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First principal study of the
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Electrospinning technique for the
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A study on the impact of
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Customer experience factors of
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Impact of Flood on Aquaculture
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Factors affecting the work family
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Commerce
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Inter dependence between work
life conflict and family life
conflict of the bank employees in

Kerala

Vipin K Varughese

Commerce

Prof. (Dr;)‘ﬁenniyﬁarghese

Principal

Kuriakose Gregorios College

Pampady, Kottayar

n - 636 502




R T T, e B el e BT e

: 30 ¥qu :

Uy €5 IS

[®raq Zrem
{ qgdeq TR T rg T
i iae Fond

i :
gl @1 adarl A 288 TS 2019
L | e fw oradw meg Rig fevor Rig YRa ¥ sfde dae

' A g veie o AR W get e

W

)
4
| »
|

7 el . 59 oy




ISSN : 2394-1723

&
o on?f?-f\

IR 9T gftwe =6 mfdes afrep
ad 25, 3 288, FeIE 2019

39 3T 1
HITEHI S
YeY §UCH  pallordl
. TN WHHET el - guiw wg pware 12
S——— ST TE W1 2 : wEred 2t 21
FaAT IR mifersraTe ®eM =W : waHeR 27

Wle 3T : i Tgarett 31
AT : aRfaE FerE 36

HOEA WA praare

3 Gl TG FHR /TR WSers /i AR aui

T FAR ST/ AfAe e /i frardt

gyfter i
Gy Fiss /oA <ig /v fafee
T AEaT /wva yror/faefta gumet

| fedwr am 45

FHE T g e« e w1 e

36 ¢, eafuR |t ,
FrEFTAT-700017 (373 - gEefter wieefraen) 63
vagarth.hindi@gmail.com TS HfdTd : 7w v wg1/ Ry Tt
7449503734 M A/ Rrdg $AR W/ AR s 65

(fza 12 =3 & qemn 6 o)
atyeaf

ST 1 qq9H : firfyer fasr/ sradyr ware
fére / feron e /Tty wewt /e ¢

R 1Y U9

vagarth-1



! ; . F(' .

7 ¢ 19571 HAdIq

:"ﬁ{ T‘ﬂa &F;I :-;F"J .irI”
Eﬁﬁ?ﬁ, mﬂﬁ 3_{‘1, r‘“r,/.“f

G % 20 ey

A Fsgt v o 2
%g{gmﬁ”@:éf

SRR R -
8 € ST H T gy
AHHL B Nefierr 2

AR F F T v s

TAH! 3ol Tedt 2
m?ﬂwmm%

A AT R

@ﬁﬁ’ ‘Tf's‘,ﬁlﬂaﬂxgm

¥ U © 0 A G, A ae

T 8 W, T A

S S 2 A S e A
T8 fo e 20 2

59 amet e w2
ﬁﬁmmm%ﬁ? ST
gare - & Far e
o, 9447294221




Nutan Vidyalaya Sevabhavi Education Society, Umri
Late Babasaheb Deshmukh Gorthekar Art’s,

Commerce & Science Mahavidyalaya,

Umri, Dist. Nanded (MLS.)
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One day Interdisciplinary National Conference

On
«Rural Development . Issues & Challenges”

21 December 2019

Organized by

Internal Quality Assurance Cell
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Commerce & Science Mahavidyalaya, Umri

Collaboration with
Swami Ramanand Teerth Marathwada University,
Nanded (M.S)

Chief Editor
Dr. Tukaram Vaijanathrao Powale

Co - Editor
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The struggles of Dalit life depicted on ‘Nanga Satya’
Dr. Priya A.

casteism that harms our social fabric is a potent force even today, and
forms the focal point of this study. The resistance put up by the
marginalized against the exploitative oppression of the upper classes
holds a ray of hope for the downtrodden.
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A Cost Effective and Facile Approach to Prepare Beadless
Polycarbonate Nanofibers with Ultrafine Fiber Morphology

Thomas Baby,' Tomlal Jose E

,2 P.C. Thomas,? Jomit T. Mathew?

'Department of Chemistry, Kuriakose Gregorios College Pampady, Kottayam, Kerala, India
Department of Chemistry, St. Berchmans College, Changanacherry, Kerala, India

Preparing defect free nanofibers with average diameter well
below 100 nm is a challenge to researchers by electrospinning
technology. In the present contribution, the electrospinning
method was utilized to prepare beadless polycarbonate
(PC) nanofibers with average diameter 90 nm using com-
paratively less toxic and suitable solvents in a convenient
way. Spinning PC with pure dichloromethane (DCM) and
also with 1:1 mixture of DCM and N,N dimethylformamide
under the same spinning parameters with varying PC con-
centration has very much helped to establish the effect of
solvents on fiber formation. This study also proved the impact
of solution concentration, viscosity, and solution conductivity
on the formation of beadless ultrafine PC fibers and subse-
quently on the bead density and average fiber diameter. The
appropriate proportion of solvents under suitable spinning
parameters has helped to minimize the quantity of PC during
the formation of bead free nanofibers by electrospinning. The
ultrafine, uniform, and beadless morphology of the electrospun
PC fibers can be utilized for various nanotechnology advance-
ments. POLYM. ENG. SCl., 59:1799-1809, 2019. © 2019 Society of
Plastics Engineers

INTRODUCTION

Nanotechnology, indeed, the technology of modern world has
created a new outlook for synthesizing and developing advanced
materials. It is actually the creation and exploitation of materials
having structural characters in between that of atoms and bulk
materials. The availability of new methods for the synthesis and
various tools for their characterization were equally contributed
for the boundless growth of nanoscience and technology in the
last few years. The exciting transformation of a bulk material
into a material with tunable properties during its change into
nanomaterials was highly commendable. Nanomaterials with very
small size and novel size-dependent properties were highly useful
for wide variety of applications in various fields including medi-
cine, biotechnology, electronics, catalysis, environmental, and
information technology [1-5]. In recent years, one-dimensional
nanofibers have attracted broad attention and have been widely
used in many fields due to their unique characteristics such as
superior mechanical performance, high specific surface area, and
flexibility in surface functionalities. Such exceptional properties
cover one-dimensional nanofibers as a highly suitable and inevita-
ble candidate for wide variety of applications [6, 7]. There were
different methods for the production of polymer nanofibers such
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as self-assembly, mechanical drawing, template synthesis, and
electrospinning. However, unfortunately most of the methods have
some or other kinds of advantageous and disadvantageous [8, 9].
Among various methods, electrospinning is the simplest and most
widely used fiber fabrication method for the mass production of
long and continuous nanofibers by the application of a high electric
potential [10-13]. The most important features of electrospun poly-
mer fibers were the higher surface area and smaller pore size that
enabled them as important materials in many fields such as filters
for the separation of submicrometer particles, reinforcing fillers in
composite materials, wound-dressing and tissue scaffolding mate-
rials for medical uses, controlled release materials for agricultural
and pharmaceutical uses, in nanocatalysis, protective clothing, opti-
cal electronics, healthcare, chemical sensors, electrode materials,
defense, security, and environmental engineering [14-17]. Gener-
ally, nanostructured materials were considered as structures with
average diameter below 100 nm but electrospun nanofibers with
diameters up to 1 pm can be effectively utilized for many purposes.
A high DC voltage is necessary to generate the nanofibers through
electrospinning and the voltage can be varied to obtain suitable sur-
face morphology [18]. This was first studied and presented by
Zeleny in 1914 [19] and patented in 1934 by Formhals [20]. Taylor,
in 1964 proved that at a critical voltage, the polymer jet assumes a
semivertical angle called Taylor cone from which a stable jet of
polymer ejected and move toward the collecting plate [21, 22].
Figure 1 shows an illustration of electrospinning technology show-
ing fiber formation and its schematic representation.

