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Abstract To obtain uniform and reproducible nanofibres,

it is important to understand the effect of the different

electrospinning parameters on the nanofibre morphology.

Even though a lot of literature is available on the elec-

trospinning of nanofibres, only minor research has been

performed on the effect of the relative humidity (RH). This

paper investigates the influence of this parameter on the

electrospinning process and fibre morphology of the

hydrophilic polyamide 4.6 and the less hydrophilic poly-

amide 6.9. First, the electrospinning process and deposition

area of the nanofibres is examined at 10, 50 and 70 % RH.

Subsequently, the effect of the polyamide concentration

and solvent ratio on the fibre morphology is investigated

using scanning electron microscopy and differential scan-

ning calorimetry. It was found that the nanofibre diameter

decreased with increasing RH. This resulted in less stable

crystals for polyamide 4.6 while electrospinning of poly-

amide 6.9 at higher RH led to slightly more stable crystals.

In conclusion, the water affinity of a polymer is an

important factor in predicting the nanofibre morphology at

different humidities.

Introduction

Owing to their specific and unique characteristics, elec-

trospun nanofibres have an enormous range of potential

applications, including filtration [1–3], composites [4, 5],

scaffolds [6] and medical applications [7–9]. The main

advantages of nanofibrous nonwovens, besides their small

fibre diameter, are the high porosity [10], small pore sizes

and high specific surface area [11]. Yet, to fully exploit the

potential of nanofibres, their uniformity, reproducibility

and tunability are key issues. Therefore, it is essential to

investigate the influence of the electrospinning parameters

on the nanofibre morphology and properties of the nano-

fibrous non-woven.

Three groups of electrospinning parameters can be dis-

tinguished [12, 13]: the solution properties, the process

parameters and the environmental conditions. The solution

properties include the viscosity, conductivity and surface

tension. The process parameters include needle diameter,

applied voltage, flow rate and tip-to-collector distance. In

addition, the temperature, humidity and atmospheric pres-

sure will also affect the electrospinning process. Yet, these

ambient parameters are so far less investigated in the

literature.

A few authors described the effect of the relative

humidity (RH) on the morphology of nanofibres [14–18].

So far, the investigation of the fibre morphology was

mostly restricted to the fibre diameter and fibre surface.

Both an increase and decrease of the nanofibre diameter

were observed, depending on the polymer and solvent used.

The humidity may also induce pores on the fibre surface

due to condensation of water [19].

The published results show there is a need for a more

profound understanding of this critical parameter. This

research paper aims to add to this understanding by

studying the influence of the humidity on the electrospin-

ning process and the resulting nanofibre morphology. Since

polyamides (PA) are known as polymers sensitive to

variations in the humidity, this polymer type is selected.

Focus is given to two different PA’s, PA 4.6 and PA 6.9,
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the latter having a significantly lower hydrophilicity [20].

This varying affinity for water may result in a different

electrospinning behaviour depending on the RH. Both PA’s

are thus electrospun at different humidities, with varying

polymer concentration and solvent ratio. The effect on the

electrospinning process is examined followed by an anal-

ysis of the morphology of the obtained nanofibres using

scanning electron microscopy (SEM) as well as differential

scanning calorimetry (DSC).

Materials and methods

Materials

The PA 4.6 (Mw: 60,000 g/mol) and PA 6.9 (Mw:

95,000 g/mol) pellets were obtained from Sigma-Aldrich

and Scientific Polymer Products, respectively. These PA’s

were dissolved in a mixture of formic acid (98–100 vol%)

and acetic acid (99.8 vol%). Both acids were purchased

from Sigma-Aldrich and used as received. The viscosity

and conductivity of the applied polymer solutions are given

in Table 1. Silica orange and potassium nitrate (KNO3),

both used to obtain the required RH, were also acquired

from Sigma-Aldrich.

