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Electro-blown spinning (EBS) is an emergent hybridized nanofibers formation technology. Recently,
there has been a great interest in introducing this novel method for producing sub-micron, and nano-
fibers into several applications. For the first time, this comprehensive paper provides a detailed review
for the EBS process, including working principle, operation parameters, nanofibers materials, setup
modifications, and various applications. EBS is a hybridized nanofibers manufacturing process which
combines between the solution-blown spinning (SBS) and electrospinning driving forces. The EBS pro-
cess can produce outstanding spinning efficiency and superior nanofibers characteristics compared to
the conventional spinning methods. Moreover, researchers have proved the efficient spinning capability
of EBS with highly viscous polymers and its feasibility for large-scale production. Herein, we will show
the potential of EBS to produce high-quality nanofibers and bring new insight into the process challenges
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1. Introduction

It is known that nanomaterials have attracted researcher's in-
terest in the previous decades for their extraordinary physical,
chemical, and mechanical characteristics [1—5]. Nanomaterials
have emerged as the most practical class of materials for industrial
and domestic applications [6—9]. Many types of nanomaterials
could be evolved according to their dimension and synthesis pro-
cess [10—12]. Among all types of nanostructures, nanofibers are the
most regarded form of nanomaterials because of their impressive
surface area, tensile strength, and aspect ratio, in addition to their
porous structure and feasibility of functionalization [13—15].

Abbreviations: Al,03, Aluminum oxide; AlCI3.6H20, Hydrated aluminum chlo-
ride; ABS, Acrylonitrile butadiene styrene; BaTiO3, Barium titanate; BGn, Bioactive
glass nanofibers; CeF3, Cerium (IIl) fluoride; CuO, Copper oxide; HA, Hyaluronic
acid; HIPS, High impact polystyrene; LIB, Lithium-ion batteries; MnO,, Manganese
dioxide; MOF, Metal oxide framework; PVP, Polyvinylpyrrolidone; PVDF, Poly-
vinylidene fluoride; PTFE, Polytetrafluoroethylene; PS, Polystyrene; PMMA, Poly
methyl methacrylate; PVC, Polyvinyl chloride; PVA, Polyvinyl alcohol; PAA, Poly(-
acrylic acid); PAN, Polyacrylonitrile; PEDOT: PSS, Poly(3,4-ethylene dioxythio-
phene) polystyrene sulfonate; Si (OC2H5)4, Tetraethoxysilane; TcO-s, Pertechnetate.
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Nanofibers can be synthesized from natural or synthetic poly-
mers in addition to ceramic, carbon-based, and semiconducting
nanomaterials [16,17]. Among the several types of nanofibers ma-
terials, polymeric nanofibers have been heavily investigated for
their wide diameter range (10—1000 nm), controllable pore size,
and potential for biomedical implementation [18,19]. Various con-
ventional spinning techniques have been used for polymeric
nanofibers production [20,21]. This includes electrospinning [22],
template synthesis [23], self-assembly [24], phase separation [21],
melt blowing [25], and centrifugal spinning [26].

In recent years, researchers have developed those traditional
insufficient fabrication techniques to become simpler, safer, and
scalable [27]. Given this, more emerging strategies have been
introduced for nanofibers formation, such as airflow bubble spin-
ning [28,29], plasma-induced synthesis [30], CO, laser supersonic
drawing [31], electrohydrodynamic direct writing [32], solution-
blown spinning [33], and electro-blown spinning.

The uses and applications of nanofibers have been widely
expanding due to their outstanding properties and superior
surface-to-volume ratio. For example, nanofibers having diameters
in range of 5—500 nm, possess a corresponding surface area of
about 10,000 to 1,000,000 m?/kg [34]. Such applications include
filtration purposes [35], biomedical engineering [36], energy
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harvesting [37—39], cosmetics [40], protective clothing [41], and
antibacterial scaffolds [42]. The enormous advance in nanofibers
fabrication and functionalization has encouraged the industrial
sector for providing large-scale production systems for membranes
manufacturing [43,44], and replace the conventional hard, toxic,
and non-degradable industrial materials with engineered poly-
meric nanofibers mats [45,46].

Reviews on nanofibers formation techniques have included a
brief description of the EBS process or similar principal techniques
[47]. Increasing the number of papers that have been published on
this interesting technology (Fig. 1) reflects its efficiency in fabri-
cating high-quality fibrous materials. The EBS process has been
donated with (Electro-blown spinning) [48—53] (Electro-blowing)
[54] (Gas/Jet/Air-assisted electrospinning) [55] (Electrode-assisted
solution blowing) [56], and (Electrostatic-induction assisted solu-
tion blown spinning) [57]. All these terminologies share the same
governing theory in different working mechanisms, which shows
the growing attention to the hybridized EBS technology.

EBS is a hybrid process which combines the powerful forces of
an electric field and high pressurized gas into one efficient inte-
grated setup (Fig. 2). This novel technology introduces more
advanced features to overcome the limitations of separate pro-
cesses such as the low production rate of electrospinning and jet
instability of SBS. Herein, we provide an overall view of EBS
including, the working mechanism, current materials, setup mod-
ifications, and conducted applications. This paper presents the
latest research on the EBS nanofibers membranes and covers their
potential for industrial applications.

2. Role of hybridization in electro-blown spinning

Researchers divided the nanofibers formation processes into
electrospinning and non-electrospinning [58]. Electrospinning-
driven processes provide an electrical potential to facilitate the
formation of nanofibers through an electrostatic force [59]. On the
other hand, non-electrospinning processes provide an alternative
driving force such as centrifugal force [60], pressurized gas [61],
high-temperature gradient [62], or chemical bonding [63]. Among
all conventional and emergent spinning processes, electrospinning
and solution blown spinning have been widely studied and
developed for diverse applications [64]. Ahmed et al. compared the
difference between the two processes in terms of nanofiber
diameter, surface area, and scalability. It was found that the elec-
trospinning nanofibers had a larger diameter and smaller surface
area, while the SBS nanofibers attained higher density and pro-
duction yield [65]. The role of hybridization between the electric
field and pressurized-air forces was firstly developed by Um et al.,
in 2004 who proposed the preparation of high molecular weight
hyaluronic acid (HA) through an electric-field assisted air blowing
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Fig. 1. Number of publications on the EBS process, updated until January 2023.
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Fig. 2. Schematic drawing for the EBS hybrid forces.

spinning setup [66—68]. After that, Lin et al. successfully prepared
polyvinylidene fluoride (PVDF) nanofibers via EBS in 2009, and
thoroughly studied the influence of gas flow on the crystal and
morphological structures of the produced membranes [69].

2.1. Electrospinning

For many decades, electrospinning considered the most com-
mon and attractive process for nanofibers formation due to its
simple operation, low cost, nanofiber diameter control, ability to
fabricate aligned and randomly oriented nanofibers, and process
continuity. The electrospinning setup is composed of three main
parts, as shown in Fig. 3; a syringe pump that ejects the polymer
solution at a specific feeding rate, A power supply that is applied to
the spinning nozzle to generate an electric field between the nozzle
and the collector for the formation of nanofibers, and a grounded
static or dynamic collector to receive the produced nanofibers [70].
The working principle of electrospinning is based on electrifying
the polymer solution through a high electric potential to form
stretched solution jet which is called “Taylor cone” [71]. The
extruded jet flies in the direction of the collector where the solvent
evaporates, and nanofibers accumulate into layers. Several modi-
fications were lately provided to the typical electrospinning setup.
Some modifications can involve either a change in the nozzle
design or collector material [72,73], while others rely on subjecting
additional assisted force to the high electric field [74].

