¥® ROYAL SOCIETY
PP OF CHEMISTRY

Soft Matter

View Article Online

View Journal | View Issue

Charge transport in electrospinning

’ '.) Check for updates ‘
of polyelectrolyte solutionsf

Cite this: Soft Matter, 2024,

20, 5572 Patrick Martin

and Eyal Zussman (=) *

This study elucidates the electrical charge transport during electrospinning of weak polyelectrolyte
(poly(acrylic acid) (PAA)) solutions by employing current emission measurements. With pH variation, the
PAA ionization degree could be controlled from uncharged at low pH to weakly charged at intermediate
solution pH. Electrospinning neutral poly(vinylpyrrolidone) (PVP) as a reference polymer solution
confirmed established current-flow rate scaling relationships as shown by De La Mora and Loscertales
(1994), I ~ (yKQ)", independent of the applied electric field polarity, where v = 0.5, K is the conductivity,
y is the surface tension, Q is the flow rate, and / is the current. Similarly, the uncharged PAA did not
display any polarity dependence, yet v ~ 0.8. Negatively charged PAA, however, showed a marked
deviation in the current-flow rate behavior, which was affected by the applied electric field polarity. In
the case of negative polarity, v = 0.99, whereas for a positive polarity » = 0.68. Similarly, the voltage
required for stable cone-jet electrospinning of charged PAA was significantly higher in the negative
polarity configuration for all tested flow rates (300-1600 puL h™3). As opposed to merely surface charges
typically considered when electrospinning leaky dielectric fluids, as suggested by Melcher and Taylor
(1969), our results suggest that the measured current is also affected by volumetric charges from
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charged PAA in the bulk of the jet. The proposed additional charge transport might affect the orienta-
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1. Introduction

The production of fine sprays of charged, nanoscale droplets in
the electrospraying process’® and the formation of nanofibers
by electrospinning’ ! have an underlying jetting phenomenon
in common. In both cases, a conducting liquid is supplied
through a capillary to an orifice where a pendant drop forms.
Under the action of a sufficiently strong capacitor-like electric
field, the acting electrical Maxwell stress overcomes the droplet
surface tension, yielding a breakup of the droplet and a
stationary jet formation. Within a few millimeters of the orifice,
the jet contains a straight section; however, initial small asym-
metric jet radius distortions grow with increasing distance due
to convective or bending instabilities.”®'® In the case of
electrospraying, the liquid can either break up into small
droplets at the orifice'*"* or within the jet,'*'*> where capillary
instabilities arise. If the precursor solution, e.g., a polymer
solution, provides sufficient viscoelastic properties, the capil-
lary instability within the jet can be suppressed. After a marked
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tional order within PE-based nanofibers and their diameter.

stretching within the jet and significant solvent evaporation,
nanofibers eventually form in the electrospinning process."®

The study of charge transport in electrospraying and elec-
trospinning is important from a scientific and technological
perspective. It provides insight into the electrohydrodynamic
stability of processes and the expected diameter of nanofibers
or drops formed during electrospinning or electrospraying,
respectively. Studies have focused on elucidating the nature
of the electric current, J, in the jet at a given flow rate, Q as well
as applied electric field, E by using electrohydrodynamic (EHD)
models."”>°

Exemplary, by balancing stresses related to the surface
tension and charge repulsion in a narrow jet, Fridrikh et al.
suggested d ~ (Q/I)*”® for the relationship between the final
fiber diameter, d, the flow rate Q, and the electric current .>*
When electrospraying solutions with large but finite conductiv-
ity at large flow rates, Loscertales and Fernandez de la Mora
and Gafian-Calvo independently showed I ~ (yKQ)*?, for the
dependence of the surface tension 7y, the conductivity K, and Q
on the electric current.'”*#2%23 Since the electric field E, which
determines the jet dynamics, is on the order of (y/7)? at large
distances r from the Taylor cone apex,> it is indeed expected
that the current will depend on y. Alternatively, Bhattacharjee
et al. predicted the emitted current based on the applied electric
field strength when electrospinning neutral poly(methyl

This journal is © The Royal Society of Chemistry 2024
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methacrylate) and suggested I ~ EQ**K**.?°
ing solutions where the surface tension stresses are small
compared to the viscous and electric stresses, Higuera*® found
by numerical simulations an additional contribution of the
viscosity, 5, to the emitted current: I ~ &, *n"°K"*(EQ)*?,
where ¢, is the liquid dielectric constant. Complementary to
viscosity-dominated jets, Reznik and Zussman proposed, I ~
em? "y K3 E¥7 QY for capillary-dominated jets.?” In this case,
the capillary numbers, Ca = Qy/ay>y (a, is the orifice diameter),
are sufficiently small, indicating that surface tension stresses
dominate over the viscous stresses.