Methods

The viscosity of each polymer solution was measured using

a Brookfield viscometer LVDV-II. The corresponding

conductivity was measured by a CDM210 conductivity

metre, Radiometer Analytical. Both solution characteristics

were measured at 50 ± 5 % RH and a temperature of

21 ± 2 �C.

Table 1 The viscosity and

conductivity of the various

polymer solutions used in the

electrospinning experiments

PA type Polymer

concentration (wt%)

Concentration formic

acid (vol%)

Concentration acetic

acid (vol%)

Viscosity

(mPa s)

Conductivity

(mS/cm)

PA 4.6 6 50 50 67 0.490

8 122 0.527

10 252 0.581

12 437 0.678

14 940 0.643

16 1434 0.651

18 2566 0.640

20 3809 0.668

14 100 0 1032 3.405

90 10 1034 2.787

80 20 943 2.021

70 30 993 1.391

60 40 981 0.976

50 50 940 0.643

40 60 978 0.389

PA 6.9 6 50 50 38 0.496

8 53 0.556

10 139 0.563

12 225 0.561

14 425 0.605

16 763 0.588

18 1429 0.573

20 1678 0.566

22 2915 0.497

14 100 0 580

90 10 638 3.133

80 20 569 2.207

70 30 594 1.547

60 40 481 1.001

50 50 425 0.605

40 60 471 0.433
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The nanofibrous structures were produced on a mono-

nozzle electrospinning setup, with a tip-to-collector dis-

tance of 6 cm and a flow rate of 2 mL/h. The applied

voltage was adapted to allow for a stable electrospinning

process. The electrospinning at a RH of 50 % was per-

formed in a lab conditioned at this humidity. A closed

electrospinning chamber was used in which the air was

dried using dry silica for 10 % RH or wetted using a sat-

urated KNO3 solution for 70 % RH. A humidity sensor,

Vaisala HMI 41 indicator, allowed for the continuous

measurement of the RH during the electrospinning process.

The temperature was constant at 21 ± 2 �C.

The morphology of the electrospun nanofibres was exam-

ined using a Jeol Quanta 200 F FE scanning electron micro-

scope (SEM) at an accelerating voltage of 20 kV. Prior to

SEM analysis, the samples were coated with gold layer using a

sputter coater (Balzers Union SKD 030). The average nano-

fibre diameters and the corresponding standard deviations

were based on 50 measurements of different fibres on different

SEM images, using the CellD software from Olympus.

The analysis of the thermal behaviour was performed by

differential scanning calorimetry (DSC) using a TA

Instruments Q2000 DSC. Samples of 3 ± 0.3 mg fibre

were placed in appropriate sealed standard Tzero alumin-

ium pans. The experiments were performed from 0 to

250 �C for PA 6.9 and from 0 to 350 �C for PA 4.6. For

both PA’s, the heating rate was 10 �C/min, under a con-

stant nitrogen flow of 50 mL/min. The results were ana-

lysed using TA Universal Analysis software package.

Results and discussion

Effect of the humidity on the electrospinning process

Influence of varying polymer concentration at different

humidity conditions

To study the effect of the humidity for different polymer

concentrations, a concentration range of 6–20 wt% was

examined at 10, 50 and 70 % RH and the electrospinning

behaviour was determined. The steady state electrospinning

conditions, which are necessary to allow for uniform and

reproducible nanofibres [8, 21–23], were analysed and also

the deposition area, well-defined if the nanofibres are pro-

duced under steady state, was determined. Table 2 gives an

overview of the diameter of these circular deposition areas

for the PA 4.6 and PA 6.9 solutions, measured after one

minute electrospinning. The diameters in bold are those of

the PA solutions that could be electrospun in steady state.