Electrospinning has a broad variety of applications including
supercapacitors [76], biomedical devices [77], tissue engineering
[78,79], piezoelectric nanogenerators [80], and air filtration [81,82].
Zhang et al. demonstrated the coupling performance of
triboelectric-piezoelectric polyvinylidene fluoride/Barium titanate
(PVDF/BaTiO3) nanofibers membrane and found that it had a
remarkable coupling state of 105.6 pC m~2, which is double the
pristine PVDF reference [83]. Comparatively, kumar et al. showed
the effect of zinc oxide (ZnO;) nanoparticles addition on the
piezoelectric performance of electrospinning poly vinylidene
fluoride-trifluoroethylene (PVDF/TrFE) self-powered sensor [84]. It
was observed that the output voltage significantly enhanced by
increasing the ZnO; concentration up to 2.52 V with a current
density of 20.8 pA. Conjugate electrospinning was recently used for
yarns production [85—87]. The process is based on the operation of
two high voltage power supplies with different polarities con-
nected to separate spinnerets wherefrom the fibres are ejected and
collected onto a drum. Xue et al. presented an integrated PVDF/
nylon core shell yarn structure with high piezoelectric properties
for wearable sensing applications [87]. The piezoelectric outputs of
the yarn showed a remarkable stability after 800 s fatigue test with
a maximum current of 32.8 nA at a frequency of 4 Hz and main-
tained cycle stability for more than 3200 cycles.

Due to the COVID-19 pandemic, the high demand for efficient
face masks that could prevent infectious viruses became an
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Fig. 3. Schematic drawing for electrospinning setup [75].

immediate focus for the research and industrial sector. T. Le et al.
recently fabricated a novel PLLA (Polylactic acid) piezoelectric self-
cleaning face filter mask with a long lifetime material decomposi-
tion of up to 5 weeks [88]. The PLLA scaffold showed high filtration
efficiency up to 99% for PM; 5 and 91% for PMy, respectively in
addition to the durability and recyclability of the filtration mask.

Regardless of the advantages of electrospinning, many process
limitations can hinder the applicability of electrospinning nano-
fibers membranes. The most common drawbacks of the electro-
spinning process are the safety hazards of the high electric field,
difficulty to obtain 3D structure nanofibers mat, low production
rate, and the use of halogenated and toxic solvents [89]. Recent
studies mentioned the effect of solvent retention in electrospinning
on achieving efficient bio-fabrication using living cells. Nam et al.
tested the solvent retention of polycaprolactone (PCL), gelatine, and
PCL-gelatine blend nanofibers during the electrospinning process
and found that most of the nanofiber membranes contained as
much as 1600 ppm of remaining solvent which badly affected the
cell viability [90].

2.2. Solution-blown spinning

SBS is a maturing spinning process in which a high yield of
continuous nanofibers can be synthesized under the effect of
pressurized gas. As shown in Fig. 4a, the SBS concentric nozzle
combines two parallel fluid streams of polymer solution sur-
rounded by gas flow to generate a widely distributed jet [91,92].
The physical principle of the SBS process follows Bernoulli's equa-
tion which states that any change in pressure can be converted into
kinetic energy. Accordingly, at the tip of the nozzle, the high
pressurized gas stream drops into the atmospheric pressure
generating shearing force at the gas/solution interface [92]. With
increasing the gas pressure, this shearing force overcomes the
polymer's surface tension, and the solution jet is ejected from the
nozzle in the direction of the gas stream (Fig. 4b).

The SBS process has attracted the researcher's interest over the
previous decade for its safe, and simple operation in addition to its
capability for large-scale production. The SBS process is more
favourable for industrial applications because of its high scalability
and deposition rate which is 10 times faster than conventional
electrospinning [93]. The demand for SBS nanofibers, particularly
for biological purposes is hugely increasing due to the rapid bio-
logical scaffold generation and custom in situ materials fabrication
(Fig. 4c and d). However, there are some reported disadvantages to
the conventional SBS process [94], such as the uncontrolled

deposition of nanofibers, nozzle clogging, and jet instability [95]. Li
et al. observed the formation of beads for SBS alumina nanofibers
due to the jet instability and blockage of the nozzle's tip during the
spinning process [52]. While Ray et al. reported that the nozzle
protrusion length is hampering the airflow, which causes distur-
bance to the produced jet and nanofibers discontinuity [96].

Many attempts were introduced to overcome the limitations of
the SBS process. Kolbasov et al. fabricated a hollow vacuum-
connected drum with a metallic mesh surface to minimize the
wasted nanofibers in the collection chamber [97]. The vacuumed
collector has significantly facilitated the adhesion of nanofibers
which consequently enlarged the area of the produced sample.
Several studies demonstrated the effect of nozzle design on the
morphological structure of the generated nanofibers. Han et al.
presented a computational fluid dynamics (CFD) study to observe
the effect of nozzle diameter and needle protrusion length on the
diameter of chitosan/polyethylene oxide PEO nanofibers [98]. The
calculations confirmed that a larger internal nozzle orifice gener-
ates larger solution droplets which in return increase the nanofiber
diameter. Similarly, a very small orifice produces higher gas velocity
and fine nanofibers diameter. More investigation into the effect of
the process temperature and air density was conducted by Atif et al.
using the k-¢ turbulence model through CFD simulation to describe
the fluid flow characteristics under a turbulence condition [99]. The
results showed that by increasing the air pressure to 5 bar, the
process temperature dropped from 25 to 22 °C following the Joule-
Thomson effect. This temperature drop acted as additional stress on
the extruded solution jet leading to the formation of unstable jets,
and another driving force was required for steadily and constantly
stretching. The previous theoretical investigation was experimen-
tally confirmed by Elnabawy et al. who studied the effect of
increasing the SBS gas pressure from 2 to 5 bars on the morpho-
logical structure of PVDF nanofibers. The resulting data revealed
that increasing the gas pressure stimulates the nanofibers to
overlap in form of stacking bundles [100].

2.3. Hybridized electro-blown spinning

EBS is a merged process between the electrospinning and SBS
driving forces. The EBS setup is composed of a compressed air
source, high electric field, SBS concentric nozzle, syringe pump, and
rotating drum collector (Fig. 5) [101]. The EBS process can produce a
wide range of nanofiber diameters from 10 pm to 68 nm [52,102].
The working mechanism of EBS is based on introducing combined
forces of electric field and airflow onto the extruded polymer
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solution at the spinneret tip. Typically, the dominating force near
the nozzle's tip is the pressurized airflow, while with increasing the
nozzle-to-collector distance, the electrostatic repulsive force starts
to control the spinning process generating more stable solution jets
[50]. The synergistic effect of a high electric field and compressed
blown flow offers the EBS remarkable efficiency in terms of pro-
duction rate and spinning speed [103].

The most interesting feature of EBS is the high solution jet sta-
bility due to the sufficient drafting forces of electric field-assisted
with airflow. Thus, the polymer feeding rate could reach 30 ml/h
[50]. Accordingly, considerable thick nanofibers mat of a few
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microns can be obtained promptly with homogenous distribution
and extremely fine diameter. In addition, the resulting nanofibers
morphology is more controlled and uniformly distributed which is
hard to achieve using the conventional SBS disturbed jet that is
always combined with solution accumulation and spinneret
blockage. A brief comparison between electrospinning, SBS, and
EBS, in terms of advantages and disadvantages, is presented in
Table 1.