It is important to note that EHD models focus on the net
charge owing to an excess of charged species rather than the
concentration and distribution of certain species in detail.*®
For instance, the common EHD model, the Taylor and Melcher
leaky dielectric model (LDM), considers only surface charges
and assumes the bulk of the fluid to be depleted of free charges;
that is, volumetric charges are absent in the jet.”**' Hence, the
electrical Maxwell stresses regarded in this model act solely on
the jet surface. The LDM is valid in cases when the charge
relaxation time, 7¢ ~ &y/K, is shorter than any characteristic
process time, 1y ~ @*/Q, where a is the characteristic jet radius.
In electrospinning, the jet evolution below the orifice can be
divided into three zones, as shown in Fig. 1a. The first zone

For low conduct-
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comprises the Taylor cone and is characterized by 7¢ « 1 and
immediate ohmic migration of free charges from the bulk to
the fluid surface in response to the applied external electric
field. The second zone encompasses a transition zone where
the jet diameter narrows significantly, accompanied by a
marked solution acceleration along the jet. The third zone is
characterized by a weakly tapered jet. The jet velocity is typically
in the order of 1 m s, so that t¢ & 74 and convection of
surface charges dominates the current in zones two and
three.*> Despite its limited suitability in fast hydrodynamic
phenomena, such as within the second and the third jet zones,
scaling relationships for the electric current derived from
the LDM, as well as EHD-based models in general, agree
with experimental observations when working with neutral
polymers.>®

Unlike neutral polymers, polyelectrolytes (PEs) are macro-
molecules with a significant portion of ionic or ionizable
functional groups that render charged PEs water-soluble.**>*
Emerging applications in biomedical and food engineering,
personal care, and water purification, as well as the striving
for “green processing” - that is, abstaining from the use of
toxic organic solvents - raise interest in PEs.>*”*” Examples
of naturally-occurring PEs include proteins, DNA or RNA, or
certain polysaccharides such as xanthan, alginate, chitosan,

b) Zone 1

.“$"""""""+""""""""".

E,

Fig. 1 Electrospinning of an anionic PE solution. (a) Schematic charge distribution and relevant jet zones; (b) zone 1: Taylor cone; (c) zone 2: cone-jet
transition; (d) zone 3: jet zone. E,, and E; are the normal and tangential components of the applied electric field E, acting on the solution surface.

This journal is © The Royal Society of Chemistry 2024
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hyaluronic acid, etc.?® It is well-known that the behaviour of PEs
in solution is significantly affected by the charges on the PE
backbone and interactions with the corresponding oppositely
charged counterions and cannot be modeled by superimposing
the behaviours of uncharged polymers and electrolytes.>® The
description by a bulk solution ohmic conductivity, as in EHD
models, can only insufficiently describe the asymmetry in ionic
mobilities between PE chains and counterions inherent in PE
solutions.

By utilizing an electrokinetic modeling approach, a recent
work by Lopez-Herrera et al. has indeed shown deviations in the
Taylor cone profile depending on the applied electric field
polarity when the solutions exhibited asymmetric ionic
mobilities.?® Thus, it is reasonable to believe that assumptions
made within the LDM frameworKk, e.g., depletion of free charges
in the bulk, homogeneous permittivity in the liquid, neglecting
the internal electric field within the jet, may not be valid when
dealing with solutions containing charged PEs. Instead, the
charge connectivity on the PE chains endows the solution with
bulk volumetric charges that undergo electrophoretic motion
(see Fig. 1)."° Hence, a deviation from the proposed current-
flow rate relationships might be observed in the case of charged
PEs, indicating a different electrohydrodynamic behaviour of
charged PEs compared to neutral polymers in the electrospin-
ning jet. This could have far-reaching implications on the axial
velocity profile in the jet cross-section and the macromolecule
conformation, orientation and distribution in nanofibers com-
prised of PEs, ultimately affecting their diameter and mechan-
ical properties. In the most extreme case, a variation in the
applied electric field polarity might affect the spinnability of PE
solutions by either enabling or preventing the formation of a
continuous jet. To elucidate the charge transport in electro-
spinning PEs, the emitted current was measured as a function
of flow rate and applied voltage for neutral poly(vinylpyrrol-
idone) (PVP) as a reference, as well as uncharged and partially
ionized, model PE, poly(acrylic acid) (PAA), controlled by
solution pH. In addition, the polarity of the applied electric
field was varied. The results were compared to established
scaling relationships for the emitted current.

2. Experimental

2.1. Materials

PVP (M,, = 300 kDa) was purchased from Sigma Aldrich (Israel).
PAA (M,, = 450 kDa) was purchased from Polysciences Inc.
(USA). NaOH pellets were obtained from Frutarom Ltd. (Haifa,
Israel).

2.2. Solution preparation

PVP powder was dissolved in a Milli-Q water/ethanol (6/4 v/v)
cosolvent mixture to obtain a 15 wt% solution. PAA solutions
with 4 wt% concentration in (6/4 v/v) Milli-Q water/ethanol were
prepared by dissolving the PAA powder overnight in Milli-Q
water to create a 10 wt% PAA stock solution. The desired
solution pH values of 2.8 and 4.5 for uncharged and charged
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solutions, respectively, were obtained by adding required
amounts of 1 M NaOH. The final solution concentrations were
adjusted by adding appropriate amounts of ethanol and Milli-Q
water, followed by stirring overnight.