Table 2 shows that electrospinning with solutions hav-

ing a very low polymer concentrations (6, 8 and 10 wt%)

was not possible in steady state and resulted in the for-

mation of polymer drops instead of fibres at all humidity

conditions studied. In addition, the 12 wt% PA 6.9 con-

centrations could be electrospun easier at higher humidities

compared to the PA 4.6 solution with the same concen-

tration. These observations thus show a minimal requested

viscosity (Table 1) allowing for steady state electrospin-

ning for all RHs, which is affected by the specific humidity

conditions and PA type.

Further, Table 2 shows that the deposition area of PA 4.6

nanofibres decreases with increasing humidity, while the

polymer concentration within a fixed RH has no clear effect

on the deposition area. This may indicate that the water

molecules absorbed in the jet homogenise the charge density,

resulting in an electrospinning cone with a smaller base area.

The diameter of the deposition area of PA 6.9 is less

affected by the RH, as no clear trends are noticeable. The

reason may be found in the significantly lower moisture

absorption of PA 6.9 compared to PA 4.6. Thus, the RH

affects the electrospinning process differently depending

on the (bulk) properties of the used polymer. The higher

the hydrophilicity of the polymer, the more the electros-

pinning process is influenced.

Influence of a changing solvent ratio at different humidities

To study the effect of the solvent ratio, 14 wt% PA solu-

tions with 100 to 40 vol% formic acid were attempted to

Table 2 The diameters of the

circular deposition areas (cm) as

a function of the polyamide

concentration and the relative

humidity, solvent ratio was 1:1

formic acid:acetic acid

For the empty places in the

table, it was not possible to

define a deposition area

Concentration

(wt%)

PA 4.6 PA 6.9

10 % RH 50 % RH 70 % RH 10 % RH 50 % RH 70 % RH

6 – – – – – –

8 – – – – – –

10 – – – – – –

12 3.3 2.8 – 2.2 2.8 2.8

14 3.7 3.0 2.5 2.2 2.8 2.8

16 3.1 3.1 2.3 2.4 2.6 2.6

18 2.8 2.8 2.3 2.4 2.6 2.4

20 – – – – 2.0 2.0
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electrospin. When the PA’s were electrospun from a pure

formic acid solvent system, the jet solidified almost

immediately at the outlet of the needle making the elec-

trospinning under steady state with pure formic acid

impossible. Although the fast solidification occurred at

every humidity, it was most pronounced at lower humidi-

ties. Adding the non-solvent acetic acid to the electros-

pinning solution facilitated stable electrospinning in time,

this for all RH’s, in agreement with the literature. A min-

imum amount of the non-solvent acetic acid is thus

required for stable electrospinning [21].

Table 3 shows that the average diameter of the fibre

deposition decreases with increasing RH for PA 4.6, in

agreement with Table 2. On the other hand, no clear trend

in deposition area diameter was observed for PA 6.9. Once

more, this clearly shows that the RH more strongly influ-

ences the electrospinning process of the more hydrophilic

PA 4.6.

Table 3 The diameters of the

circular deposition areas (cm) as

a function of the percentage

formic acid and the relative

humidity

Polymer concentration was 14

wt%

The values in bold are the PA

solutions that could be

electrospun in steady state

Percentage formic

acid (vol%)

PA 4.6 PA 6.9

10 % RH 50 % RH 70 % RH 10 % RH 50 % RH 70 % RH

100 3.2 3.2 2.5 6.5 9 9

90 3.0 2.8 2.5 7.7 11.5 7.5

80 3.5 3.4 2.6 3.3 2.5 11.5

70 3.9 2.9 2.7 2.9 2.8 11

60 3.9 3.0 2.5 3 2.7 6.5

50 3.7 3.0 2.5 3 3.5 3

40 – 2.5 – – 4 8

Fig. 1 Comparison of average fibre diameter in function of the

concentration PA 4.6 (filled diamond) and PA 6.9 (filled up-pointing
triangle), electrospun at 10 % RH

Fig. 2 SEM-images at 10 % RH of 10 wt% (a), 14 wt% (b) and 18 wt% (c) PA 4.6 and 10 wt% (d), 14 wt% (e) and 18 wt % (f) PA 6.9
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Effect of the humidity on the nanofibre morphology

Influence of changing polymer concentration at different

humidities

Figures 1 and 2 show the effect of the PA 4.6 and PA 6.9

concentration on the average fibre diameter at 10 % RH.