Researchers found that the addition of an electric field to the
conventional SBS process significantly enhanced the stretching and
traction of the extruded jet [52,54,107]. Moreover, it was found that
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Fig. 5. A Schematic for the electro-blown spinning setup [101].
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Table 1
Advantages and disadvantages of the Electrospinning, SBS, and EBS processes.
Method Advantages Disadvantages References
Electrospinning o Inexpensive e Hazard of high voltage [77,89,104,105]
e Simple operation e Limitation with conductive polymers
SBS o Large-scale production o Uneven distribution of nanofibers [91,92,106]
o Safe e Easy folding and bending of nanofibers
e Wide range of materials o Jet instability
e Suitable for industrialization prospect e Nozzle clogging
e Formation of bundles at high air flow
EBS e Fine & uniform nanofibers formation o Controlling multiple parameters simultaneously [48,50]

Stable solution jet
Suitable for highly viscous polymers

the produced nanofibers became finer, uniform, and homoge-
neously distributed. Cao et al. presented the difference in diameter
and jet stability of silk/graphene nanofibers membranes prepared
via the three spinning processes [50]. As shown in Fig. 6(d), the SEM
images of the EBS nanofibers had the smallest diameter of 454 nm,
compared to the electrospinning and SBS which showed larger
diameter of 644 nm and 613 nm, respectively (Fig. 6e and f).
Furthermore, the extruded solution jet of EBS had a very stable
stage with an estimated length of 17 mm and a spreading angle of
16° (Fig. 5a) compared to the randomly oriented jet of electro-
spinning and the unstable jet of SBS.

Liu et al. also explained the effect of introducing an electric field
in separating the polyamide SBS bundled structure into random-
oriented single nanofibers by applying 10 kV to the spinning
nozzle [108]. As shown in Fig. 7a, multiple single nanofibers were
stacked together in form of bundles due to the combined effect of
turbulent airflow and fusion of solution jets before complete sol-
vent evaporation [109]. However, when an electrostatic force in-
corporates with the pressurized air, stable confined jets can be
produced, and the repulsion of electrical charges prohibits the
formation of bundles (Fig. 7 (b)). For the mentioned reasons, the
EBS process considers more efficient compared to SBS and
electrospinning.

Different structures and morphologies of EBS nanofibers were
recently introduced to obtain unique properties for specific appli-
cations [110—112]. Titanium dioxide/Silicon dioxide (TiO>—SiO)
submicron fibres covered with TiO; nanorod layer was prepared via
EBS for Strontium (Sr**) uptake [112]. It was observed that the
hydrothermal reaction time and TiO, content had a predominant
effect on the density, length, and diameter of nanorods. Noticeably
high nanorods length of 700 nm was detected at 6 h hydrothermal

(\

5

time, in addition to the formation of star-shaped and branched rods
structures onto the fibres surface. All the pristine and modified
submicron fibres showed excellent adsorption capability >90%.
However, the hydrothermally modified fibres with TiO, nanorods
had superior uptake with highest kd value of 3490.000 ml. g~ . This
superior uptake for the modified fibres is evidently based on the
large surface area of TiO, nanorods. Another nanostructure of
amorphous mesoporous silica fibres was prepared by EBS for poly
(methyl methacrylate)/tetraethoxysilane mixture (PMMA/TEOS)
[111]. The obtained fibres showed nanometre sized pores of 20 nm
which can be suitable for various applications such as catalysis, and
biomolecules separation. Novel and hybrid structure of
acrylonitrile-butadiene-styrene (ABS) nanofibers manufactured via
EBS coated with hydrophobic polystyrene (PS) nanoparticles via
electro-spraying was thoroughly investigated for direct contact
membrane distillation (DCMD) [110]. The mounted PS beads on the
electro-blown ABS nanofibers layer achieved high surface rough-
ness with enhanced hydrophobicity from 137.9 to 157.8°. Moreover,
the water liquid entry pressure (LEP) of the fabricated ABS/PS
membranes was incredibly improved 4.1 times compared to the
neat ABS membrane. Excellent DCMD performance with significant
water flux and salt rejection was also detected due to the hydro-
phobic nature PS nanoparticles.

Despite the considerable reported advantages of the EBS process
in terms of production rate and high-quality nanofibers
manufacturing. Several disadvantages to EBS have been recently
founded. For example, the quite high applied electric field, process
interruption due to nozzle clogging, difficult electric insulation and
coupling of working distance to applied voltage [113]. A subsequent
patent by Bryner et al. enhanced the EBS process by directly
applying the voltage to a pair of electrodes located parallel to the

Blow-spinning Electrospinning

-

AN - =
K1 '™

Fig. 6. Snapshots for the generated solution jet and resultant SEM image of Electrospinning (a & d), SBS (b & e), and EBS (c & f) [50].
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Fig. 7. SEM images for (a) the SBS bundled nanofibers, and (b) EBS single-oriented nanofibers (96).

surface of a grounded spinneret [ 114], which significantly improved
those disadvantages caused by the conventional voltage application
method. Based on the previous study, Chu and co-workers devel-
oped a multi-nozzles EBS setup for large scale production of hyal-
uronic acid nanofibers [115]. A five times higher throughput in each
nozzle of this modified EBS could be achieved compared to that of
the conventional EBS.

3. Parameters affecting the electro-blown spinning process

Several parameters can affect the diameter and morphological
structure of the EBS nanofibers [107,116,117]. As seen in Table 2,
these variables can be classified into three main categories: (1)
polymer solution influence, (2) process parameters influence, and
(3) ambient influence.

3.1. Polymer solution parameters

The intrinsic properties of polymer solution including polymer
concentration, viscosity, surface tension, and solvent evaporation
rate have a pronounced effect on the diameter of nanofibers as well
as their homogeneous distribution. Previous studies proved that
the diameter increases linearly with polymer concentration [118].
As shown in Fig. 8 [107], Choi et al. reported that the diameter of
Polyvinylpyrrolidone (PVP) nanofibers was remarkably increased
from 678 nm to 2400 nm by increasing the polymer concentration
from 8 wt.% to 12 wt.%. Zhou et al. also explained the effect of PVP
addition on increasing the viscosity of CeO,/Cu0/Al;03 co-solution
and the generated nanofiber diameter [119,120]. The results
showed a significant increase in diameter from 1.5 um to 4 um with
increasing the PVP content from O to 14%. Theis noticeable increase
in diameter with higher polymer concentration is ascribed to the
effect of solution viscosity in evolving higher intermolecular
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Fig. 8. Effect of increasing the PVP solution concentration on EBS nanofibers diameter
[107].

entanglement through the polymer chains and producing higher
surface tension which resists the applied driving forces [119].

