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1 Raleigh (1885)

d J.F. Cooley (1902) and W.J. Morton (1903)
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Figure 1.1 A sclution of polymer (e.g., collodion or cellulose nitrate in ether or
acetone) delivered into the high-voltage direct current (DC) electric field via tube B
to form electrospun nanofibers collected on a drum F. (Source: Cooley 1802, Fig. 5
of U.S. patent 692, 631.)




d John Zeleny (1914)

the origin of
principle for the modern needle Electrospinning.

d Hagiwaba (1929)
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Geoffrey Ingram Taylor (7 March 1886 - 27 June 1975) was a
British physicist and mathematician

o Taylor’'s work contributed to electrospinning by
by the fluid droplet
under the effect of an electric field. ( )

W T

of induced charge relaxation to the free surface of When a small volume of electrically conductive liquid is
the liquid at the exit of the nozzle exposed to an electric field,



d 1970s
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d Industry vs. Academia
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1 Milestone in Electrospinning
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1 Electrospinning Process
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Typical Electrospinning
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1 Coaxial Electrospinning
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(J Emulsion Electrospinning
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As for controlling of morphologies, design of spinnerets and collectors are very important.

All electrospinning equipments accept 5 types of collectors such as plate, rotating disc, drum,
mandrel, and variable polar collectors.

Each collector can be replaced with other one.
Users can select the suitable collector up to their requirements

- useful to finalize spinning conditions
i - suitable for creation of nanofiber sample
with small dimension.
Plate collector Random fibers

- wuseful for fTabrication of fiber bundies
- possible to make highly aligned fibers

Aligned fibers
- possible to prepare single nanofibers

collector imfjle nanofiber - wuseful to get lange nanofiber
samples (comesponding to 2 pieces

THE ; of A4 papers)
G S WK possible to fabricate
Tl S E LTI ERIE random fiber mesh

Drum cnl[ectnr Random fibers f N|gngd'ﬁbet5- ] { at low take-up wvelocity

- aligned fiber sheet
s

at high take-up welocity
- - useful o make tube-like nanofiber assemblies
Mandrel collector MNManofiber Tubes

(e
‘ ___ l}' : - useful to prepare the required number of single
: nanofibers

————

Varl:able polar collector irigle manofiber

MECC Co., Japan
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1. Concentration

electrospray
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2. Molecular Weight
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A. Solution Parametres
3. Viscosity (determining the fiber morphology)

- Continuous and smooth fibers cannot be obtained in very low viscosity.
- Very high viscosity results in the of jets from solution,
namely there is a requirement of suitable viscosity for electrospinning.

Generally, the solution viscosity can be tuned by adjusting the polymer
concentration of the solution; thus, different products can be obtained.

1.3 wt. %
Electrospun PAN (The molecular weight of PAN is 150,000) KSU



Lagrad) - 2 2016 s24bsi 10-8 & 1438 sia 10-8 2L )
November 8 - 10, 2016, Riyadh - Saudi Arabia

ﬂ" Q0 :. T s =¥v
agam dlloll ~ -t | N A
King Saud Universty W RSAEIE S LTRSS

4. Surface Tension

Solvents may contribute different surface tensions.
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5. Conductivity/Surface Charge Density
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o Effect of ionic salts
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o Impact of the salt nature

100 nm
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o Effect of polymer solution

Y 200 nm
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o Effect of salt kind and concentration on fiber diameter

s 100 nm s 100 nm "
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o Effect of stirring time
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there is not much effect of
electric field on the diameter of electrospun polyethylene oxide (PEO)
nanofibers
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B. Processing Parametres
4. Tip-to-Collector Distance (TCD)

- If the distance is too short, the fiber will not have enough time to
solidify before reaching the collector.

- If the distance is too long, bead fiber can be obtained.

X \...-' ,_’ l

7,

&.@"‘

SEM images of the electrospun PSF fibers from 20 wt. % PSF/DMAC solution at 10 kV with different distances. The distances of A and
B are 10 and 15 cm, respectively. The diameters of A and B are 438 + 72 and 368 + 59 nm,

KSU
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1. Humidity
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C. Ambient Parametres

2. Temperature

- Increasing temperature favors the thinner fiber diameter.

(a) 300c N u‘w " %’" (b) 60 °C ﬁ “%,"?‘é;;;
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SEM images of the electrospun PA-6-32 fibers under different temperatures.
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The temperatures of A and B are 30 and 60 °C, respectively. The diameters of A and B are 98
and 90 nm
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Electrospinning

Sl. No.

