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ABSTRACT 

This study reports the preparation of waterproof/breathable films based on amidoxime 

functionalized PIM-1, which were processed into fibrous membrane using the electrospinning 
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process with a green solvent, i.e. dimethyl sulfoxide. The influence of the feed solution (polymer 

concentration, solvent nature, presence of salt) and the electrospinning process conditions (flow 

rate, distance between the tip and the collector and voltage) has been investigated in order to obtain 

bead-free, thin fibres with regular structure and low porosity. The addition of salt allowed the 

production of nanofibres at low polymer concentration, resulting in the fabrication of fibrous mats 

with 1.5 micron diameter fibres and porosity below 10 micron. These fibre mats possess a 

hydrophobic character with a contact angle superior to 90°. Moreover, they are breathable, but not 

permeable to liquid water, which is essential for use within protective gear (i.e. gas masks or 

protective clothing).  

 

1. INTRODUCTION 

Developing materials that can protect against hazardous toxic industrial chemical (TICs) and 

chemical warfare agents (i.e. CWA) such as sulphur mustard, sarin, or chlorine has become crucial 

to ensure the safety of civilian, medical and military personnel (Bui, et al., 2016) (Chen, Bromberg, 

Hatton, & Rutledge, 2007). Current chemical protective clothing systems are essentially based on 

impermeable materials, providing protection by blocking all the toxics on to the surfaces of the 

fabrics. Therefore, in order to be efficient, these materials have low breathability, which affects 

the transmission of water vapour away from the skin, and tend to lower their level of comfort. 

Moreover, as physical adsorption is reversible, it may result in re-emission of CWA. An alternative 

to these materials is to develop reactive breathable materials (Bui, et al., 2016) (Chuang, Hong, & 

Chang CT, 2014) (Vanangamudi, Hamzah, & Singh, 2015) (Satilmis & Uyar, 2018) (Wang, et al., 

2020) (Manning, Kotagama, Burgin, & Rykaczewski, 2020) which can adsorb and destroy TICS 

and CWAs. Incorporating nucleophile groups onto the surface of the material will enable a 
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chemical response to CWA attack based on hydrolytic degradation. For example, Chen et al. 

(Chen, Bromberg, Hatton, & Rutledge, 2007) modified non-porous polyacrylonitrile fibres by the 

introduction of amidoxime groups, which reacted with CWAs by nucleophilic hydrolysis. 

However, the performance of this material was limited by “intra-fibre diffusional limitations”. A 

solution to this limitation is to introduce similar super-nucleophilic and/or strongly basic groups 

onto Polymers of Intrinsic Microporosity (PIMs), for which diffusion to reactive sites should not 

be limiting thanks to their intrinsic porosity (Budd, McKeown, & Fritsch, 2006) (McKeown & 

Budd, 2010) (Weber, Su, Antonietti, & Thomas, 2007). PIM-1, the archetypal PIM, can easily be 

modified by reaction of the nitrile moiety including the introduction of amidoxime functionality 

to give AO-PIM-1 (Satilmis & Uyar, 2018) (Patel & Yavuz, 2012). A high conversion to 

amidoxime is achieved and intrinsic porosity and solution processability are retained allowing AO-

PIM-1 fibres to be fabricated by electrospinning.  

Electrospinning is one of the number of techniques available to fabricate air filter media.  It 

represents one of the best solutions to easily create materials with large porosity and pore size 

ranging from ten nanometres to several micrometres (Khayet, 2011). One of the advantages is the 

possibility to vary several different parameters to optimize and control the resulting fibrous mat 

morphology, such as the pore size and fibre diameter and, as a consequence, the mat’s 

performance. For instance, to improve electrospinnability, additives can be added in the feed 

solution to enable bead-free fibres formation at lower polymer concentrations (Li, Xiong, & Xue, 

2011). The use of salts as additives has shown enhanced morphology for several polymers such as 

Nylon-6 (Barakat, Kanjwal, Sheikh, & Kim, 2009), polyacrylic acid (Kim, Park, Lee, & Sigmund, 

2005) and PIM-1 (Topuz, Satilmis, & Uyar, 2019). The addition of salts has been reported to 

induce the formation of thinner fibres with a more regular structure (Zong, et al., 2002) (Lee, Kim, 
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& Kim, 2005); this is due to an increase in conductivity, which enhances the elongation level of 

the jet (Zong, et al., 2002). However, for other polymers, some studies reported the formation of 

thicker fibres due to a large increase of mass flow and an increase in viscosity (Topuz, Satilmis, & 

