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Abstract

In this study, eco-friendly superhydrophobic (SH) and superoleophilic (SO) poly

(3-hydroxybuthyrate) (PHB)-SiO2 bio-nanofiber membrane has been successfully

fabricated for oil–water separation. Firstly, silica nanoparticles (SiNPs) have been
synthesized via green laser ablation technique. It was placed into PHB matrix in

different contents by controlling the time of ablation and then PHB-SiO2 nanofi-

brous mats were obtained on commercial stainless-steel mesh with various mesh

sizes by electrospinning method. The surface morphology and chemical structure

of all obtained samples have been characterized by FT-IR, FE-SEM and HR-TEM

techniques. It has been observed that SiNPs obtained within 30 min ablation

time, with an average size distribution between 10 nm and 200 nm with spherical

shape have been uniformly anchored on PHB nanofibers. PHB-SiO2 fibrous

membrane has shown superhydrophobicity with maximum water contact angle

of 160.23
�
and superoleophilicity with oil contact angle (OCA) of being nearly 0

�

in air. Later, SH and SO membranes were directly employed for oil water separa-

tion without using any chemical reagent or additional force, and maximum effi-

ciency of separation higher than 99% has been measured. These results has

indicated that environmental friendly PHB-SiO2 bio-nanofiber membrane offers

high potential for using in gravity-driven oil–water separation.
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1 | INTRODUCTION

Concerns over oil spillage have grown in recent
decades with increasing commerce of petroleum prod-
ucts in the globalized world. Catastrophic oil spillages
resulted in industrial or transportation accidents, such
as one in Mexico Gulf, remind us some urgent need to
develop an eco-friendly, cost-efficient and large-scale
solution to reduce damage to the marine and aquatic
ecosystem.1,2 Conventional remedies for dealing with

oil spillages include the use of adsorbents,3 skimmers,4

air flotation,5 gravity sedimentation,6 centrifugation,7

coagulation/flocculation8 and so on. These traditional
separation techniques have a number of drawbacks
such as poor selectivity, low separation efficiency, slow
operation, high energy consumption and secondary
contamination. As a result, developing an eco-friendly,
selective, simple-to-apply and inexpensive technique
for efficient oil–water separation is a critical and neces-
sary application.

Received: 25 September 2022 Revised: 30 November 2022 Accepted: 1 December 2022

DOI: 10.1002/app.53542

1 of 10 © 2022 Wiley Periodicals LLC. J Appl Polym Sci. 2023;140:e53542.wileyonlinelibrary.com/journal/app

https://doi.org/10.1002/app.53542

https://orcid.org/0000-0001-8168-3517
https://orcid.org/0000-0003-2020-9533
https://orcid.org/0000-0002-7546-4243
mailto:hamdisukurkilic@selcuk.edu.tr
http://wileyonlinelibrary.com/journal/app
https://doi.org/10.1002/app.53542
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fapp.53542&domain=pdf&date_stamp=2022-12-27


Biomimicry, that can be described as the imitation of
natural elements, is a good way to create functional mate-
rials. In respect to wettable or non-wettable surfaces, it
offers many models for some improvement on synthetic
materials. For instance, various plants and animals with
superhydrophobic surfaces in nature (such as lotus flower,
butterfly wings, water spider legs) exhibit WCA values
higher than 150� and slip angles lower than 10�.9,10 Lately,
for separation of oily mixtures, surfaces with superhydro-
phobic and superoleophilic features inspired by the lotus
leaf have provided an alternative manner.11,12 Because sep-
arating oil from water in oil–water mixtures is largely an
interface event, all researchers attempt for designing super-
wettability surfaces via surface functionalization.13,14 In
theory, the wettability of a surface is influenced by its sur-
face chemistry and roughness. The most effective way for
selectively removing oil from oily water mixtures is to uti-
lize a pierced or porous membrane constructed from a
material with a surface energy between oil and water. Vari-
ous investigations are conducted regarding superhydropho-
bic and/or superoleophilic surface modifications for oily
separations. Mostly, superhydrophobic surfaces show
superoleophobic properties due to their highly rough struc-
ture. Because these surfaces, in terms of surface energy,
contain components that are similar to oil, and therefore
are quite different from water. For creating the superhydro-
phobic and/or superoleophilic surfaces, low surface energy
substances are either utilized to modify the surface of
rough structures or a rough surface is constructed on the
surface of low surface energy materials.15,16 In the litera-
ture, many recent research on oil–water separation have
focused upon the superhydrophobic-superoleophyilic sur-
face modifications of spongy substances.17–19