The three major components of an electrospinning system are a
high-voltage power supply, a spinneret, and a grounded fiber col-
lecting metal plate. The high voltage source applies charge of a cer-
tain polarity into the polymer solution, which in turn accelerated
toward the collector of opposing polarity [20, 21]. The polymer
solution was taken in a syringe and applied a high voltage at the
tip of the needle. The other electrode of the high-voltage power
supply was connected to the conductive metal collection plate to
complete the circuit. When the applied electric field overcomes the
surface tension of the polymer solution, ejection of polymer jet
occurs suddenly. Major forces acting on an infinitesimal segment
of the charged jet are gravitational force, electrostatic force carrying
the charged jet from the tip of the nozzle to the target, columbic
repulsion force responsible for the stretching of the charged jet dur-
ing its flight to the collector, viscoelastic forces that prevent the
charged jet from being stretched, surface tension which acts against
the stretching of the surface of the charged jet and the drag forces
due to the friction among the charged jet and the surrounding air
[23]. Due to the combination of these forces, the electrically
charged jet travels in a straight trajectory for only a short distance
before undergoing a bending instability, yhich reSults.in the forma-
tion of a looping trajectory [24]. The/éharged jet-thén thins down
and consequently dries out to depogitiultrafiné:/fibers\on ‘the metal
collecting plate [25]. Fluid jets with/Newtonian-flow characteristics
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breaks up through Rayleigh instability into drops, but in non-
Newtonian fluids, elongation flow resist the breakup of the
viscoelastic jet that leads to the formation of long fibers [26, 27].
Applying electric potential to the solution enhances the splitting
and splaying of the primary jet into a series of mini jets [28]. Over-
all diameter was further reduced by the splitting of each mini jets
into thinner jets and finally solvent evaporation occurs to form the
fibrous structure [29].

Selection of a proper solvent, suitable polymer concentration as
well as controlling the intrinsic conductivity, the viscosity, and the
surface tension of the solution were the major factors influencing
electrospinning [30, 31]. Sufficient intermolecular interactions
required for proper chain entanglement were also essential for good
surface morphology [32-34]. Large number of spinning parameters
can influence the surface morphology of the electrospun polymer
fibers. These are categorized into solution parameters, process
parameters and ambient parameters like temperature, relative
humidity, and velocity of the surrounding air [30, 35]. The increase
in the solution viscosity as a result of an increase in the solution
concentration was mainly responsible for the increase in the aver-
age fiber diameter [36]. There were lots of studies regarding the
effects of solution concentration, applied electric field, deposition
distance, and deposition time on the morphological characteristics
of various synthetic as well as natural electrospun fibers [37, 38].
Even though, the high concentration of a polymer solution supports
proper chain entanglement, the resulting high viscosity hinders the
smooth functioning of spinning. The balance between solution con-
centration, surface tension, and viscosity is the key factor for suc-
cessful electrospinning [39—41].

Poly(bisphenol A carbonate) (PC) (Fig. 2) is an important high
performance engineering thermoplastic material with superior
optical and mechanical properties that enabled to extend its appli-
cations in various day-to-day advancements [42—44].

CH, 0
+ | H
0 c 0—<C
| "
CH,

FIG. 2. Poly(bisphenol A carbonate).
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Electrospinning technology. (a) Fiber formation and (b) schematic representation. [Color figure can be viewed

In addition to this, PC decorates its position as an important
injection molding material due to high impact strength, heat resis-
tance [45], good transparency, processability, good thermal prop-
erties, and thermomechanical stability [46—48]. There were lots of
intensive works using PC in various forms, but few have chosen
electrospinning to produce PC nanofibers and investigated the
effect of solvents and process parameters on fiber morphology
[49]. Many researchers have prepared PC nanofibers in solvents
like THF, CHCl;, and N,N dimethylformamide (DMF) by
electrospinning technology and studied the effect of spinning
parameters on fiber morphology [50-55]. In some of the works,
various additives were added to reduce the average fiber diameter
[56-59]. Li et al., Liao et al., and Yang et al. used solvents like
CHCl; and dichloromethane (DCM) for the preparation of PC
nanofibers [52, 58, 60].

The purpose of this research is to prepare beadless ultrafine
PC fibers with average diameter well below 100 nm by electro-
spinning in a cost effective, less toxic, and easy way. In many
previous works, PC fibers were prepared using highly toxic vola-
tile solvents and the obtained fibers were nonuniform with large
average fiber diameter. Beadless fibers with very small diameters
were reported to be obtained at very high solution concentration
or by the addition of suitable additives. This work tries to estab-
lish the effect of solvents, solution concentration, viscosity, and
solution conductivity on the fiber morphology and to find out
the optimum conditions required to generate defect free PC
fibers with least average diameter.

EXPERIMENTAL
Materials, Method, and Characterization

PC pellets with an average molecular weight of 45,000 g/mol
was purchased from Sigma-Aldrich. The solvents DCM and DMF
were procured from Merck Chemical Company. All the materials
were analytical grade and used without further purification. The
solvents and polymer properties are provided in Tables 1 and 2,
respectively.

Electrospinning Process
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TABLE 1. Properties of solvents DCM and DMF.

Solvent Boiling point (°C) Density (g/cmB) Viscosity (cP) Dipole moment (Debye) Conductivity (uS) Vapor pressure (kPa)
DCM 39.6 1.33 0.413 1.60 2.33 0.57
DMF 153 0.948 0.802 3.86 5.80 0.38

TABLE 2. Properties of PC.

Density  Dielectric ~ Refractive Glass transition
(g/cm3 ) constant index temperature (°C)  Melting point (°C)
1.21 2.9 1.59 147 155

solution was taken in a 5 mL syringe with 0.6 X 25 mm? needle.
All the solutions were electrospun under optimized conditions
using ESPIN NANO electrospinning machine supplied by PECO
Chennai. In all the experiments, the distance between the tip of
the needle and collecting plate was kept constant as 15 cm with a
run rate of 0.5 mL/h. A constant electrical potential of 20 kV was
applied to the solution at room temperature under the same
humidity conditions in a closed chamber. Electrospinning mate-
rials were uniformly distributed and collected on an aluminum foil
fixed over the collecting plate.

Viscosity and Electrical Conductivity Measurements

The conductivities of PC solutions were measured using
CyberScan PC 300 model conductivity meter. The viscosities of
PC solutions in pure DCM and in 1:1 DCM and DMF were mea-
sured by a Brookfield digital CAP 2000+ viscometer with spindle
number 1. The viscosity and solution conductivity values of vari-
ous concentrations of PC in DCM and in 1:1 DCM-DMF mixture
are given in Tables 3 and 4, respectively.

Scanning Electron Microscopy Analysis

The morphology of the electrospun nanofibers was examined
and images were taken using TESCAN VEGA 3 SBH scanning
electron microscope (SEM) after gold coating the sample using a
sputter coater. The average fiber diameter and bead density were
measured by analyzing the SEM micrographs with the Imagel
software.

RESULTS AND DISCUSSION

It was already reported a linear relationship between the solu-
tion concentration and solution viscosity [61]. The observations
were exactly match with various concentrations of PC solutions in

TABLE 3. Viscosity and conductivity of various concentrations of PC in
DCM.

SI. no. Concentration (W/v %) Viscosity (cP) Conductivity (uS)
1 6 8.2 2.25
2 8 31.1 1.82
3 10 32.6 0.42
4 12 33.7 0.38
5 14 90.3 0.21
6 16 120 0.15
7 18 146.8 0.08
8 20 166.5 0.02

DOI 10.1002/pen

TABLE 4. Viscosity and conductivity of various concentrations of PC in 1:1
DCM and DMF.

SI. no. Concentration (W/v %) Viscosity (cP) Conductivity (pS)
1 6 9.3 4.16
2 8 16.1 3.76
3 10 22.5 3.72
4 12 28.4 3.65
5 14 52.3 3.53
6 16 110 3.22
7 18 176.8 2.98
8 20 253.5 2.70

which solution viscosity increased with increasing solution con-
centration. However, the viscosity values obtained for PC solu-
tions in pure DCM exhibit marked deviation from the values
obtained in 1:1 DCM-DMF mixture. The viscosities of various
concentrations of PC in pure DCM were found to be slightly
higher at lower concentrations compared to the viscosities of PC
in 1:1 DCM and DMF. However, at higher concentrations, PC in
1:1 DCM-DMF mixture shows very high viscosity than in pure
DCM. The 20 w/v % concentration of PC in the solvent mixture
has a viscosity of 253.5 cP which was only 166.5 cP in the pure
solvent. The deviation in viscosities may be attributed to the dif-
ference in the fiber entanglement due to various degrees of fiber—
polymer interaction on changing the solution concentrations.
Comparison of the viscosities of the solutions of various concen-
trations of PC in pure DCM and in 1:1 DCM-DMF has given in
Fig. 3 to supplement the above observations.
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FIG. 4. SEM images of PC in DCM with concentrations (a) 6, (b) 8, (c) 10, (d) 12, (e) 14, (f) 16, (g) 18, and

(h) 20 w/v %.