Uyar, 2019). The electrospinning process often uses toxic organic solvents, such as 

dimethylformamide, chlorinated compounds or tetrahydrofuran, which are considered as 

reprotoxic, carcinogenic and mutagenic compounds (Prat, et al., 2016). Considering the low 

concentration of polymers in precursor solutions and the entire volume of solution for bulk 

production, a huge amount of organic solvent is consumed and vaporized leading to major 

environmental issues, i.e. handling the waste organic solvents (Horzum, Demir, Munoz-Espi, & 

Crespy, 2019) (Liverani, Vester, & Boccaccini, 2018) and removal of toxic vapours. Furthermore, 

the potential for residual solvent in the fibres hinders many promising potential applications 

especially in the biomedical and air filtration fields (Agarwal, Wendorff, & Greiner, 2009) (Zhang, 

et al., 2017) (Xie, Li, & Xia, 2008) (Ma, et al., 2020) where the exposure limits regulated by 

international health authorities and institutes are even stricter. Therefore, conventional 

electrospinning should be further modified to pursue an eco-friendly and sustainable development 

strategy (Agarwal & Greiner, 2011). Alternative fibre fabrication protocols must be established by 

substituting hazardous solvents with less harmful solvents, such as water-based solvents or green 

solvents (Lv, et al., 2018). The production of electrospun nanofibres of AOPIM-1 has been already 

reported in the literature (Satilmis & Uyar, 2018) using DMF as solvent. However, DMF is 

considered a hazardous chemical (Kim & Kim, 2011).  

Here we report the fabrication of AO-PIM-1 fibres by electrospinning using dimethyl sulfoxide 

(DMSO), which is considered as a green solvent (de Abreu Costa, et al., 2017) (Xie W. , et al., 

2019). The feed solution (polymer concentration, solvent nature, presence of salt) and the 
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electrospinning process conditions (flow rate, distance between the tip and the collector and 

voltage) were optimized in order to obtain bead-free, uniform and thin fibres with low porosity. 

These experimental parameters are investigated within the context of response surface 

methodology (RSM) in order to construct an empirical model to predict the parameters to use for 

a targeted diameter. To demonstrate the resulting fibre mats promise for use as a textile or within 

a respirator, the optimized AO-PIM-1 electrospun fibres were characterized in term of waterproof 

resistance, breathability and air permeability (Figure 1).  

 

 

Figure 1: Preparation of waterproof/breathable films based on amidoxime functionalized PIM-1. 

 

1. EXPERIMENTAL 

1.1. Materials 

AO-PIM-1 was prepared following the procedure of Patel and Yavuz (Patel & Yavuz, 2012) by 

the rapid reaction of the nitrile groups of PIM-1 with hydroxylamine (Figure 2) in THF solution 

under reflux conditions. 
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Figure 2: Molecular structures and synthetic pathway. 

Dimethylsulfoxide (DMSO), Dimethylformamide (DMF) and lithium chloride (LiCl) were 

purchased from Sigma Aldrich. All chemicals were used as purchased. 

 

1.2. Electrospinning 

Electrospinning of AO-PIM-1 was achieved by using the apparatus (IME Technologies) shown 

in Figure 3. 

 

 

Figure 3: Electrospinning apparatus (on the left) and electrospun fibres (on the right). 

Solutions of varying AO-PIM-1 weight percent by volume were created with pure DMSO or 

DMF as the solvent phase, and were stirred for approximately 3 days prior to processing to assure 

thorough mixing. Electrospun mats were generated as described previously (Lasseuguette & 

Ferrari, 2016), in a horizontal electrospinning setup shown in Figure 3, with various flow rates, 

operating distances, and applied voltages. 
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1.3. Characterization methods 

1.3.1. Measurement of surface tension () 

A Kibron Ez PiPlus Tensiometer (Kibron Inc. Oy, Finland) was used to measure the surface 

tension between the solutions and air. During the experiments, the Dyne probe was placed below 

the surface of the liquid and the force required to pull the probe upward through the surface of the 

liquid was measured. 

 

1.3.2. Scanning Electron Microscopy (SEM) 

The fibrous mats were observed with a JSM-IT100 (JEOL, Japan) operating at 10 kV. Before 

SEM analysis, the samples were sputtered with a layer of 9 nm gold to form a conductive surface. 

