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ABSTRACT: Electrospinning is a process to generate a
nanofibrous material. Although the working principle of
electrospinning is rather straight forward, it is influenced
by many parameters. There is still a serious lack of knowl-
edge concerning the influence of the ambient parameters,
for which preliminary knowledge reveals that the relative
humidity is of primary importance. This article reports the
influence of the relative humidity on electrospun polyam-
ide 6 nanofibres. Mixtures of formic acid and acetic
acid are used for steady state electrospinning of poly-
amide 6 nanofibres, for which a steady state table is

determined. When the relative humidity increases, the
average fiber diameter decreases and the fraction of the
less stable c-phase crystals in the polyamide diminishes.
This effect is explained by absorbed water acting as a
plasticizer, reducing the Tg of the polyamide. This
article shows the importance of working in climatized con-
ditions during electrospinning to obtain reproducible
nanofibres. VC 2010 Wiley Periodicals, Inc. J Appl Polym Sci 119:
2984–2990, 2011
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INTRODUCTION

Electrospinning is an innovative process, capable of
producing fibers with diameters typically one to two
orders of magnitude lower than extrusion and con-
ventional solution-spun fibers. A variety of polymers
can be spun, each from a specific solution. In addi-
tion, the ability to produce highly porous nano-
fibrous membranes with structural integrity is also
an attractive feature of electrospinning.1–3

The concept of electrospinning was invented and
patented in the beginning of the 20th century.4–6 In
the past 15 years, electrospinning experienced a
renewed interest, both in academic research as well
as industry. Electrospun materials offer opportuni-
ties for example in medical applications (e.g., blood
vessels), filtration, and protective clothing.7–9

The key factor for successful nozzle electrospin-
ning is achieving steady state conditions.10 Electro-
spinning is in steady state when the amount of poly-
mer that is transported through the needle per unit
of time equals the amount of polymer that is depos-
ited as nanofibres on the collector per unit of time.
This definition comprises two conditions. The first

condition is that in time all the polymer that is spun
from the nozzle and collected at the target is con-
verted into nanofibres, implying the absence of
beads or drops in the structure. The second condi-
tion for steady state electrospinning is a stable, time
invariant, Taylor cone. Steady state electrospinning
allows for the long-term stability needed for repro-
ducibly producing samples of any desired size. As
shown in previous work, attaining steady state elec-
trospinning conditions is possible only if the right
solvent mixture is used for the selected polymer.10

This article reports on the use of formic acid and
acetic acid as a solvent mixture for the electrospin-
ning of polyamide 6 (PA 6).
PA 6 nanofibres are generally composed of differ-

ent crystal phases,11,12 from which the a- and the c-
phase are the most common ones. The a-phase has a
higher stability, resulting in a higher melting point.
Because the solvent evaporation rate in electrospin-
ning is very high, resulting in a high crystallization
speed, a relatively high amount of the thermody-
namically less stable c-phase is present in PA 6
nanofibres.11 The formation of the crystal morphol-
ogy and the crystal structure is of course related to
the electrospinning parameters.
Three types of parameters exist in the world of

electrospinning: solution, process, and ambient pa-
rameters. The most overlooked type of parameters
until now is the ambient parameters. Recent work
showed the importance of ambient parameters such
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as temperature and relative humidity (RH) while
electrospinning.13 Both parameters directly influence
the nanofibrous structure.

In this article, the steady state table for electro-
spinning PA 6 in the solvent mixture formic acid/
acetic acid (FA/AA) is presented. The steady state
table provides a window of solvent mixtures that
allow steady state electrospinning for a defined set
of process parameters. In addition, this article will
focus on the effect of RH and solution composition
(FA/AA ratio and polymer loading) on the crystal
morphology of the nanofibrous material and the av-
erage nanofibre diameter.

