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ABSTRACT: Using a jacket-type heat exchanger to control the solution temperature, the electrospinning of
polyacrylonitrile/dimethylformamide (PAN/DMF) solutions with various concentrations was carried out at
temperatures ranging from ambient to 88 The purpose of this is to investigate the temperature effect on the
coneljet/fiber morphologies that developed. By varying the solution temperature, the chain entanglement status
existing in the solution (which is the prerequisite condition for preparing uniform fibers) remained intact. However,
the solution properties were significantly altered, thereby giving rise to a feasible route to manipulate the as-spun
fiber diameter. By increasing the solution temperature, it was found that the visopgign@ surface tensiory)

of the PAN/DMF solutions were decreased, but the solution conductivjtyvés increased; all these trends
favored the development of thinner electrospun PAN fibers at high electrospinning temperatures. For instance,
with the 6 wt % solutions, PAN fibers with a diameter of-685 nm were readily prepared by electrospinning

at 88.7°C, whereas larger fibers with a diameter of 3240 nm were frequently obtained at room temperature.

The temperature dependencengf y, and« followed the Arrhenius equation, and the corresponding activation
energies were composition dependent and found to be ¢a28,5-10 and~3.7 kJ/mol, respectively. High-
temperature electrospinning eventually produced PAN fibers with less crystallinity but higher chain orientation
as revealed by the wide-angle X-ray diffraction and birefringence measurements. Moreover, the scaling law for
the viscosity dependence of fiber diametkrwas also altered from = 14.87,°-52 (unit: ds in nm andy, in cP)

at room temperature tth = 3.0p,2-74at 88.7°C, suggesting that high-temperature electrospinning was an effective
method to produce ultrathin fibers.

1. Introduction of the sophisticated interaction of this polymer/solvent/salt
system is crucial for a reproducible process control. The second
method is to use polymer species which have an ultrahigh
molecular weight (UHMW) on the basis of a simple relatidn:
Cmin ~ 2MJM, whereM. is the entanglement molecular weight

Similar equipment consisting of a solution delivery system,
a pendent drop with Taylor cone meniscus, a high electric field,
and a grounded collector are involved in the electrospraying
and electrospinning processed.Due to the distinct differences

in solution rheology, however, electrospraying produces spheri- in melt depeljdent on the polymer typés? and M is t_he_
cal particulates resulting from the capillary breakup of the molecular weight of the polymers used for electrospinning.

electrified jet, whereas electrospinning gives uniform (bead- Using UHMW polymers, theCmin is lowered, and the corre-

free) fibers resulting from the electrostatic jet stretching associ- SPONding yiscc;sSi'% Is effectively reduced for obtaining small-
ated with the surface charge repulsion in the bending instability diameter fibers>*’ Depending on the synthesis techniques,
region>~7 The prerequisite for fiber formation is the presence however, the UHMW Species are not readily ava|!able for most
of sufficient chain-entanglement density in the working solution polymers. 1'£he third method is to use a coaxial tube as a
to develop a deformable network, therefore preventing the SPinneret®1%in which two polymer solutions with appropriate
capillary breakug1° In other words, there exists a minimum properties are fed into the core and sheath regions, respectively.
concentration Cmin) below which entanglements of polymer The deswe_d pol_ym(_ar soIgUon wnh a concentration lower t_han
chains are absent, and electrospinning will degenerate toCmin (IoW viscosity) is fed into the inner tube, and the resulting
electrospraying. On the other hand, polymer solutions with a c0ré jetis stablllzgd and protected by the .sheI.I soluthn during
concentration ofCmin Sometimes possess a sufficiently high jet bending. In this manner, the composite fibers with core/
viscosity (ca. 100 cP, depending upon the polymer/solvent pair). shell structures are successfully collected. Afterward, the outer
This leads to difficulties in preparing electrospun fibers with a |2Yer is removed by selective solvent dissolution to obtain the
diameter less than 100 nm. Thus, several approaches have beefPre fibers with a diameter less than that prepared by a single-
proposed to resolve this problem. By adding a solubléisgit ~ duct spinneret using a single fluid d&min. Two different
or a more conductive solvettthe solution conductivity can solutions are mvolyed in the coaxial electrosplnnlng process,
be effectively enhanced to eliminate the beaded fibers structure,2nd the relative ratios of the flow rate and properties of these
which is frequently observed in electrospinning polymer solu- two solutions are critical in controlling the desired diameter of
tions with insufficient entanglement density. Benefits may be the electrospun fibers. Although this approach has quite a
also obtained from the reduction of solution viscosity due to Potential in practical applications, it is not an easy task at present
salt addition, but salt extraction from the electrospun fibers is 0 S€arch for the appropriate processing conditions for electro-
sometimes required for further application. The understanding SP'NNING.
All previous results demonstrated that solution viscosity is

* Corresponding author. Fax:886-6-2344496. Telephonet886-6- the most important factor in determining the diameter of the
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the electrospun fibe%?11.1314.2022 |t js well-known that previously reported data in order to obtain a more comprehen-
solution viscosity is effectively reduced at higher temperatures; sive and consistent picture of PAN/DMF electrospinning. The
however, the chain entanglement status is relatively independentviscosity dependence of fiber (jet) diameter was discussed, and
of the solution temperature. On the basis of these two facts, thean attempt was made to obtain t@g, required for preparing
obtainment of ultra-fine fibers is likely by simply carrying out  uniform electrospun fibers. In the second part, the temperature
the electrospinning of solutions having a concentratio@qf effects on the solution properties, e.g., viscosity, conductivity,
at high temperatures. Moreover, high-temperature electrospin-and surface tension, were investigated, and the corresponding
ning is essentially required in those cases in which significant activation energies were derived. In the final part, high-
intermolecular-chain association takes place and/or no commontemperature electrospinning was conducted at various temper-
solvents are readily available at room temperature for making atures, and the temperature effects on the cone/jet/fiber mor-
homogeneous solutions for electrospinning. For instance, Li et phologies as well as the birefringence and crystallinity of the
al.2® succeeded in preparing gelatin fibers by electrospinning collected PAN fibers were reported. Our results suggested that
an aqueous gelatin solution at 4C, which was above its ~ PAN nanofibers with a diameter of65 nm were readily
gelation temperature~37 °C). In contrast, the difficulties are  obtained by means of electrospinning at 887 Moreover, as
often encountered when room-temperature electrospinning ofopposed to electrospinning at room temperature, a stronger
aqueous gelatin solution is conducted. It is attributable to the viscosity dependence of fiber diameter was recognized due
presence of gelation phase transition. Although a lower level mainly to the enhanced solution properties at high temperatures,
of gelation may assist in the uniform fiber formation for that is, higher conductivity and lower surface tension.
electrospinning at a concentration lower tt@gn,2* at least in