SEM Analysis of PC in DCM

The SEM images of the products obtained by electrospinning
of PC strongly support the effect of nature of the solvent, solution
concentration, and viscosity on nanofiber fabrication. SEM micro-
graphs of PC fibers obtained from pure DCM with various con-
centrations from 6 to 20 w/v % are shown in Fig. 4.

At 6-12w/v % solution concentrations with viscosities
8.2-33.7 cP, a large number of submicrometer droplets were
formed instead of fibers (Fig. 4a—d). At such viscosities, the vis-
coelastic force due to low degree of chain entanglements in a
given jet segment was not large enough to counter the higher
Coulombic force, resulting the break-up of the charged jet in to
discrete droplets. This phenomenon is called electrospraying and
has lot of practical aspects in industries especially in spray paint-
ing, ink-jet printing, and powder coating [54, 62, 63]. As the
polymer concentration (14 and 16 w/v %) and viscosity (90.3
and 120 cP) increases chain entanglement increases and formation
of fibers can be seen along with the droplets (Fig. 4e and f).
The fibers obtained were not continuous and the average fiber
diameters measured as 418 and 437 nm, respectively. At 18 w/v
% (viscosity 146.8 cP) of PC in DCM, highly beaded fibers with
diameter ranging from 300 to 1,300 nm with an average diameter
of 775 nm were formed (Fig. 4g). At a polymer concentration of
20 w/v % (viscosity 166.5 cP), a dramatic change in the morphol-
ogy of the fibers observed. Almost uniform fibers with an average
diameter of 1,062 nm specify the well-balanced electrospinning
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parameters such as viscosity, solution concentration, and applied
voltage with surface tension (Fig. 4h). Up to 16 w/v % of PC in
pure DCM electrospinning parameters were not favorable for fiber
formation under the applied spinning conditions.

SEM Analysis of PC in 1:1 DCM and DMF

SEM images given in Fig. 5 explain the variation of surface
morphology of the electrospun fibers with change in the solvent
medium in which the polymer has taken for spinning. The effects
of the solvent system on the obtained fibers were investigated by
taking PC in various concentrations using the solvent mixture
DCM and DMF in the ratio 1:1. A drastic change in the fiber mor-
phology can be observed when the solvent DMF with high dielec-
tric constant was used, in addition to DCM in the previous
experiment. As the dielectric constant is a measure of the polarity
of solvents, a solvent with high dielectric constant can induce a
high net charge density on a solution. The high net charge density
of the electrospinning solution is really an advantage for fiber
formation.

Beads along with the fibers were observed at concentrations of
6—12 w/v % (Fig. 5a—d), but the number of beads decreased with
increase in solution concentration and viscosity. Large number of
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(Fig. 5b and c) and then to narrow spindle-shaped beads
(Fig. 5d). Further increasing the concentration of the PC solution
to 14 w/v % with solution viscosity 52.3 cP, transparent and
almost uniform fibers with average diameter 90 nm without any
beads were formed (Fig. Se).

At concentrations 16, 18, and 20 w/v % with solution viscosi-
ties 110, 176.8, and 253.5 cP, the beads disappeared altogether,
leaving only smooth ultrafine fibers on the target (Fig. 5f~h). Fiber
morphology again changed at the concentration of 16 w/v % with
considerable increase in the average fiber diameter to 382 nm.
With further increase in the solution viscosity and concentration,
average fiber diameter also increased under the same spinning con-
ditions. Almost uniform transparent fibers with average diameter
551 nm were obtained for 18 w/v % of polymer solution at a vis-
cosity of 176.8 cP. It was slightly difficult to spin the 20 w/v %
PC solution due to a high viscosity value of 253.5 cP and fibers
with average diameter of 746 nm were produced.

The average diameter of the electrospun fibers was measured
using the Image J software and the concentration-average diame-
ter and viscosity-average diameter graphs are given in Fig. 6a—d.
In pure DCM defect, free fibers were obtained only for a 20 w/v
% solution but with a high average fiber diameter. However, for
1:1 DCM-DMF mixture, fibers were produced even for a 6 w/v
% solution but defect free fibers obtained for 14 to 20 w/v % of
solutions. The average diameters observed for the fibers obtained
from 1:1 DCM and DMF for all the solution concentrations were
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SEM images of PC in DCM-DMF mixture with concentrations (a) 6, (b) 8, (c¢) 10, (d) 12, (e) 14, (f)

below 1 pm. These observations of the influence of solution con-
centration and viscosity on average fiber diameter agree with
many literature reports [64, 65].

From all these observations, defect free PC fibers with least
average diameter was obtained for 14 w/v % of PC solution in
1:1 DCM-DMF mixture. Figure 7a shows the image of beadless
electrospun PC fiber mat with least average diameter obtained by
the electrospinning of 14 w/v % PC in 1:1 DCM-DMF mixture
and Fig. 7b shows the histogram to support its uniform ultrafine
morphology.

In order to confirm the influence of solvents at 14 w/v % PC,
other two different proportions of DCM and DMF were also
experimented. Then, 14 w/v % of PC in 3:2 and 9:1 DCM-DMF
mixtures were prepared and electrospun under the same spinning
conditions. The SEM images and the corresponding histograms
are shown in Fig. 8a—d.

In both proportions, nonuniform fibers were obtained with aver-
age diameters 110 and 298 nm for 3:2 and 9:1 DCM-DMF mix-
ture, respectively. The fiber nonuniformity and average diameter
very much increased for PC fibers obtained from a 9:1 DCM-DMF
mixture as the DMF part was very less in the mixture. There were
very less number of beads, less than 1% in both 3:2 and 9:1 pro-
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pure DCM. Fibers produced from lower concentration and viscos-
ity exhibited more beads keeping all other parameters (flow rate,
voltage, distance from the capillary to the target, solvent ratio) a
constant. The formation of beads along with the electrospun fibers
could be a result of a number of different factors such as visco-
elastic relaxation and surface tension [55]. This phenomenon
would be possible only when the charged jet was not “dry” before
deposition on the collector, causing some parts of the partially

FIG. 7.
figure can be viewed at wileyonlinelibrary.com]
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discharged jet to contract and form beads [66]. It was also
reported that increase in solvent dielectric constant results a con-
siderable decrease in the bead formation [61, 67-70]. With the
help of Image J software, bead density of the prepared nanofibers
were measured and the images are given in Fig. 9.

A high contrast SEM image was selected and the software rec-
ognized the difference in contrast in the image. With the help of
the software, the entire beads were counted and the area of each
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(a) SEM image of PC fibers in 3:2 DCM and DMF. (b) SEM image of PC fibers in 9:1 DCM and DMF.

(c) Histogram of PC fibers in 3:2 DCM and DMF. (d) Histogram of PC fibers in 9:1 DCM and DMF. [Color figure can

be viewed at wileyonlinelibrary.com]

bead measured. Then, the bead density was calculated using the
formula [49, 71]

Total area of beads in the image

x 100
Total area of the image

Bead density =

Beaded fibers obtained for 6-12 w/v % of PC solutions in the
solvent mixture were used for bead density measurement. The
bead densities of 6, 8, 10, and 12 w/v % (viscosities 9.3, 16.1,
22.5, and 28.4 cP) of PC in 1:1 DCM and DMF were 42%, 35%,
22.5%, and 4.5%, respectively. Figure 10 is a demonstration of
the relationship between solution concentration and viscosity with
bead density.

It was observed that the bead density decreased with increase
in solution concentration and viscosity. The increase in the solu-
tion viscosity and the net charge density opposes the surface ten-
sion acting on the jet and beads disappeared gradually [72]. With
increase in solution viscosity, spherical beads changed to spindle
shaped and bead density decreased to 4.5% for a 12 w/v %
solution.