2.3. PAA ionization degree

The pH-dependent ionization degree of PAA was evaluated by
ATR-FTIR on Nicolet 380 spectrometer (Thermo Fisher Scien-
tific, USA) with 0.5 cm™ "' increments. For this purpose, 1 wt%
PAA solutions were prepared in water/ethanol (6/4 v/v) at
different solution pH, with 0.15 M NaCl added to diminish
the effect of PE concentration. The obtained spectra were
analyzed using OriginPro 2020 software (Originlab, USA).
Deconvolution of the COOH band (at 1695 cm ™) and COO—
(1557 em™ ') was conducted, and the ionization degree of PAA
was calculated as:

a(pH) = (peak area of COO™)/((peak area of COOH)
+ (peak area of COO ")) ®

Fitting was done according to the Henderson-Hasselbalch
equation.

2.4. Conductometric titration

150 ml of 0.1 wt% PAA solution in Milli-Q water/ethanol (6/4 v/v)
was prepared, followed by adding a small amount of 1 M HCI to
deionize the PAA in solution entirely. Subsequently, the solution
was titrated with 1 M NaOH under constant stirring and contin-
uous conductivity and pH measurements. The solution conduc-
tivity was measured on a portable laboratory conductivity meter,
XS Cond 7 Vio (XS instruments, Italy). The pH measurements were
performed on SevenCompact pH meter S220 (Mettler Toledo,
Switzerland).

2.5. Zeta potential

The electrophoretic mobility of PAA was measured at different
solution pH values. For this purpose, 0.1 wt% PAA solution in
Milli-Q water/ethanol (6/4 v/v) was prepared, and the pH was
adjusted by adding appropriate amounts of 1 M NaOH or 1 M
HCI. The measurements were conducted on Malvern Zetasizer
Nano-ZS (Malvern Panalytical, UK) and repeated three times per
specimen. The Zeta potential, {, was calculated using Henry’s
equation with Smoluchowski approximation:

C = ﬂe"l/EOEr (2)

where . denotes the electrophoretic mobility, # the solution
viscosity, and &, and ¢, are the relative permittivity and the
permittivity in vacuum, respectively.

2.6 Surface tension

The respective surface tensions of the solutions were evaluated
using Tate’s drop weight method.*’ Briefly, Tate’s law postu-
lates a balance between the drop weight and a counteracting
surface tension force, holding the pendant drop to the
capillary tip:

mg = 2nRny (3)

This journal is © The Royal Society of Chemistry 2024
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where m denotes the droplet mass, g is the gravitational
constant, R is the capillary radius, n denotes the number of
drops, and y is the surface tension. For each solution, n = 15
drops were supplied through a G27 (R = 0.21 mm) needle at
1 mL h™' flow rate and weighed to determine the surface
tension. Experiments were conducted in triplicates and the
results are reported as mean + standard deviation.

2.7. Rheological characterization

The polymer solution shear viscosity was assessed on a DHR-2
rotational rheometer (TA Instruments) at different shear rates
in the range of 0.2 up to 1000 s~'. All measurements were
performed at room temperature using a parallel plate geometry
with a diameter of 40 mm and a 300 pm gap between the plates.

2.8. Electric current measurement

The measurements of emitted current during the electrospin-
ning process were performed with a setup, schematically shown
in Fig. 2. Briefly, the polymer solution was supplied by a syringe
pump (Harvard Apparatus, PHD 2000) with a controllable flow
rate, Q, to a metallic, blunt, 23G (0.337 mm inner diameter)
needle, which was connected to a high voltage power supply.
Experiments were conducted for positive and negative applied
voltages. For a positive polarity, XRM30P (Gamma High Voltage
Research) was used, whereas a negative electric potential was
applied by XRM50N (Gamma High Voltage Research). The
electrospray or electrospun fibers were collected on a thin steel
plate with 20 cm radius and 5 cm distance to the needle tip. The
collector was connected to the ground through an Ohmic
resistance of Rpjae = 1 MQ. In parallel to the Ohmic resistance,
a digital acquisition device (DAQ) (USB-6211, National Instru-
ments, USA) with an internal resistance of 1 GQ was attached to
measure the potential difference, U, over Rpjate-

Polymer Solution

120

UPlate

Collector

Fig. 2 An experimental setup for measuring the emitted current during
electrospinning.

This journal is © The Royal Society of Chemistry 2024
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Due to the expected low electric currents emitted during
electrospinning (typically nano- to microampere), a large
Ohmic resistance of Rpje = 1 MQ was required to generate a
measurable potential difference over the resistance. At the
same time, the DAQ internal resistance was large enough not
to measurably affect the current. Finally, the data was trans-
ferred to the computer, and the emitted current, I, was calcu-
lated by Ohm’s law:

1= UPlate/RPlate (4)