part due to the partial network formation, the as-spun fiber 2. Experimental Section

morphqlog|es are difficult to control. On the other hand, 2.1. Solution Preparation and Properties.The PAN powders
excessive ge_lgtlon usually quds to the blockage of the Taylor purchased from Aldrich Co. were used, and dimethylformamide
cone. In addition, some semicrystalline polymers (e.g., poly- (pMF) obtained from J.T. Baker (HPLC grade) was applied as a
ethylene, polypropylene) are dissolved in solvents only at solvent. Using the Huggins Equation, the intrinsic viscosiflydt
elevated temperatures. This suggests the urgent importance fop5 °C was determined to be 186.1 mL/g, which corresponded to a
developing a high-temperature electrospinning apparatus. Aviscosity average molecular weightl) of 141 400 g/mol calcu-
recent study on the electrospinning of linear low-density lated from the relationship off] = 52 x 10 3M,%%940 The solubility
polyethylene at a temperature of 110 has been reported by ~ Parameters were 12.5 and 12.1 (cafjh for PAN and DMF
Givens et af® In spite of its importance, however, no detailed €Spectively, which suggested that DMF was a good solvent for
experimental data regarding the temperature effect have beerfAN. In order to prepare solutions with different weight percent

tated until in the literat Jiet/fib holodi concentrations, weighted amounts of polymers and solvents were
stated untifnow In the literature on cone/jevniber morpnoiogies iy qq for several hours until homogeneous solutions were obtained.

during the solution electrospinning process. Filtration and degassing were occasionally performed to remove
Being the precursor for high-performance carbon fiber, the impurity and small bubbles in the solution. Using the density
polyacrylonitrile (PAN) fibers are of importance. PAN-based Values of 1.184 and 0.944 g/érfor PAN and DMF respectively,
carbon fibers essentially dominate consumption by accounting the conversion of weight percent to volume percent for as-prepared
for nearly 90% of carbon fiber sales worldwide compared with f‘r?é‘#]'yolgzn";’;; gﬁ?gm;déggrg;h?{‘ég ﬂ‘:‘; sg#‘s\g‘s ‘;%r(‘j%‘édg’gé"
the pltch-ba§ed or vapor-grown fibers. It.ls ge”er"’.‘”y believed the salt concentration was relative to the mass of the solvent used.
that the main d_rawback of _prolo_nged time required fo_r the Solution properties like conductivity), surface tensiony), and
thermal conversion of PAN fibers into structural carbon fibers yiscosity ¢;,) were measured at various temperatures. The surface
can be greatly resolved if the fiber diameter is significantly tension, conductivity, and viscosity of the prepared solutions were
reducecf® Driven by the motivation of nanofiber preparation, measured using the Face surface tension meter (CBVP-A3), Consort
many researchets 39 have worked on the electrospinning of  conductivity meter (C832), and Brookfield viscometer (LVD¥+l
PAN/DMF solutions and have obtained electrospun PAN spindle 18, and cup 13R), respectively. The linear viscoelastic
diameters in the range of 26A5000 nm depending on the  Properties of the solutions were measured in a Rheometrics (ARES)

spinning conditions. While significant insights have been using a cup-and-bob feature. The oscillatory shear mode was used

achieved, there are still many unresolved issues and inconsistenE0 determine the storage modulGyw) anq Ios§ modulus (.w)
over a range of frequencies. Zero shear viscogjtwas determined

results among the different research works, and these need g, the |oss modulus data at low frequencies= lim, o G"(w)/

be carefully addressed and discussed. Most of the previous Workw_ Recoverable shear compliand® was determined from the

has paid much attention on the relation between the processingstorage modulus data at low frequencia&= 1iyciim., o G (w)/
variables and the electrospun fiber morphology, thereby leaving w2 The relaxation time.. was estimated byr 77; J"ﬂol
the important issue of the free surface variations largely = ° o= Nlols:

unexplored. In addition, there have been difficulties encountered 2.2. Eroqessing and MeasurementsFigure 1 shovys the

in preparing PAN fibers with a diameter lower than 100 nm schematic dlagram of the high-temperature electrosplnnlng_ system.
. | A ioned . A homemade jacket-type heat exchanger was used to maintain the

using room-temperature electrospinning, as mentioned previ- ,,\vmer solution at a desired temperature for electrospinning. The

ously8 circulation of heated silicone oil was fulfilled by a pumping system
The aim of this work is to achieve a complete understanding connected to an oil bath where a temperature up to°C36ould

of the temperature factors affecting the cone/jet/fiber morphol- Pe adjusted. A significant temperature gradient was found along

ogies during the electrospinning of PAN/DMF solutions via the the néedle due to its “one-dimensional fin” geometry, thereby giving

variations of solution properties and processing variables (flow rise to an apparent temperature difference for solutions within the

rate, working distance, and applied voltage). For comparison jacket t.ube and those within the electrified Taylor cone. By
' 9 ! PP ge). P ' measuring the temperature of the pendant drop at the needle end

we carr.ied out room-tem_perature electrospinning as a first Stepusing a thermocouple, the solution working temperature for
to acquire the concentration dependence of Taylor cone volume,gjectrospinning was determined. To ensure a continuous spinning
jet length, jet diameter, bending instability, and fiber morphol- process, a saturated DMF steam at a predetermined temperature
ogy. The results obtained were discussed and compared withwas delivered using a controlled flow rate of Marrier gas to
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Syringe Pump (WAXD) patterns were obtained using a RINT2000 X-ray goni-
ometer (Rigaku, Cu target) operated at 40 kV and 30 mA with a
260 scan speed of °Imin and sampling width of 0.05 The
crystallinity fraction @WAXP) of the crystallized samples was
Heated Syringe determined from the area ratio of the resolved crystalline peaks to
the unresolved total scattering curve. The thermal properties and
stability of the electrospun fibers were analyzed using a Perkin-
Elmer differential scanning calorimeter (DSC7) and TA Instrument
thermogravimetric analyzer (TGA, Q500) at a heating rate of 10

Silicone Oil out «—

Polymer Solution

Heating Cords - . ! -
_______ «— Silicone Oil in °C/min under nitrogen.