Study of the Influence of Solution Conductivity on PC Fiber
Formation

There are only limited number of studies regarding the effect
of solution conductivity on the fabrication of nanofibers during
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electrospinning. There were few works on the preparation of
ultrafine nanofibers by the electrospinning of polymer solutions at
lower concentration in which the solution conductivity has been
increased by the addition of salts [34]. Solution conductivity very
well depends on the nature of the solvent, the type of polymer dis-
solved, and the entanglement of the polymer in the solution. In
the present work, the variation of solution conductivity with poly-
mer concentration and viscosity and thereby the change in the
average fiber diameter were studied. Figure 11 has provided a
clear idea of the variation of solution conductivities of PC with
concentration and viscosity in pure DCM and in 1:1 DCM-DMF
mixture.

PC in the solution mixture has higher conductivity than in the
pure solvent. There was a sharp decrease in the solution conduc-
tivity of PC in DCM by the increase of concentration and viscos-
ity. The solvent DCM has a conductivity of 2.33 uS and the
conductivity of PC solutions decreases from 2.25 to 0.02 pS in
DCM. A very small value of solution conductivity (0.02 pS) was
observed for 20 w/v % of PC solution in DCM. A gradual
decrease in solution conductivity from 4.16 to 2.70 pS has
been observed for the solution of PC in 1:1 mixture of DCM
and DMF, in which the solvent DMF has a solution conductivity
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DCM and in 1:1 DCM-DMF mixture. PC solutions with concen-
trations 14, 16, 18, and 20 w/v % with conductivities 0.21, 0.15,
0.08, and 0.02 cP in pure DCM has produced fibers with average
diameters 418, 437, 775, and 1,062 nm, respectively. At the same
time, PC in 1:1 DCM-DMF mixture has produced fibers in the
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entire concentration range with corresponding conductivity values
from 2.25 to 0.02 cP.

Solution conductivity alone shows little influence on fiber
formation and on the average diameter of the fiber, but along
with other parameters, it has an influence indeed.
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CONCLUSIONS

The present work established a novel, cost effective, less toxic,
and convenient method to prepare beadless ultrafine PC fibers in
a systematic way. Beadless PC fibers with average diameter
90 nm were obtained even at 14 w/v % concentration which has
helped to reduce the amount of PC used in electrospinning which
was not at all reported elsewhere. The study carried out in a sys-
tematic manner has highly helped to establish the conditions for
predicting and tuning fiber morphology based on the type of sol-
vents, solution concentration, and viscosity. There was a marked
increase in the solution viscosity on increasing the solution con-
centration in the pure solvent as well as in the solvent mixture.
The solvent DCM with low dielectric constant, boiling point, and
dipole moment has the ability to generate PC fibers only at very
high solution concentration and viscosity. It was obvious that the
fibers obtained by the electrospinning of PC in 1:1 DCM and
DMF exhibited exciting morphological changes than in pure
DCM even at lower concentration and viscosity. The solvent
DMF with high dielectric constant and dipole moment has great
influence on the fiber formation and overall morphology of
electrospun fibers. The average diameter of the electrospun PC
fibers increased with increase in the solution concentration and

DOI 10.1002/pen

viscosity in the solvent mixture. The beads were totally dis-
appeared at a solution concentration of 12 w/v % in 1:1 DCM and
DMF. The optimum concentration and viscosity of the polymer
solution in a suitable proportion of solvents has helped to get
defect free ultrafine fibers through proper polymer entanglement
and further stretching. The present contribution vividly established
that the formation of beadless ultrafine fibers was the resultant of
the influence of nature of solvents, solution concentration,
viscosity, conductivity, applied voltage, flow rate, and the needle
tip-metal plate distance. These controlled parameters can be effec-
tively applied to the design of electrospinning methodology for
other synthetic as well as natural polymers. Enhanced understand-
ing of these fiber formation mechanisms provides better control of
fiber morphology in order to fabricate ultrafine fibers with
improved properties for various applications.
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ARTICLE INFO ABSTRACT

Keywords: An innovation will be recognized as successful only if it satisfies all phases of product development; i.e. from the
Electrospinning specification to mass production. Therefore, a cost-effective production by keeping the best possible char-
Taylo.r cone acteristics is vital in any Industry. Large scale production of polymer fibers with ultrafine morphology is such a
Splaying challenge to the field of nanotechnology. The idea proposed here utilizes the versatile electrospinning tech-
zf:i:isr;lg nology for the preparation of uniform, beadless and ultraviolet light absorbing polycarbonate (PC) nanofibers.

The average diameter limits to 114 nm and that too by using most convenient and comparatively less toxic
solvent mixture. This method is simple and so far, it is not reported elsewhere. For THF-DMF system a PC
concentration of 17 w/v% and for DCM-DMF system a PC concentration of 15 w/v% was found to be the
optimum polymer concentration. The average fiber diameter and bead density were very much influenced by the
viscosity, conductivity and concentration of the solution used for electrospinning. The PC fibers (PC con-
centration of 15 w/v % in DCM-DMF system) with lowest average diameter of 114 nm shows excellent ultra-

violet absorption, semicrystalline nature, enhanced glass transition temperature and thermal stability.

1. Introduction

Nanotechnology, one of the highly recognized and growing tech-
nology today has wide variety of leading applications in medicine,
biotechnology, air filtration, energy production, food packaging and so
on. The various nanostructures produced are significant because of
their inherent properties such as large surface area to volume ratio,
porosity, stability and permeability [1-4].

Poly (Bisphenol A carbonate) with a general tag polycarbonate (PC)
is a prominent engineering high performance polymer with excellent
properties like chemical resistance, electrical resistance, mechanical
strength, impact resistance, lightweight, transparency, rigidity, tough-
ness, moisture absorption capability, good visual clarity and heat re-
sistance [5]. This has branded PC a material for wide variety of appli-
cations such as bullet proof transparent windows, compact disc, digital
video disc, electronic equipment, sports safety equipment, medical
devices, load bearing items, armored vehicles, rail cars, architects etc.
In majority of these applications PC is used in bulk form by molding
into particular shape and size [6-8].

Nanoscaled materials can be reasonably designed to exhibit novel
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and significantly improved physical, chemical, and biological proper-
ties because of their tunable size dependent properties. The major
processing techniques used for the production of nanofibers include
template synthesis, drawing, phase separation, self-assembly and elec-
trospinning [9-13]. Among these methods, electrospinning is the sim-
plest, cost effective and versatile technique for the mass production of
nano to micro sized fibers with minimal use of materials by applying a
high electric potential [14-16]. It can produce ultrafine polymer fibers
exhibiting high surface area-to-volume and length-to-diameter ratio
and are essential for various advanced applications including air and
water filtration, bio-medical field, electronics, energy storage, health-
care, environmental engineering and defense [17-20]. An electrospin-
ning system consists of a needle as anode, fiber collecting metal plate as
cathode, a high voltage power supply that helps to transfer the polymer
jet onto the collecting plate and an injection system to supply polymer
at a constant flow rate in the orders of few micron to milliliters. Taylor
cone, the phenomenon that influences the formation fibers can be ob-
served as soon as the solvent ejected out of the needle by overcoming
surface tension [21-23]. The splitting of the primary jet into a number
of mini jets called splaying is another important phenomenon that also
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influence fiber morphology [16,24].

One of the discrepancy observed during electrospinning is the for-
mation of droplets of polymers by capillary breakup of the electrically
driven spinning jet. The so called elecrospraying phenomenon is usually
observed in low viscosity polymer solutions [25-27]. Another trouble
commonly encountered is the formation of large bulged mass called
beads formed along with the fibers. This is the resultant of various
factors including solution concentration, viscosity, surface tension, di-
electric constant of the solvent and the net charge density carried by the
electrospinning jet [28-31]. The morphology of fibers prepared by
electrospinning strongly depends on the solution parameters, process
parameters and surrounding conditions. These parameters include so-
lution concentration, viscosity, dielectric constant of the solvents, sur-
face tension, conductivity of the solution, spinning distance, flow rate,
applied voltage, humidity and ambient temperature which affect for-
mation of uniform ultrafine and bead free fiber formation [32-34]. The
solvent used has an equally important role for the production of ul-
trafine fibers as it affects the surface tension and the evaporation pro-
cess of the polymer solution. The intermolecular interaction among the
solvent molecules and the polymer macromolecules is the most im-
portant factor that affect the solution properties. The major challenge
that is being encountered in electrospinning is the optimization of these
parameters to achieve desirable nanofiber morphology and properties.
The solution concentration, viscosity and fiber diameters are linearly
connected [35,36]. By adjusting the spinning conditions, submicron to
nanoscale fibers can be prepared by selecting a proper solvent and
polymer concentration as well as controlling the intrinsic conductivity,
viscosity and surface tension of the solution [37-40]. Numerous works
were reported on the preparation of various polymer nanofibers but
only few in the case of PC by electrospinning. Different solvent systems
and the average diameter of the prepared PC fibers reported by various
researchers are given in Table 1.