The mean diameter (OD) of electrospun fibres was determined using the ImageJ software. The 

mean fibre diameter was determined from a minimum of 30 measurements of the random fibres in 

three SEM images taken from different areas of the mat. 

 

1.3.3. Measurement of Pore size diameter (r), Hydrostatic pressure (PH2O) and Air flow 

resistance (Rair) 

The pore size diameters (r), hydrostatic pressure (PH2O) and air flow resistance (Rair) of the 

membranes were measured using Quantachrome Porometer3Gzh (Anton Paar GmbH, UK). For 

the pore size diameters (r) and the hydrostatic pressure (PH2O), the sample was initially wetted by 

a liquid with low surface tension (Porometer 3G—Porofil® Wetting Solution) and water 

respectively, and an increasing pressure of air was applied (from 0.01 to 1.4 bar). PH2O corresponds 
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to the pressure when the initial flow (i.e. the bubble point; at which gas is first seen to pass through 

the specimen) is detected by the apparatus. 

 The airflow resistance (Rair) was measured with the dry flow method. In this mode, the 

instrument measures the flow of air through a dry porous medium for a known pressure drop. The 

air permeability, kair, is calculated from the Equation 1: 

𝑘 =
∗

∗       Equation 1 

Where is the dynamic viscosity of air (1.83 10-5 kg.m-1.s.-1), Q is the airflow measured through 

the sample, A is the sample area, x is the sample thickness, and P is the pressure drop. However, 

on fibrous mats, thickness measurement is often problematic and can be a large source of error. It 

is preferred to present the pressure drop/flow rate results in term of an apparent flow resistance 

defined by Equation 2 (Gibson, Schreuder-Gibson, & Rivin, 2001).  

𝑅 =
∗

∗
                      Equation 2 

Where Rair is the apparent Darcy airflow resistance in m-1. 

 

1.3.4. Measurement of water contact angle () 

Contact angle () measurements and image analysis have been done using a Krüss Advanced 

DSA100 Contact Angle Analyzer. The measurements were taken at room temperature using 

distilled water. The measurements were repeated three times on three different locations of the 

samples and averaged. The tangent method was used to calculate the contact angle. For each 

measurement, a 5 μl droplet was dispensed onto the fibrous mats. 
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2. RESULTS AND DISCUSSION 

In this study, AO-PIM-1 polymer solutions were used to produce fibrous mat by electrospinning. 

The morphology of the mat was studied as a function of material related variables (i.e. feed nature 

and concentration) and process related variables (i.e. flow rate, applied voltage, and distance). 

These effects were also investigated within the context of Response Surface Methodology (RSM) 

in order to construct an empirical model. This allowed the evaluation of the significance of the 

parameters for the fibre diameter based on experimental results that can lead to the identification 

of the conditions for a targeted fibre diameter. 

Prior to the electrospinning process, the solutions were characterized by surface tension 

measurements as surface tension represents one of the main parameters that affects the production 

of electrospun fibres (Yousefzadeh, 2017). The critical voltage required for jet initiation is related 

to the surface tension of the solution (Yousefzadeh, 2017) (Taylor, 1964) as the applied voltage 

must be high enough to overcome the surface tension of the solution. As the solution jet accelerates 

from the tip of the source to the collector, the solution is stretched, while surface tension of the 

solution may cause the solution to break up into droplets. 
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Figure 4: Variations of surface tension in function of AO-PIM-1 and salt concentration and 

solvent. 

Figure 4 shows the influence of the feed nature on the surface tension. The solutions based on 

DMF presented lower values than those of DMSO.  The surface tension of pure DMF is 37 mN.m-

1 whereas for pure DMSO is equal to 46 mN.m-1. The presence of 2%wt of salt induced a slight 

increase of , by 1.5% due to the solute depletion at the interface (Hsin, Sheng, Lin, & Tsao, 2004) 

(Nichols & Pratt, 1984) (Stairs, 1995). An increasing trend was also observed in the surface tension 

with AO-PIM-1 content, with an increase of 3.3% for solutions with salt between 0 and 30% of 

AO-PIM-1, 3.8% for the DMSO solutions without salt between 0 and 30% of AO-PIM-1 and 4.3% 

for the DMF solutions between 0 and 40% of AOPIM1.  