Membrane-based separation, an improved purification
and separation technique, has widely employed for treat-
ment of oily wastewater when compared to the traditional
oil–water separation method because of its binary functions
of preventing and adsorbing the filter supplies as well as the
advantages of simple preparation and operation, excellent
separation efficiency, high flexibility and outstanding anti-
fouling feature.20,21 The choice of substrate membrane
material in the production of an ideal membrane material
used for oily separations which is of great importance and
recently, many studies for oil–water separation have con-
centrated on superhydrophobic-superoleophilic surface
modifications of porous substrate materials including
fabrics/textiles,22 polymeric membranes,23 sponges,24 filter
papers25 and metal meshes.26,27 The metallic mesh-based
SH-SO membranes have greater mechanical strength and
permeableness, as well as less pressure drop in comparison
to the porous membranes. Stainless steel materials, one of
the metallic mesh substrates, is commonly used as the base
substrate and its wetting behavior can be adjusted to SH-SO
condition through modification of surface chemistry and

morphology.19 The SH-SO membrane materials prepared
with a combination of stainless-steel mesh as a substrate
and polymeric and/or inorganic material as a top layer have
lately attracted a lot of attention from researchers due to
their designability and processability. Many surface modifi-
cation may be approached including dip coating,28 spray-
coating,29 sol-gel,30 atomic layer deposition,31 self-
assembly,32 chemical vapor deposition33 and electrospin-
ning34 and have been studied to produce separation
membranes for oily wastewater treatment.

Electrospinning method has drawn a lot of interest in
the last two decades because of its cost-efficiency, sim-
plicity, high flexibility and porosity, large specific surface
area and excellent separation performance.35 Smooth
continuous fibers having diameters ranging from roughly
1 mm to 10 nm can be fabricated from an electrified fluid
by electrospinning. Nanofiber membranes developed to
separate oil and water for the last 10 years have been
widely employed because of their high selectivity and
separation efficiency, environmental friendliness, simple
separation processes and long-term reusability. For
instance, Lee et al. have produced SH-SO polystyrene
(PS) nanofiber membrane with high separation efficiency
and found that diesel and water contact angles of depos-
ited PS nanofibrous mats on the stainless steel meshes
were 0� and 155� ± 3�, respectively. In another study, Wu
et al. have developed a SH-SO poly(vinylidene fluoride)
(PVDF) fibrous membrane and the manufactured PVDF
nanofibrous membrane has displayed a WCA of 152�

± 2� and OCA of 0� in air and separation efficiency
higher than 99%.36 The electrospinning technology has
highly been used to create nanofibers incorporating
metal and metal oxide nanoparticles (NPs) for membrane
separation applications. For example, Moatmed et al.
have manufactured PS nanofibers modified with Fe3O4

NPs to obtain a super-hydrophobic surface and the pre-
pared PS@Fe3O410wt.% nanofibrous membrane with a
WCA value of 162� exhibited highly separation efficiency
of 99.8% and ultrahigh flux (5000 L m�2 h�1).37 In
another research, Ye et al. have fabricated polylactic acid
(PLA) based nanofiber membranes by incorporating dif-
ferent metal oxides NPs (SiO2, TiO2, Al2O3, and CeO2)
into PLA matrix by electrospinning to separate oil–water
mixtures and as a result, they have shown that SiO2 mod-
ified PLA bionanofiber membranes with the highest
WCA value of 135 ± 3� exhibited high separation effi-
ciency (up to 98.0%) and high separation flux
(17,800 L m�2 h�1).38 Jiang et al. have prepared PVDF-
SiO2 nanofibrous membranes with excellent separation
performance of 99 ± 0.1% and high separation flux of
1857 ± 101 Lm�2 h�1 and observed that WCA values of
the prepared nanofibrous membranes enhanced from
138.5 ± 1� to 150.0 ± 1.5� with increasing SiO2 content.