Electrospinning was conducted in a stable cone-jet mode,
where the competing supply of the solution by the syringe
pump and withdrawal by the electric field were in balance.
Hence, the electric field strength, E, controlled by the applied
voltage, V, and the solution flow rate could not be varied
independently without affecting the electrospinning stability.
Consequently, each applied flow rate (300, 350, 400, 500, 600,
800, 1000, 1200, and 1600 pL h™') permitted only a narrow
range of applied voltages. Note that the electric field is highly
nonuniform and much higher than the corresponding parallel
capacitor field value. The emitted current of each flow rate-
voltage combination was measured for 30 s at a refresh rate of
100 s~* and ultimately averaged. All results are presented as
mean =+ standard deviation in dimensionless form (I* = I/I,
Q* = Q/Qq, and E* = E/E,, for the nondimensional current, flow
rate, and electric field, respectively) following the scheme
introduced by Gafian-Calvo.*” The intrinsic scales for electric
current, I, = &yp /%, flow rate Q, = &oyp 'K *, electric field
Eo = (2¢0 pdy Y2, and diameter d, = (1 %¢o%pp 'K %" have
been shown to be on the smallest order possible in an electro-
hydrodynamic jet,'®>>43

3. Results

3.1. PAA solution characterization

The behaviour of PAA in solution strongly depends on its
ionization degree, controlled by the solution pH. FTIR spectro-
scopy was carried out to determine the pH-dependent ioniza-
tion behaviour of PAA in water/ethanol (6/4 v/v) (Fig. 3a). Under
acidic conditions, when the concentration of free hydrogen
ions is high, the carboxylic acid of PAA appears mostly in its
associated, protonated form. Thus, PAA can be considered
uncharged and adopts a Gaussian coil conformation below
solution pH 3. With increasing pH, the PAA ionization degree
rises due to the deprotonation of the PAA carboxylic acid
functional groups into negatively charged carboxylate ions.
Simultaneously, the arising repulsion between neighboring
charges along the chain causes it to take on a stretched
conformation.** The apparent pK,, describing the condition
when the ionization degree reaches 50%, was determined at
pH 4.84. Complete ionization of the PAA functional groups
could be considered above pH 6.5.

The dependence of the PAA zeta potential on the solution
pH in Fig. 3b corroborates the results above. Below pH 3, PAA
did not demonstrate any significant charges. Increases in the
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Fig. 3 Electrical, physicochemical, and rheological properties of PAA solutions: (a) ionization degree as a function of solution pH in water/ethanol
(6/4 v/v); (b) zeta potential depending on the solution pH; (c) conductometric titration; (d) steady state shear viscosity of PVP and uncharged/charged

PAA at solution pH 2.8 and 4.5, respectively.

ionization degree with rising pH rendered the chains with a
larger electrophoretic mobility, expressed by an increase in the
absolute zeta potential up to pH = 6.5. At higher pH values,
charges were screened. Ultimately, the absolute zeta potential
decreased, ascribed to a high ionic strength and consequent
reduction of the double layer around the PAA chains at pH 10.5.

Conductometric titrations were performed to elucidate the
contribution of each ionic species in the solution. Fig. 3c
presents the solution pH and conductivity depending on the
amount of added NaOH. The graph can be divided into three
regions based on conductivity, corresponding to three distinct
physicochemical processes. Region 1 is characterized by a steep
decrease in conductivity, which is ascribed to neutralization of
excess H (350 S cm® mol™') from the previously added HCI
by Na' ions with approximately 7 times lower ionic mobility
(50.9 S cm® mol 1):*>4°

NaOH + H' + CI~ = H,0 + Na" + CI~ (5)

Simultaneously, the decrease in the hydrogen ion concen-
tration led to a slight pH increase. After reaching the first
equivalence point, the addition of NaOH causes PAA carboxylic

5576 | Soft Matter, 2024, 20, 5572-5582

acid groups (—COOH) to dissociate, thus become ionized
(—COO-) in Region 2:

—COOH + Na'+ OH™ = —COO™ + Na* + H,0

(6)

The conductivity increase in this region is attributed to increas-
ingly negatively charged PAA chains and Na' counterions. Here,
it is imperative to highlight that the ionization degree does
not reflect the effective charge a PE chain possesses. In fact,
the effective charge is determined by an interplay between
electrostatic-driven counterion adsorption on the PE macro-
molecule and entropy-driven counterion disassociation into
the solution.*” Thus, above a specific PAA charge density,
Na' counterions begin to ‘“condensate” on the negatively
charged PAA chain, causing the observed conductivity plateau
in Region 2.*®

Considering the popular Manning-Oosawa counterion con-
densation theory, the minimal distance between effective
charges along a linear PE chain equals the Bjerrum length in
solution, which depends on the solvent permittivity."® The
water/ethanol cosolvent (6/4 v/v) used in this study has a
permittivity, &, of 59.2 at 25 °C which yields a Bjerrum length,
Iy = €*/(ecksT) of Iy ~ 0.95 nm.”° Assuming a spacing of 0.27 nm

This journal is © The Royal Society of Chemistry 2024
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Table 1 Polymer solution properties
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Ionization Conductivity, Surface tension, Zero-shear viscosity, Capillary
Material degree, f K [puS em™'] y [MN m™"] 1o [mPas] number, Ca
PVP 0 44.5 36.8 £ 0.43 505 0.13
PAA - pH 2.8 ~0.01 167.7 29.2 £ 0.41 160 0.054
PAA - pH 4.5 ~0.28 745 30.3 £+ 0.09 207 0.067

between the carboxylic acid groups on the chain,”" the fraction
of maximal effective charges is limited to ~0.28, corresponding
approximately to pH 4.5 (see Fig. 3a). Above this pH, additional
PAA ionization causes counterions to condense on the macro-
molecule, effectively screening the charges. Note that Fig. 3c
suggests an onset of PAA ionization only above pH 4.2 and
counterion condensation to occur approximately above pH 6.
The origin of this shift to higher pH values lies in the difference
in PAA concentrations used for the essays in Fig. 3a and ¢.*>*’