3.2. Process parameters

Process parameters such as gas pressure, electric field, injection
rate, and nozzle-to-collector distance have a significant effect on
the produced nanofiber diameter [121]. Zheng et al. demonstrated
the effect of pressurized air on the PEO nanofibers diameter and

Table 2
Variables affecting the morphological structure and diameter of the EBS nanofibers.
Parameters Morphology & nanofibers diameter Ref.
Polymer Solution Concentration High solution concentration leads to higher viscosity & large nanofibers diameter. [117]
Process Parameters Feeding rate Excessive flow rate leads to solution leakage, nozzle blockage & large nanofibers diameter. [107]
Voltage Increasing applied voltage produces continuous, fine & more uniform nanofibers distribution. [48,128]
Air pressure Increasing air pressure generates small nanofibers diameter & high production yield. [48,107]
Working distance Increasing working distance improves the possibility of solvent evaporation & thus generates a small [122]
nanofiber diameter
Ambient Parameters Humidity High humidity leads to quick nanofibers solidification & generates a small diameter [129]
Temperature Increasing ambient temperature leads to high nanofibers continuity, better flexibility & narrowed [54]

diameter distribution
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found that with a slight increase in air pressure from 0.01 to
0.015 MPa, the diameter declined from 3284 nm to 2701 nm [122].
Ju et al. reported the same findings for Polytetrafluoroethylene/
Polyvinyl alcohol (PTFE/PVA) nanofibers which showed a dramatic
decrease in nanofibers diameter from 1 pm to 400 nm when
increasing the air pressure from 0.06 MPa to 0.14 MPa [438].
Increasing the pressure is accompanied by a rapid increase in air
velocity, which promotes stronger shearing force at the gas/liquid
interface and accelerates solvent evaporation, leading to a notice-
able reduction in nanofibers diameter. While further pressure in-
crease can negatively affect the spinning process through the
formation of non-continued stacked bundles [107]. Moreover, gas
pressure cannot only affect the diameter, but also the crystal
structure of the synthesized nanofibers. Lin et al. investigated the
effect of process pressure on the crystal structure of PVDF gas-jet/
assisted electrospinning nanofibers. The Fourier transform
infrared spectroscopy (FT-IR), and X-Ray diffraction (XRD) results
indicated an improved crystallinity and  phase content for the
high-pressurized gas nanofibers mats due to the influence of gas
drawing force in inducing a conformational change to all-trans
(TTTT) planar zigzag dipoles which then promotes the formation
of B-phase crystal structure [69]. Researchers also discovered that
gas pressure is a key factor in lowering the bead density [118]. As
shown in Fig. 9a, Hsiao et al. found that by increasing the air
pressure from O to 0.5 MPa, the number of beads noticeably
declined from 80% to 5%, while the nanofiber diameter showed a
slight decrease from 0.17 to 0.12 pm before it climbs again to the
initial diameter with further pressure increase (Fig. 8b). A similar
trend was reported by Zhou et al. who confirmed that increasing
the gas pressure up to a certain limit can remarkably shrink the
nanofiber diameter, while any additional pressure will lead to a
larger diameter due to the lack of nanofibers stretching [107].

The electric field in the EBS process functions as a supplemen-
tary force to airflow, facilitating the traction and stretching of the
fluid jet stream, and allowing for the generation of fine and uniform
nanofiber diameters. Ju et al. noticed an inverse correlation be-
tween the voltage and nanofibers diameter with increasing the
applied voltage from 30 to 45 kV, and a significant drop in diameter
from 1 um to 529 nm resulted [48]. Similarly, Zhou et al. demon-
strated that the average nanofibers diameter of CeO,/CuO/Al;03
was reduced from 3.85 to 3.0 um when the voltage increased to
40 kV [107]. However, increasing the electric field over a specific
limit can be considered a source of hazard. The safety limit for DC
electric field intensity that can be allowed for the human body
should be lower than 5 kV/m which is corresponding to a
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maximum current of 25 mA [123]. However, the EBS process in-
troduces an applied voltage of 10—50 kV through a working dis-
tance of 10—100 cm between the syringe and collector. When the
electric field strength increases to 20—30 kV/cm, the surrounding
air molecules will be ionized leading to a serious risk of touching
the setup parts. Accordingly, the electric field intensity for the
electrospinning and EBS processes should not exceed the safety
limit of 20—30 kV/cm [105].

Other crucial process parameters that can strongly affect the
generated nanofiber diameter are the polymer feeding rate and
nozzle-to-collector distance [124]. It was previously reported that
the diameter of the nanofibers increases proportionally with
increasing the injection rate up to a certain extent to avoid wasting
raw materials [52]. Zhou et al. found that when the polymer feeding
rate exceeds 40 ml/h, the needle will be jammed causing distur-
bance to the spinning process and leakage of polymer solution
[107]. Nozzle-to-collector working distance is one of the essential
parameters that should be optimized according to each spinning
process. Scientists ascertained that a short working distance pre-
vents solvent evaporation and hinders nanofibers formation, while
the too-long distance may cause random deposition and waste of
the produced nanofibers into the spinning cabinet [56]. He et al.
demonstrated that the minimum working distance that can allow
the solvent to evaporate to form a fibrous structure is 9 cm, How-
ever, with increasing the distance up to 50 cm more uniform and
homogeneously oriented nanofibers were detected [125]. For clar-
ification, the observable effect of low and prominent levels of each
process parameter on the produced nanofiber diameter is shown in
Fig. 10 (a-c).

3.3. Ambient parameters

Atmospheric parameters such as humidity and air temperature
have a great influence on the produced nanofiber diameter.
Pokorny et al. exhaustively studied the effect of the latest factors on
the diameter and production yield of HA and PEO. They observed a
slight increase in the weight of the produced nanofibers membrane
from 110 mg to 140 mg by increasing the humidity from 24 to 35%,
while the diameter was decreased from 140 to 85 nm [126]. The
reason behind this change is the effect of humidity on inhibition of
the solvent evaporation rate leading to slow solidification and
thinner nanofibers diameter formation [127]. Regarding the air
temperature impact, the authors found that heating the airflow to
31 °C caused a further increase in nanofibers production from
141 mg to 264 mg over 30 min, which is almost 1.9-fold the
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Fig. 9. Effect of air-blowing pressure on (a) beads density, and (b) nanofibers diameter of polycarbonate nanofibers [118].
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Fig. 10. SEM images for the effect of low, and high (a) airflow rate, (

unheated airflow. This can be explained by the effect of heated
airflow on increasing the solution temperature leading to higher
thermal motion for individual polymer chains and lower viscosity
resulting in a thinner diameter [126].

4. Materials for electro-blown spinning nanofibers

The concept of the EBS process was initiated by Um et al. who
proposed the preparation of high molecular weight hyaluronic acid
(HA) for the first time through an electric-field assisted blowing
spinning setup [66,67]. The study reported the effect of applied
voltage and heated airflow via air distributor nozzle on the gener-
ated nanofibers diameter. They recognized that by increasing the
airflow up to 150 ft3/h and applying a high electrostatic charge,
there was a chance to produce low-density non-continuous nano-
fibers, but it was not adequate to achieve a consistent production
yield of high-quality nanofibers. The study discovered that the most
predominant factor in the formation of homogenously continuous
non-woven nanofibers was the temperature of the blown air, and
the best nanofibers quality was produced at a blown air tempera-
ture of 57 °C. Following that, several polymeric materials which can
be hardly spinnable through the conventional spinning techniques
were employed in the EBS process [130—144]. Table 3 summarizes
some of the reported polymeric nanofiber materials introduced

20 /min
Flow
rate
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b) electric field, and (c) working distance on the produced EBS nanofibers diameter [117].

through the EBS process and their corresponding nanofiber diam-
eter. As seen in Table 3, various materials were studied with a wide
range of operating parameters including polymer concentration,
gas pressure, applied voltage, injection rate, and nozzle-to-collector
working distance.