39

The effect of the content, size, and shape of the loaded
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silica NPs on the roughness and chemistry of the resul-
tant membrane surface have been clearly seen in many
surfaces modification studies for the separation of oil–
water mixtures.40–42 SiO2 NPs are highly utilized as func-
tional fillers in many applications, especially hydropho-
bicity, thanks to their superior thermal and chemical
stability, as well as their ability to be functionalized due to
their silanol groups. Furthermore, SiO2 NPs are inexpen-
sive and readily available and are not harmful to the envi-
ronment compared to fluorinated additives. Hydrophobic
SiO2 NPs with low surface energy that can be synthesized
by various wet-chemistry processes such as sol–gel
process,43 modified stöber method44 and surfactants45 have
utilized from many researchers for manufacturing a new
membrane material. Lin et al. fabricated an electrospun
PHB-PCL nanofiber substrate to be used in packaging
applications and modified the nanofiber surface with SiO2-
TiO2 composite nanoparticles produced by the stöber
method. It was observed that the prepared PCL-PHB/SiO2-
TiO2 composite membrane had excellent hydrophobicity
and antibacterial activity with a water contact angle of
144� ± 1�.46 In another study, PAN-SiO2 nanofibers were
produced to be used in the separation of oil–water emul-
sion mixtures. First, PAN nanofibers were produced and
then the fibrous surface was modified with SiO2 nanoparti-
cles produced by the sol–gel method.47,59 Conventional
wet chemistry processes such as sol–gel, stöber etc., used
to produce SiO2 nanoparticles, are limited by their scal-
ability, slow kinetics and batch operation, which typically
results in an unpredictable variation in the physicochemi-
cal features of nanoparticles. Furthermore, chemical pre-
cursors used during nanoparticle synthesis can cause
contamination on the obtained nanomaterial surfaces, and
harmful residues as well as by-product wastes can be
released into the environment.48 Compared to chemical
methods, physical methods have superior advantages in
terms of regularity of nanoparticle production. In recent
years, many physical techniques such as UV irradiation,
lithography, UV irradiation, ultrasonic fields and laser
ablation have been used successfully to produce nanoparti-
cles.49 Pulsed laser ablation in liquid (PLAL) method gives
permission to produce versatile NPs and this technique
compared to chemical methods known as a green synthe-
sized method with minimum chemicals.50,51 PLAL is a
powerful technique for production of NPs experimentally.
Compared to other physical procedures, PLAL is particu-
larly common because of its unique characteristics such as
being rapid and simple, not requiring the use of hazardous
chemicals, producing long-term stable dispersions, and
being performed at room temperature. It is a very appeal-
ing approach, especially because it can be conducted on a
variety of targets in a variety of solvents and delivers great
purity due to the incidence of a direct laser beam on the
target. In recent years, nanomembranes with new

properties can be produced with the integration of the
green laser ablation process into the electrospinning tech-
nique, and these nanofibrous membranes have attracted
the attention of researchers in many application areas.
including antibacterial materials,52 wound healing,53 tis-
sue engineering,54 photocatalysis,55 dye56 and phosphate
removal.56 However, when similar studies are examined,
it is seen that there is a gap in the literature regarding the
application to oil–water separation of nanofibrous mem-
branes prepared by incorporating nanoparticles produced
by laser ablation to the electrospinning solution.

In earlier research, petro-based polymers commonly
employed for manufacturing membrane materials fre-
quently scarcely decomposed in the nature. Thus, usage of
these polymers for removal of oil from water in oil–water
mixture may result in secondary contamination. Further-
more, the unpredictability of crude oil prices, the depletion
of petroleum supplies, and the negative environmental
effects of petroleum-based polymers continue to be the
main concerns. For this, an innovative sustainable strategy
in membrane production is to use biodegradable polymers
that can deteriorate in natural conditions. Various eco-
friendly bio-based polymers have used to produce nanofiber
membranes for oil–water separation, such as polycaprolac-
tone (PCL),41 polylactic acide,57 chitosan,58 cellulose59 and
olyhydroxybutyrate.38 Among these bio-based polymers,
poly(3)-hydroxybuthyrate (PHB) with outstanding proper-
ties such as biodegradability and biocompatibility are
regarded as one of the most promising ecologically friendly
biomaterials for preparing membrane materials in various
fields.60–62 PHB's non-toxicity, mechanical strength, rela-
tively high melting point, ease of blending with various
polymers, and solubility in a wide variety of solvents make
it an attractive supply for applications in the medical, agri-
cultural and industrial fields.30 In some previously pub-
lished studies, PHB/PLA nanofiber mats have been
produced by electrospinning method by preparing blends of
PHB with polylactic acid for selective sorption of oil from
aqueous media, and successful results were obtained.38,63