S r e o High Voltage Power Supply In this study, the effects of applied voltagé)( flow rate @Q),

polymer volume fractiond), and salt addition on the electrospin-
| : ning process were discussed.
N2 Gas in—s. DMF
[T © Collector 3. Results and Discussion

[0 =] 3.1 Room-Temperature Electrospinning.Being a nonsol-

Temperature Controller = to Ground vent to PAN4344the water vapor adjacent to the Taylor cone

Figure 1. Schematic setup of the high-temperature electrospinning would interact with the PAN/DMF solution to form a coagula-
apparatus: (a) a jacket-type heat exchanger used for maintaining thetion on the cone surface, consequently affecting the stable jet
polymer solution at a constant temperature controlling by the circulating fomation and fiber reproducibility, especially for a highly humid
heated silicone oil, (b) a needle where a high voltage is applied and h h f . in the bending i bili
high-temperature saturated DMF vapor is introduced to encapsulate@Mosphere. The presence of moisture in the bending instability
the Taylor cone to eliminate the jet interruption, (c) DMF vapor region might also reduce the effectiveness of jet stretching and
generator using Nas the carrier gas, and (d) a heating device to interfere with the fiber morphology. To resolve this problem, a
maintain the vapor temperature for resolving the DMF condensation gas jacke® was used for introducing No blanket the Taylor
problem. cone, the purpose of which was to eliminate moisture attack. It
blanket the Taylor cone. This is done without interrupting the Should be noted, however, that a sufficient flow rate was
bending instability. It should be noted that solvent evaporation may required, without interrupting the jet bending, to appropriately
be significantly enhanced when the solution temperature approachegncapsulate the Taylor cone during electrospinning. In the
the boiling temperature of the solvent used (36For DMF). This absence of the Npurge, the electrospun fiber diameter was
would result in gradual cone shrinkage and lead to unstable found to be slightly larger than that obtained with thepurge;
electrospinning. For our designed apparatus, a stable cone-jetthe difference was evident for the concentrated PAN solutions
electrospinning could be performed smoothly on the PAN/DMF | ged at a high humidity but became diminished for the low PAN
solutions at a temperature up to 880. When the system re_ached concentrations (e.g=8 wt %) at a low humidity (e.g.£40%).

a thermal equilibrium, the homogeneous polymer solution was Interestingly, Yoon et &® found that the diameter of the

delivered by a syringe pump (Cole-Parmer) at a controlied flow electrospun PAN fibers increased with an increase in PAN

rate Q, typically 0.3 mL/h) to the needle (0.ek 1.47 mm, unless . - .
otherwise indicated), where a high electrical voltage (typicatyL6 concentration, but became leveled off at a concentration higher

kV) was applied by a high-voltage source (Bertan, 205B). Needles than 10 wt %. To exclude the data variations associated with

with different sizes were also tested to reveal their effect on the moisture interaction, an\burge was always used during room-

electrospinning. In order to construct a point-to-plate electrode temperature electrospinning.

configuration, a steel net (3@ 30 _cm?) was used as a collector Cmin Determination. A sufficient entanglement density

Iﬁretrr:g:(jl(la:iirosggarﬁg?:r[s)s;[/vaé\r?trjlggg gsgggz?vgf;g glrgc?r?)lg\,\ilnnin existing in the electrospinning solution is an important require-
P. P Yment (a sufficient but not necessary condition as pointed out

process during the experiments: CCD1 (Sony XC77) for the shape . -
variation of the Taylor cone at the needle tip, CCD2 (Sony recently by Yu et af?) for developing uniform electrospun

CCDTRVS53) for the liquid jet emitting from the Taylor cone bottom ~ fibers. On the basis of the method proposed by McKee ét al.,
due to the electric repulsion, and CCD3 for the bending instability the log—log plot of the solution specific viscosityy{) vs
envelope. CCD3 is a high-speed camera (Redlake, Motion Pro volume fraction §) is shown in Figure 2a to determine t@gn
10000) used to capture an image at a frame rate of 10000 frame/srequired for uniform PAN fibers electrospun. The concentration
Laser diffraction was used to monitor the diameter variation of dependence ofspis found to change froms, ~ ¢1for a dilute
liquid jet from the Taylor cone bottom to the point where bending - solution tozs, ~ ¢*78for solutions possessing entangled chains.
instability took placeA 1 mW He—Ne laser with a pinhole of 1 Cumin is determined to be-5 wt %, at which the final linear
mm diameter was used as a light source, and the diffraction patternsy,main is first seen. This indicates the transition from the

on the screen were collected by CCD4 (Sony XC77) and further unentangled to the entangled regime. For higher concentrations,

analyzed by the Inspector software. The liquid jet diametéjs ( . - .
just prior to the bending instability were determined by the first 2l data fall on the straight line with a constant slope of 4.78.
maximum diffracted intensity using = 1.431X/Y, where/. is the The solution regime transition was accompanied by a morpho-

wavelength of the laser light (632.8 nn¥,is the distance from logical variation of electrospun products, that is, micrometer-
the jet to the screen, andis the distance between the beam center sized PAN particulates were obtained from solutions with PAN
and the first intensity maximur?. concentrations lower than 4 wt %, fiberlike structures (beaded
The morphology and diameter of the electrospun fibers were fibers) were first seen in the 5 wt % solution, and finally,
observed using a scanning electron microscope (SEM, Hitachi yniform PAN fibers were readily prepared from the 6 wt % (or
S4100). The fiber diameters were measured within SEM micro- pigher) solution. Our results were in accordance with previous
graphs from a population o£500 fibers from which the average findings by McKee et a. on the electrospinning of PET

fiber diameter ¢) and the corresponding standard error were . 3 .

determined. The birefringence of individual fibers collected on the solut!ons an.d those by Wang et®8on using PAN Ocopolymer
glass slide was measured using a polarized optical microscope (LicaSelutions. Figure 2b SOhOWS tf_\ﬁ dependence (_)ﬂs where a
Co., DMLP) equipped with a tilting compensator (Leitz Co.). To power law relation oflg ~ ¢-9is seen. The derived exponent

characterize the fiber crystallinity, wide-angle X-ray diffraction is close to the theoretical value-2.0) for solutions with
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- < Figure 3. Typical functioning domains showing the range of operating
voltage required for the stable conet spinning mode; filled symbols
for the lower bond voltage/s, and open symbols for the upper bound