Polymers
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of polymer + solvent system

Suitable solvents

Polyvinyl alechol (PVA)
Polyvinyl acetate (PVAe)
Polyethylene oxide (PEO)
Polyvinyl chloride (PVC)

Polyurethane (PU)
Polycarbonates (PC)
Polyvinyl pyrrolidone (PVP)
Polyvinylearbazole
Cellulose acetate
Polyacrylonitrile (PAN)
Polystyrene (PS)

Poly ether amide (PEA)
Polyethylene terephthalate
Polyaniline

Polyimides

Polyamides (PA)
Polysulfone

Nylon 6

Polycaprolactone

Poly (Methyl methacrylate)
PMMA

Polyethylene terephtalate,
(PET)

Collagen

Water
Acetone, water

Water/chloroform, Iso-propyl alcohol

Tetra hydro furan (THF),
Di-methyl formamide (DMF)

DMF
DMF, THF

Water, ethyl alcohol. isoproponal
Dichlormethane

Acetone

DMF

DMF, Diethyl formamide (DEF). toluene
Hexa fluoro 2-propanol
Dichloromethane + tri-fluoro acetic acid
Chloroform

Phenol
Dimethyl acetamide

N. N-dimethylformamide
1.1.1.3,3.3-hexa fluoro-2-propanocl (HFIP).
DMF, Formie acid

Acetone
Toluene + DMF, THF, acetone, chloroform

Dichlormethane and trifluoracetic acid

Hexafluoro-2-propanol
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- Applications as dielectric capacitors, non-volatile ferroelectric random access
memories, transducers, sensors and actuators, solid oxide fuel cells etc

- BaTiO; nanofibers were prepared from a homogeneous viscous solution of
barium acetate + titanium isopropoxide + poly vinyl pyrolidone (PVP)
solutions by electrospinning technique (V =9 kV, TCD = 7cm).

N L

r F 3
| s R |
‘- N W $E . "
4 | N ‘ : | L, \‘
W i ** Y d - ] %
| N . y

1pm EHT=1000kV Signal A=SE2  Mag=20.00 KX Date: 23 Mar 2011 1pm EHT=1000kV Signal A=InLens Mag=20.00 KX Date: 18 Apr. 2011
———— WD=63mm Photo No. =6668 Vacuum Mode = High Vacuum Time: 16:15:01 F— WD=17mm  Photo No.=6853 Vacuum Mode = High Vacuum Time: 14:05:14

SEM images of electrospun Barium titanate nanofibers SEM images of heat treated electrospun Barium
titanate nanofibers

The calcined BaTiO3 nanofibers are found to be

Fibers cylindrical, smooth with diameters in the coarse, brittle and diameter reduced by 12 % KSU

range of 50-400 nm
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production rate

o Solvent recovery in large-scale electrospinning is a crucial issue

melt electrospinning

relatively large diameters

still in its infancy.
summarize recent advances

multiple

the free surface of polymer solutions
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New bottom-up electro spinning

15kV  X1@, 888 Tum BB11 2Z/MAY/B7 15kU  X48,8808 8.5mm 8811 ZZ/MAY/B7

The minimum diameter of nanofibers was 50nm.

More bubbles or conical uplifts can
produce more jets.

Production rate could be higher than
that in the ordinary e-spin process
One nozzle produce several bubbles

The arrangement of the electrospun
fibers was in disorder.

Trajectory ejecting jets were so
thick that the mixture solvent had
no time to volatilize completely
because of water in the solvent

KSU



_ MULTI-NOZZLE CONSTRUCTIONS

Material flow
Flow distribution head
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MULTI NOZZLE CONSTRUCTIONS
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- FREE LIQUID SURFACE ELECTROSPINNING
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Nozzle-Less

Needle torces polymer downwards. Polymer is held in bath, even
Drips and issues deposited in web.  distribution is maintained on
electrode via rotation.
Hydrostatic Production variable - required to be None.

pressure kept level across all needles in
process.

y

Voltage 5-20kV 30 - 120 kV

Tavlor cone Detined mechanically by needle Nature self-optimizes distance
separation distances. between Taylor cones (Eq. (6)).

Polymer Often 10% of solution. Often 20% or more of solution.
concentration

Fiber diameters 80, 100, 150, 200, 250 and higher. 80, 100, 150, 200, 250 and higher.
Standard deviation likely to vary Standard deviation of +/- 30%.
over fiber length.
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ELECTROSPINNING SETUP WITH LIQUID BATH COLLECTOR
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ELECTROSPINNING SETUP WITH A DYNAMINC
LIQUID COLLECTOR
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** Properties of electrospun nanofibers




Biomedical Applications
Filter Media m

: : Applications Protective
OFK?&'{E;%?;?“ . of Polymer Clothing

Nanofibers

e
Super Conductive
Nanofibers

_J




-8 (2l
SaudiArabija

- Calahyst Drug df,;livery
Battery/cell and $ 0% b.5% b8 Tissuc engineering
capacitor 15.5%

0.7%
Smart textiles and

protective clothing
6.5%

Wound dressing
6.3%

Cosmetics
0.7%

Filter Composite
20.8% reinforcement
2.3%

KSU
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Nanofibers

Applications

Cellulose
Polysulfone

Nylon-6

poly (L-lactide-co-
s-caprolactone)

(PLLA) nanofibers]

Collagen

Polyester/urethane

Polyurethane
PCL/gelatin

Gelatin/PVA
Polybenzimidazole
(PBD)