 

2.1. Material related variables:  

2.1.1. Solvent: DMF vs DMSO 

Production of electrospun nanofibres of AO-PIM-1 has been already reported in the literature 

(Satilmis & Uyar, 2018) by using DMF. However, DMF is considered as a hazardous chemical 
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(Kim & Kim, 2011). In our work, DMF has been replaced by DMSO, which is considered as a 

green solvent due to its low toxicity (de Abreu Costa, et al., 2017).  

Bead-free electrospun fibres were obtained from AO-PIM-1 solution using both solvents (Figure 

5). 

 

 

Figure 5: SEM micrographs of electrospun fibres at 30% in DMSO (A) and DMF (B) [E = 22 

kV, Flow = 5 l/min, Gap = 30 cm]. The respective size distribution of the fibres are shown 

under the SEM images. 

 

With DMF solutions, the structure was regular with straight fibres of mean diameter of 1.7 m, 

whereas the DMSO solutions produced a more irregular structure and broader size distribution for 
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the fibres with mean diameter of 1.4 m for the same process conditions, i.e. voltage, flow and 

gap. This might be explained by the higher surface tension of DMSO solutions over those of DMF 

(Figure 4), which potentially induced more instabilities during the electrospinning with the jet 

more likely to break up into droplets. In order to overcome this problem, a higher voltage has to 

be applied in order to get a regular structure from DMSO solutions. 

 

2.1.2. AO-PIM-1 concentration and salt 

The electrospinning of AO-PIM-1 was successfully achieved with several polymer 

concentrations in DMSO in the presence or absence of 2%wt of LiCl. As it has been noted, the 

incorporation of salt in the feed solution can improve the processability. Hence, lithium chloride 

was selected due to its high solubility in DMSO and its strong electrolyte character.  

The SEM images of the representative fibres are shown in Figure 6. Firstly, without salt, bead-

free electrospun fibres were only observed in a range of concentration between 15% and 40%. At 

low concentration, below 15%, spraying was noticed whereas at high concentration, above 40%, 

no electrospinning was possible as the solution was too viscous and blocked the needle. 
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Figure 6: SEM micrographs of electrospun fibres at different AO-PIM-1 concentration in 

DMSO (Top) and DMF (Bottom) [E = 22 kV, Flow = 5 l/min, Gap = 30 cm]. The respective 

size distribution of the fibres are shown under the SEM images. 

 

Increasing the concentration of AO-PIM-1 induced the formation of thicker fibres, with an 

increase in average diameter up to 1.4 m and 2.1 m for DMSO and DMF, respectively. By 

increasing the concentration, entanglements became prevalent, facilitating the fibre formation. 

Secondly, the presence of LiCl allowed the formation of a bead-free fibre structure even at a low 

concentration of polymer. The introduction of 2% of LiCl in the solution based on 15% of AO-

PIM-1, successfully suppressed the spraying that occurred without salt. Moreover, as shown in 

Figure 7_A, the incorporation of LiCl induced an increase in the fibre diameter, from 0.4 m to 

0.6 m, 0.54 m to 1.7 m, and 1.4 m to 2.4 m derived from solution containing 15%, 23% and 

30% AO-PIM-1, respectively.  
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Figure 7: A: Effect of LiCl in the fibre diameter (OD) derived from DMSO solutions. B: Impact 

of the flow rate on the fibre diameter (OD) [E = 22 kV, Gap = 30 cm]. C: Effect of the gap on the 

fibre diameter (OD) [DMSO: Flow = 10 l/min, E = 16 kV /DMF: Flow = 3 l/min, E = 19 kV]. 

D: Effect of applied voltage (E) on fibre diameter (OD) [DMSO-LiCl: Flow = 10 l/min, G = 30 

cm / DMSO: Flow = 10 l/min, G = 10 cm / DMF: Flow = 5 l/min, G = 30 cm]. 

 

The addition of LiCl increased the conductivity and the viscosity of the solution, which 

facilitates efficient electrospinning (Yousefzadeh, 2017) and thickens the fibre diameter (Topuz, 

Satilmis, & Uyar, 2019) (Li, Xiong, & Xue, 2011) (Moghe, Hufenus, Hudson, & Gupta, 2009). 

However, the incorporation of LiCl brought also irregularity in the mat structure, with a broader 

size distribution of fibre diameter.  
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Figure 8: Photographs of electrospun fibres from DMSO-23%AOPIM-1 (Left) and DMSO-

23%AOPIM-1-2%LiCl (Right). 