5. Modifications of the electro-blown spinning setup

Many design modification attempts have been made to the
current EBS setup to minimize the significant risk associated with
applying a high electric field. A novel model of cylindrical-
electrode-assisted SBS setup was recently studied by connecting a
high-voltage power supply to a hollow metallic cylinder opened
from both sides as shown in Fig. 11(a). Through the electrode cyl-
inder, PEO nanofibers jets flow from the SBS nozzle to the grounded
plate collector under an electrostatic induction force [56,128,150].
The authors thoroughly investigated the impact of polymer injec-
tion rate, air pressure, electrical voltage, cylinder diameter, needle-
to-cylinder distance, and length of the cylinder on generated
nanofibers diameter and surface porosity. They found a consider-
able decrease in diameter with increasing feeding rate, pressured
gas, cylinder length, and applied voltage. In contrast, increasing the
cylinder diameter and needle-to-cylinder distance provided a
noticeably larger diameter. Tang et al. have also demonstrated the
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Table 3
EBS operating parameters and the corresponding nanofiber diameter for different polymeric materials.
Materials Concentration (wt.%) Pressure (MPa) Voltage (kV) Feed Rete (ml/h) Working Distance (cm) Nanofibers Diameter (nm) Ref
AlCl3-6H20/Si 8 0.2 30 80 100 2700 [52]
(OC3Hs)a/PVA
PVA/PTFE 10 0.1 40 20 100 443—-634 [53]
PVA/PTFE 10 0.6—-0.14 30-45 20 100 400—-1000 [48]
CeF3— PCNF 16.7 0.1 40 20 100 320—-390 [145]
PVP 8—-12 0.2 15-35 28.5 10—-20 170-3228 [116]
PEO 7 0.01 12 0.2 100 657 [56]
HA 25 N/A 40 03-06 95 74 [54]
PVDF/modacrylic 13 0.2 25 5 30 211-384 [146]
SiO/PTFE 10 0.1 40 N/A 80 448-650 [147]
Ce0,/Cu0/ALO;  0-6 0.05-0.2 10—40 30 80 3000 [135]
PA-66 15 0.7 20 500 65 116 [148]
Silk/Graphene N/A 0.1 25 5 35 454 [50]
PAN 12 0.1-0.2 5-25 5-15 20-60 110-180 [57]
PVDF 12 0.1 0-30 5 30 408—424 [149]
(b) ' Compressed air ‘
Power supply Solution \\ o
— ™\ /\ d
P ~J U V| Alplate
Induction electrode ‘
Receiver
V p—
Cylindrical frame i

B Compressor

The parts of the CR-TENG

Fig. 11. (a) Schematic description of cylindrical electrode assisted SBS setup [56], (b) electrostatic induction assisted SBS setup [57] (c & d) triboelectric nanogenerator rotating

cylinder [51].

effect of induced electric field on the production of PAN nanofibers
via the EBS process [57], see Fig. 11(b). A circular copper induction
electrode has been located 5 mm away from the SBS nozzle tip and
connected to the electric field source where induction voltage was
applied. It was observed that increasing the induced electric field
up to 25 kV significantly promoted the separation of stacked
bundled into single nanofibers with a diameter of 117 nm at a fixed
air pressure of 0.1 MPa.

A recent study fabricated a new triboelectric nanogenerator
rotating cylinder that could functionalize as both a high-voltage
source and nanofibers receiving collector [51]. The innovative
electrified cylinder of the modified driven EBS system has achieved
an output voltage of 6.250 kV which could preserve about 21% of
conventional high-voltage power supply consumption. The authors
successfully synthesized nanofibers from varied materials
including PEO, PAN, and PVA with a minimum diameter of 2.3 pm.
Furthermore, the modified EBS system can efficiently produce
several micron thick membranes within a few seconds of pro-
cessing, which assures its capability for large-scale production. He
et al. proposed an experimental and CFD modelling analysis for a
new high-pressure air-jet split electrospinning process to increase

the mass production of polyacrylonitrile (PAN) nanofibers [125].
The air-jet splitter setup could generate wider jet distribution by
inserting a 700-mesh filter screen onto the nozzle tip (Fig. 11a).
During the experiment, the airflow was transported to the nozzle at
a pressure of 0.8 MPa, and the PAN solution ejected at a fixed rate of
1500 ml/h. The mesh filter screen divided the spinning solution
into about 20 um size droplets which were then split into smaller
ones with the aid of high-pressure airflow and an electric field of
30 kV. Moreover, they studied the effect of nozzle-to-collector
working distance (Fig. 12b) and charging the whole nozzle body
on the production yield and nanofibers diameter. The obtained
results proved that with increasing the working distance by more
than 9 cm, the electric field forces started to dominate producing
wider jet distribution with a cone angle of 19° (Fig. 12e), larger
deposition area, and higher nanofiber density (Fig. 12d) compared
to the conventional electrospinning process (Fig. 12¢). Furthermore,
charging the whole nozzle body reduced the nanofiber diameter
from 335 to 171 nm due to the stronger electric field intensity.
Vortex spinning is a pneumatic spinning technique to produce
yarn structure [151,152]. Tian et al. demonstrated for the first-time a
vortex electrospinning setup (Fig. 13) inspired by the DNA helical
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Fig. 12. (a) Schematic drawing for splitting the solution jet through the 700-mesh filter screen, (b) the relation between working distance and the corresponding nanofiber
structure, image of the deposited area, and the resulting nanofiber diameter are incorporated (¢ & d) Images for the generated samples from conventional electrospinning and
electro-blown spinning, respectively, and (e) The cone angle of the ejected solution jet from the electro-blown spinning setup [125].
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Fig. 13. Schematic drawing for the modified electrospinning air vortex setup [153].

structure to study the effect of air vortex forces on the PVA, and PAN
membranes properties such as morphological characteristics, pore
size, and mechanical strength [153]. The basic concept of the
modified setup was to introduce a compressed airflow through
two-opened holes around the solution ejection needle, which is
housed inside a cylindrical tube. The airflow surrounds the solution
jets causing an entanglement of the nanofiber chains. This change
in the macromolecule chains due to vortex force showed a minimal
effect on nanofiber diameter and membrane pore size. However,
with increasing the airflow velocity from 0 to 4.5 m/s The
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maximum stress was noticeably increased from 5 to 8 MPa. The
improvement in the mechanical strength can be attributed to the
effect of the air vortex in generating entangled macromolecule
chains which subsequently increase the possibility of nanofibers
adhesion. So, extra forces are needed to overcome the friction.

6. Applications of electro-blown spinning nanofibers

The potential of the EBS process to conduct a wide range of
materials and generate high-quality nanofibers mats has attracted
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the researcher's interest for their implementation into several ap-
plications, see Fig. 14.