PAN

PANi/PVP
PVP-iodine
Polyimides
PVA

WO, nanofibers
TiO,

MgO
MoO,
Fe,04
ZnO
ALO,4
ZrO,,

BaTiO,

As a novel filtration membrane

Removal of micro-particles from waste-water, Improve
the life of ultrafiltration or nanofiltration membranes
Pre-filters for the removal of micro-particles form
water above the membrane average pore-size

without severe fouling

3D scaffold for blood vessel tissue engineering

For culturing smooth muscle cell

Skeletal muscle tissue engineering

Wound dressing material to effectively exuded
fluid from the wound

Scaffold for wound healing and layereddermal

reconstitution

Controlled release of drug

Used as fillers to have higher fracture toughness and
modulus of epoxy and rubber material

Hydrogen Storage, PAN membrane as lithium battery
separator because of high 1on conductivity and
electrochemical stability, photo voltaic cells

NO2 Gas Sensor

antibacterial, antimycotic and antiviral applications
Proton exchange membrane for fuel cell
Bioseparators for negatively charged

nanoparticles in microfluidic systems

Ammonia gas sensor

Photocatalytic activities toward decomposition of
methylene blue and gaseous formaldehyde, NO,

and H, gas sensor

Electrodes in lithium ion batteries
Ammonia gas sensor
CO, sensor, ethanol sensor

CO, sensor

High temperature application
Oxygen sensors, fuel cells, electrochemical

capacitor electrode

Nano scale capacitor, dynamic random access
memory, ferroelectric random access memory

KSU
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Drug delivery

*» In a controlled release system;
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Drug delivery

*» Electrospun nanofibers have exhibited many advantages;
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Drug delivery

** Nanofibers for drug release systems mainly come from

*» Model drugs that have been studied include;

release of macro-molecules
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Drug delivery

“ Many factors may influence the release performance, such as
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Drug delivery

*+ The early burst release can also be lowered via
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Fig. 5 Percentage release of tetracycline HCl from electrospun
mats vs. time.
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Wound Dressing

the

can also be used for

, as well as designed for
haemostatic devices with some unique

characteristics.

< With the aid of electric field, fine fibers of
biodegradable polymers can be directly
sprayed/spun onto the injured location of

skin to form a fibrous mat dressing.

Nanofibers for wound dressing
(www.electrosols.com).



Why Electrospun Nanofibers For Wound Dressing?




Why Electrospun Nanofibers For Wound Dressing?

1,000 nm

-
-
D
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Tissue Engineering Scaffold

tissue engineering/

biomaterials

¥

Tissue growth . , .
Tissue implantation

culture liquid
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Tissue Engineering Scaffold




Tissue Engineering Scaffold

» There are a few basic requirements that have been widely

accepted for designing polymer:

a scaffold should possess a high porosity, with an appropriate

pore size distribution.

- a high surface area is needed.

- biodegradability is often required, with the degradation rate
matching the rate of neo-tissue formation.

- the scaffold must possess the required structural integrity to

prevent the pores of the scaffold from collapsing during neo-

tissue formation, with the appropriate mechanical properties.

- the scaffold should be non-toxic to cells and biocompatible,

O 0OVOUVUVOLVUULVLULUUVUOLVLLUULVJU

positively interacting with the cells to promote cell adhesion,

proliferation, migration, and differentiated cell function.



Lagrad) - 2 2016 s24bsi 10-8 & 1438 sia 10-8 2L )
November 8 - 10, 2016, Riyadh - Saudi Arabia

King Saud University '\l Rty
7 temr e Gty Gfcorc

.r'

-

Taylor Cone

:II"."
.

W

Fibre Formation

Fibre Mat

4
i

Conductive substrate

D'
)
(/]

5

Individual Fuel Cell

-

—

:II"."

L'Iys:t

)
alal

5

e -~
) §f
)
(/] |




>
Objectives

The main objectives of this study are:

To fabricate of polymeric electrospun nanofibers
containing transition metals as a new class of materials
used as anode electrode in DMFCs

To study the influence of nitrogen doping on the
electrocatalytic activity of introduced catalysts toward
methanol oxidation
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Method

* Preparation of blend polymer and

Step  metals (sol-gel)

ep * Electrospinning process

sol-gel
PVA (20 % wt) 3 PVA/NiAc, PVA/NiAc/urea
Ratio 4:1 "G ] or
= : PVA/CoAc, PVA/CoAc/urea
NiAc. 4H,0 50°C. 5 hr.

or A
CoAc. 4H,0 i )
(20 % wt) Mixing at Room T. 1 hr Electrospinning parameters:
» Voltage; 17-20 kV
» TCD; 20 cm

PVA/NiAc, PVA/NiAc/urea » Needle; 0.05 mm

or » Flow rate; 0.9 mL/h
PVA/CoAc, PVAICoAc/urea » Room Temperature

* Preparation of working « Calcination process
Step  glectrode y P

20 uL rocess

cool to R.T under Ar

Temperature (C}

Isopropanol
420 pL




*» Historical Background.

» Electrospinning Technique.

» Electrospun Nanofibers Architectures
& Control of Various Morphologies

» Factors Affecting the Preparation of Electrospun
Nanofibers

» Nanofibers Made From Polymers And Metal Oxides.

» Large Scale Production of The Electrospun Nanofibers
 Applications of Electrospun Nanofibers.

» Electrospinning at KSU; Petrochemical Research Chair.
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