 

As Figure 8 shows, the electrospun mats with LiCl possess a candyfloss-like appearance and are 

less dense than the ones formed from solutions without LiCl. The presence of LiCl slightly 

increased the surface tension of the solutions (Figure 4) which may have induced instability of the 

elongated jet. Secondly, the presence of LiCl results in  a more hygroscopic solution that may be 

more sensitive to humidity, which might induced instabilities during the electrospinning (De 

Vrieze, et al., 2009) (Fukushima, Karube , & Kawakami, 2010).  

 

2.2. Process related variables: 

2.2.1. Flow rate 

Different flow rates, from 2 to 15 l.min-1, were studied for each of the solutions (DMF, DMSO 

and DMSO-LiCl) using several concentrations. Figure 7_B shows the impact of the flow rate on 
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the fibre diameter. Increasing the flow rate induced an increase in the fibre diameter with a 

particularly larger impact for DMF solutions. The fibre diameter increased by 11% for the solution 

of 15% AO-PIM-1+LiCl in DMSO, 15% for 23% AO-PIM-1 in DMSO, 59% for 30% AO-PIM-

1 in DMF and 67% for 40 %AO-PIM-1 in DMF. The increase in flow rate corresponds to an 

increase in the amount of material flowing through the tip, which resulted in increased fibre 

diameter. 

 

2.2.2. Distance between tip and collector 

Different distances (i.e. gap) between tip and collector were used in order to study the effect on 

the fibre diameter (Figure 7_C). With a gap below 10 cm and 25 cm for DMSO and DMF, 

respectively, no fibres were obtained because the solution did not have enough time to solidify 

before reaching the collector. By increasing the gap, thinner fibres were formed for the two 

solvents since a higher distance between the tip and the collector provides a larger stretching 

distance. For the solution based on 30% AO-PIM-1 in DMSO, the increase in gap from 10 cm to 

20 cm led to fibres of 1.99 m and 1.37 m mean diameter, respectively. For DMF, the increase 

in gap from 30 cm to 35 cm led to fibres of 1.94 m and 1.86 m mean diameter respectively.  

 

2.2.3. Voltage 

Different applied voltages (E) were used for each solutions and the effect on the fibre diameter 

is shown on Figure 7_D. The effect of E varied according to the solution. For solutions with LiCl, 

the increase of voltage from 20 to 22 kV induced a thicker fibre with a mean diameter from 0.96 

m to 1.45 m, respectively. On the contrary, for the solutions without LiCl, an increase of applied 

voltage induced a thinner fibre. In fact, a higher voltage led to an acceleration of the 

electrospinning jet, meaning more material coming through the tip resulting in an increase in fibre 
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diameter (Long, Yan, Wang, Zhang, & Yu, 2019) (Demir, Yigor, Yilgor, & Erman, 2002). 

Conversely, increasing voltage induced a larger stretching of the solution resulting in the formation 

of thinner fibres (Lee, et al., 2004) (Yuan, Zhang, Dong, & Sheng, 2004) (Lasseuguette & Ferrari, 

2016).  Yordem et al. (Yordem, Papila, & Menceloglu, 2008) explained that the applied voltage is 

not an independent factor but it is correlated to the polymer-solvent system and the collection 

distance, which explains why for the different solutions the impact of the applied voltage was not 

the same. 

 

2.3. Response Surface Methodology (RSM)  analysis 

The experimental data have been regressed in order to find a correlation between the fibre 

diameter and the process and materials variables, which can be used to produce fibres with a 

specific diameter (see Supporting Information). The experimental data were analysed by means of 

Response Surface Methodology (RSM) (Chen, Ho, Chiang, & Wu, 2009) to fit a polynomial 

equation with Minitab 17 (Minitab Inc.) software. A quadratic RSM was fitted to the following 

equation: 

𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 =  𝛽 +  ∑ 𝛽 𝑥 + ∑ 𝛽 𝑥 + ∑ ∑ 𝛽 𝑥 𝑥     Equation 3 

Where 𝑥  is the ith independent factor (i.e.: 𝑥  = Concentration; 𝑥  = Flow rate; 𝑥  = Voltage and 

𝑥  = Gap).  𝛽 ,𝛽  𝛽  and 𝛽  are regression coefficients, with 𝛽 the constant term, 𝛽  the linear 

effect term; 𝛽  the squared effect term and 𝛽  the interaction term. Second order coefficients were 

generated by regression with stepwise elimination. 