6.1. Filtration

Several studies have been recently introduced for the high
capability of EBS membranes in water desalination and dye removal
through DCMD process (Table 4). Styrene-acrylonitrile (SAN),
acrylonitrile-butadiene-styrene (ABS), and polymethyl methacry-
late (PMMA) with outstanding salt removal performance >99%
were developed by Niknejad et al. via the EBS process [154—156].
For each material, the process parameters were optimized, and
nanofiber diameter and membrane properties such as contact
angle, mechanical durability, and water permeability were deeply
examined. The EBS membranes exhibited a high permeate flux of
(84.4 kg m~2 h™!) and superior desalination capability for a wide
range of saline water concentrations (35—250 g/L). Shirazi et al.
synthesized a novel dual-layer EBS membrane structure from
styrene-acrylonitrile (SAN) at the bottom and high-impact poly-
styrene (HIPS) at the top for industrial textile wastewater treatment
by DCMD [157]. The results showed high robustness and noticeable
contaminants removal up to 99.28%. However, a flux decline to
42.58% occurred after 48 h of filtration which can be ascribed to the
effect of foulants accumulation onto the membrane surface.
Niknejad et al. fabricated a SAN membrane for the removal of spent
caustic from wastewater and compared the produced EBS mat with
commercial polytetrafluoroethylene (PTFE) filter [158,159]. The
SAN membranes exhibited a lower permeate flux owing to their
higher thickness and surface hydrophobicity which hindered the
intrusion of feed water through the membrane pores. Nevertheless,
highly pure permeate with a stable flux of 12.03 kg/m? h and salt
rejection of 99.98% was achieved during the 96 h distillation
experiment. Khoshnevisan et al. studied the efficiency of super-
hydrophobic polystyrene (PS) membranes for dye wastewater
treatment by DCMD through a wide range of synthetic dye con-
centrations (0.4, 0.8, and 1.2 g/L) to investigate their durability and
fouling mechanism [160]. The proposed PS membrane appeared
high dye removal factor of 99.8% for the different concentrations.
However, the water permeability and membrane fouling were
significantly increased by increasing the feed concentration due to
the blockage of surface pores. Regarding the hydrophobic nature of
the PS membrane, a stable surface water contact angle of > 90° was
maintained during the DCMD experiments which makes it a suit-
able candidate for dying water treatment. Similarly, Li et al. intro-
duced a facile construction of hierarchical porous alumina
nanofibers via the simple PTFE emulsion template and EBS process
for methylene-blue (MB) dye adsorption [161]. The authors
demonstrated the effect of calcination temperature on the
adsorption efficiency as well as porous structure. They found that
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with higher thermal treatment up to 800 °C, the surface area of the
nanofibers mats noticeably increased to 226 m? g~ ! which
consequently increased the dye removal adsorption to 97% in
30 min. The superior dye removal capability of the alumina porous
membrane originated from the surface and inner macro/miso-
porous structures.

Different blending ratios of polystyrene (PS)/Polyacrylonitrile
(PAN) nanofibers composite membranes were prepared by Fan
et al. for oil/water separation [49]. Superior filtration capacity with
permeate flux of 18,000 L m~2 h™! that was retained for more than
10 filtration cycles was reported. In addition, the hydrophilic/
oleophilic membrane exhibited oil/water separation >99% with an
adequate mechanical strength of 5.8 MPa. Polylactic acid/poly-
methyl methacrylate (PLA/PMMA) transparent nanofibers mat was
synthesized via the EBS process for airborne capture [170]. The
fabricated membrane showed high transparency of 83% and su-
perior filtration performance up to 99.5% for PM;5. The reason
behind this remarkable filtration efficiency is the effect of the small
surface pore size which is around 1.5 pm in hindering the particles
from passing through the filter media. Hsiao et al. studied the
relation between the membrane's mean flow pore size and air
filtration characteristics of the polycarbonate nanofibers mem-
brane [118]. A steady decrease in filtration efficiency was perceived
with increasing the surface pore size due to the transport of aerosol
particles within the flow. A similar trend resulted in pressure drop
as the surface velocity increased with increasing the pore size,
producing an observable reduction in pressure drop. Liu et al.
proposed a free-standing Polyamide (PA-66) membrane via the EBS
process to functionalize as a reusable personal protective mask
[171]. They demonstrated a combined spinning technique based on
the SBS and EBS processes (Fig. 15a and b) to generate scalable
nanofibers mat with an average diameter of 61 nm. Moreover, a
supplementary voltage supply assisted to separate the produced
bundles into random-oriented nanofibers (Fig. 15c and d). As
shown in Fig. 15e, PMj 3 aerosol particulates were filtered through
the PA-66 free-standing paper, and the conducted measurements
showed a high filtration performance of 99% and a pressure drop of
125 Pa owing to the dominated mechanical particle-capture
mechanism caused by the diameter of ultrasmall nanofibers.

The release of carcinogenic and toxic heavy metal ions from
wastewater into the human body can pose a threat to both human
health and the biological environment [172,173]. Paajanen et al.
showed the performance of Tin oxide (SnO,) and Sn0,/SiO; blend
of EBS submicron nanofibers on the adsorption of cobalt II (Co®*)
ions [174]. Moreover, they studied the effect of nanofibers calci-
nation at 400, 450, and 500 °C on the morphological and crystal
structures of the produced membranes. All the pristine SnO, and
Sn0,/Si0, composite mats exhibited a remarkable Co®* uptake of
more than 99% while the bare SnO, calcinated mat at 500 °C had

Applications of EBS nanofibers membranes
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Table 4
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Properties and DCMD performance of the recently used EBS nanofibers membranes for water desalination.

Material R (pm) d (um) € (%) WCA (°) LEP (KPa) Jw (kg/m2.h) tp (hr) R (%) Ref.

Neat-SAN 3.68 845 96.2 145.7 40.8 10.24 14 98 [162]
HIPS 0.56 55 76 152.6 41 20.36 12 99.76 [163]
PS 0.41 116 75.5 160.4 160.4 48.1 24 99 [164]
Hot pressed- PS 0.562 65 74.7 154.52 38.6 225 6 99 [165]
SAN4-HIPS 0.43 180 77.8 121 135.6 23.56 48 99 [101]
PAN/SAN/PS 0.28 97.8 76.1 155.9 169.4 84.4 24 99 [166]
Hot pressed- SAN 0.18 105 70.3 1334 1189 41.8 24 99 [167]
PMMA 041 161 83.7 164.2 2273 41 24 99 [168]
Hot pressed-ABS 0.24 123 72.3 157.8 185.1 54.3 24 99 [169]

Abbreviations: mean pore size, r; thickness, 3; porosity, e; water contact angle, WCA; liquid entry pressure of water, LEP; permeate flux, J,,; DCMD duration, tp. Rejection factor, R.
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Fig. 15. (a) The conventional SBS multiple nozzle setup, (b) EBS setup with a connected electric field, the difference between the produced nanofibers (c) before and (d) after
introducing the electric field, and (e) the relation between areal density & PMy 3 removal efficiency for different PA-66 mass ratios membranes [171].

the highest adsorption coefficient because of its larger surface area
compared to the other samples. Following the same procedure,
Paajaan et al. also prepared a ZrO,/PVP nanofibers membrane
(Fig. 16a) for the removal of antimony Sb(V) from plant wastewater
[175]. The same trend was confirmed for the calcinated zirconium
mat at 500 °C after complete combustion of PVA (Fig. 16b), which
showed the best potential for Sb(V) remediation with a maximum
uptake of 8.6 mg. g~ ! at pH 2, as shown in Fig. 16d. The authors also
investigated the reusability of the Zirconium dioxide (ZrO;) mem-
brane by applying five consecutive adsorption cycles, as seen in
Fig. 16¢, the optimum sample of the calcinated membrane at 500 °C
had the highest Sb(V) uptake of almost 6 mg/g for the first cycle
before it then declines to 2.5 mg/g for the last one. The reason for
that is the effect of calcination temperature on the crystal structure
of ZrO, nanofibers. Luo et al. suggested that at this specific tem-
perature of 500 °C, a tetragonal crystal structure of ZrO, is formed
which is responsible for increasing the adsorption capacity along
with its amount. However, below, or a further 500 °C, an amor-
phous and monoclinic phase can appear which causes a noticeable
decline in the Sb(V) uptake [176].