Both curves in Fig. 1 have an exponential increase, in

agreement with the literature [21, 23]. Moreover, this graph

demonstrates that, at low RH, the fibre diameter increases

faster for PA 4.6 than for PA 6.9, possibly due to the higher

viscosity values of PA 4.6 (Table 1).

At 10 %RH, not only the fibre diameter is significantly

influenced by the polymer concentration, but also the crystal

morphology. This is illustrated in Fig. 3, which depicts the

melting behaviour of both PA nanofibrous structures. For PA

4.6, Fig. 3a, the crystal structure pronouncedly shifts from a

stable to a less stable phase with an increasing PA concen-

tration. Indeed, while for 6 wt% PA 4.6, the exothermic curve

has two distinguished peaks, the second peak at 292 �C

disappears for 18 wt% PA 4.6 at 10 % RH. Only the peak at

285 �C, which represents the less stable crystals, remains. In

the case of PA 6.9, Fig. 2b, the shift to less stable crystals is

less pronounced, but still present. At higher PA 6.9 con-

centrations, a low temperature shoulder appears. This shift to

less stable crystals with increasing PA concentration at 10 %

RH is in agreement with the literature for nanofibres elec-

trospun at room humidity [21, 22].

Table 4 presents the average fibre diameter with

increasing PA 4.6 or PA 6.9 concentration at RH’s of 50

Fig. 3 The effect of the

polymer concentration of PA

4.6 (a) and PA 6.9 (b) on the

melting behaviour, electrospun

at 10 % RH

Table 4 the average fibre

diameters (nm) as function of

the polyamide concentration

and the relative humidity

Concentration

(wt%)

PA 4.6 PA 6.9

10 % RH 50 % RH 70 % RH 10 % RH 50 % RH 70 % RH

6 – – – 75 ± 15 – –

8 – 51 ± 10 – 77 ± 9 77 ± 20 –

10 130 ± 14 60 ± 9 47 ± 7 120 ± 26 84 ± 21 95 ± 20

12 151 – 27 83 ± 14 72 ± 10 209 – 58 104 ± 32 93 – 41

14 310 – 30 167 – 19 136 – 24 214 – 36 147 – 40 128 – 37

16 531 – 62 198 – 15 154 – 14 353 – 13 186 – 43 171 – 26

18 734 ± 122 250 – 20 208 – 16 413 – 55 317 – 72 214 – 35

20 – – – – 336 ± 52 280 – 49

Fig. 4 SEM-images of 14 wt% PA 4.6 at 10 % RH (a), 50 % RH (b) and 70 % RH (c)
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and 70 %, compared to the 10 % RH. The solutions which

could be electrospun under steady state conditions are

given in bold. It is seen that also at the higher RH’s, the

average fibre diameter exponentially increases with the PA

concentration.

Furthermore, Table 4 clearly shows that for both PA’s,

the average fibre diameters considerably decrease with

increasing RH, as illustrated in Fig. 4 for PA 4.6. This

indicates that the water absorbed in the polymer jet during

electrospinning causes a plasticising effect, allowing for a

greater extent of jet thinning and thus smaller nanofibres.

Owing to the lower water affinity of PA 6.9, less water is

absorbed in the polymer jet compared to PA 4.6, which

explains the smaller decrease in fibre diameter with

increasing RH.

Similar to the results obtained at 10 % RH, also at

higher RH’s a shift to less stable crystals was observed

with increasing PA concentration. The effect was again

more pronounced for PA 4.6 than for PA 6.9 as illustrated

in Fig. 5 at 70 % RH.