The second equivalence point appears upon approaching
complete PAA ionization in the titration experiment. Further
NaOH addition causes a significant increase in conductivity
owing to excess Na* and highly mobile (192 S cm® mol ™) OH™~
ions in Region 3.>* Concluding, for the following experiments,
PAA with solution pH 2.8 (f & 0.01) and pH 4.5 (f ~ 0.28) were
chosen to represent uncharged and charged PE solutions,
respectively.

To eliminate any effects caused by different solvent proper-
ties such as permittivity, surface tension, etc., the current study
used the same solvent composition for all polymer solutions.
For this purpose, the chosen water/ethanol (6/4 v/v) cosolvent
system was deemed appropriate to dissolve neutral PVP and
PAA well in both the uncharged and charged states. In the
charged state, charge repulsion stretches the PAA chain, yield-
ing good water solubility. However, as the ionization degree
decreases, the contribution of the hydrophobic backbone rises,
ultimately rendering water a poor solvent for uncharged PAA.
Pure ethanol has the opposite effect on PAA solubility. The
charged chain collapses in this case, whereas it swells when
PAA is protonated. For partially ionized PAA, simulations
suggest water molecules interact mainly with the negatively
charged carboxylate ions, while ethanol interacts with the
protonated carboxylic acid and the polymer backbone.’*>°
Moreover, an unexpected nonlinearity has been recently
reported after studying the solution viscosity of uncharged
PAA at varying water/ethanol mixture compositions. Vats et al.
obtained a positive deviation from the logarithmic mixing rule,
with a maximal viscosity at a water-to-ethanol mole fraction of
~0.65.”

As the solution viscosity is an essential parameter in pre-
dicting the emitted current when electrospinning viscosity-
dominated solutions, steady-state shear flow curves were col-
lected for neutral PVP and uncharged and charged PAA, respec-
tively. Fig. 3d presents the viscosities of 15 wt% PVP and 4 wt%
PAA at pH 2.8 and 4.5 as a function of the applied shear rate.
All samples exhibit pseudoplastic behaviour, typical for semi-
dilute entangled polymer solutions. By extrapolating the flow
curves to zero-shear conditions, the zero-shear viscosity, 7o, was

This journal is © The Royal Society of Chemistry 2024

obtained. For PVP, 5, was determined as 505 mPs, whereas it
reached 160 and 207 mPs for uncharged PAA at pH 2.8 and
charged PAA at pH 4.5, respectively. The higher zero-shear
viscosity of the charged PAA is ascribed to inter- and intra-
molecular charge repulsion, yielding a swollen polymer net-
work compared to the uncharged state at pH 2.8. Table 1
summarizes the measured polymer solution properties.

3.2. Measured current in electrospinning

After establishing the relevant solution parameters, especially
the pH values associated with uncharged and effectively fully
charged PAA, the solutions were electrospun. The setup
included a combination of a relatively short distance of 5 cm
between the needle and the collector plate and a large collector
radius of 20 cm, both of which were chosen to ensure collecting
the entire current emitted in the process. Fig. 4 presents the
relationship between the dimensionless parameters, that is,
electric current I*, flow rate Q*, and applied electric field E*,
obtained in a stable cone-jet electrospinning process of neutral
PVP and uncharged (pH 2.8) and charged (pH 4.5) PAA. The
polarity of the electric field was varied to reveal the effect of
asymmetric mobilities inherent in charged PE solutions.

For neutral PVP, the emitted current ranged between 40.3
2 nA at 300 pL h™' to 90.7 + 0.7 nA at 1200 uL h™" for a
positively charged needle. The electric current was slightly
larger when the needle was connected to the negative high-
voltage power supply (44.9 & 0.9 nA at 300 uL. h™ " to 98.7 + 0.6
nA at 1200 uL h™?, see Fig. 1, ESIT). Independent of the electric
field direction, the current/flow rate relationship resembled the
I* ~ Q*'2 prediction by De la Mora & Loscertales (see Fig. 4a).
Precisely, PVP demonstrated slopes in the log-log plot of 0.52
and 0.53 for positive and negative polarity, respectively. Note
that maintaining a stable cone-jet process did not allow the
applied electric field and the flow rate to be varied indepen-
dently. Fig. 4b presents the normalized applied electric field E*
depending on the flow rate Q*. For PVP, raising the flow rate
required only small increases in the applied electric field,
reflected by the weak E* ~ Q*®*° or Ex ~ Q*°'® dependence
for a positive and negative polarity, respectively. While a larger
negative than positive electric field was required for stable
electrospinning of the neutral PVP, this difference was minus-
cule at approximately 4% (0.73 vs. 0.69 kV cm ™", see Fig. S2,
ESIT). When considering the combined contribution of dimen-
sionless electric field strength and flow rate on the current, a
slope of 0.81 and 0.82 in the log-log plot was obtained for the
positive and negative applied polarity, respectively (see Fig. 4c).
Thus, the dependence was slightly lower than the empirical
I* ~ E*Q*"? suggestion.
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Fig. 4 Dependence of dimensionless electrospinning parameters for
neutral PVP and uncharged (pH 2.8) and charged (pH 4.5) PAA in a stable
cone-jet process, respectively. (a) Electrical current /* depending on flow
rate Q*; (b) applied electric field E* vs. flow rate Q*; (c) electrical current /*
as a function of E*Q*Y/2_ Error bars are based on standard deviation.