EXPERIMENTAL MATERIALS

PA 6 (Mw 10000 g mol�1) was supplied by Sigma
Aldrich and used as received. Solvents chosen for
this research were 98 wt% formic acid and 99.8 wt%
acetic acid (both supplied by Sigma-Aldrich). The
solutions for electrospinning were prepared by dis-
solving PA 6 pellets in various FA/AA solvent mix-
tures. The solutions were slightly stirred with a mag-
netic stir bar for at least 3 h at room temperature.

METHODS

Electrospinning

Figure 1 is a scheme of the electrospinning setup.
The closed setup comprises an infusion pump (KD
Scientific Syringe Pump Series 100) and a high-volt-
age source (Glassman High Voltage Series EH). A
grounded aluminum foil collects the nanofibrous
materials. The experiments were conducted at room
temperature (20�C). A silica gel bath and a NaCl
bath were used to control the RH, resulting in 15 6

2% RH and 63 6 2% RH, respectively. These baths
were in contact with the closed electrospinning
chamber through a closed system consisting of a
polyvinyl chloride tube and a fan. The humidity was
checked before and after an experiment and did not
change significantly. A BN-1838 Terumo needle was
used to perform the experiments. The high-voltage
supply was capable of generating positive DC vol-
tages directly on the needle.

Scanning electron microscope analysis

The morphology of the electrospun nanofibres was
examined using a scanning electron microscope (Jeol
Quanta 200 F FE-SEM) at an accelerating voltage of
20 kV. Before SEM analysis, the sample was coated
with gold using a sputter coater (Balzers Union SKD
030). The diameter of a nanofibre sample was calcu-
lated by taking an average of 50 measurements.

Differential scanning calorimetry analysis

The melting of the nanofibres was studied using a
Q2000 Tzero DSC from TA instruments. The instru-
ment was calibrated using the Tzero calibration pro-
cedure, using indium, tin, and gallium for tempera-
ture and indium for heat flow calibration. Samples
of � 3 mg placed in sealed aluminum pans were
heated from 0 to 250�C at 10�C min�1, under a con-
stant nitrogen flow of 50 mL min�1.

Attenuated total reflection infrared analysis

Attenuated total reflection infrared (ATR-IR) spectra
were recorded with a Bruker, vertex 70 with MCT
detector using a germanium ATR-crystal. For each
spectrum an average of 64 scans with a resolution of
4 cm�1 was taken. For each sample this was done on
three different locations and an average was
calculated.

RESULTS AND DISCUSSION

Steady state electrospinning of PA 6

PA 6 dissolves in formic acid, but not in acetic acid.
However, using pure formic acid no steady state
conditions could be achieved for electrospinning PA
6. Therefore, mixtures of formic acid and acetic acid
were used for electrospinning PA 6. The ratio of for-
mic to acetic acid and polymer content (in weight
percent) were varied to determine the polymer solu-
tion feeding rates resulting in a steady state electro-
spinning process.
The optimal steady state parameter values are sum-

marized in Table I. This table is termed the steady
state table for electrospinning of PA 6 nanofibres from

Figure 1 Scheme of the electrospinning setup, which
processes a polymer solution (1) through a needle with the
formation of a Taylor cone (2).
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FA/AA solutions. In Table I, the applied voltage and
the tip-to-collector distance (TCD) are constant at 30
kV and 6 cm respectively. These process parameters
were selected, based on a first screening. For each
composition for which steady state electrospinning
could be reached, a single flow rate with an operating
window of � 10% results in steady state electrospin-
ning. When the flow rate is higher than the flow rate
in the table plus the operating window, drops of poly-
amide will be ejected out of the Taylor cone. When
the flow rate is lower than the flow rate in the table
minus the operating window, no Taylor cone will be
observed any more during the experiment as the elec-
trospinning will take place from within the needle.

Table I shows that steady state electrospinning
could be established for a limited combination of
process condition (wt% PA 6 and volume fraction
FA/AA) only. There exists a so-called ‘‘steady state
window,’’ represented by the white cells, which is
bordered by a gray and a black region for which not
a single combination of electrospinning parameters
could be obtained that resulted in steady state elec-
trospinning of PA 6 nanofibres.