Figure 6 shows the influence of the humidity on the

melting behaviour at a low and high polymer concentration

for both PA 4.6 and PA 6.9. Even though the nanofibres of

10 wt% PA 4.6 are smaller at higher RH (see Table 4), the

fraction of stable crystals is considerably lower. This may

Fig. 5 The effect of the

polymer concentration of PA

4.6 (a) and PA 6.9 (b) on the

melting behaviour, electrospun

at 70 %RH

Fig. 6 The effect of the RH on

the melting behaviour of PA 4.6

and PA 6.9 for polymer

concentrations of 10 and 18 %

Fig. 7 Comparison of average fibre diameter in function of the

fraction formic acid for PA 4.6 (filled diamond) and PA 6.9 (filled up-
pointing triangle), electrospun at 10 %RH
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Table 5 the average fibre

diameters (nm) as function of

the polyamide concentration

and the RH, the polyamide

concentration was 14 wt % PA

The values in bold are the PA

solutions that could be

electrospun in steady state

Percentage formic

acid (vol%)

PA 4.6 PA 6.9

10 % RH 50 % RH 70 % RH 10 % RH 50 % RH 70 % RH

100 – 142 ± 16 99 ± 15 209 ± 22 141 ± 18 127 ± 21

90 144 ± 21 129 – 17 80 ± 15 275 ± 25 135 ± 20 124 ± 20

80 251 – 42 147 – 18 130 – 22 288 – 19 158 – 25 125 ± 16

70 321 – 42 155 – 19 114 – 21 306 – 35 187 – 38 122 ± 14

60 288 – 30 167 – 22 112 – 25 268 – 21 170 – 30 134 ± 27

50 310 – 33 161 – 19 136 – 24 207 – 41 149 – 28 174 – 28

40 – 231 ± 63 114 ± 25 – 152 ± 29 122 ± 42

Fig. 8 The effect of the

percentage formic acid on the

melting behaviour for PA 4.6

(a) and PA 6.9 (b), electrospun

at 10 %RH

Fig. 9 The effect of the

percentage formic acid on the

melting behaviour for PA 4.6

(a) and PA 6.9 (b), electrospun

at 70 % RH

Fig. 10 The effect of the RH on

the on the melting behaviour of

PA 4.6 and PA 6.9 electrospun

solutions with 100 and 40 vol%

formic acid
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be attributed to the absorbed water molecules that not only

act as plasticizer giving smaller fibres, but also disturb the

formation of a stable crystal morphology [24, 25], thus

causing a higher fraction less stable crystals at higher RH.

The same trend, yet less explicit, is noticed at higher PA 4.6

concentrations. With this, it is important to note that this is

opposite to what is found in the literature about PA 6, where

at higher humidity more stable crystals are formed [22].

At 10 wt% PA 6.9, the humidity only has a minor

influence on the crystal morphology of the nanofibres, as

illustrated in Fig. 6. On the other hand, at higher concen-

trations of PA 6.9, a more pronounced effect of the RH is

observed. The high temperature shoulder at 215 �C

increases and the low temperature shoulder at 207.5 �C

decreases with increasing RH. This indicates that at higher

concentrations of PA 6.9, the fraction of stable crystals

rises with increasing RH, in agreement with the previous

findings on PA 6 [22]. This effect can be explained by the

plasticizing effect of the water molecules that allow a

longer stretching time, resulting in a polymer morphology

with more stable crystals.

These results clearly show that the effect of the RH on

the crystal morphology depends on the PA type. Electros-

pinning at high RH results in smaller nanofibres for both

PA’s, because of the plasticising effect of water. However,

these water molecules disturb the crystal formation in the

PA 4.6 nanofibres, resulting in less stable crystals. While

for PA 6.9, these water molecules facilitate the formation

of more stable crystals, especially due to the higher

stretching.