RSM analysis has been performed for each solutions, i.e. DMF, DMSO and DMSO+LiCl. The 

coefficients for the regression model obtained from the experimental data for each solution are 

shown in the Table S1. 
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To validate the predictive ability of the regression, three independent runs of experiments were 

carried out (Table 1). 

Solution 

𝑥  

Concentration 

[%wt/vol] 

𝑥  

Flow rate 

[L/min] 

𝑥  

Voltage 

[kV] 

𝑥  

Gap 

[cm] 

Predicted 

fibre 
diameter 

[m] 

Experimental 

fibre diameter 

[m] 

DMF 30 2 22 25 1.0973 
0.929 

(+/- 0.09) 

DMSO 21.6 9.2 25 30 0.988 
0.882 

(+/- 0.18) 

DMSO+ 
2%LiCl 

15 19.88 29 25 1.31 
0.549 

(+/- 0.32) 

Table 1: Results of model validations experiments. 

The experimental value for the mean fibre diameter was found to be reasonably close to that 

predicted for the DMF and DMSO solutions. On the contrary, for the DMSO+LiCl solution, the 

prediction did not correspond to the experimental values; this was attributed to the fact that the 

presence of LiCl induced instabilities inducing irregularity in the fibrous structure.  

These combined experimental and modelling analyses have helped to optimize the 

electrospinning process for AO-PIM-1 in order to obtain bead-free fibrous with regular and micron 

size fibre diameter (Table 2). 

 

2.4. Materials performance 

Ideal facemask materials should prevent penetration of water droplets, while allowing the release 

of moisture vapour and air to provide user comfort. Therefore, the fibrous mats have been 
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characterized in term of porosity, waterproof resistance, breathability and air permeability. The 

results are presented in the Table 2. 

Solvent Sample 

Polymer 
concentration 

[%wt/vol] 

PH2O 

[bar] 

(error) 

Pore 
diameter 

[m] 

(error) 

Contact 
angle [°] 

(+/- 3°) 

Fibre 
diameter 

(OD) 
[m] 

(error) 

Rair x 
108 

[m-1] 

(error) 

DMSO+LiCl 

LiCl_1 15 - 
9.2 

(+/- 0.8) 
Adsorbed 

0.9 

(+/- 0.44) 
- 

LiCl_2 23 0.11 
(2.1%) 

13.2 

(+/-1.7) 
130 

1.7 

(+/-0.7) 

1.2 
(1.6%) 

DMSO 

DMSO_1 21.6 
0.24 

(1.5%) 

5.6 

(+/-1) 
126 

0.7 

(+/-0.13) 
- 

DMSO_2 23 
0.52 

(1.5%) 

4.2 

(+/-0.8) 
132 

0.54 

(+/-0.1) 

3.6 

(4.9%) 

DMSO_3 27.2 0.14 
(1.2%) 

6.4 

(+/-1) 
Adsorbed 

1.5 

(+/-0.2) 

3.2 

(1.5%) 

DMSO_4 30 0.17 
(0.5%) 

7.5 

(+/-0.9) 
121 

1.4 

(+/-0.14) 

2.4 

(0.6%) 

DMF 

DMF_1 30 
0.10 

(1%) 

8.8 

(+/-1.4) 
127 

1.7 

(+/- 0.11) 

2.4 

(1.7%) 

DMF_2 30 0.04 
(4.5%) 

10.9 

(+/-0.7) 
129 

2 

(+/-0.13) 

2.4 

(7.7%) 

DMF_3 30 0.03 
(3.2%) 

10.3 

(+/-2.3) 
126 

1.9 

(+/-0.08) 

2.7 

(4.2%) 

DMF_4 30 0.02 
(3.6%) 

10.3 

(+/-1.5) 
125 

1.7 

(+/-0.09) 

2.9 

(3.6%) 

DMF_5 30 0.34 
(1.1%) 

2.6 

(+/-0.2) 
144 

0.9 

(+/-0.09) 

7.7 

(0.7%) 
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DMF_6 40 0.08 
(2.4%) 

12.5 

(+/-0.8) 
128 

2.5 

(+/-0.13) 

1.9 

(1.6%) 

Table 2: Water breakthrough pressure, pore diameter, water contact angle, fibre diameter and air 

flow resistance for AOPIM1 electrospun fibres. 