The above table clearly reveals that the previously reported bead
free PC fibers have an average diameter above 1 pm without adding any
additives. Hence it can be conclusively stated that preparation of bead-
free and uniform nanofibres with diameters nearer to 100 nm by elec-
trospinning still remains a great challenge. In the present work authors
have prepared PC nanofibers of average diameter of 114 nm with ul-
trafine beadless morphology by using an appropriate combination of
solvents. An optimum condition was developed by electrospinning
various concentrations of PC in 1:1 THF-DMF and 1:1 DCM-DMF mix-
ture. The solution concentration, viscosity and conductivity of the
polymer solution have shown great influence on fiber diameter as well
as on bead density and has been demonstrated elaborately in the cur-
rent work. The fiber samples collected after electrospinning were
characterized by various sophisticated instrumental techniques.
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2. Experimental
2.1. Materials

Poly (Bisphenol A carbonate) (PC) pellets with average molecular
weight of 45,000 g/mol, density 1.2 g/mol at 25 °C and refractive index
1.585 was purchased from Sigma-Aldrich, USA. The solvents di-
chloromethane (DCM), tetrahydro-furan (THF) and N, N dimethyl for-
mamide (DMF) were procured from Merck India. All the chemicals were
analytical grade and used without further purification. The physical
properties of the solvents used are given in Table 2.

2.2. Method of preparation

PC solutions with concentrations 7, 9, 11, 13, 15, 17, 19 and 21 w/v
percentages in 1:1 THF-DMF and 1:1 DCM-DMF mixtures were pre-
pared separately under 2h stirring at room temperature. Espin nano
electrospinning instrument supplied by PECO Chennai was used for the
electrospinning of the prepared PC solutions. Fixed electrospinning
conditions were applied for all PC solutions after optimization which
includes, a distance of 15cm between the tip of the needle and col-
lecting plate, a 5mL syringe with 0.6 X 25 mm needle, a run rate of
0.5mL/h and a constant electrical potential of 20kV under room
temperature. An aluminum foil fixed at the metal collecting plate was
used for collecting the electrospun materials. Various components of
electrospinning machine and the formation of nanofiber mat are shown
in Fig. 1.

2.3. Characterization

The conductivities of various concentrations of the PC solutions and
pure solvents were measured with the help of Eutech instruments
Cyberscan PC 300 model conductivity meter. The solution and solvent
viscosities were determined by a Brookfield digital viscometer CAP
2000 with spindle number 1. The surface morphology of the electro-
spun materials were studied by TESCAU VEGA 3 SBH scanning electron
microscope (SEM) instrument after gold coating using a sputter coater.
The average fiber diameter and bead density were measured by ana-
lyzing SEM images using Image J custom code image analyzing soft-
ware. Characterization of bead free PC fibers with least average dia-
meter was done by using Rigaku miniflux 600 instrument for X-ray
diffraction studies (XRD), Agilent Technologie Carry 5000 UV-Visible
spectrophotometer for absorption studies, SPECTRUM 400 instrument
for FT-IR analysis and TA differential scanning calorimetric instrument
Germany, for thermal studies. The tensile studies were done using AG-X
10KN Shimadzu Universal Testing Machine. Perkin Elmer STA 6000
instrument was used for thermogravimetric analysis (TGA).

3. Results and discussion

Measurement of various solution parameters are essential for

Table 1

Various works on the preparation of PC fibers in different solvent systems.
SL. No. Solvent system Average fiber diameter Reference
1 In THF and DMF solvent mixture Studied the effect of various parameters on morphology 41
2 7:3 THE-DMF with hexa-decyltrimethylammonium bromide (CTAB) 500 nm 42
3 3:2 mixture of THF-DMF 150-200 nm 43
4 CHCl3 and THF/DMF Approx. 400 nm 44
5 1:2 and 7:4 THF-DMF mixture Above 400 nm 45
6 CHCl3 and THF-DMF mixture 250 nm 46
7 Various Concentrations of PC in DCM, CHCl; and THF 221-4314nm 47
8 Benzyl triethylammonium chloride (BTEAC) in CHCl; Above 1000 nm A 3
9 Cetane trimethyl ammonium bromide in CHCl3 Viscosity study
10 In CHCI; with and without additives Above 700 nm
11 CHCl3 and in THF-DMF mixture 150 nm - 3 ym
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Table 2
Properties of solvents DCM, DMF and THF at room temperature.
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Solvent Boiling point (°C) Density (g/cm®) Viscosity (cP) Dipole moment (Debye) Conductivity (uS) Vapor pressure (kPa) Dielectric constant
DCM 39.6 1.33 0.413 1.60 2.33 53.3 8.93

DMF 153 0.948 0.802 3.86 5.80 0.51 36.7

THF 66 0.889 0.456 1.63 2.25 23.46 7.6

Nanofibers collected

Syringe pump

|

Fibir gollecting plate \ ‘

g

_ ﬁigh voltage supply

Fig. 1. Electrospinning set up with formation of PC nanofibers (inset).

Table 3
Viscosity and conductivity values of PC in 1:1 THF-DMF mixture.

Concentration (wW/v %) Viscosity (cP) Conductivity (uS)

7 3.4 6.95
9 8.8 6.35
11 15.8 5.92
13 27.4 5.45
15 46.5 5.26
17 60.6 4.92
19 86 4.65
21 152.2 2.68
Table 4

Viscosity and Conductivity values of PC in 1:1 DCM-DMF mixture.

Concentration (w/v %) Viscosity (cP) Conductivity (uS)

7 9.8 4.02
9 17.3 3.81
11 23.1 3.58
13 29.8 3.52
15 59.2 2.99
17 121.1 2.81
19 184.5 2.55
21 261.2 2.48

comparing the surface morphology of the fibers produced.
Concentration, viscosity and conductivity values of different con-
centrations of PC solutions in 1:1 THF-DMF and 1:1 DCM-DMF mixtures
are provided in Tables 3 and 4.

Even though concentration and viscosity are directly related, the
variation in viscosity of different concentrations of PC in the two dif-
ferent solvent mixtures displayed a very interesting trend (Fig. 2).

Significant variation in viscosity can be observed for various con-
centrations of PC in 1:1 THF-DMF mixture. For every 2% increase in
concentration of the PC solution, viscosity was found to be double its
value. Viscosities at higher PC concentrations are also very large due to

270| =s=PC in 1:1 THF-DMF
2404 ==PC in 1:1 DCM-DMF

6 8 10 12 14 16 18 20 22
Concentration (w/v%)

Fig. 2. Concentration-viscosity graph of PC in (1) 1:1 THF-DMF and (2) 1:1
DCM-DMF mixture.

increase in polymer entanglement [52]. There is a gradual increase in
viscosity of various concentrations of PC in 1:1 DCM-DMF mixture.
Viscosities of 17, 19 and 21 w/v percentages are comparatively much
higher than that of PC in 1:1 THF-DMF mixture. This suggests a re-
markable difference in the degrees of PC entanglement in different
solvent mixtures. This difference in viscosities of the two solution
mixtures significantly affects the surface morphology including average
fiber diameter and bead density of the electrospun PC fibers. It was
reported that solvent with high dielectric constant has a tendency to
reduce bead formation in polymer nanofibers [53,54]. A solvent with
large dielectric constant has a higher net charge density in the solution.
DMF has a large dielectric constant value of 36.7 which consequently
affects bead and droplet formation.

[25,38]. A detailed study on the SEM images of the electrospun fi-
bers was sufficient to explain the relation between average fiber dia-
meter and bead density with concentration, viscosity and conductivity
of the PC solutions.

The average diameter and percentage bead densities of the prepared
nanofibers were measured with the help of Image J software by se-
lecting a high contrast SEM image. From the total area and area of the
beads, the bead density was calculated using the formula [31,43],

Total area of beads in the image

Bead density =
v Total area of the image

X 100

PC in the two different solvent mixtures has produced nanofibers
with different surface characteristics.