The steady state window is the combined result of
different parameters that play a role in the electro-
spinning process: the surface tension, the viscosity,
the dielectric constant of the solvent mixture, the sol-
idification process, and the solubility of the PA in
the solvent mixture determine the borders of the
steady state window. This will be explained later.

The black region represents those solvent mixtures
where PA 6 did not dissolve completely. The solvent
mixtures in this region contain a high-volume per-
centage of acetic acid, which does not dissolve PA 6.

The light gray region is the region where although
the PA 6 dissolves completely in the solvent mix-
ture, no steady state electrospinning is possible. This

region can be divided roughly in three different
regions: left, below, and above the steady state
window.
When looking at the region left of the steady state

window, it consists of solutions with a high percent-
age (>66 v%) of formic acid. These solutions can be
electrospun, but not under steady state condition.
The Taylor cone will be unstable or droplets will be
ejected from the needle. The main reason for this
may be found in the relatively high dielectric con-
stant of formic acid (57.2 at 25�C).14 The high-dielec-
tric constant of formic acid results from its high po-
larity and determines largely the charge distribution
in the jet. The polar solvent will reorient as a func-
tion of the intensity and the direction of the electri-
cal field lines.15 This reorientation of formic acid is
position dependent during electrospinning because
at each position the electrical field intensity and the
formic acid concentration are different. This may
explain formation of droplets that prevent the sys-
tem from obtaining a steady state condition.
The region below the steady state window consists

of solutions with >20 wt% PA 6. During electrospin-
ning, solidification occurs very rapidly, resulting in
the deposition of PA 6 at the needle tip and a grad-
ual blocking of the needle tip, eventually leading to
an unstable Taylor cone. No steady state electrospin-
ning is obtained in this region because of the too
fast solidification process.
The region above the steady state window is not

delineated by a single concentration of PA 6. Look-
ing at the steady state window, the solvent mixture
with 33 v% AA is able to electrospin in steady state
starting from 15 wt%. The solvent mixture with 50
v% AA is however able to electrospin in steady state
starting already from 13 wt%. The difference might
be explained by a combined effect of the dielectric

TABLE I
Steady State Table for the Electrospinning of PA 6 Nanofibres from Formic Acid and Acetic Acid Solutions:

Possibility for Steady State and Corresponding Steady State Solution Flow Rates for Varying PA 6 Contents (in wt%)
and Formic Acid and Acetic Acid Mixtures (v% AA) for an Applied Voltage of 30 kV and a TCD of 6 cm

wt% PA 6

Volume fraction of acetic acid in the formic acid/acetic acid mixtures

25 v% AA 33 v% AA 40 v% AA 45 v% AA 50 v% AA 55 v% AA

12
13 1.5
14 2 2.5 3
15 2 2.5 3 4.5
16 2.5 3 3.5 5
17 2.5 3 3.5 5.5
18 3 3.5 4 6.5
19 3.5 4 4.5 7.5
20 3.5 4 5 6.5
21

No steady state possible.
n PA 6 pellets do not dissolve completely.
X Steady state flow rate for the above conditions (ml h�1).

2986 DE VRIEZE ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



constant, the viscosity, and the surface tension of the
solution. Acetic acid has a much lower dielectric
constant than acetic acid (6.6 at 25�C).14 The higher
the formic acid content, the higher the dielectric con-
stant and the more the electric field pulls at the
polymeric solution. If this is not compensated by a
higher viscosity of the polymeric solution, the poly-
meric jet will break and end up in polymeric drop-
lets at the collector. So when the PA 6 content is less
than the border value, the viscosity is too low to
electrospin in steady state: for these solutions only
unstable Taylor cones are observed for all the possi-
ble combinations of the process parameters. The sur-
face tension of the mixture FA/AA also decreases
with increasing acetic acid concentration (FA 38.17
mN m�1, AA 27.08 mN m�1).14 A decreasing surface
tension facilitates the formation of steady Taylor
cones at lower viscosity or thus lower polymer con-
centration. A similar behavior was observed for elec-
trospinning of chitosan from water/acetic acid
solutions.16

Within the steady state window, the steady state
solution flow rates vary with the solution composi-
tion. With increasing PA 6 content and acetic acid
fraction, the polymer solution flow rate that results
in steady state electrospinning is higher. It must be
noted that in the available literature,17–19 the flow
rates for electrospinning PA 6 are around 1 mL h�1.
This means that the highest flow rates observed in
this work are nearly an order of magnitude higher.