1 L 0.1 voltage, Vs Solid lines are the eye-guide of the processing window
0.02 0.1 0.2 for the 8 wt % PAN solution. The solution viscosity is changed by
[0} PAN wt%, the conductivity is varied by 0.05 wt % TEBAC addition,

Figure 2. (a) Typical plot of specific viscositysp, Vs volume fraction
of PAN, ¢, at ambient temperature. The deviation of the final straight
line is starting at the 5 wt % solution, where the incipient concentration

for the chain entanglement is estimated, gljependence of? andz,
for PAN/DMF solutions under ambient conditions.

entangled mono-dispersed polymeric chdfhsuggesting that
the entangled regime is reached for PAN concentrations larger
than 6.5 vol % (or 8 wt %). For PAN concentrations lower than
8 wt %, however, the inability to obtain a reliab® is due to
the constraints of torque measurements, which in turn leads to
the infeasibility ofJ2 measurements. In consideration of the
difficulty in identifiying the J2 measurements for dilute solu-
tions, it seems that Figure 2a provides a more accessible
determination ofCr, as opposed to using the Idg — log ¢
plot together with the slope identification changing from 1.0
for the unentangled regime to 2.0 for the entangled redfime.
Nevertheless, the determination Iff seems inevitable for the
estimation of the relaxation time of polymeric chains, which is
important in characterizing electrospinnability as pointed out
by Yu et al*” Also given in Figure 2b are the values of
derived by the product of] andz,. It shows thatr, increases
from 2 ms for the 6.5 vol % solution to 11.6 ms for the 11.5
vol % solution, and that it follows a power law relationmf~
¢3.0_

Although the experimentally determin&tl for the PAN melt
is not available yet, a simple relation proposed by Wofir
estimatingMe is expressed alle ~ 15C.M,, whereC. is the
characteristic ratio ani¥l, is the monomer molecular weight.
With a reportedC,, value of 9.740 the derivedV, for the PAN

but the surface tension is unchanged at 36.3 dyn/cm regardless of PAN
and salt contentdd = 7.0 cm. The o.d. of needle is 1.47 mm.

relations for the 6 and 8 wt % PAN solutions, where the filled
symbols represent the lower bould and the open symbols
give the upper bound,s for the stable electrospinning with a
single electrified jet. For an applied voltage lower theg
dripping of the solution drop is still observétiOn the other
hand, for an applied voltage higher th&fs, two jets might
develop in some occasions, issuing steadily from the electrified
cone. Multiple-jet electrospinning has also been observed in the
polystyrene (PS)/terahydrofuran/séttand polyurethaneurea/
DMF solutions?! The formation of multiple jets under a high
electric field is attributed to the presence of excess surface
charge on the electrified cone associated with the high conduc-
tivity and mobility of the solutions. Depending on the processing
variables Q, H, andV), the number of jets was varied and
associated with the dynamics of the free surface cone whose
size was balanced by the inlet flow from the supplying line,
the outlet flow through the jet line due to the electric field
strength, and the adhering force at the needle end for suspending
the cone. For a solution with a highand a lows, (i.e., low

PAN contents with salt additions), the jet number was signifi-
cantly dependent on the flow rate applied. For example, the
electrospinning of the 6 wt % solutions with 0.05 wt % TEBAC
under a processing condition of 2 mL/h and 14.2 kV yielded
nine jets to produce fibers with a diameter of 24749 nm; in
comparison, four jets were seen at 6 mL/h and 19.7 kV to give
a fiber diameter of 222 36 nm. It was found that a cone with
multiple jets ¢€one-jets electrospinning) did not warrant
producing thinner electrospun fibers than that containing a single

melt is ca. 7700 g/mol, which gives a theoretically predicted jet (cone-jet electrospinning). For simplicity and concise

Cmin Value of 10.9 vol % (or 13.3 wt %). In contrast with the
much lowerCpn value (~4 vol %) obtained from Figure 2a,

comparison, single jet electrospinning will be exclusively
addressed in the following sections; thus the processing window

this indicates that there exists a strong association between thdor the 8 wt % PAN solution is defined by the solid lines as

PAN chains and DMF solvents in the solution st#tsjgnifi-
cantly reducing the entanglement concentration.
Functioning Domains and Effects of Flow Rate and
Solution Properties.For a given PAN/DMF solution at a fixed
H, the functioning domain defined by the operating voltade (
range and flow rate() for the stable conejet electrospinning
mode was first determined. Figure 3 shows the typi¢alQ

shown in Figure 3.

Changing the PAN solutions from 6 to 8 wt % led to an
increase ofy, from 171 to 515 cP, together with a slight increase
of « from 36 to 46uS/cm. Thek effect on the functioning
domain was also investigated by adding 0.05 wt % TEBAC
into the 6 wt % solution to enhance the conductivity to 107

uS/cm, accompanied by a small decreasggto 168 cP. For
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Table 1. Effects of Conductivity, Flow-Rate, and Applied Voltage on the presence of saltg; is found unchanged in comparison with

the CO”e”eUF‘beEfl Ditmens_iof‘s (Room-Temperature that without adding salt; on the other hand, thebtained from
b r_OSp'n”'”g) the 8 wt % solution is evidently increased due to three times of
cone jet 7o increase. Also given in Table 1 is the draw rafidl;( where

Q height length
solution (mL/h) (mm) (mm) d; (um) dr (nm) I/l

6 wt % 0.3 1.49 224 325019 24081 8.8
0.6 1.41 221 53%0.27 194+36 359

l; andls are the phantom length of the jet and fiber, respectively)
associated with the jet stretching in the bending instability
region, which was determined by a simple relatidl; ~ (di/

2 : .
15 152 264 723025 203L45 613 dr)“¢, based on the assumption of volume conservation. The
8wt % 0.3 149 280 4.040.20 35371 85 calculatedy/l; ratio is increased with an increase@which is
0.6 154 290 6.26:0.86 29237 29.2 attributable to the presence of a higher electric field for a larger
15 149 295 752039 298:59 414 Q. It is of interest to note that the draw ratio is as high as 60

6 wt % 0.3 1.60 213 392012 255+41 114 _ . . S
withsalt 06 160 275 5640026 194L31 405 for Q = 1.5 mL/h, in contrast with the electrospinning of PS