In this work, hydrophobic SiO2 NPs were selected as
the modifying materials to increase the surface roughness
and adjust the surface wettability behavior of PHB nano-
fibers. PHB polymer is employed as a matrix for fabrica-
tion of a bionanofiber membrane because PHB is an eco-
friendly polymer. This study aims to demonstrate the fab-
rication of superhydrophobic-superoleophilic PHB-SiO2

bionanofiber membranes for effective separation of oil
and water. For the first time, PHB-SiO2 bio-based nanofi-
ber mats obtained on stainless steel meshes by adding sil-
ica nanoparticles produced by laser ablation method to
the PHB solution using electrospinning method were
applied to oil–water separation. Hydrophobic SiO2 NPs
were loaded into PHB work solution to produce SH-SO
bio-nanofiber membrane. By altering laser ablation time,
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the content of SiO2 NPs added into spinning solution was
adjusted to control the surface energy and roughness of
nanofibers and then morphology, chemical structure,
and wetting properties of nanofibrous mats coated on the
stainless-steel mesh surface having various sizes of mesh
used as collector has been investigated. After electrospun
PHB-SiO2 nanofibrous mats were applied to the stainless
steel meshes, they became superhydrophobic and supero-
leophilic, allowing an efficient separation of oil and
water. The prepared SH and SO PHB-SiO2 bio-nanofiber
membranes were directly employed for gravity-driven
separation of oil and water.

2 | EXPERIMENTAL

2.1 | Materials

Polyhydroxybuthyrate granules (PHB, Mw = 500 kDa,
Aldrich), silicon dioxide pieces (SiO2, 99,99%, Lesker),
N-dimethylformamide (DMF, 99,8%, Aldrich), chloroform
(CF, 99%, Aldrich), ethanol (Eth, 96%, Aldrich) and acetone
(Ac, 98%, Aldrich) were obtained commercially. Stainless
steel meshes having different pore diameters (283, 106,
61 and 34 μm) were provided from Cromtel in Turkey. All
of chemicals had analytical grade and were used as pur-
chased. All nanofibrous mats were produced using an elec-
trospinning device by cortesy of Laser Spectroscopy Group
(LSG) at Physics Department, Selcuk University.

2.2 | Synthesis of silica NPs by
femtosecond laser ablation method

Silica NPs have been prepared using femtosecond
(fs) micromachining unit with Ti: Sapphire crystal which
this laser system has promising properties to produce NPs.
This fs laser system has features that allow the user to
change laser parameters such as pulse repetition rate, laser
wavelength and laser pulse energy.64 Fs laser system with
Ti: Sapphire crystal has delivered an output beam at 90 fs
laser pulse duration, the fundamental wavelength of beam
at 800 nm and the repetition rate can be changeable
1–3 kHz at 3.5 W laser pulse power (Quantronix, NY,
USA).65 Experimental setup is shown in Figure 1a which
Si pellets were placed in DMF solvent. This technique is
known as classical PLAL method which gives opportuni-
ties to produce new NPs based technologies as green syn-
thesized with rapid and minimum chemicals.66 In this
study, Si pellets were placed in a container. Fs laser was
focused using 11 cm F-theta lens on Si pellets about
30 min in micromachining unit which is used as laser unit
to control the machining parameters on targets.67

2.3 | Preparation of electrospun PHB-
SiO2 nanofibrous mats

Firstly, commercial stainless-steel meshes with various pore
diameters were cut (4 � 4 cm). Later, these meshes were
treated in an ultrasonicator with ethanol, acetone and dis-
tilled water for 15 min, respectively. The sterilized meshes
were held in an oven at 60�C for 60 min for completely
removing the solvents. In order to produce PHB nanofi-
brous mat, PHB granules (0.90 g) were dissolved in a 10 ml
mixture of CF and 1.25 ml DMF (v/v, 8:1) and 5% (w/v)
PHB/CF-DMF solution was constantly stirred at 50�C for
1 h in order to obtain a homogeneous mixture. Respec-
tively, for fabricating PHB-SiO2(1), PHB-SiO2(2) and PHB-
SiO2(3) composite nanofibers, the pure PHB was dissolved
in in 10 ml of CF solvent and the prepared PHB solution
was magnetically stirred for the time and at the tempera-
ture needed for complete dissolution, and then SiNPs
(in DMF solvent (1,25 ml)) synthesized by laser ablation at
the different time (15, 30 and 60 min) were loaded into the
prepared PHB solutions. All the solutions were further stir-
red magnetically at ambient temperature for 30 min. The
spinning solutions were added into a 10 ml plastic syringe
fitted with a 20-G needle and later electrospinning process
was performed at a range of optimal parameters, including:
supplied high voltage, 18 kV; distance from the needle tip
to the collector, 12 cm; flow rate, 4 ml/h; temperature (T),
35 C; and relative humidity (RH), 40%. The resulting
fibrous mats were gathered on aluminum foil and the mesh
substrates enwrapped by a rolling drum. In order to
remove the solvent residue, the obtained samples were sub-
sequently dried overnight in an oven at 50�C. Schematic
illustration of SiNPs synthesis and production processes of
PHB-SiO2 bionanofiber membrane is given in Figure 1.