When looking at the 50/50 solvent mixture, the
steady state solution flow rates increase from 1.5 mL
h�1 to 7.5 mL h�1 between 13 wt% and 19 wt% of
PA 6. The only difference is actually the amount of
polyamide in solution. The explanation of the differ-
ent steady state flow rate lies in the solvent mixture.
The addition of acetic acid actually increases the
boiling point of the FA/AA mixture.20 So, when
evaporation occurs during electrospinning, the evap-
oration of formic acid will lead to an enrichment in
AA. However, in more concentrated PA 6 solutions,
more formic acid is needed to keep the amide func-
tions dissolved, so the limit of solubility is nearer.

When the solubility limit is reached through evapo-
ration of formic acid, the fibers solidify. This occurs
faster for solutions with a high PA 6 content, stabi-
lizing the Taylor cone (and thus the process itself)
and allowing the increase in flow rate.
The same effect can be seen in Table I by looking

at the change in steady state solution flow rate for a
horizontal line (constant PA 6 content). It is to be
noted that for a PA 6 content in solution, e.g., 19
wt%, with increasing acetic acid content in the sol-
vent mixture, a higher flow rate can be obtained.
The higher flow rates can be explained by the
decrease of the formic acid fraction. As already
pointed out, formic acid is the solvent that keeps the
polyamide dissolved. When the fraction of formic
acid is lower, the solubility limit is reached faster,
and allows the flow rate to be higher.
Table I gives the steady state window for a spe-

cific combination of two process parameters: a TCD
of 6 cm and an applied voltage of 30 kV. It must be
specified that if either of these process parameters is
changed, the flow rate that results in steady state
electrospinning will also change. However, for all
the solution mixtures that can be spun under steady
state conditions, similar findings occur: if the
applied voltage is lower, the flow rate that results in
steady state will also be lower. This can for instance
be seen in Table II, where all parameters are the
same as in Table I, except for the voltage, which is
reduced to 20 kV. This means that the electric field
strength (kV cm�1) is lower. The steady state flow
rates are reduced by this. If the TCD is higher and
the applied voltage stays the same, the expected
flow rate that results in steady state will also be
lower. It is also observed that the steady state win-
dow is the largest for both the polymer content and
the solvent mixture with the process parameters of
30 kV and 6 cm (Table I). The steady state window
also depends on the molar mass of the PA 6 used,
as this will affect (mainly) the viscosity and the
solubility.
In conclusion, this first part shows that the inno-

vative FA/AA solvent mixture is the key to electro-
spinning PA 6 nanofibres under steady state condi-
tions, which is a primary requirement for
reproducibly making the samples discussed in the
next section.

Analysis and morphologic study
of PA 6 nanofibres

The morphology of the electrospun PA 6 is studied
using SEM, whereas their thermal behavior is stud-
ied with differential scanning calorimetry (DSC).
The influence of two electrospinning parameters is
studied in more detail: the initial content of PA 6
and the RH while electrospinning. These two

TABLE II
Average Diameters for PA 6 Nanofibres Electrospun

from a 50/50 (v/v%) Mixture of Formic Acid and
Acetic Acid under Steady State Conditions with TCD

6 cm and 20 kV

PA 6 content
(wt%)

Fibre diameter (nm)
Flow rate
(ml h�1)15% RH 63% RH

13 207 124 1.4
15 318 137 1.9
16 361 156 2.1
17 394 190 2.1
18 422 206 2.1
19 642 221 2.2
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parameters were selected, because they have the
most significant impact on the average fiber diame-
ter and thus on the final properties of the material.
All other parameters were kept as constant as possi-
ble, with a tip to collector distance of 6 cm and an
applied voltage of 20 kV. The solvent mixture con-
sisted of 50 v% acetic acid. The flow rate is altered
to electrospin in steady state conditions (Table II).
Figure 2 shows typical SEM images for electrospun
PA 6 nanofibres obtained for different PA 6 contents
and at different RH values.