15 167 285 739016 198+40 66.5 solutions which gives a draw ratio of ca. 2.5 under a similar
aNote: For all solutions, the applied voltages @ 0.3, 0.6, and 1.5 eIe_ctrosplnnlng condition. The presence_ ofa ml.JCh hlgher dr_aw
mL/h are 6.0, 7.8, and 9.7 kV, respectively; thus the nominal electric ratio sug_gests a_' mpre severe stretc_hlng during jet b(_andlng
strengths are 0.86, 1.11, and 1.39 kV/cm. The o.d. of the needle is 1.47 deformation, which in turn produces finer electrospun fibers.
mm. As a matter of fact, PS fibers with a diameter of several
micrometers are frequently obtained; in comparison, submi-
these solutions, the surface tension remained identical at 36.3crometer-sized PAN fibers are readily prepared from the room-
dyn/cm, but a factor of 3 differences in thg (or «) was found temperature electrospinning process.
among one another. As shown in Figure 3, at a gi@nhe
voltage for the conejet electrospinning is relatively indepen-
dent of o andk, and a rather limited range is available (only
~1 kV at a lowerQ). For a given solution, on the other hand,
the voltage for the congjet electrospinning mode is signifi-
cantly increased with an increase@ For instance, 4:65.0
kV is required for electrospinning the 8 wt % solution at a flow
rate of 0.2 mL/h, but it rises to a voltage of 14.58.0 kV at a
flow rate of 18.0 mL/h. The effects of, and« on the applied
V required for electrospinning are slightly different from those
observed for the less conductive PS/DMF solutiffrsjggesting
the importance of functioning domain determination prior to
the experimental scheme design in order to explore the
individual parameter 1, «, Q) influence on the spinning
process.

According our previous study on PS solutidAsQ is a
convenient variable for manipulating the fiber diameter, that
is, thinner fibers are obtained by a smal@provided that the
other two processing variablgd @ndV) are fixed. TheQ effects
on the coneljet/fiber morphologies are shown in Table 1.
According to Figure 3, it seemed impossible to apply a fixed
for investigating theQ effects on the electrospinning process
for a fair comparison; therefore, the appligdvas set at 6.0,
7.8, and 9.7 kV respectively for a flow rate of 0.3, 0.6, and 1.5
mL/h. As Q was increased from 0.3 to 1.5 mL/h for electro- ) o ] o
spinning of the 6 wt % solution, the cone height and jet length To estimate the electric field near the needle end, simple finite
were relatively unchanged; was evidently increased, arnt element analysis (FEA) was carried 6titin the absence of
was reduced from 240 to 203 nm. Simil@rdependences of ~ €lectrospinning fluids (an empty hollow needle), Figure 4a
the coneljet/fiber morphologies were also found for the other shows the calculated strength of electric field as a function of
two solutions. A simple relation betweed and Q was distance from the needle end= 0 mm) to the grounded plate
obtained!® d; ~ Q" with n ranging from 0.35 to 0.39, for all _(z = 7_0 mm) along thfe symrr_]etry line. For the three nee(_jles
the three solutions used. The scaling exponent is slightly lower investigated, the locations of jet ends are marked by the filled

Effects of Needle Diameter.Although intensive research
efforts have been devoted to paramet@rHl, V, 7o, k, andy)
effects on the electrospinning procéss,*20-23.26.30.3%he effect
of needle (capillary) diameter is barely discussed in the
literature3® To reveal the needle diameter effect on the cone/
jet/fiber morphologies, three different needles were used to
electrospin the 8 wt % solution under the same processing
conditions. The results are shown in Table 2. The needle end
was completely wetted during electrospinning by the protruded
pendant drop, which implies the importance of outer diameter
for comparison. As shown in Table 2, the size of the Taylor
cone and the electrified jet are apparently increased with an
increase in needle diameter. Despite the five times difference
in the needle diameter, the jet diameter was constant (ca. 4.0
um). However, the fiber diameter was found to increase from
256 to 502 nm, accompanied by a lower drawability and less
birefringence, when the needle diameter was increased from 0.57
to 2.77 mm. Because of the point-to-plate electrode configu-
ration, the electric field close to the Taylor cone is essentially
nonuniform, and its field strength is significantly higher than
the nominal strengtti,, determined by/H. The nonuniformity
of the electric field can be experimentally realized from the
absence of intimate superposition between the obtainaedd
V/H by varying eitheV or H and leaving the other constafit®

than the previously derived one-Q.5) for the PS solution}4? symbols, and the corresponding electric field stren@¥eg)
and this is plausibly due to the difference in the electric field 1S then determined and tabulated in Table 2. As shown in the
applied. Althoughd is larger for a largeRQ, the apparenty inset of Figure 4a, the electric field for the point-to-plate

reduction is attributed to an enhanced electric strength resultingconfiguration is not uniform at all. A significant concentration

from a higherV used. In other words, for the present PAN of the elt_ectrlc field is fo_und at the neet_:lle gnd, and the field

solutions, the applie becomes a more dominant parameter strength is degreased with an increase in dlsta}nce followed by

in determining fiber diameter tha; this is a striking difference @ Simple relation: E/E, ~ (ZRo)™*?, whereR, is the outer

from the electrospinning of PS solutions wheeis the key ~ diameter of the needle.

controlling factor due to its less conductive nattfre. To reveal the electrospinning fluid effect on the electric field,
As far as the solution properties are concerned, viscosity playsa stagnant solution with a relative permittivity of 36.7 (for the

a more dominant role than the conductivity in determining the DMF solvent) was considered, and the FEA results are displayed

fiber diameter, which is consistent with previous restftas in Figure 4b with an inset showing the axisymmetric model

shown in Table 1, despite the 3-fold enhancement dfie to studied. In the inset, the shaded area represents the stagnant
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Table 2. Effects of Needle Diameter on the Morphologies of the Electrified Cone and Jet as Well as the Electrospun Fibers (Room-Temperature
Electrospinning)?

needle i.d/o.d. cone height jet length

code (mm) (mm) (mm) d; (um) dr (hm) Ie/l; An x 1(? E/Es°
ND—-S 0.31/0.57 0.88 2.42 4.080.07 256+ 40 16.5 6.0 2.82
ND—M 1.07/1.47 0.94 4.30 3.92 0.04 308+ 54 10.9 5.0 2.15
ND—-B 2.16/2.77 1.48 7.00 4.18 0.09 502+ 48 43 3.0 1.47

a8 wt % PAN/DMF solutions were used and the processing variables were fix@d=a0.2 mL/h,H = 7 cm, and 5.0 kVP Ej is the calculated electric

strength at the jet end arig} is the nominal electric strength, 71.4 kV/m.

| slope=-1.21

6 8

10
z (mm)

Figure 4. Calculated electric strength as a function of distance from
the needle end to the grounded plate. Keyl) ND—B needle; §)
ND—M needle; ©) ND—S needle. The filled symbols represent the
position of the straight-jet end determined experimentally. (a) In the

12 14

giving rise to a fatter fiber. It should be noted that our FEA
calculations simply provided a first approximation of the strength
of the electric field acting on the straight jet end. Because of
the coupling interaction between the fluid dynamics and
electrostatics, however, a more complex electric field is expected
around the cone apex and the straight jet end.