Considering the I* ~ Q* dependence of the uncharged PAA
solution at pH 2.8, the slope of 0.8 deviated significantly from
the square root relationship obtained for PVP (see Fig. 4a).
Analog to neutral PVP, the charge transport did not vary with
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the applied voltage polarity. For a positively charged needle, the
results showed I=82.7 £ 6 nAat Q=300 pLh™ " and /=228.8 +
7 nA at Q = 1200 pL h™*, whereas for a negative applied voltage,
we obtained 7=95.8 + 7 nA at Q =300 uL h™ ' and I = 286.0 +
17.8 nA at Q = 1200 uL h™" (see Fig. S3, ESI¥). The overall higher
current in the case of PAA at pH 2.8 compared to PVP is
ascribed to the higher solution conductivity of the former.
As for PVP, in the case of PAA at pH 2.8, a lower positive than
negative applied electric field was required for maintaining a
stable cone jet, albeit with a larger difference of ~15% at
300 pL h™" (0.59 vs. 0.69 kV cm ™', see Fig. 4b and Fig. S4,
ESIT). Interestingly, this difference decreased with higher flow
rates as indicated by the slopes for the E* ~ Q* relationship of
0.22 and 0.17 for positive and negative polarity, respectively.
Consequently, fitting the current to the E*Q*'? relationship
suggested by Bhattacharjee et al. yielded a slope of 1.10 and
1.19 for the positive and negative applied polarity, respectively.

At pH 4.5, PAA is approximately 28% ionized (Fig. 3a),
exhibiting maximum net negative charges. In contrast to neu-
tral PVP and uncharged PAA, the relationship between emitted
current, flow rate, and electric field strength depended signifi-
cantly on the applied electric field polarity (see Fig. 4). For a
positively charged needle, the measured current was I =332.9 +
29.6 nA at Q = 300 uL h™* and reached I = 1199.7 4 292.6 nA at
Q=1600 pL h™', whereas I=343.4 + 85.3 nAat Q =300 uL h™*
and I = 2226.6 + 41.2 nA at Q = 1600 uL h™ "' for a negative
applied polarity (Fig. S5, ESIT). That is, the electric current
increase with a rising flow rate was much less pronounced
when the needle was connected to the positive rather than the
negative high-voltage power supply with I* ~ Q*®°® and I* ~
Q**°, respectively (see Fig. 4a). The overall higher current,
measured when electrospinning charged compared to
uncharged PAA, is due to its higher conductivity (see Table 1).
From Fig. 4b, it is evident that maintaining a stable cone-jet
process required an overall larger electric field when a negative
instead of positive polarity was applied. The mean difference
was 16.8% for charged PAA at pH 4.5 compared to 8.2% for
uncharged PAA within the studied flow rate range of 300-
1600 pL h™" (Fig. S4 and S6, ESIt). As opposed to uncharged
PAA at pH 2.8, the applied electric field strengths diverged with
increasing flow rates, reflected by E* ~ Q*°?* and E* ~ Q*%%%
for positive and negative polarities, respectively. Combined,
Fig. 4c confirms the marked dependence with exponents of 0.93
and 1.29 for the positive and negative polarity, respectively,
when fitting I* ~ E*Q*">.

Fig. 5 summarizes the obtained exponents for scaling the
electric current with the flow rate and electric field strength at
either polarity, including previously proposed formulations for
viscosity-dominated®® and capillary-dominated jets,>” respec-
tively. Considering the parameters used in electrospinning the
solutions, such as Q ~ 1000 pL h™', 23G needle with g, =
0.169 mm, 1, ~ 160-505 mPas, and y ~ 30 mN m’l, the
capillary number was Ca = 0.054-0.13, as listed in Table 1.
Capillary or viscosity-dominated regimes are unequivocally
defined for Ca « 1 or Ca >» 1, respectively.'® The obtained
Ca < 1 indicates a dominance of the surface tension over the

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Summary of exponents v obtained by fitting the measured current
to different EHD-models. Error bars are based on standard deviation.

viscous stress. Hence, capillary-dominated electrospinning
could be assumed for all solutions. However, while for PVP
the I* ~ Q*'/? relationship yielded the best fit, uncharged PAA
at pH 2.8 obeyed the scaling relationship for viscosity-
dominated solutions of I ~ e n*°K**(EQ)*” remarkably well.
Interestingly, averaging the obtained exponent values for the
positive and negative polarity of charged PAA at pH 4.5 led to
comparable results obtained for uncharged PAA, independent
of the scaling model.