The standard deviation of the average nanofibre
diameter is always � 10%. The polyamide content
has a high influence on the resulting average fiber
diameter. It ranges from 200 to 640 nm, when it is
spun in a RH of 15% and from 124 to 221, when the
RH is 63%. This is due to the higher viscosity of the
polymeric solutions and the faster solidification pro-
cess at higher polymer content, resulting in thicker
nanofibres.

The results in Table II show that the RH has a
major effect on the average fiber diameter: increas-
ing the RH from 15% RH to 63% RH decreases the
fiber diameter by roughly a factor 2. An earlier ex-
planation10 claimed that the solvent evaporation rate
was the main reason for this effect. That article
describes however electrospinning with a water-
based system. This explanation should not hold in
case of the FA/AA solvent mixture, as the partial
vapor pressure of water in the surrounding atmos-
phere should not influence the evaporation rate of
either formic or acetic acid. Moreover, a small
amount of water also does not change the FA/AA
phase diagram substantially.20

The following alternative explanation is proposed.
The electrospun solution consists of formic acid, ace-
tic acid, and PA 6. The only difference in the two
cases is the different RH. It is hypothesized that a
fraction of water is taken up by the mixture from
the ambient humidity while electrospinning.21 The
higher the ambient humidity, the higher the fraction
of water that will be taken up immediately in the
process and the higher the equilibrium moisture
content in the solution.22 This fraction of water will
act as a plasticizer for PA 6. Literature states that a
minor inclusion of water in polyamide results in a
tremendous drop of the glass transition temperature
(Tg) of the polyamide.23 As such, the time for
stretching during electrospinning will be prolonged,
resulting in thinner fibers. The plasticizing effect of
water could thus explain the decrease of the fiber di-
ameter at the higher ambient humidity level.
The effect of the PA 6 content (13–19 wt%) at 15%

RH on the melting profile of the nanofibres is stud-
ied with DSC (Fig. 3). All DSC heating curves show
at least two different peaks at � 214 and 222�C.
These peaks are attributed to two different crystal
forms in PA 6: the c-phase crystals (214�C) and the
a-phase crystals (222�C).24 The total melting profile
shifts toward lower temperatures when the PA 6
content is increasing, with a significant decrease of
the dominant peak from 224�C to 221�C.
The observed overall decrease in melting tempera-

ture at higher PA 6 contents of the solution can be
attributed to less perfect crystals. The higher the ini-
tial content of PA 6, the faster the jet reaches solidifi-
cation during electrospinning. Thus, there is less
time for crystallization and crystal perfectioning,
rendering overall less stable crystals.
A similar effect of the PA 6 content on the melting

behavior occurs in nanofibres made at 63% RH

Figure 2 SEM images of PA 6 nanofibres electrospun
from a 50/50 (v/v%) mixture of formic acid and acetic
acid (magnification: 80.000�). (a) 13 wt% PA 6, 15% RH
(b) 19 wt% PA 6, 15% RH (c) 13 wt% PA 6, 63% RH (d) 19
wt% PA 6, 63% RH.

Figure 3 DSC curves of PA 6 nanofibres electrospun at
15% RH from a 50/50 (v/v%) FA/AA mixture with a PA
6 content increasing from 13 wt% to 19 wt% as indicated
by the arrow (TCD: 6 cm, 20 kV).
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(Fig. 4). The same explanation as earlier is valid for
the results that are obtained in this figure, however,
the effect is less pronounced. This is possibly due to
the higher ambient humidity, which has an
increased plasticising effect on the polyamide. This
results also in a smaller variation of the average
fiber diameter (124 to 221 nm, see Table II) com-
pared with the variation at 15% RH (207 to 642 nm,
see Table II). All samples shown in Figures 3 and 4
have a melting enthalpy of 75 6 5 J g�1. Within this
range, no clear trend is seen.