2.4 | Gravity-driven oil and water
separation setup

The efficiency of oil and water separation was tested with a
gravity-driven separation device as described in literature.68

The performance of oil and water separation of PHB-SiO2

bionanofiber membranes was investigated by the separation
of oil and water mixture. For this purpose, a mixture of oil
(diesel) and water in equal amounts was poured onto PHB-
SiO2 nanofiber coated stainless steel mesh surfaces. All
PHB-SiO2 nanofiber membranes were sloped at a 45� angle
to allow oil (diesel) to pass directly over the mesh surface
while water rolled off, oil and water amount collected in
two different vessels were recorded. To visually examine
the separation of the water and oil mixture, the water was
colored with red food coloring. The volumes of oil and
water collected in separate beakers utilizing sloped
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bionanofiber membranes were used to calculate the oil and
water separation efficiency. For this, the amount of oil pre
and post separation was weighed, and according to
Equation (1), the separation efficiency E was calculated.

E¼M1

M0
�100% ð1Þ

where M0 and M1 represent the weight of oil before and
after separation. The data was presented as average
SD (n = 5)69.

2.5 | Material characterization

The chemical structure of the fabricated nanofibrous
mats was investigated in the spectral range of 400–
4000 cm�1 at 4 cm�1 resolution by Fourier Transform
Infrared spectroscopy (FT-IR; Thermo Scientific-Nicolet
iS20) and the surface morphologies of the prepared bio-
nanofiber membranes were evaluated using Field Emis-
sion Scanning Electron microscopy (FE-SEM; Zeiss
GeminiSEM 500) and High-resolution Transmission

Electron microscopy (HR-TEM; Jeol-Jem 2100). Diame-
ters of the produced PHB and PHB-SiO2 nanofibers were
also determined from images FE-SEM. The water contact
angle (WCA) and oil contact angle (OCA) of bionanofiber

FIGURE 1 Schematic illustration of (a) laser ablation based SiNPs synthesis and (b) production processes of PHB-SiO2 bionanofiber

membrane in electrospinning system. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 2 (a) TEM and (b) TEM-EDS images of SiNPs prepared using fs laser ablation65 [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 3 FTIR spectra of the PHB and PHB-SiO2 samples

[Color figure can be viewed at wileyonlinelibrary.com]
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membrane surfaces were measured with a contact angle
goniometer at room temperature. For contact angle test-
ing, drops of distilled water in a volume of 4 μl were
dropped onto each membrane surface at ambient temper-
ature. Contact angle value of all samples were obtained
by averaging over five individual measurements.

3 | RESULT AND DISCUSSION

3.1 | Characterization of synthesized
SiNPs

In this work, laser ablation based SiNPs synthesizing has
been carried out by running fs laser system with an

output at a wavelength of 800 nm, about 30 min irradia-
tion time and applying 350 mW laser power. It has been
obtained that the size distribution of NPs was observed
between 5 nm and 200 nm with spherical shape for SiNPs
in DMF solution as shown in Figure 2a and TEM-EDS
represents fairly well peaks with pure silica EDS peaks as
shown in Figure 2b.