For gas mask application, the materials should be breathable and resistant to the permeation of 

chemical agents, which mean diameter between 10 and 1000 nm (Bui, et al., 2016). Consequently, 

the usual target in term of pore size is below 10 nm to exploit simple size exclusion. However, 

small pore size will induce a large resistance to convective flow and so a poor water vapour 

diffusion and air permeability. The additional introduction of reaction sites makes the requirement 

for the pore dimension less stringent as the chemical reaction of the chemical agents with 

amidoxime group will consume them. The constraint for the fibres is then a very large surface area 

for the interaction of the agents with the amidoxime i.e. thin fibres with diameter below 1 m 

(Matsumoto & Tanioka, 2011).  This will ensure high barrier efficiency.    

  

2.4.1. Pore diameter 

The fibrous mats had a pore diameter varying from 2.6 m to 12.5 m (Table 3). As expected, 

electrospun fibres exhibits a correlation between fibre diameter and pore diameter, with an increase 

in fibre diameter inducing an increase in pore diameter.  (Figure 9_A).  
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Figure 9: Variation of maximum pore diameter with fibre diameter (A) and concentration (B) 

for AO-PIM-1 electrospun samples. 

Similar correlations have been found in literature (Lowery, Datta, & Rutledge, 2010) (Kidoaki, 

Kwon, & Matsuda, 2006) (Pham, Sharma, & Mikos, 2006). Samples derived from solutions 

containing LiCl show larger pore diameter for a similar fibre diameter compared to DMF and 

DMSO samples. This difference might be attributed to the loosely-packed structure of LiCl based 

fibres, which impacts on fibre morphology. The increase in pore size was related to the interfibre 

space widening caused by larger fibre diameter. Since increasing solution concentration resulted 

in larger fibre diameter, it also led to a larger pore size. (Figure 9_B).  

 

2.4.2. Airflow resistance 

One of the main characteristics of materials for use as a component in facemasks is their air 

permeability. As indicated above (§ 1.3.3), it was preferred to use the apparent air flow resistance, 

Rair, instead of the air permeability, meaning that a high Rair represents a poorly  air permeable 

sample whereas a sample with a low Rair is highly air permeable. The AO-PIM-1 electrospun fibres 

present standard values for the Rair, in the range found in literature for commercial facemasks 

(Table 3). 
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Samples – For Face Masks RAir [m
-1] PH2O [bar] 

AO-PIM-1 electrospun fibres (this work) 1.10
8
 - 8.10

8
 0.02 – 0.52 

PTFE (Gibson, Schreuder-Gibson, & Rivin, 2001) (Tehrani-
Bagha, 2019) 2.10

9
 1.1 - 2.3 

PAN_PDMS (Sheng, Zhang, Xu, Yu, & Ding, 2016) 1.10
5
 0.9 - 0.6 

PU (Gibson, Schreuder-Gibson, & Rivin, 2001) 6.10
8
 0.07 

Woven fabrics  (Gibson, Schreuder-Gibson, & Rivin, 2001) 5.10
6 
- 1.10

8
 - 

Nonwoven fabrics (Gibson, Schreuder-Gibson, & Rivin, 2001) 1.10
6
- 6.10

7
 - 

N95 Mask (Li, et al., 2006) 4.10
7
 <0.005 

Surgical Mask (Li, et al., 2006) 3.10
7
 0.05 

Table 3: RAir and PH2O from literature. 

 

 

Figure 10: Variations of RAir with fibre diameter (A) and pore diameter (B) for AOPIM-1 

electrospun fibres. 
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Figure 10 shows that the airflow resistance was decreasing with the increasing of pore and fibre 

diameter. Actually, larger fibre diameters led to the formation of larger pores and so more air could 

pass through the fibrous mat. Figure 10 _B suggests a linear relationship between the Rair and the 

pore diameter.  

 

2.4.3. Water resistance 

The electrospun fibres have been characterized in term of water resistance, with the 

measurement of water contact angle on the surface and of water breakthrough pressure. The results 

are listed in the Table 2. The fibrous mats presents a high hydrophobic character, with water 

contact angles from 121° to 144°. These results are consistent with the literature (Satilmis & Uyar, 

2018). The hydrophobic character is related to the high surface roughness of the fibrous surface.  