3.1. SEM analysis of PC in 1:1 THF-DMF mixture

A detailed investigation of the SEM images of electrospun PC fibers
obtained by the electrospinning of various concentrations of PC in 1:1
THF-DMF mixture vividly establishes the role of solvents, solution
viscosity and concentration on fiber formation (Fig. 3).

7,9, 11, 13 and 15 w/v percentages solutions (Viscosities 3.4, 8.8,
fibers with average

15.8, 27.4 & 46.5 cP) of PC have produced beaded

% PC solution upon electrospinning has 0
with a bead density of 71% (Fig. 3(a)). Bea
15 w/v percentages of PC solutions
percentages respectively. A combina
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iy

20KV X5,000  Spm 1152 SEI 20V X5,000 5pm 1252 SEl

Fig. 3. SEM images of PC nanofibers obtained from 1:1 THF-DMF mixture (a) 7 w/v% (b) 9 w/v% (c) 11 w/v% (d) 13 w/v% (e) 15 w/v% (f) 17 w/v% (g) 19 w/v%

and (h) 21 w/v%.

20kV  X5,000 Spm 1152 SEI 20KV X5,000

20KV X5,000 5pm 1152 SEI

5pm

1152 SEI 20kV  X5,000  5pm 1152 SEI

20kV  X5,000 S5pm 1152 SEI

Fig. 4. Bead density images of PC nanofibers obtained from 1:1 THF-DMF mixture (a) 7 w/v % (b) 9 w/v % (c) 11 w/v % (d) 13 w/v % and (e) 15 w/v %.

shaped beads can be seen at lower concentration and it became thin
spindle shaped at higher concentrations (Fig. 3(a—e)). The beads com-
pletely disappeared at concentrations 17, 19 and 21 w/v percentages
(Fig. 3(f-h)). The bead density images obtained by using Image J
software clearly establish the gradual change in the number and ap-
pearance of the beads as shown in Fig. 4(a-e).

Fibers produced from solution with low concentration and viscosity
exhibited more beads upon keeping all other parameters (flow rate,
voltage, distance from the capillary to the target and solvent ratio) a
constant. The formation of beads along with the electrospun fibers
could be a result of a number of different factors as discussed earlier.
The concentration-bead density and viscosity-bead density graphs also
confirm the decrease in bead density with increase in solution con-
centration and viscosity (Fig. 5).

Bead free fibers with average diameters of 524, 863 and 1180 nm
were obtained for 17, 19 and 21 w/v percentages (viscosities 60.6, 86
and 152.2 cP) of PC solutions. Formation of beadless fibers was due to
the balance between various electrospinning parameters like viscosity,
concentration and applied voltage with surface tension. The histograms
of the electrospun fibers support the results obtained from SEM analysis
(Fig. 6). The variation in average diameter and fiber uniformity can be
clearly identified from the histograms provided. Average fiber diameter
increases with increase in concentration of the PC solution. Uniformity
of the fibers produced decreased at higher concentrations (Fig. 6(g) and
(h)).

~=PC in 1:1 THF-DMF
==PCin1:1 DCM-DMF

—=PC in 1:1 THF-DMF
——PCin 1:1 DCM-DMF

D W B S
TS T.7.T
[
brad

Bead density (%)
s

Bead density (%)

=
n
el

-10 T T T T
100 150 200 250

(a) (b) o Viscosity (cP)

Fig. 5. a) Concentration-bead density graph (1) 1:1 THF-DMF and (2) 1:1 DCM-
DMF b) Viscosity-bead density graph (1) 1:1 THF-DMF and (2) 1:1 DCM-DMF
mixture.

6 8 10 12 14 16 18 20 22
Concentration (w/v%)

Surface plot image obtained from a highly contrast SEM image is
another tool to know the surface irregularity of a material. The x, y and
z axes represent the length, breadth and height of the SEM image under
examination. Fig. 7 depicts the surface plot image he PC nanofibers

nanofibers with increase in solution
high for the nanofibers obtained from
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Fig. 6. Histograms of PC nanofibers obtained from 1:1 THF-DMF mixture (a) 7 w/v% (b) 9 w/v% (c) 11 w/v% (d) 13 w/v% (e) 15 w/v% (f) 17 w/v% (g) 19 w/v%

and (h) 21 w/v%.

©) O )

Fig. 7. Surface plot images of PC nanofibers obtained from 1:1 THF-DMF mixture (a) 7 w/v% (b) 9 w/v% (c) 11 w/v% (d) 13 w/v% (e) 15 w/v% (f) 17 w/v% (g) 19

w/v% and (h) 21 w/v%.

solutions.

The gradual increase in the average fiber diameter with con-
centration and viscosity of various concentrations of PC is given in
Fig. 8. At very low concentration and viscosity beaded fibers with very
small average diameters were obtained. This is due to the insufficient
viscosity and net charge in the solution to overcome the effect of surface
tension. But with increase in solution concentration, viscosity increases
and beadless fibers were obtained. A 17 w/v% PC solution in 1:1 THF-
DMF mixture is most suitable for the preparation of uniform beadless
fibers. Uniform beadless fibers with average diameter 524 nm were
obtained at this concentration.

Another significant observation was the absence of electrospraying

phenomenon during the spinning of solutions of lower concentrations
as reported earlier.

3.2. SEM image analysis of PC in 1:1 DCM-DMF mixture

In order to understand the effect of solvents on electrospinning,
another solvent combination was experimented. The
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Fig. 8. The graphs of a) Concentration-average fiber diameter (1) PC in 1:1

DCM-DMF and (2) PC in 1:1 THF-DMF b) Viscosity-average diameter (1) PC in
1:1 DCM-DMF and (2) PC in 1:1 THF-DMF.

constituent of the solvent system. The average fiber diameter and bead
density were significantly decreased. Beaded fibers were observed only
for 7,9, 11 and 13 w/v percentages of PC (viscosities 9.8, 17.3, 23.1 &
29.8 cP) solutions (Fig. 9(a—-d)). The average diameters of fibers derived
from 7, 9, 11 and 13 w/v percentages PC solutions were 44, 68, 75 and
83 nm respectively. Further increasing the concentration of the PC so-
lution to 15 w/v% with viscosity 59.2 cP transparent and almost uni-
form fibers with average diameter 114 nm without any beads were
obtained (Fig. 9(e)). At concentrations of 17, 19 and 21 w/v%, having
solution viscosities of 121.1, 184.5, and 261.2 cP, beadless nanofibers
were deposited on the target but with higher average diameters
(Fig. 9(f-h)). A substantial change in fiber morphology can be observed
at the concentration of 17 w/v% with an average fiber diameter of
394 nm. With further increase in concentration and viscosity of PC
solution, average fiber diameter increased to a great extent and fiber
uniformity decreased considerably.

Transparent fibers with average diameter of 581 nm were obtained
for 19 w/v% polymer solution with viscosity 184.5 cP. Electrospinning
of a 21 w/v% of PC solution with viscosity 261.2 cP was rather difficult
due to the highly viscous nature of the solution. The viscosities of 17, 19
and 21 w/v percentages of PC solutions in 1:1 DCM-DMF mixture are
very much higher than that of 1:1 THF-DMF mixture. The average fiber
diameter obtained from 21 w/v% of PC in 1:1 DCM-DMF (788 nm) is
comparatively less than that obtained from a 1:1 THF-DMF solution
(1180 nm). These observations, showing the influence of solution con-
centration and viscosity on fiber morphology is in agreement with
previous reports [55,56]. Change in surface morphology and sub-
sequent decrease in bead density with increase in solution

; \Bo

20KV X5,000  5pm

and (h) 21 w/v%.
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Fig. 10. Bead density images of PC fibers obtained from 1:1 DCM-DMF mixture
(@) 7 w/v% (b) 9 w/v% (c) 11 w/v% and (d) 13 w/v%.

concentration and viscosity can be clearly seen. The variation of
average diameter of electrospun PC fibers in 1:1 DCM-DMF mixture
which is plotted as a function of both the concentration and the visc-
osity of the solutions is shown in Fig. 8. The average diameter of various
concentrations of PC in 1:1 DCM-DMF mixture was found to be less than
that of the fibers obtained from 1:1 THF-DMF mixture. Fig. 10 represent
the bead density images obtained from the SEM images of various
concentrations of PC in 1:1 DCM-DMF mixture. The bead density de-
creases with increase in solution concentration and viscosity. 7, 9, 11
and 13 w/v% of PC solutions produced fibers with bead densities of 38,
31, 20.2 and 3.3 respectively. The beads were totally absent in PC so-
lutions with higher solution concentrations.