Detecting another harmful heavy metal ion was conducted by
Zhang et al. who demonstrated the adsorption affinity of the
magnetic iron/ iron nitride (Fe/FeNx) nanofibers to chromium (Cr
(VI))ions [177]. The influence of process parameters such as applied
pressure, voltage, feeding rate, and calcination temperature on the
resulting membrane properties was thoroughly investigated. The
SEM images and surface area measurements detected a wide
nanofiber diameter distribution in a range of 1—4 um and a high
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specific surface area of 151 m? g~! during thermal treatment at
800 °C. In addition, a relatively low removal efficiency for Cr (VI)
ions with a maximum adsorption capacity of 79.21 mg/g was
detected. Lonnrot et al. demonstrated the capability of Zirconium
dioxide/antimony (ZrO,/Sb) microfibers in the removal of per-
technetate (TcO4—) by-products from wastewater [178]. Pertech-
netate is an oxyanion structure that originates from uranium fusion
in nuclear reactors. The composite microfibers attained high
selectivity toward TcO4 at a wide PH range f 1-10. Moreover,
increasing the Sb concentration caused a slight increase in the
membrane surface area from 49 to 54 m? g .

6.2. Protective skin

A superhydrophobic self-cleaning membrane was prepared
from SiO,/PTFE EBS nanofibers to functionalize as a waterproof-
breathable fabric [147]. The addition of SiO; significantly
improved the membrane characteristics such as mechanical
strength, hydrophobicity, and anti-corrosion behaviour. The
modified non-woven mat exhibited a water contact angle of 153°.
For durability and self-cleaning testing, the membrane was
immersed in alkaline and acidic solutions for a long-time of up to
12 h. However, the self-cleaning membrane showed remarkable
stable hydrophobicity and great potential for environmental self-
cleaning applications.

Water-absorbing nanofibers scaffolds were synthesized from
polyvinyl alcohol/chitosan (PVA/CS) for anti-sweat absorption
[179]. Thermal treatment was implemented to attain hydrophilic
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Fig. 16. (a) The EBS ZrO,/PVP nanofibers membrane before calcination, (b) the pure ZrO2 membrane after calcination at 700 °C, (c) the reusability of optimized membranes through
five successive cycles, and(d) the adsorption efficiency of the calcinated membranes for Sb(V) nanoparticles from 36 s to 100 h [175].

polymeric structure and enhance the swelling capability of the
hybrid membrane. Results indicated fine and uniform nanofibers
diameter of 80 nm and uttermost water absorption capacity
>9000% at pH = 5 and normal temperature of 25 °C. Moreover,
distilled water and artificial sweat were tested through the PVA/CS
nanofibers membrane and a high swelling ratio of almost 7000%
was observed for distilled water compared to artificial sweat which
had a relatively lower absorption capacity of 1000%. Another
research study was introduced by Aminyan et al. who demon-
strated a superabsorbent PAA nanofibers hydrogel mat which had a
nanofiber diameter of 312 nm and swilling ratios of 90,000% and
30,000% for distilled water and NaCl solution, respectively [180].
Smart composite nanofibers mat of silk nanoparticles incorpo-
rated into graphene sheets was recently developed and engineered
to perform as a flame-retardant material and fire alarm system in
artificial protective skins [50]. The multifunctional membrane
sensor presented long-term stability, high porosity, and superior
elasticity. The authors stated that the addition of graphene sheets
significantly improved flame retardancy through the formation of a
dense carbon layer on the top of the silk nanofibers layer, which in
turn blocks the non-flammable gases from oxygen contact. The fire
response is a significant concern in artificial skins as they are
designed for use in a harsh flammable environment. Following that,
the silk/graphene composite mat showed a rapid-fire alarm
response of 2 s and superior fire resistance up to 300 s. Additionally,
the silk/graphene nanofibers membrane can adhere to various
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substrates such as cellulose paper, PE non-woven substrate, and
wood which verify its feasibility of implementation as a smart
surface skin into robotic parts.

6.3. Catalysts

Continuous ultrafine nanofibers of CeO,/Cu0O/Al,03 blend were
prepared and calcinated at 400 °C for photocatalytic activity ap-
plications [107]. The composite nanofibers were immersed in red
solution acid at PH 6 under the effect of sunlight radiation. As
shown in Fig. 17a, the higher surface area of the mat of 147 m?g™!
predominately enhanced the dye degradation up to 90% by
providing more active sites for dye absorption. Furthermore, the
addition of Cu improved the catalytic activity up to 81% after
240 min of solar radiation emission in addition to increasing the
durability and cyclability of the CeO,/Al,03 pristine membrane
(Fig. 17b). This noticeable improvement is attributed to the lower
energy band gap effect of CuO nanoparticles in facilitating the
adsorption of sunlight and promoting the degradation process. A
novel honeycomb-like carbon nanofibers (CNFs) structure was
thermally treated in an air environment followed by second
treatment processing in an N atmosphere to fabricate an N—F-
CNFs electrocatalyst electrode [181]. The unique characteristics of
the co-doped mat such as large surface area, wide pore size dis-
tribution, and formation of high pyridine-N and graphite-N com-
pounds, owed it an excellent oxygen-reduction reaction (ORR)
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Fig. 17. (a) The degradation percentage for different concentrations of acid red dye through the CeO,/CuO/Al,03 NFs membrane, (b) the cyclability of CeO,/Al,03 & CeO,/CuO/Al,03
NFs membranes showing the effect of CuO content on improving the degradation performance [107].

potential of 0.606 V and 0.833 V in acidic and alkaline media,
respectively.

Wang et al. synthesized a novel Al-NH; flower-like
metal—organic framework (MOF) nanofibers which were incorpo-
rated into a sulfonated PES membrane matrix to generate a high-
performance hybrid structure [131]. The MOF structure per-
formed high tensile strength of 33.42 MPa and proton conductivity
of 0201 S cm~L The flower-like structure of the functionalized
amino nanofibers retained a high surface area which operated as a
proton pathway and strengthened the stability of the Al-NH,
membrane. Moreover, the hydrophilic nature of the incorporated
nanofibers rendered the hybrid membrane with sufficient water
uptake up to 48%.

6.4. Biomedical

Implementing the EBS nanofibers scaffold in tissue engineering,
cell culture, and bioactive applications has been broadly developed
over the last few years. Mandakhbayar et al. demonstrated for the
first time a cotton-like structure via the EBS process that was
composed of bioactive glass nanoparticles (BGn) incorporated into
polycaprolactone (PCL) nanofibers for bone engineering and
defected bones regeneration [182]. The 3D fibrous mats were easily
shaped and formed to fill defect spaces in addition to their capa-
bility to soak water and blood rapidly (Fig. 18a and b). Dental pulp-
derived pluripotent stem cells effectively penetrated the scaffold
network, anchored the nanofibers surface within hours, prolifer-
ated actively for weeks, and stimulated differentiation into osteo-
genic cells. As shown in Fig.18(c), the cell/scaffold construct was
implanted into an extracted irregularly shaped alveolar bone defect
to conform to the defect and stimulate early new bone formation.

Abdolbaghian et al. characterized the antibacterial activity of
PLA/Sage nanofibers and core—shell hydrogel coaxial nanofibers
mats [183]. Saga extract is one of the known plant species which
owned a remarkable interest in medical applications including
antibacterial, antifungal, antioxidants, etc. The importance of saga
extract comes from its essential hydrophobic oils that can path
through the stem cell walls, penetrating the cell membrane, and
releasing metabolism which subsequently leads to the death of
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bacteria. The developed PLA/Sage EBS nanofibers showed a larger
inhibition zone for gram-positive (S. aureus) and gram-negative
(E. coli) bacteria with higher saga extract release compared to the
core—shell system.