4. Discussion

When a pending droplet of a conducting solution is subjected
to a capacitor-like electric field, free charges migrate to the
surface and repel each other, ultimately generating a jet. The
external electric field exerts a Coulomb force on the charges,
accelerating them and adjacent liquid layers through viscous
drag towards the respective oppositely charged electrode. The
charge transport within the jet has been the subject of numer-
ous studies. While the LDM in particular and EHD models in
general predict the emitted current of conducting fluids con-
taining monovalent salts or uncharged polymer solutions sub-
jected to an electric field very well, the situation becomes more
complicated when the solution comprises charged PEs.
Charged PEs endow the solution with significant asymmetric
ionic mobilities and complex viscoelastic properties and cannot
be modeled by superposing the behaviour of uncharged poly-
mers with an added simple electrolyte.>*™*°

Measurements of the electric current during electrospinning
give insight into the charge transport within the jet, which
reflects on the acting forces. A qualitative comprehension of the
forces is detrimental as they affect the macromolecule confor-
mation, orientation and distribution, and consequently, the
fiber diameter and mechanical properties.®'"** While previous
experimental works generally showed a power law relationship
between the electric current, I, and various parameters in
electrospinning (such as Q, E, K, 7, 1, etc.), it should be noted
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that the exact values for the exponents can vary significantly for
different materials.®®® Yet, for neutral PVP and uncharged PAA,
our results indicate a symmetry in the charge transport beha-
viour, ie., the relationship between the electric current and
parameters mentioned above is independent of the polarity of
E. Conversely, a significant polarity dependence was obtained
for charged PAA at pH 4.5, indicating the presence of electro-
kinetic transport phenomena that require further elaboration.
For this, the present electrostatic forces will be discussed,
followed by reviewing the jet zones where they possibly occur.

The action of an electric field exerts an electrostatic Cou-
lomb force, F¢ = gE, upon each charge, g, in the solution, where
the direction of F¢ is determined by the polarity of E and the
charge sign of g. In the case of uncharged polymer solutions,
the Coulomb force acts only on free ions, typically introduced
by impurities of the solvent and the polymer, eventually leading
to the jetting phenomenon described in the introduction,
driven by an electroosmotic flow.*® In contrast, when the
system encompasses charged PEs, F is additionally exerted
upon the charge bearing macromolecules, generating an elec-
trophoretic flow. Simultaneously, the Coulomb forces are act-
ing in the opposite direction on the counterions surrounding
the PE chains. Consequently, the diffuse counterion cloud
becomes distorted, effectively polarizing the PE-counterion
cloud entity.

The significant polarizability of PEs renders them suscepti-
ble to a dielectrophoretic force, Fpgp that arises in strongly
nonuniform electric fields V|E|>. While the dielectrophoretic
force strength increases with the applied electric field, its
gradient, and the difference in polarizability between solvent
and PE, the direction of Fppp along E is independent of the
applied electric field polarity and is solely determined by the
permittivity difference between solvent and PE. Aqueous PE
solutions typically demonstrate a higher electrical permittivity
than the pure solvent;”’° hence, we can assume positive
dielectrophoresis for our water-ethanol 6-4 (v/v) cosolvent
system, with the net force acting in the direction of increasing
electric field.

Considering the three jet zones in electrospinning (Fig. 1a),
we can contemplate the respective contributions of F; and Fpgp
in each zone. Within zone 1, the characteristic process time
dominates the charge relaxation time by several orders of
magnitude: 1 > 7¢. Thus, the solution can be considered as
a conductor, where under the action of an external electric
field, PEs and free counterions migrate in opposite directions,
causing an internal electric field that opposes the external field.
For the specific case of polyanionic PAA used in this work and
in the case of a positive polarity of the applied electric field, the
PAA chains migrate towards the positively charged needle,
while free cationic H" and Na* counterions accelerate towards
the liquid surface and eventually the grounded collector (see
Fig. 1b), and vice versa for a negative applied electric field
polarity. As a result of the so-called Onsager relaxation effect,
the effective electric field inside the bulk, that affects the
PE and counterion electrophoretic motion, is E — AE, with
the correction term AE being proportional to the applied field
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strength.”" Thus, the electrophoretic motion abates once the
system is in equilibrium.

From the perspective of a single PE chain, the surrounding
counterion cloud becomes distorted by bound counterions,
giving rise to a large dipole (exemplary sketched in Fig. 1c for
zone 2). This, along with the large electric field gradient from
the solution bulk to the surface, generates a significant radial
dielectrophoretic contribution that drives the PE chains to the
liquid surface.

Moving further along the jet axis into the cone-jet transition
zone 2 (Fig. 1c), the solution is being significantly accelerated,
which reduces the process time in this segment; thus, 1y > ¢
and the solution can be considered a leaky dielectric. That is,
the charge distribution in the solution does not reach equili-
brium, and an effective internal electric field remains, respon-
sible for electrophoretic and electroosmotic motion of PEs and
free counterions, respectively. Alongside the significant dia-
meter decrease in this zone, a marked electric field gradient
appears along the jet axis.?’ Consequently, in addition to a
radially acting dielectrophoretic force, Fpgp also acts along the
jet axis, further accelerating the polarized PE chains along the
jet in the cone-jet zone.