3.2 | Chemical structure and
morphology of PHB-SiO2 nanofibrous mats

The chemical structure of nanofibrous mats obtained was
analyzed using FT-IR spectroscopy. FT-IR spectra of PHB
fibrous mat and PHB-SiO2 nanocomposite fibrous mats
with different SiNPs content (PHB-SiO2(1), PHB-
SiO2(2) and PHB-SiO2(3)) were shown in Figure 3. SiO2

NPs nanoparticle contents corresponding to different laser
ablation times for each nanofiber sample are given in
Table 1. In the spectrum of PHB nanofibers, C=O stretch-
ing vibrations at 1720 cm�1; asymmetric –CH3 at
1456 cm�1; symmetrical –CH3 at 1379 cm

�1; C–O–C stretch
at 1276 cm�1, 1228 cm�1 and 1180 cm�1; C–O–C stretch at
1261 cm�1; C–O stretch at 1055 cm�1; and C–CH3 stretch
at 1043 cm�1 were observed, respectively.70 When FTIR
spectrum of PHB-SiO2 nanocomposite fibrous mats was

TABLE 1 Composition of PHB and its composite nanofibers

corresponding to different laser ablation times

Sample
Laser ablation
time (min)

Content of
PHB and SiO2

NPs (%w/v)

PHB 0 6:0

PHB-SiO2 (1) 15 6:0.01

PHB-SiO2 (2) 30 6:0.02

PHB-SiO2 (3) 60 6:0.03

FIGURE 4 FE-SEM images

of PHB nanofibers with

(a) 2 μm, (b) 1 μm size

distribution, and PHB-SiO2

(3) nanofibers (c) 2 μm, (d) 1 μm
size distribution and the

histograms of the fiber size

distribution of (e) PHB and (f)

PHB-SiO2(3) fibrous mats.

[Color figure can be viewed at

wileyonlinelibrary.com]

SARIIPEK ET AL. 6 of 10

 10974628, 2023, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/app.53542 by K

onya T
echnical U

niversity, W
iley O

nline L
ibrary on [25/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com


investigated, no significant difference was observed com-
pared to the spectrum of PHB. The characteristic adsorption
peaks at 1197 and 1083 cm�1 are attributed to the asymmet-
rical stretching vibration of Si─O─Si groups. When com-
pared to spectra of PHB and other composite nanofibrous
samples in Figure 3, some slightly shifts in peaks were
observed because of an interaction of silica with PHB. The
increase in peak intensity with an increase in SiNPs content
could be because of the creation of new bonds and/or atoms
in the medium, which resulted in a decline in the frequen-
cies of nanocomposite fibers towards less frequency values
​​in comparison with pure PHB fibers.71

The surface morphology and diameter distributions
of the prepared nanofiber mats were observed by FE-
SEM and given in Figure 4. All nanofibers have exhib-
ited continuous nanostructures without bead formation,
and due to the hydrophobic nature of PHB and SiNPs
with low surface energy, rough structures of both pure
PHB and PHB-SiO2 nanofibers were clearly seen from
pictures. The mean fiber diameters of PHB and PHB-
SiO2 nanofibers were determined as between 422.6 nm
and 711.5 nm as well as between 119.5 nm and
237.5 nm, and the histograms of fiber size distribution
were given in Figure 4c,f, respectively. It was detected
that there was a decrease in fiber diameter sizes as
SiNPs were added to PHB nanofibers. This difference
could be due to decreased viscosity and higher conduc-
tivity of PHB-SiO2 solution compared to PHB solution.
One of the most critical electrospinning parameters
affecting fiber diameter is solution viscosity. A solution
with a higher viscosity produces fibers with higher
diameters, whereas a solution with a lower viscosity
produces fibers with smaller diameters, and excess even
results in the formation of beads.

3.3 | Wetting properties of the prepared
PHB-SiO2 bionanofiber membranes

The wettability of surfaces is a key factor affecting the
separation performance of an oil–water mixture. The
incorporation of silica particles to PHB nanofibers
enhanced their roughness, which could influence their
wettability. The contact angle of water and oil in air was
measured to investigate the effect of SiO2 content and
mesh size on the wettability of PHB nanofibrous mem-
brane (shown in Figure 5). Because the uncoated stain-
less steel meshes was of oleophilic-hydrophilic structure,
they were wetted with oil and water quickly and easily.
Both oil and water went through the uncoated mesh with
PHB-SiO2 without any difficulty. The coated meshes with
PHB-SiO2 nanofibers, on the other hand, showed diverse
wetting tendencies towards oil and water. PHB-SiO2

bionanofiber membrane had a water and oil contact
angle of 160.23� and 0�, respectively, demonstrating the
high hydrophobicity and oleophilicity (as seen from
Figure 5).