The decrease in bead density with increase in solution concentration
and viscosity can be further confirmed from the concentration-bead
density and viscosity-bead density graphs (Fig. 5(a) and (b)). The bead
densities of the nanofibers obtained from 1:1 DCM-DMF mixture were
very much less than the bead densities of the nanofibers obtained from

X5,000  5pm 1446 SEI
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Fig. 11. Histograms of PC nanofibers obtained from 1:1 DCM-DMF mixture (a) 7 w/v% (b) 9 w/v% (c) 11 w/v% (d) 13 w/v% (e) 15 w/v% (f) 17 w/v% (g) 19 w/v%

and (h) 21 w/v%.

1:1 THF-DMF mixture. A 15 w/v% of PC solution in 1:1 THF-DMF has a
bead density of 5.45% while uniform beadless fibers were obtained for
1:1 DCM-DMF mixture at the same concentration. Fig. 11 shows the
histograms of nanofibers of PC obtained from 1:1 DCM-DMF mixture.
The histogram supports the fact that 15 w/v% of PC in 1:1 DCM-DMF is
the most favorable proportion to obtain defect free, uniform and ul-
trafine fibers with the lowest average diameter among all the con-
centrations experimented (Fig. 11(e)). The non-uniform behavior of
fibers at higher concentrations can be clearly identified from the his-
tograms (Fig. 11(g) and (h)).

The surface morphology and uniformity of the nanofibers were also
confirmed by preparing surface plot images from SEM micrographs as
shown in Fig. 12. There was not much non-uniformity observed for the
nanofibers in 1:1 DCM-DMF compared to 1:1 THF-DMF mixture.

From the information obtained from SEM analysis a 15 w/v% of PC
in 1:1 DCM-DMF mixture has produced nanofibers with lowest average
diameter of 114 nm with beadless uniform morphology. The solvent
DCM in combination with DMF is highly efficient than the solvent THF
in combination with DMF for the preparation of uniform beadless PC
nanofibers with least average diameter.

3.3. Conductivity of PC solution and surface morphology of fibers

Solution conductivity depends on the nature of the solvent, the type
of polymer dissolved and the entanglement of the polymer in the so-
lution. Charge carrying capacity of almost all polymer solutions in-
creases with increase in solution conductivity. This subsequently re-
duces the fiber diameter as there is an inverse relationship between
radius of nanofiber jet and cube root of conductivity [57]. The variation
of solution conductivity with concentration and viscosity of PC solu-
tions in 1:1 THF-DMF and 1:1 DCM-DMF were studied. Comparison of
solution conductivities of various concentrations and viscosities in the
two solvent mixtures is given in Fig. 13.

The solution conductivity gradually decreases with increase in so-
lution concentration and viscosity. Conductivity of PC solutions

decreased from 6.95 S to 2.68 S as the concentrations changed from 7
w/v% to 21 w/v % in 1:1 THF-DMF mixture. A gradual decrease in
solution conductivity from 4.02 pS to 2.48 uS has been observed for the
solution of PC in 1:1 mixture of DCM & DMF. Solution conductivities of
various concentrations of PC in 1:1 THF-DMF mixture are higher than
in 1:1 DCM-DMF mixture. The same trend can be observed for solution
conductivity and viscosity. This may be due to higher polymer en-
tanglement that reduces the mobility and subsequently the solution
conductivity in 1:1 DCM-DMF mixture. At 21 w/v% solutions, con-
ductivities are 2.68 and 2.48 uS for 1:1 THF-DMF and 1:1 DCM-DMF
mixtures respectively. This shows that at very high concentration and
viscosity the degree of polymer entanglement is almost same for the
two solvent mixtures. Fig. 14 is the graphical representation of average
diameter of the PC fibers with solution conductivity.

Nature of one of the solvent in the polymer solution has a great
influence on solution conductivity. With change in solution con-
ductivity change in surface morphology can be observed. Along with all
other electrospinning parameters, solution conductivity definitely has
an important role in fabricating polymer nanofibers with suitable
morphology.

3.4. Characterization of PC nanofibers of 15 w/v% in 1:1 DCM-DMF
mixture

Systematic control of various spinning parameters and the use of
appropriate solvents and solution parameters are crucial for the suc-
cessful preparation of ultrafine bead free fibers with lowest average
diameter of 114nm. Fig. 15 is the fiber mat obtained by the electro-
spinning of PC solution of 15 w/v% in 1:1 DCM-DMF mixture. As a
highly useful material for wide variety of applications, the obtained

gion (Fig. 16(a)). A polymer with good
of applications. Polycarbonate materials
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Fig. 12. Surface plot images of PC nanofibers obtained from 1:1 DCM-DMF mixture (a) 7 w/v% (b) 9 w/v% (c) 11 w/v% (d) 13 w/v% (e) 15 w/v% () 17 w/v% (g)

19 w/v% and (h) 21 w/v%.
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Fig. 13. a) Concentration-conductivity graph (1) PC in 1:1 THF-DMF and (2) PC
in 1:1 DCM-DMF b) Viscosity-conductivity graph (1) PC in 1:1 THF-DMF and
(2) PC in 1:1 DCM-DMF.
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Fig. 14. Conductivity-average diameter graph of PC in (1) 1:1 DCM-DMF and
(2) 1:1 THF-DMF.

been reported to be used in UV blocking materials like sun glasses,
window glasses, roof shades, green houses, automobiles and in con-
struction industry [58,59]. Diffraction pattern of PC fibers and PC
pellets were compared and are shown in Fig. 16(b). PC pellet has
characteristic amorphous peak but a change in the diffraction pattern of
PC nanofibers clearly reveals its semicrystalline nature.

The characteristics vibrational modes of all the functional groups

Fig. 15. PC nanofiber mat from 15 w/v% solution in 1:1 DCM-DMF mixture.
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Fig. 16. 15 w/v% PC in 1:1 DCM-DMF mixture a) UV-Visible spectrum b) XRD
pattern of (1) PC fiber and (2) PC pellet.

can be accurately validated from FT-IR spectral studies. The FT-IR
spectra of PC nanofibers and the corresponding vibrational peak posi-
tions are given in Fig. 17(a). The characteristics v1brat1ona1 peak at
659.75cm ™! represents -C=C (aromatic) i
vibration. A -CH (aromatic) out of plane Bending

polymer is conﬁrmed by the presence 0
vibrational peak at 1213.46 cm_l.
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Fig. 17. 15 w/v% PC in 1:1 DCM-DMF mixture a) FT-IR spectrum b) DSC
pattern of (1) PC pellet and (2) PC fiber.

Table 5
Tensile studies of 15 w/v% of PC in 1:1 DCM-DMF mixture.

Solvent system  Diameter Ultimate strength Elongation at break
(nm) (MPa) (%)
1:1 DCM-DMF 114 0.7745 = 0.14 63.2066 = 12
100 EIO-
£ 459.12°C
~ 80 38
S N
3 g,
= 60 -
= 50
2 % 4
g 40 3
. 24
20 «g
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Temperature (°C) (b)

Temperature (°C)

Fig. 18. (a) TGA and (b) dTG curves of PC nanofibers of 15 w/v% PC in 1:1
DCM-DMF mixture.

corresponds to —CH (aromatic) in-plane bending vibration. The car-
bonyl symmetric stretching vibration can be observed at 1769.21 cm ™.
The —CH symmetrical stretching vibration peak at 2960.68 cm ™! on the
other hand confirms the presence of methyl groups in the PC chain.

Glass transition temperature (T,) is an important parameter of a
polymer to know the temperature at which a phase transition occurs.
The DSC curves of PC pellet and that of the PC nanofibers obtained by
the electrospinning of 15 w/v% of PC solution in 1:1 DCM-DMF mixture
is given in Fig. 17(b). The T, values of PC pellets and PC fibers are
143.59°C and 149.65 °C respectively. Conversion of PC pellets into
defect free ultrafine fibers has a great influence on Ty as it increases
compared to its bulk polymer. Polymer entanglement during electro-
spinning that reduces mobility may be one of the reason for increase in
T, of the nanofibers.