Lastly, the jet in zone 3 is characterized by a small diameter
of tens to hundreds of um and a large flow velocity. The external
applied electric field, where on the jet surface E, « E,
efficiently penetrates the narrow jet (see Fig. 1d).”” Presumably,
this jet zone is dominated by an electrophoretic contribution of
PEs and free counterions. Note that solvent evaporation along
the jet increases the solution viscosity, resulting in an incre-
ase in hydrodynamic friction, which opposes electrophoretic
motion.

Specifically, when applying a positive voltage, the dielectro-
phoretic contribution yields PAA chain propagation to the
liquid surface. There, the high concentration of positive H"
and Na' counterions, migrated in response to the external field,
leads to a reduction of the local pH and an increase in the ionic
strength. Consequently, the PAA ionization degree decreases,
accompanied by partial screening of remaining PAA charges.
The resulting lower solution viscosity (see Fig. 3d) and lower
conductivity eventually yield a lower electric current when
electrospinning the anionic PAA with positive as opposed to
negative polarity. Conversely, when electrospinning the
negatively charged PE with applied negative electric field polar-
ity, the needle attracts free cationic counterions. In contrast,
the polarized PAA macromolecules migrate towards the liquid
surface until the eventual viscosity increase and interchain
electrostatic repulsion oppose the dielectrophoretic motion.
Further along the jet, the tangential component of the elec-
tric field accelerates the anionic PAA chains within the jet
towards the grounded collector, contributing to elevated charge
transport.

In conclusion, for negatively charged PAA, the observed
polarity dependence expressed by the exponent v in the
I ~ (yKQ)" relationship of v = 0.68 and v = 0.99 for the positive
and negative applied electric field polarity, respectively,
indicates a contribution of the charged macromolecules in
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the electrospinning process, questioning the validity of the
leaky dielectric model by Taylor and Melcher for charged PEs.
Moreover, the polarity-dependent distribution and variable
ionization degree of PAA chains along the jet radius invalidate
the assumption of constant and isotropic solution properties,
such as viscosity, surface tension, and conductivity, assumed in
EHD-based models.”> Here, we suggest, in addition to charge
conduction in zone 1 and convection of surface charges in
zones 2 and 3 of the jet, convection of PE charges in the bulk of
the jet, so that:

I = KnEa*+ 26Qla + ay(c,f)Q (7)

where oy(c,f) denotes the volumetric charge density, which is a
function of the PE concentration ¢ and the ionization degree f.
The first term on the right-hand side describes charge conduc-
tion, followed by a term accounting for surface charge convec-
tion and the final term denoting the convection of PE charges
in the bulk of the jet. For the setup used in this work, we can
conclude a positive contribution to the electrical current if the
applied electric field and net PE charge polarities match,
whereas it is negative in the case of inequal polarities.

5. Conclusions

Exploiting the leaky dielectric model introduced by Taylor and
Melcher, several power law relationships for the emitted cur-
rent depending on the applied flow rate and electric field
strength in electrospraying and -spinning have been suggested.
The underlying assumption is charge depletion in the bulk of
the jet, owing to charge migration to the surface, so that the
internal electric field can be neglected. While this seems valid
for solutions containing small ions when electrospinning neu-
tral polymers, the situation is unclear regarding PE solutions
characterized by charge connectivity and asymmetric ionic
mobilities.

In this work, the emitted current, I, in electrospinning was
measured as a function of flow rate, Q, applied electric field,
E, and voltage polarity for a neutral polymer (PVP) and com-
pared to a weak, anionic PE (PAA) in uncharged and charged
state. For all examined materials, a good power law dependence
I ~ (yKQ)” was found, where K is the conductivity and y is the
surface tension. Albeit a difference in the obtained exponent, v,
neutral PVP and uncharged PAA at pH 2.8 demonstrated
qualitatively the same behaviour, namely the scaling properties
were independent on the applied voltage polarity. However, at
PpH 4.5 when PAA was ~ 28% charged, a significant dependence
of I on the applied electric field direction was observed. Here,
v = 0.68 was obtained for a positively charged needle, whereas
v =0.99 when a negative high voltage was applied. Apart ohmic
conduction of charges in the Taylor cone zone and convection
of surface charges in the jet zone, established for neutral
polymer solutions, our results indicate an additional convective
transport of bulk charges in PE solutions: Iy = y(c,f)Q, where
the volumetric charge density, gy, depends on the PE concen-
tration, ¢, and ionization degree, f, determined by pH for weak
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PEs. The direction of I, depends on the polarity of E and the
PE net charges. In the case of same polarities, Iy raises the
total emitted current. Oppositely, unequal polarities generate
a smaller I ~ yKQ dependence. The additional polarity-
dependent charge transport through convection of bulk
charges might affect the orientational order within PE-based
nanofibers with implications on their diameter and mechanical
properties. Hence, variation of the applied electric field polarity
should be considered a significant parameter for tuning the PE
solution spinnability and eventually the fiber properties.
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