt% concentration
in DMF:THF (1:3) mixture offers the best oil sorption, this is the fiber
system showing the high adsorption capacity among all samples
owing to the having interior porosity and surface texture.

Fig. 8(b-f) shows the photographic and opticalmicroscopy images of
oil droplets before and after the treatmentwith f-PS fibers. The oil drop-
lets were disappeared after the treatment and only little amount of
small droplets were remained in the water. These droplets might arise
from the remaining volume of the oil droplets after separation. The dis-
appearance of large amount of the droplets may support the hypothesis
that the electrospun fibers of f-PSwastes are effective for the removal of
oil fromwater. In order to investigate the practical application of oil sep-
aration efficiency of f-PS fibers, we prepared an engine oil/water mix-
ture by using waste engine oil and compared our results with the real
crude oil-water mixture obtained from a big Shipyard in Izmir (one of
the biggest in Europe). Fig. 9 shows the comparison of oil separation ef-
ficiency of pristine foam, commercial adsorbent, and f-PS fibers fabri-
cated from 20-wt% PS solution in 1:3 (DMF:THF) solvent system. The
separation efficiency of adsorbents was investigated for the engine oil/
water mixture (10%, v/v). The f-PS fiber mats show 82% separation effi-
ciency while the pristine foam and commercial adsorbent have 16 and
44% under same circumstances, respectively. Hereby, the f-PS adsor-
bents can be a promising candidate for the remediation of oil spills com-
pared to the commercial adsorbent.

The literature also shows the fabrication of electrospun sorbets for
oil water separation. In Table 2, the sorption capacity of the electrospun
fibers from previously reported literature is given. AFD of the fibrous
sorbents reported in the relevant literature and current work is, in gen-
eral, on the order of several μm. The thickness of the fibers is compara-
ble. The f- PS fibers fabricated in this study show higher oil sorption
capacity than any type of sorbentmaterials prepared by electrospinning
of polymers without/with functional additives such as magnetic nano-
particles, carbon nanotubes, etc. The reason of the better performance
is unclear at the moment because none of the spectroscopic measure-
ments offered a clear difference between the chemical composition of
foam-waste and virgin PS (Fig. S4 and S5). Note that the error bars in
Fig. 9 are small suggesting that the results are reproducible.

Image of Fig. 9
Image of Fig. 8


Table 2
Comparison of oil adsorption capacities of polymeric electrospun fibers.

Electrospun material AFD (μm) Oil type Adsorption capacity (g/g) Ref.

Polyvinylidene fluoride 0.055 Soybean oil 14 [81]
Polyvinylidene fluoride / Polystyrene 2 Vegetable oil 46 [81]
Polyvinylidene fluoride / Polystyrene / Fe3O4 2 Soybean oil 35 [81]
Polysulfone 1 Engine oil 39 [82]
Polyimide 3 Engine oil 76 [83]
Polystyrene 3 Vegetable oil / engine oil 97 / 114 [47]
Polystyrene / Fe3O4 1 Soybean oil 70 [81]
Polystyrene from foam waste 4 Vegetable oil / engine oil 124 / 95 This study
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The main difference of the current work from the relevant literature
[45,46,80] is the employment of thewaste plastics for the preparation of
the sorbent materials. The starting material in the literature is, all with-
out exception, virgin polymer. Such being the case, the separation of oil
for the environmental concern causes the formation of another environ-
mental issue in long run since the synthetic virgin plastic is employed.
The usage of the wastes minimizes the consumption of plastics that ab-
solutely brings an indirect environmental benefit. On the other hand,
needless to say that virgin plastics have much higher price than the
waste one, this usage prevents a remarkable economical loss. Another
advantage of this report from the literature is the rapid sorption process.
Sorption time is extremely critical parameter when a ship accident oc-
curs. A competition against time takes place to clean water and prevent
invasion of the oil into sea/oceans. The usual sorption time for lab-scale
experiments for complete removal of oil from water in literature lies in
between 5 and 8 min depending on the type of the contaminant oil,
composition of oil-water mixture, and the volume of the mixture
treated with fibers [45,46,80]. The time for sorption in this study is re-
duced to b1 min in lab-scale trials. This rapid sorption can be explained
by the formation of both surface and interior porosity of the individual
fibers obtained by electrospinning process from a particular solvent
composition of DMF and THF (1:3) along with chemical affinity be-
tween PS and oil molecules. Mapping of the fiber morphology against
the solvent composition and polymer concentration is provided. The
porous structure mediates the sorption process of oil molecules in
high amount. This short comparison of oil adsorption capacities through
the literature strongly suggests that the f-PS fibers fabricated from
waste products can be an efficient and low-cost alternative to the oil
separation from water systems.

4. Conclusion

EPS wastes were readily processed by electrospinning from the sol-
vent mixture of THF and DMF. Freestanding and highly flexible fiber
mats were achieved and used as adsorbentmaterials for oil water sepa-
ration. A detailed phase diagram is proposed for the determination of
fiber morphology (diameter, shape, and surface and interior porosity)
as a function of the co-solvent composition and polymer concentration
of the precursor electrospinning solution. While THF-rich solvent mix-
tures cause the formation of surface porosity due to the breath figure
formation, the DMF-rich ones facilitate the formation of pores both on
the surface of the fibers and interior pores in their cross section due to
the contribution of VIPS and TIPS. This variation of surface morphology
remarkably influences the hydrophobicity/oleophilicity of the fiber
mats, i.e. sorption capacity against oily wastewaters. The f-PS fibers
show better oil adsorption and separation performance than the pris-
tine foam does. The maximum vegetable oil adsorption capacity of f-
PS reaches up to 124mg/mg and they have nearly 93% oil separation ef-
ficiency for highly oil-pollutedmixtures (10% oil by volume). For low oil
concentrations, they could clean nearly thewhole vegetable oil from the
waterwith 98%efficiency. Itmust also be said that the f-PSmat depicts 4
times higher separation efficiency than the commercial oneswhen tried
in real oily water samples taken from the Izmir Shipyard. Finally, this
work may provide a versatile avenue for the fabrication of adsorbents,
which are excellently suited for recycling of EPS wastes and efficient
separation of various oil polluted waters.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.susmat.2018.e00084.
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