The produced nanofibers were also characterized using thermo-
gravimetric and tensile strength analysis. The fibers were found to have
a tensile strength of 0.7745 + 0.14 MPa and elongation at break of
63.2066 + 12% (Table 5).

The produced fibers were also found to have a thermal stability of
up to 305.50 °C (Fig. 18(a)). Absence of initial weight loss indicates the
fiber sample was free of moisture and other degradation.

A 5% degradation was observed in the range 305.50 °C-403.77 °C.
This immediately follows a sharp degradation from 407 °C to 499 °C
which corresponds to a main degradation zone with 71.81% reduction.
14.30% residue was obtained at a temperature of 1200 °C. PC at lower
degradation stage releases alkyl substituted phenols and with further
increase in temperature related products such as CO,, H,O, CH4 and CO
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are formed [60]. The degradation happens in a single stage with a
maximum degradation temperature of 459.12 °C that can be observed
from the corresponding dTG curve (Fig. 18(b)).

4. Conclusions

In nutshell, this new approach of electrospinning process to prepare
beadless, uniform PC nanofibers is simple, efficient and cost effective.
The characteristics like ultraviolet absorption properties by maintaining
an optimum average diameter of 114 nm will be an attractive feature
for leveraging this process. The preparation of different concentrations
of PC was accomplished by two different solvent mixtures; by keeping
the process under an optimized spinning condition. A 15 w/v % of PC in
1:1 DCM-DMF mixture was found to be the most suitable for the pro-
duction of defect free fibers with lowest average diameter. Comparison
of viscosities and conductivities of the PC solutions in these two dif-
ferent solvent mixtures were helpful to understand their impact on the
production of nanofibers. Despite of being toxic in nature, THF is the
most commonly used solvent for the electrospinning process of various
polymers. An alternative is DCM, which is less toxic and highly volatile.
As a solvent, DCM is known for its capability to dissolve polymers that
attributes to a highly controllable electrospinning process. When it
comes to the capability of dissolving polymers, electrospinning of PC in
solvents like THF, DMF and CHCl; are not considered as an appropriate
method. Moreover high average diameter of the as-spun fibers also
make it less attractive. The surface morphology of the products of this
electrospinning method shown distinguishable behavior in their char-
acteristics such as solution concentration, viscosity, and conductivity.
In addition to its semi-crystalline nature, it has sharp absorption cap-
ability in the ultraviolet region along with elevated glass transition
temperature and thermal stability. All these features together make the
‘beadless ultrafine fibers with lowest average diameter of 114 nm’ an
appropriate material for many modern applications like air and water
purification, tissue scaffolding, sensors, ultraviolet blocking and re-
moval of hazardous metals.
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Abstract. As an important engineering material with tremendous utilities, polycarbonate (PC) and its composites are
contributing a major role among highly useful materials. Preparing ultrafine fibers with defect free surface morphology is
a challenge in the field of nanotechnology. In the present work ultrafine bead free PC fibers with average diameter very
close to 100 nm were prepared by optimizing various spinning parameters during electrospinning fiber fabricating
technology. At the same spinning conditions PC nanocomposite fibers were prepared by incorporat ing surface modified
cadmium sulphide (CdS) nanoparticles with prominent optical properties. The prepared PC-CdS nanocomposite fibers
have excellent absorption and emission properties and also exhibit semi-crystalline nature. By increasing the nanoparticle
concentration there was remarkable improvement in the thermal stability of the PC nanocomposite fibers.

INTRODUCTION

Modern field of nanotechnology is in search of materials that can improve the quality of human life through the
development of various fields including medicine, tissue engineering, electronics, automobile, energy related
materials and so on [1]. Poly (Bis phenol A carbonate) commonly called polycarbonate (PC) is an emerging material
with excellent mechanical, thermal, heat resistance and optical properties [2]. Polymers in the form of thin films and
fibers are attractive materials in the area of research due to their large surface area and small pore size. There are
different methods for the preparation of polymer nanofibers including drawing, self-assembly, phase separation,
template synthesis and electrospinning [3]. Electrospinning is the most accepted method for the mass production of
long and continuous fibers by the application of high electric potential [4]. Polymer nanocomposites prepared by
incorporating various nanofillers were widely studied due to their amazing properties [5, 6]. Semiconductor
nanoparticles especially II-IV chalcogenide like cadmium sulphide (CdS) has immense applications that were
reported by many researchers [7]. Agglomeration of nanoparticles during preparation was a hurdle for their smooth
dispersion. Capping assisted fabrication of nanoparticles has helped to resolve such difficulties which facilitated
proper dispersion and overall manipulation oftunable properties [8].

In the present contribution CdS nanoparticles were synthesized by a simple low temperature method by surface
modification using oleic acid (OA) as a capping agent. PC fibers with very small diameters were prepared by
adjusting various electrospinning parameters. Under the same electrospinning parameters PC-CdS nanocemposite

fibers were prepared by dispersing CdS nanoparticles in PC solution. The CdS nanoparticles, PC f}%@@_ﬁm
/5 / ; | N
iﬁ\;‘/ %
Proceedings of the International Conference on Advanced Materials : ﬁ {
AIP Contf. Proc. 2162, 020013-1-020013-6; https://doi.org/10.1063/1.5130223 Z\ ~
Published by AIP Publishing. 978-0-7354-1907-0/$30.00 \* \

y

020013-1 \\




nanocomposites were elaborately studied by various characterization methods like Scanning electron microscopy
(SEM), Transmission electron microscopy (TEM), UV-Visible spectroscopy, Photoluminescence (PL) spectroscopy,
X-Ray diffraction (XRD) studies and Thermogravimetric analysis (TGA).

EXPERIMENTAL

PC pellets were procured from Sigma-Aldrich, USA. Cadmium nitrate tetrahydrate (Cd(NO3), 4H,0), Oleic acid

(OA), Sodium sulphide (Na,S), Tetrahydro furan (THF) and N, N dimethyl formamide (DMF) were purchased from
Merck India Ltd

Preparation of OA capped CdS nanoparticles

3.72 g of Cd(NOs), 4H,0 was dissolved in 30 ml ethanol. 0.7 g OA was added and stirred for 15 minutes. To this
solution 0.9 g Na,S dissolved in ethanol was added slowly and stirred for further five hours. The precipitated yellow
crystals were filtered, washed and dried. This was annealed at 200°C for 2 h.

Preparation PC nanofibers embedded with CdS nanoparticles

Three separate solutions of 16 w/v% of PC in 1:1 THF and DMF were prepared. 1, 2 and 4 w/w percentages of
CdS nanoparticles were dispersed in the prepared PC solutions by proper stirring and further 30 minutes sonication.
The solutions were kept for 24 h continuous stirring. This was then taken in a 5 mL syringe and electrospun under
optimized conditions at a flow rate of 0.5 mL/h, 20 kV applied voltage and a distance of 15 cm between the tip of
the needle and collection plate. The fibers were collected on an aluminium foil fixed over the metal collecting plate.

RESULTS AND DISCUSSION

Characterization of OA capped CdS nanoparticles

B )

SEM HV: 30.0 kV WD: 5.61 mm
View field: 3.08 pm Det: SE 500 nm
SEM MAG: 45.0 kx | Date(midly): 09/25/18

FIGURE 1. (a) SEM and (b) TEM micrographs of OA capped CdS nanoparticles.

Less agglomerated and highly dispersive CdS nanoparticles with spherical surface morphology can be observed
from SEM micrograph. The reduced agglomeratlon is also evident from the TEM image. The surface cappmg

nanoparticles.
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The UV-Visible spectrum (Fig 2(a)) shows absorption both in ultraviolet and visible region with an excitonic
peak at 446 nm. Excitation at 446 nm shows strong emission property with a green emission sharp at 533 nm (Fig
2(b)). Diffraction studies established a cubic crystal lattice with average particle size 14 nm as shown in Fig 2(c).
TGA analysis confirmed the presence of OA as a protective layer that removed by a first phase decomposition and a
maximum decomposition temperature of 1006.39°C for the prepared nanoparticles (Fig 2(d)). The OA capped CdS
nanoparticles exhibits characteristics optical and thermal properties due to quantum confinement effect [9].
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FIGURE 2. (a) UV-Visible spectrum (b) PL spectrum (¢) XRD pattern and (d) TGA curve o