Effects of PAN Concentrations. For all the adjustable
electrospinning parameters, polymer concentration emerges as
the most important factor in determining the diameter of
electrospun fibersk. For the present PAN/DMF solutions at
ambient temperaturey is independent of the PAN content
(~36.3 dyn/cm)g is slightly enhanced, buy, is pronouncedly
increased with an increase in PAN concentration. As shown in
Table 3, ca. 30-fold increase i, but merely a 30% increase
in x are observed when the PAN concentration is doubled.

Under a condition of fixed processing variabl€d £ 0.3
mL/h,H =7 cm, and 6 kV), the effects of PAN concentrations
on the conel/jet/fiber morphologies are shown in Table 3. As
the solution viscosity was increased, the size of the Taylor cone
remained relatively unchanged, the electrified jet became longer
and relatively thicker, and PAN fibers with a larger diameter
were produced. These observed trends were similar to those
for the electrospinning of PS solutions reported previotsly.
When plotting the logarithmlogarithm plots ofd;, and dr vs
1o, two scaling laws exist for the present PAN/DMF solutions;
that is, dj ~ 7,°% and di = 14.8;,°%2 as shown in Figure 5,
where the solid circles are for ttdg and the open circles for
the di. The weakr, dependence off is in accordance with
theoretical consideratiotf,and similar results have been found
on electrospinning the PS/THF solutiok$-or the specific PS/
THF solution with increasing PS contents, it should be noted
that#, was increased, but both theand« were controlled to
keep them constant at 24.2 dyn/cm and L$kcm, respectively,
by adding a suitable amount of LiClGalt. In contrast, there
is a ca. 30% variation ir for the present PAN/DMF solution.
Our derived exponent for the), dependence oftk is in
agreement with that~0.50) obtained by Baumgarten using a
similar solutio” and is also similar to the previously reported

absence of liquid cone and jet. The inset shows the typical distribution value for PS/THF solutions0.41)!4 However, it is apparently

of electric fields in a wide range of normalized distance, (b) in the

presence of stagnant liquid cone and jet. The arrows point out the
location of the cone apex determined from experiments. The nominal

electric strengthk,, is given byV/H with V =5 kV andH = 70 mm.

lower than poly(methyl methacrylate)/DMF solutions(,71)1°
poly(ethylene terephthalats-ethylene isophthalate)/(CF/DMF)
solutions ¢0.80)8 and Nylon-4,6/DMF solutions~0.86)13
This implies that a different scaling exponent for describing

solution, and a triangular Taylor cone is assumed. The locationsthe di — 7, relation is applied for various solutions depending
of the cone apex and jet end, determined experimentally for on the polymer-solvent system. When the composition of the
different needles, are marked by the arrows and the filled €lectrospinning solution is varied, it should be reminded that

symbols, respectively. It is intriguing to note that in contrast

not only the, but also they andx might be altered; plausibly

with the empty needle model (Figure 4a), the maximum electric giving a mutual influence on the determination. On the basis
field moves to the jet region adjacent to the cone apex, but the of the solid content, therefore, a simple relation is expressed

electric field strength at the terminal jet remains relatively

by di ~ ¢ 249 according to Figure 2a.

unchanged. Because of a longer jet produced by the larger needle On the assumption that negligible solvent evaporation takes

assembly (NDB-B), the electric field strength that the terminal

place within the electrified jet prior to reaching the bending

jet experiences in order to undergo the bending instability instability region, the terminal jet velocity;j can be estimated

deformation is evidently smaller (ca. half of that for the NB

by 4Q/zdi? and is given in Table 3 as well. The calculatgds

needle), and thus leading to a less electrostatic stretching ancca. 6.5-10 m/s for the 58 wt % PAN/DMF solutions and is
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Table 3. Effects of PAN Concentration on the Solution Properties and Cone/Jet/Fiber Dimensions (Room-Temperature Electrospinnifg)

PAN Mo K cone height jetlength vj
(wt %) (cP) (uSlcm) (mm) (mm) d; (um) dr (Nnm) I/l (mls)
5.0 47 35.3 154 1.21 3.990.28 213+ 47 6.7
55 109 35.5 1.94 1.30 3.980.20 - 6.9
6.0 171 36.0 1.49 2.24 3.260.19 240+ 81 8.80 10.0
6.5 194 42.8 213 1.37 3.780.08 281+ 57 9.50 7.4
7.0 338 45.4 1.25 1.88 3.840.26 304+ 62 9.09 7.2
8.0 515 46.2 1.49 2.80 4.040.20 353+ 71 8.51 6.5
10.5 1446 50.0 1.28 4.72 5.380.23 552+ 45 8.17 3.7
12.0 2753 51.5 1.07 12.29 1064175

ay remained constant at 36.3 dyn/cm and processing variables were fiQeg &3 mL/h,H = 7 cm, 6 kV, and the o.d. of needle is 1.47 mhBeaded
fibers. di was determined by the fiber diameter between the spindles (beads).