Figure 5 compares the melting behavior of the
electrospun PA 6 nanofibres as a function of humid-
ity. It is clear that electrospinning at higher RH
shifts the melting region to higher temperatures.
This can again be linked to the influence of water as
a plasticizer, with the higher amount of absorbed
water during spinning at higher ambient humidity

values resulting in a slower solidification and crys-
tallization process. This is not only resulting in
much thinner nanofibres but also resulting in more
stable crystals within the nanofibres.
The results obtained in Figure 5 are confirmed

with ATR-IR spectroscopy. The specific spectrum of
PA 6 has absorptions for the gauche and trans phase
at 975 cm�1 and 929 cm�1, respectively, (Fig. 6).25

Gauche and trans conformations are commonly
linked to the more c- and a-like crystals, respec-
tively.25 The results of all samples are collected in
Figure 7. These measurements still have an inherent
variation resulting in a lack for a systematic trend
within one RH. However, when comparing the
results between the different RH values, the ratio c/
a is always lower for the samples made at higher
RH, thus indicating more stable crystal formation
during electrospinning at higher RH. This supports
the interpretation of the DSC results of Figure 5.

Figure 4 DSC curves of PA 6 nanofibres electrospun at
63% RH from a 50/50 (v/v%) FA/AA mixture with a PA
6 content increasing from 13 wt% to 19 wt% as indicated
by the arrow (TCD: 6 cm, 20 kV).

Figure 5 DSC curves of PA 6 nanofibres electrospun
from a 50/50 (v/v%) FA/AA mixture at 15% RH and 63%
RH with a PA 6 content of (a) 15 wt%, (b) 17 wt%, (c) 19
wt% (TCD: 6 cm, 20 kV).

Figure 6 ATR spectra of PA 6 nanofibres electrospun
from a 50/50 (v/v%) FA/AA mixture at 15% RH and 63%
RH using a PA 6 content of 15 wt% (TCD: 6 cm, 20 kV).

Figure 7 Peak ratios gauche/trans for the ATR spectra of
PA 6 nanofibres electrospun from a 50/50 (v/v%) FA/AA
mixture at 15% RH and 63% RH with different initial PA
6 content (TCD: 6 cm, 20 kV).
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CONCLUSIONS

PA 6 was electrospun for the first time in steady
state conditions using the mixture FA/AA. When
the process parameters are set at 30 kV for the
applied voltage and 6 cm for the tip-to-collector dis-
tance, only solutions with a PA 6 content between
13 wt% and 20 wt% and an acetic acid content
between 33 and 50 v% are electrospinnable. The
steady state window is determined and bordered as
a result of the combined effect of several parame-
ters, among which the viscosity, the dielectric con-
stant of the solvent mixture, the solidification pro-
cess, and the solubility of the PA in the solvent
mixture.

The effects of the RH, often an uncontrolled am-
bient parameter, and the PA 6 content in the solu-
tion, a process parameter, on the morphology and
thermal behavior of electrospun PA 6 nanofibres
was explored. The RH proved to be determining to
a large extent the diameter of the fibers but is one
of the most overlooked parameters during electro-
spinning. Both the average diameter and the crystal
morphology of the electrospun PA 6 nanofibres are
markedly influenced by the RH in the air while
electrospinning. When the RH increases from 15%
RH to 63% RH, the average diameter of the nanofi-
bres can decrease up to three times. This decrease
is attributed to the plasticizing effect of water on
PA 6. Because of the plasticizing effect of water,
the polymer has more time for stretching and for
crystallization. DSC and ATR-IR measurements
support this explanation: the higher the RH, the
lower the relative amount of the less stable c-phase
crystals.

This article contributes to the better understand-
ing of the fundamental principles behind electro-
spinning—especially steady state electrospinning—
providing also detailed knowledge on the effect of

an overlooked parameter in electrospinning, the
RH.
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