Influence of a changing solvent ratio at different humidities

An analysis of the average fibre diameter as a function of

the solvent ratio, Fig. 7, shows that at low RH, the average

fibre diameter of both PA’s first increases with increasing

fraction formic acid, followed by a decrease in diameter.

This trend can be explained by the solution characteristics

of the polymer solutions (Table 1). With increasing formic

acid content, the conductivity increases significantly and

also the viscosity shows a small increase. An increasing

viscosity is known to raise the fibre diameter while an

increasing conductivity generally lowers the diameter of

the nanofibres. [23]. These combined effects result in the

parabolic trend observed in Fig. 7.

The effect of the percentage formic acid on the fibre

diameter at the three different RH’s is shown in Table 5. A

similar trend as the one obtained at 10 % RH (Fig. 7) was

observed at 50 and 70 % RH, thus indicating that the

general effect of the solvent ratio on the fibre diameter is

not affected by the RH. Yet, the RH does influence the

average fibre diameter at a constant solvent ratio with a

decrease in fibre diameter with increasing RH. This

decrease was more explicit for PA 4.6, in line with the

observations as a function of the polymer concentrations at

different RH’s.

Also the polymer morphology of PA 4.6 nanofibres is

affected by the solvent ratio, electrospun at different RH’s.

For 10 % RH, more stable crystals are formed with

increasing formic acid concentration, Fig. 8. The high

temperature shoulder of the melting peak, situated at about

285 �C for 40 vol% formic acid, is shifted to a higher

temperature and results in a second peak at 296 �C for 100

vol% formic acid. This shift to more stable crystals is less

visible for PA 6.9 electrospun at 10 % RH. Yet, the low

temperature shoulder disappeared at 100 vol% formic acid,

which indicates slightly more stable crystals at higher

formic acid concentration. The same is true at 70 %RH,

Fig. 9.

The effect of the RH on the melting behaviour is visu-

alised in Fig. 10 for PA 4.6 and PA 6.9 at both 40 vol% and

100 vol% formic acid. In line with Fig. 6, an increase in

%RH results in a lower temperature melting region for PA

4.6 at both formic acid concentrations. For PA 6.9, the

difference between the different RH’s is not as significant

as for PA 4.6. These results are in line with the results

obtained with varying polymer concentration and are

attributed to the plasticising effect of water allowing for

more fibre stretching resulting in finer fibres. However, the

water molecules also disturb the crystal formation in PA

4.6, causing less stable crystals.

Conclusion

Electrospinning of PA 4.6 and PA 6.9 at different RH’s

showed that the electrospin process of PA 4.6 was more

influenced by the RH. This is attributed to the higher water

affinity of PA 4.6, compared to PA 6.9.

It was demonstrated that with varying polyamide con-

centration, the fibre diameter decreased with increasing RH

for PA 4.6 as well as for PA 6.9, although it was more

pronounced for PA 4.6. It was stated that the water mole-

cules absorbed in the polymer jet cause a plasticizing

effect, which facilitates the thinning of the polymer jet.

Even though the nanofibre diameter of the crystalline PA

4.6 decreases with increasing RH, the fraction stable crystals

lowers. This may be attributed to the absorbed water mole-

cules which not only act as plasticizer giving smaller fibres,

but also disturb the formation of stable crystals, causing a

higher fraction less stable crystals at higher RH.

In the case of the low crystalline PA 6.9, the higher

stretching results in slightly more stable crystals. Owing to

the presence of water molecules, the jet can be longer

stretched, resulting in a polymer morphology with more

stable crystals.
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Both PA 4.6 and PA 6.9 have more stable crystals when

the fraction formic acid increases, for all RH’s. This is

again more pronounced for PA 4.6.

Overall, it can be concluded that the RH not only affects

the electrospinning process and fibre diameter, but also the

polymer morphology. Moreover, the hydrophilic behaviour

of the PA is a crucial factor.
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