- (a)
% : Lot 10" f 15wt% 14
£ nx__,_m_?—m'*é’”_’e /
¥ 0 / 12
8 N - | * 10.5
~~ 10 d~14.87 QCE 100 | / |
~ 8
<
102 N i e C / o
10! 102 108 104 101 } 6wt
viscosity (cP)
Figure 5. Viscosity dependence of jet diameter (open circles) and fiber R ) . R
diameter (filled circles) for PAN/DMF solutions electrospinning at
ambient temperature. The solution properties are displayed in Table 3, 2.6 2.8 3.0 3.2 3.4 3.6
Q=0.3mL/h,H=7cm, 6 kV, and the o.d. of the needle is 1.47 mm. 1/T* 103 (Kl)
greatly reduced to 3.7 m/s for the 10.5 wt % solution; plausibly 104 . : ; —
resulting from a lower effectiveness in electrostatic stretching 1° =1 3614x10° m%/N /
due to the high viscosity and limited conductivity. The traveling 103 s (b) .
time of the jet from the cone apex to the incipient of jet bending
is extremely short 0.2 ms), which further validates the 102 4
assumption of negligible solvent evaporation. TH§ ratio -
associated with the jet bending is slightly reduced with the PAN & 10! -
content. In spite of the presence of similar jet diameter, however, &
our results demonstrate that the effective stretching in the {5 100 1
bending instability region is the predominant factor that 15°C
determines the final fiber diameter. In short, a whipping jet 10! 2500 |1
possessing a highey, is more difficult to be electrically ) 50°C
stretched and eventually produces thicker fibers deposited on 10 v 60°C |]
the grounded collector. . 1/

On the basis of the above experimental findings, the lowest 107 ' ' *
diameter of PAN fibers obtained from room-temperature elec- 10! 10° 10! 10 10° 104
trospinning was 194t 36 nm by using the 6 wt % solution G" (Pa)
under a processing condition @= 0.6 mL/h,H =7 cm, and

7.8 kV. As mentioned previoushf,there obviously exists a great
challenge for preparing PAN fibers with a diameter less than
100 nm. To facilitate smaller fiber preparation, the temperature
factor will be considered in the next section in the hope of
changing the solution properties to close the gap.

3.2. Temperature Effects on Solution PropertiesShear

experiments were carried out at several temperatures from 25

Figure 6. (a) Effects of temperature on the solution viscosity. The
flow activation energy for each solution is determined from the slope,
(b) Typical plot of logG' vs logG" for the 14 wt % PAN/DMF solution

at various temperatures. A master curve is constructed, suggesting the

temperature independence Iff

Table 4. Activation Energy for PAN/DMF Solution Viscosity (AEy),
Conductivity (AE), and Surface Tension AE,)

to 100°C. As expected, the solution viscosity is reduced at high ~ PAN (wt %) AE; (kJ/mol) AE, (kJ/mol) AE, (kJ/mol)
temperatures. It is further assumed that the temperature depen- 6 15.1 10.9 3.02
dence ofy, is governed by the Arrhenius-type activation energy: 8 19.0 10.0 3.84
12 20.9 9.8 3.95
_ AE (1 1 14 24.1
1o(T) = 1(To) exp[ R (T To)] 1) 15 27.9

whereT, is the reference temperature @R the gas constant.
Figure 6(a) shows the log, vs 1T plots for solutions with
various compositions, by which the activation energy for flow
(AE,) was determined from the slope and tabulated in Table 4.

The derivedAE, is increased with PAN concentrations, being
15.1 kJ/mol for the 6 wt % and 27.9 kJ/mol for the 15 wt %
solution. Accordingly, the viscosity of the 6 wt % solution is

pronouncedly decreased from 149 to 51 cP when the temperature

is raised from 25 to 9C0°C. Figure 6b shows the typical
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1T*10° (K™ Figure 8. Temperature effects on the voltage range for electrospinning.

Filled and open squares represent the lower and upper bound voltages
Figure 7. Effects of temperature on (a) solution conductivity, and (b) respectively for the stable conget electrospinning mode. The inset
solution surface tension. The activation energy is determined from the images are cone and jet morphologies at (a) 54.3, (b) 66.9, and (c)
slope. 88.7°C, respectively. The scale bar is 1.67 mm (12 wt % PAN/DMF

solutions,Q = 0.3 mL/h,H = 7 cm, and the o.d. of the needle is 1.47

temperature effect on the lag — log G” plots for the 14 wt ™M)

% solutions, by whichlg is derived from they-intercept. A Table 5. Temperature Effects on the Cone/Jet/Fiber Morphologies,
master curve is evidently formed, suggesting the solution- Fiber Birefringence (An), and Crystallinity (¢VAXP)a
temperature independence 2§ In other words, the entangle-  temp ¢C) cone height jet length HWAXD
ment density remains intact for an entangled PAN/DMF solution 12 wt % (mm) (mm) d(nm)  Anx 1 (%)
at different temperatures. Thus, the relaxation time depends 32 » 1.07 1229 1064175  1.79 -
exclusively on the solution viscosity and will be reduced fora  54.3 0.99 11.77 814 149 1.56 11.6
given solution at high temperatures. 66.9 1.42 7.66 654190 1.97 13.9
As shown in Figure 7a, the conductivity of PAN/DMF gg:? i:ig g:gz 22& ggg 5:22 g:g

solutions increases with an increase in PAN concentrations and ap ) bl fixed@t= 0.3 mUh,H = 7 489
H H H rocessing variables were fixe t= 0.3 m , A= /Ccm,an .
Is also enhanced at high temperatures possibly due to thekV. The o.d. of needle is 1.47 mMQ = 0.3 mL/h,H = 7 cm, and 7.8

enhanced mObi”tY- The temperature depend?n_ce‘ Gﬂso ~ kV. Avoltage of 8.9 kV will lead to an unstable electrospinning mode, as
follows the Arrhenius equation, and the conductivity activation shown in Figure 8.

energy QE,) for each solution is determined from the slope. finer pirefringence were produced (Table 5). The largeor
Also given in Table 4 is the derivedE,, showing a slightly  pigh_temperature electrospinning is attributable to the formation
decreasing\E, with concentrations from 10.9 kJ/mol forthe 6 ;¢ larger Taylor cone resulting from a more conductive and

wt % solution to 9.8 kJ/mol for the 12 wt % solution. On the ' |a5g viscous PAN/DMF solution, which is consistent with the
other hand, the solution surface tension is relatively independentpg,pvE electrospinning resulté.Due to the intramolecular
of the PAN concentration but is decreased at high temperaturesdip0|e repulsions of its nitriles, PAN forms relatively stiff,