Medical glue of N-octyl-2-cyanoacrylate (OCA) and medical
PMMA nanofibers were deposited into the wound surface using a
homemade EBS setup to realize rapid hemostasis in dozens of
seconds [184]. A low electric field of about 6—10 kV was conducted
through a spinneret gun which assisted with airflow of 12 L/min.
In vitro and in vivo hemostasis experiments were carried out on
fresh pig livers. It was found that the EBS setup can generate a thick
layer of OCA membrane onto the bleeding wound very precisely
and rapidly just in 10 s. Moreover, the strength and compactness of
the OCA membrane layer were tested by applying a force of 30 N,
and strong adhesion of the nanofibers layer was resulted due to the
self-assembled bonding between the OCA nanofibers layer and
liver surface tissues.

6.5. Energy

Several recent studies have measured the efficiency of EBS
nanofibers in lithium-ion batteries (LIB) [76,146,185—191]. PVDF
nanofibers blended with modacrylic and SiO, nanoparticles were
performed as a separator for LIB. The composite mat exhibited high
porosity of 92%, electrolyte uptake of 606%, and ionic conductivity
of 3.67 mS/cm [146]. Furthermore, the addition of SiO, nano-
particles has significantly enhanced the mechanical properties of
the composite membrane due to the resulting crosslinking be-
tween the nanoparticles and polymer chains, while the modacrylic
improved the flexibility and flame resistivity of the membrane.
Another study proposed honeycomb porous carbon nanofibers
doped with red phosphorus (P) nanoparticles as an anode for LIB
[187]. The presented hybrid mat had a reversible capacity of 883
mAh g-1 after 100 cycles. The unique honeycomb structure of
porous carbon was the main basis for its particular features by
facilitating the movement of ions and electrons through the pores,
increasing the membrane surface area, and protecting the active P
from breaking which subsequently improved the access of
electrolytes.
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The performance of Manganese dioxide (MnO;) nanosheets
embedded into porous carbon nanofibers (CNFs) honeycomb
structure was preliminarily examined for supercapacitor applica-
tions [192]. The prepared MnO,/CNFs mat exhibited a discharge
capacity of 421.5 F. g~ at an applied current density of 0.5 A~
Furthermore, significantly cyclic stability of ~81% after 3000 cycles
was observed due to the protection of MnO, nanosheets into the
honeycomb cavity. PVA/PEDOT: PSS hybrid nanofibers membrane

(a)

s

was prepared for sensing the ammonia gas in low concentrations
[102]. Controlling the nanofiber diameter was achieved by
increasing the applied voltage to 70 kV to investigate the effect of
small diameter on the membrane surface area and the corre-
sponding sensing performance. It was found that increasing the
electric field from 20 to 70 kV can strongly decrease the nanofiber
diameter from 263 nm to 68 nm. Furthermore, the response speed
of the ultrafine nanofibers was much fast compared to thick
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Fig. 20. EBS industrial scale system provided by AREKA company [148].

nanofibers at the same NH3 concentration of 50 ppm (Fig. 19). This
can be referred to the higher surface area of the ultrafine nanofibers
membrane which provides more active sites for gas molecules.

7. Industrialization and challenges

According to the effect of electric field on enhancing the quality
of EBS nanofibers and the capability of this integrated hybridized
process in fabricating micro- and nano-large scale nanofibers
scaffolds [193,194], many attempts have been made to show the
potential of EBS for commercial applications. Industrial-scale EBS

(c)

Bubble

Spinning solution

Outer needle

system was introduced by AREKA company which provided a
multiple SBS nozzle holder that can inject each nozzle separately
with polymer solution under an applied electric field as shown in
Fig. 20 [148]. Polyamide (PAG6) large-scale mat was fabricated for
aerosol filtration and compared with the conventional SBS mem-
brane performance. The results showed higher filtration efficiency
for the EBS non-woven membrane of 99% while the SBS was around
85% associated with a pressure drop of 164 Pa. Moreover, the PA6
EBS membrane exhibited high solidity, smaller pore size, and long-
term filtration stability. This superior capability of the PA6 mem-
branes can be attributed to the effect of the electric field on

(d)
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Fig. 21. (a) Multiple-nozzle EBS setup, (b) SEM image for the PVA nanofibers prepared at 45 kV, 0.1 MPa, 4 ml/h, and injection rate and 20 cm, (c) Schematic drawing for a charged
bubble produced with pulsed gas, and (d) nanofibers diameter distribution of the optimized PVA nanofibers mat [195].

16



E. Elnabawy, D. Sun, N. Shearer et al.

enhancing the spinning process and improving the quality of the
nanofibers.

Gas-assisted multi-needle electrospinning setup was designed
and manufactured for improving the productivity of conventional
electrospinning [195]. Coaxial solution/gas auxiliary nozzle
composed of an intermediate supplied gas shaft surrounded by an
outer solution shaft was inserted into the EBS setup. The working
principle of this innovative nozzle was based on inserting ruptured
air bubbles into the polymer solution using pulsed airflow. Authors
found that charging the bubbles with the aid of an electric field can
significantly improve the spinning continuity and ejected jet dis-
tribution (Fig. 21¢). Optimized process parameters were conducted
through 16-pin multiple nozzle arrays (Fig. 21a) to produce an
average nanofibers diameter of 200—250 nm (Fig. 21 (b & d)).
Surprisingly, after half-hour of continuous spinning, uniform and
thick nanofibers mat of 1.26 g which is 7.4 times of EBS single-
nozzle, and 4.7 times of the air-free electrospinning was generated.

Multi-jet electrospinning and EBS were compared in fabricating
PLLA nanofibers in terms of yield production, nanofibers diameter,
and jet stability [196]. The SEM images and statistical analysis
confirmed that the addition of airflow produced a membrane
sample tenfold higher than conventional electrospinning, in addi-
tion to the smaller nanofiber diameter, jet stability, and controlled
deposition. As mentioned earlier in Sec 2.3, the main advantage of
combining the airflow and electric field is to overcome the repul-
sive forces between nanofibers which facilitate the formation of
beads-free single oriented nanofibers instead of bundles.

There are still many challenges for the EBS process in the
research stage. The key challenges for lab or industrial scale pro-
duction can be concluded as follows (I) The safety hazard of electric
field is considering a main challenge for EBS. Many research studies
have already overcome the need for high voltage usage through
various setup modifications. However, most of them are not suit-
able for the industrial scale production. (ii) Solvent recovery is a
crucial challenge for the EBS process. The mass production of
nanofibers via EBS will result in a lot of solvent consumption and
volatilization. Which in sequence will increase the production costs
and cause a major environmental problem. (iii) As the EBS process
depends on both the airflow and electric field combined forces,
minimum electrical conductivity needed to be provided in the
polymer solution which limit the processible raw materials on the
EBS.

8. Conclusion

Recently, EBS was introduced as a unique hybridization
approach for producing high-quality and large-scale nanofiber
mats. The EBS process is capable of producing uniform nanofiber
diameters due to the effect of electric field and airflow merged
driving forces. Those combined forces showed a remarkable
improvement in the produced structure as well as solution jet
stability. In this review paper, the working principle, reported
materials, the influence of operating parameters on nanofiber
diameter, and the implementation of EBS membranes into several
applications are comprehensively reviewed. This review article also
highlights the prospect of such new promising technology for
fabricating a wide range of materials, including highly viscous
polymers, as well as its potential for mass production and
commercialization.
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