The polymer itself presents a hydrophilic character. As shown in Table S2, the solid polymer 

films obtained with the two different solvents, DMSO and DMF, have a water contact angle of 64° 

and 82° for AOPIM-1_DMSO and AOPIM-1_DMF respectively. The surface roughness of the 

fibres induced an increase of the hydrophobicity character due to the presence of air pockets which 

leads to higher contact angle (Cassie model) (Wang, Wu, Cao, Li, & Liao, 2020). 

The water resistance property was investigated as well by hydrostatic pressure tests, as presented 

in Figure 11. The measured values are in the range of the values found in literature for facemasks 

(Table 3). 
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Figure 11: Variation of hydrostatic pressure with fibre diameter (A) and contact angle (B) for 

AO-PIM-1 electrospun samples. 

The hydrostatic pressure of liquid water corresponds to the pressure required to penetrate the 

sample and form water droplets on its opposite surface. A larger value means higher resistance to 

liquid water penetration.  As suggested by Figure 11_A, the hydrostatic pressure decreases with 

increasing fibre diameter. Indeed, a larger fibre diameter is correlated to a larger pore size diameter 

(Figure 9) which induces a lower resistance to water penetration. The hydrostatic pressure is 

increasing as well with the water contact angle (Figure 11_B), as the samples becomes more 

hydrophobic and more resistant to water penetration.  It was possible to relate the hydrostatic 

pressure with the contact angle and the pore diameter for each sample using a modified Laplace 

equation (Equation 4) with two different shape factors (B) according the solvent. 

𝑃𝐻2𝑂 = −4𝐵𝛾
𝑐𝑜𝑠 𝜃

𝑅
                                                                                                                                       Equation 4 

With PH2O= hydrostatic pressure [Bar], 

B = Shape factor, 

 = surface tension of water, 72.8 10-3 N.m-1, 

= water contact angle [°], 

R = maximum pore diameter [m]. 
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Figure 12: Relationship between hydrostatic pressure, water contact angle and pore diameter for 

AO-PIM-1 electrospun fibres. 

For the fibres spun from DMSO solutions, the shape factor was 0.97, close to 1, which means 

that the pore geometry was close to a cylindrical structure. For DMF, it was not possible to fit 

properly the data with the modified Laplace equation. This is due to the fact that the structure was 

not cylindrical but rather irregular and highly interconnected (Lowery, Datta, & Rutledge, 2010), 

as confirmed in the SEM micrographs (Figure 6). 

Waterproofness, i.e. water resistance and sweat water breathability was also tested for the 

electrospun fibres. A fibrous mat was put over a beaker filled with boiling water with silica 

particles and a droplet of water on the surface (Figure 13). Silica particles were also put near the 

beaker as a control sample, to check that the change of colour was not due to the atmospheric 

humidity (Sheng, Zhang, Xu, Yu, & Ding, 2016). 
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Figure 13: Experimental test for waterproofness and breathability performance (DMF_5) (Silica 

particle becomes transparent with humidity).  

Sample Time of heating 

LiCl_1 < 1 min, droplet absorbed 

DMSO_2 > 30 min 

DMF_5 > 30 min 

Table 4: Results for experimental tests for waterproofness and breathability performance. 

The silica particles were used to demonstrate the water vapour transmission and so the ability of 

the sample to release the moisture vapour, whereas the water droplets was used for the 

waterproofness. As the Table 4 reports, the fibres from DMSO+LiCl solution were not resistant; 

after 1 minute, the water had filtered through the mat, meaning that these fibres had no resistance 

to water, consistently with the low hydrostatic pressure (Table 2). On the contrary, for the samples 

made from DMF and DMSO, after more than 30 minutes of heating the beaker, the water droplets 

were still present on the surface, indicating the water resistance of the fibrous mat. The silica 

particles changed colour meaning that water vapour was transported through the mat confirming 

the breathability of the mat. These results were consistent with the fact that DMF_5 and DMSO_2 

were the samples displaying a large water breakthrough pressure and water contact angle. 
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CONCLUSIONS 

The preparation of waterproof/breathable films based on AO-PIM-1 fibres was demonstrated 

and optimized. Bead-free and uniform amidoxime functionalized PIM-1 fibres were obtained in 

the form of a self-standing mat by electrospinning process with the non-toxic solvent DMSO.  This 

study validates the feasibility of using AO-PIM-1 fibres as a textile fabric for protective clothing 

or as an additional protective layer within existing cartridges. Studies to evaluate the performance 

of AO-PIM-1 fibres for the adsorption and hydrolysis of CWA agents and simulants are under 

progress.  
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