as shown in Figure 7b. The Arrhenius type of activation energy

(AE,) is found to be independent of concentration, with ca. being g ¢ axis order. The WAXD intensity profiles of the electrospun
3.7 kd/mol for all the solutions studied (Table 4). PAN fiber mats are shown in Figure 9, where a characteristic
On the basis of the relative values AE shown in Table 4, diffraction peak at 17 2relevant to the (200) crystal plaffds
it is evident that solution viscosity shows greater temperature observed. In contrast, the powder sample gave a strong
dependence than the two other solution properties. Moreover,diffraction peak at 8 = 16.8. The diffraction peak was found
it is expected that a thinner PAN fiber should be obtained when to gradually diminish as electrospinning was performed at
electrospinning is performed at a higher temperature due to theelevated temperatures. While birefringence detects the chain
favorable solution properties (i.e., lower viscosity and lower grientation within the fibers, WAXD provides the crystallinity
surface tension but higher conductivity) for a more significant fraction developed in the fibers by resolving the diffraction peak
jet stretching prior to solidification. As a matter of fact, such a from the total scattering curve. The corresponding crystallinity
phenomenon was observed, and a detailed discussion is providegraction was determined and displayed in Table 5 as well. The
in the following section. apparent reduction of fiber crystallinity prepared from the high-
3.3. Temperature Effects on Electrospinning.Figure 8 temperature process is attributed to the enhanced solvent
shows theV available at &Q of 0.3 mL/h for electrospinning  evaporation, which prohibits the chain ordering process to take
the 12 wt % solution at various temperatures; also included areplace. As compared to conventional electrospinning, high-
the typical cone and jet morphologies at an apphéedf 8.9 temperature solution electrospinning possesses the advantage
kV. It is seen that a largeW is required for carrying out  of producing PAN fibers with a much smaller diameter and
electrospinning at high temperatures than that for room- lower crystalline order, but a higher chain orientation. The TGA
temperature electrospinning (32Q). Similar results were also  results of the as-spun fibers showed a weight loss of ca. 30%
obtained for the 6 wt % solution. As the solution temperature at 300°C due to the cyclization of the nitrile groddwhich
was increased, the Taylor cone expanded, the jet length waswas fairly consistent with the DSC heating traces exhibiting an
monotonically shortened, and thinner PAN fibers with larger exothermic peak at 290 with a reaction enthalpy of 500.9

rodlike molecules with a “laterally ordered” structure, but with
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a: powder
b: 54.3°C
¢ 66.9°C
d: 83.5°C
c: 88.7°C

intensities (a.u.)

Figure 9. WAXD intensity profiles of electrospun fibers prepared from
the 12 wt % solution at various temperatur€s=€ 0.3 mL/h,H =7

cm, and 8.9 kV). The crystallinity percentage of the powder sample is
18.5%.

E 10} 5
-
o 88.7°C
A 3n2C
10! I I 1 | L
70 75 80 85 9.0 95 100
applied voltage (kV)

Figure 10. Effects of applied voltage on fiber diameter (6 wt % PAN/
DMF solutions,Q = 0.3 mL/h,H = 7 cm).

J/g. This resulted from the intermolecular cross-linking between
PAN chains?8:30

To reveal theV effect on the coneljet/fiber morphologies,
the 6 wt % solution was electrospun at two different temper-
atures, 32.2 and 88.°CC, for comparison. Under a processing
condition of Q = 0.3 mL/h andH = 7 cm, the appliedv
available for the stable conget mode was relatively limited,
being 7.6-8.9 kV for 32.2°C and 8.9-9.3 kV for 88.7°C
electrospinning. As th¥ was increased, both the cone height
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Figure 11. Fiber morphology and the corresponding diameter distribu-
tion for the 6 wt % solution electrospun under different temperatures
and voltages: (a) 32.2C and 8.9 kV; (b) 88.7C and 8.9 kV; (c) 88.7

°C and 9.3 kV. The scale bar is 400 n@ € 0.3 mL/h,H = 7 cm).

at 88.7°C eventually produces fibers with a much smaller
diameter; the values ad; obtained from the 6 and 12 wt %
solutions are 65 27 and 466t 253 nm, respectively. Although
the solution temperature is well maintained, the somewhat large
standard deviation for thek is attributed to the absence of
environmental temperature control. Because of the intensive
solvent evaporation in the bending instability region, the
temperature of whipping jets may tremendously drop during
repulsive stretching. This cooling effect leads to a significant
temperature variation from jet to jet; the variation may become
more predominant for a concentrated solution electrospun at
an elevated temperature. For preparing fibers with more uniform
diameters, an environmental chamber has been constructed in
this laboratory, and a forthcoming paper will provide the effect

and jet length were decreased regardless of the solutionof environmental temperature on the fiber morphology for a

temperatures, and there was a monotonic reductiod; afs
shown in Figure 10. Figure 11 shows the fiber morphology

complementary study.
Figure 12 shows the double logarithmic plots dyfvs #,

observed by SEM together with the corresponding histogram for the two data sets obtained from high-temperature electro-

of the fiber diameter distribution. Under a fixatof 8.9 kV,

spinning; one is obtained for solutions with various PAN

the diameter of the electrospun fibers was pronouncedly contents electrospun at 88 (triangle symbols with a number
decreased with an increase in solution temperature. It wasabove data point referring to the wt% of PAN), while the other

reduced from 17Gt 38 nm by the 32.2C solution electro-
spinning to 84+ 41 nm for electrospinning conducted at 88.7
°C. For the present study, the smallest PAN fibers with a
diameter of 65+ 27 nm were obtained by applying the highest
V (~9.3 kV) available for the stable conget electrospinning
mode at 88.7C.

When the solutions with various PAN concentrations (@
wt %) were electrospun at 88°C under a processing condition
of Q= 0.3 mL/h,H =7 cm, and 9.3 kV, the cone height was
found to be independent of PAN content (ca. 1.0 mm), but the
jet length evidently increased from 1.1 mm for the 6 wt % to
2.0 mm for the 12 wt % solution; similar trends were also
obtained from room-temperature electrospinning (Table 3). As

is deduced from the 12 wt % PAN/DMF solution electrospun
at different temperatures (inversed triangles). Also included are
the ambient electrospinning results (open symbols) taken from
Figure 5. By means of linear regression analysis, the dedved

— 1, relation for each data set is provided in Figure 12 as well.
The viscosity dependence af for solutions with various
compositions (612 wt %) is found to follow the relationship

of dr ~ 5,252 for electrospinning at 32.2C andd; ~ 1’74 at
88.7°C. Moreover, the prefactor for the power law relation is
apparently reduced as electrospinning is conducted at high
temperatures. Within experimental uncertainties, it seems that
the 57, dependence of; for high-temperature electrospinning

is slightly stronger than that for room-temperature electrospin-

compared to the conventional process, however, electrospinningning. In deriving these scaling laws, however, one should be
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