The influence of SiNPs content and mesh size on the
wetting properties of PHB-SiO2 nanofibrous membranes
has been thoroughly studied in this work. In Figure 6,
the alterations in water contact angle (WCA) values as a
function of SiNPs content and mesh size have been given.
WCA values greater than 130� were measured on all
membrane surfaces. It was observed that the WCA values
of the membrane surfaces increased as the SiO2 NPs con-
tent increased. This increase in WCA value occurs due to
the additional roughness of the macrostructure of the
mesh itself, and also the introduction of extra air beneath
the drop.72 The alterations in WCA values, rather than
mesh pore diameters, were of more significant in terms
of SiNPs contents. It was observed that WCA values for
PHB-SiO2 nanofiber membranes slightly increased with
increasing mesh size. The highest WCA value was
detected for the sample with a mesh size of 106 μm.

FIGURE 5 (a) OCA (�0�) and (b) WCA (160.23�) of
electrospun PHB-SiO2(3) nanofibrous mats on stainless steel mesh;

and (c) photographs of diesel oil (on the left) and water (on the

right) drops on the coated mesh PHB-SiO2(3) nanofibrous mat

[Color figure can be viewed at wileyonlinelibrary.com]
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When the surface morphologies of the 106 and 283 μm
sized meshes are compared, it could be concluded that
the formed morphologies on the meshes with pore size of
106 μm are more uniform and therefore less irregularity
can be seen. So for the 106 μm pore size mesh, it may be
the fact that a higher surface area of the mesh encounters
the polymer/nanoparticle suspension. On such a mesh
surface, PHB-SiO2(3) nanofibrous mats has exhibited a
superhydrophobic surface having a WCA value of
160.23�. It's worth noting that all mesh surfaces coated
with PHB-SiO2(3) nanofibrous mats has displayed super-
oleophilic property with OCA of 0�.

3.4 | Oil–water separation

The oil–water separation was performed by employing a
gravity-driven separation device, which did not require
any additional force or chemical reagents. Non-coated
and PHB-SiO2 nanofiber coated meshes were placed over
the beakers and then the shaken oil–water mixture was
poured over them. It was seen that the uncoated mesh
quickly passed the oil–water mixture with no separation.
However, the oil component was permeated by PHB-SiO2

nanofiber membrane, while the water component
remained suspended on its surface (as shown in
Figure 7a). Later, the membrane was sloped at an angle
of 45� and the separation was carried out by pouring the
shaken oil–water mixture onto PHB-SiO2 nanofiber
membranes. The slope of meshes was necessitated to let
water separated by rolling from the membrane surface to
flow into an adjacent vessel, where gravity is the only
driving force for separation. As a result, it was detected
that the water contained no visible oil (Figure 7b-c).
Therefore, utilizing only the weights of the liquids and
no additional force or chemical reagents, the oil–water
mixture was successfully separated with a gravity-driven
simple experimental setup. The separation efficiency of
PHB-SiO2(3) nanofiber coated mesh (with pore size of
106 μm) was determined to be 99.4%.

4 | CONCLUSIONS

Superhydrophobic and super-oleophilic poly(3)-hydroxy-
buthyrate-SiO2 bionanofiber membranes were successfully
fabricated by combination of electrospinning and green

FIGURE 7 Illustration of

separation of oil-water mixture: (a)

shaken oil–water mixture poured on

PHB–SiO2(3) nanofibrous mat coated

and uncoated meshes; (b), (c) dispersion

of mixture of oil and water on PHB–SiO2

bionanofiber membrane inclined at 45�

for gravity-driven continuously

separation [Color figure can be viewed

at wileyonlinelibrary.com]

FIGURE 6 The relationship between the mesh sizes and the

WCA on the PHB-SiO2 bionanofiber membranes with various

SiNPs content (n = 5) [Color figure can be viewed at

wileyonlinelibrary.com]
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laser ablation techniques. The maximum the water contact
angle value obtained after the production of PHB-
SiO2(3) nanofibrous mats on stainless steel meshes was
160.23�, and the oil contact angle value was measured to
be close to zero. Electrospinning-modified mesh surfaces
behaved as a membrane separating diesel oil and water
with a separation efficiency of 99.4%. These results have
shown that meshes modified with such eco-friendly poly
(3)-hydroxybuthyrate-SiO2 biocomposite nanofibers and
could be considered to be a promising membrane material
for oil–water separation application in various fields.
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