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Abstract 

Outdoor electronic equipment such as signal stations, radar units, and cellular base stations 

would benefit from electromagnetic interference (EMI) shielding systems, but ice accretion on 

the surface of these facilities often causes critical challenges, especially in cold regions and 

winter season.  In this study, icephobic nanocomposite electrospun membranes were developed 

via a two-step process from recycled polyethylene terephthalate (r-PET), which exhibited high 

electromagnetic shielding efficiency with superhydrophobic and icephobic performance. The 

surface superhydrophobicity and icephobicity of the membrane were achieved after surface 

modification using fluorinated silane functionalised SiO2 nanoparticles (FSFS). 

Superhydrophobicity with less than 5° of contact angle hysteresis was observed on the 

nanocomposite electrospun membranes, and the ice adhesion strength was approximately 50 

kPa after the FSFS modification, which was ~6 times lower than aluminium reference. 

Furthermore, with the addition of 20 wt% magnetite nanopowders, the r-PET nanocomposite 

electrospun membranes demonstrated a high magnetic response, around 4.22 emu/g, in the 

range of -10 and +10 kOe, and a high electromagnetic shielding efficiency between 11-22 dB 

in the frequency range of 400 MHz to 6 GHz. The icephobic r-PET electrospun membranes 

incorporated with magnetite are promising candidate materials for outdoor EMI shielding 

applications. 
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1. Introduction 

Outdoor electronic facilities, such as signal stations, radar units, and cellular base stations, play 

essential roles in modern human life to provide safety and communication. One critical issue 

of these electronic facilities is their potentials to emit electromagnetic radiation. Some studies 

have linked long-term exposure to electromagnetic waves with cancer, childhood leukemia, 

central nervous system disorders, and depression 1-4; thus, electromagnetic pollution is of 

relevant concern to the public. Therefore, Electromagnetic interference shielding is a prominent 

feature that finds applications in many industries (i.e., aircraft, satellites 5-7). 

Another key challenge for outdoor electronic facilities is ice accretion on the surface, especially 

in cold regions and winter season, which may significantly affect their functionalities, reduce 

the efficiency and shorten the service life.  Although several publications investigated new 

materials for outdoor EMI shielding applications 8-10, no study has been found which 

considered ice mitigation while designing their materials. There are some attempts considering 

the combination of superhydrophobicity and EMI shielding efficiency in a single material 

system. Ma et al. prepared multifunctional polyvinylidene fluoride/carbon (graphene and 

multi-walled carbon nanotube) porous composite materials and reported electromagnetic 

shielding efficiency of 28.5 dB at a frequency of 8-12 GHz. They also evaluated the 

superhydrophobicity of these materials which had water contact angles (WCA) of 155° 8. 

Megaridis et al. prepared polytetrafluoroethylene/carbon nanofibre nanocomposites and 

reported EMI shielding efficiency of 25 dB in the range of 8.2–12.4 GHz along with WCA up 

to 158° 9. Ma et al. treated cotton fabrics with Nafion/multi-walled carbon nanotube 

dispersions, which achieved 9 dB EMI shielding efficiency along with WCA of 154° 11. Lee et 

al. reported surface-modified carbon nanotube films that achieved a contact angle of 153° and 

sheet resistance of 4.1 x 104 Ω/square 12, suggesting their potential application for 

electromagnetic shielding. Zhai et al. prepared nanocomposite coatings using carbon nanotubes 
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with conjugated block co-polymer (rrP3HT-b-PS), which had electrical conductivity of 30–

100 S cm-1 and a contact angle of above 158° 13. Although the above work reported impressive 

progress in EMI shielding materials with hydrophobic surface, the icephobic performance have 

not been studied.  

Electrospinning, as a versatile nanofibre production method, has attracted significant attention 

in the past decades due to the excellent properties of the electrospun fibres, such as large 

specific surface area, high porosity, flexibility, adjustable fibre diameters and tuneable 

wettability 14, 15.  The randomly oriented fibrous structure and high amount of air pockets on 

the surface make them strong candidates for icephobic applications considering Cassie-Baxter 

icing state. Moreover, polymer-based EMI shielding composites have become popular 

alternatives for the replacement of traditional metal-based EMI shielding materials, due to their 

advantages of easy processability, lightweight nature and corrosion resistance 16. It is also 

believed that thin nanofibrous membranes are promising for EMI shielding applications 

because of to their porous structures which lead to an increase in multi-reflection loss 17. 

Additionally, the use of electrospinning process to fabricate nanocomposite fibre membranes 

allows to impart specific properties such as high dielectric constant which is an important factor 

for EMI shielding 17, 18. 

Polyethylene terephthalate (PET) is one of the most widely produced thermoplastic polymers 

which has been used as textiles (e.g. yarns 19 and fabrics 20), in the food industry (e.g., bottles, 

packing 21), and for electrical applications (such as insulator materials 22). Disposable products 

such as bottles and packaging comprise the major composition of PET. However, only a 

relatively small amount of PET products has been recycled 23, 24. As such, exploring alternative 

recycling approaches for PET would help to address the associated economic and 

environmental concerns.  
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In the present work, nanocomposite electrospun membranes combining icephobicity and EMI 

shielding efficiency have been developed via a two-step process from recycled polyethylene 

terephthalate (r-PET), as promising candidate materials for outdoor EMI shielding 

applications. Magnetite/r-PET nanocomposite nanofibre membranes were produced by 

electrospinning process, followed by surface modification with fluorinated silane 

functionalised SiO2 (FSFS) nanoparticles. The superhydrophobic and icephobic properties of 

the as-prepared membranes were evaluated. Furthermore, with the incorporation of magnetite 

nanopowders, the r-PET nanocomposite electrospun membranes demonstrated a high magnetic 

response, and their EMI shielding performance was studied.  

 

2. Materials and Experimental Methods 

2.1 Materials  

Recycled PET coke bottles were cut into small pieces to prepare r-PET solution for 

electrospinning. Acetone (>99.9 wt%) and ethanol (>99.9 wt%) were used to clean the PET 

pieces. Trifluoroacetic acid (TFA) (>99 wt%) and dichloromethane (DCM) (>99.8 wt%) were 

selected as the solvents of r-PET to prepare the electrospinning solution. For the fabrication of 

magnetite-loaded r-PET electrospun membranes, magnetite nanopowder (<100 nm particle 

size, Sigma Aldrich, UK) was used. A fluorinated silane coupling agent, 1h,1h,2h,2h-

Perfluorooctyltriethoxysilane (PFOTES) (98 wt%, Sigma Aldrich, UK) was used for the 

preparation of FSFS with fumed SiO2 (Aerosil R 805, 5-20 nm). Sodium hydroxide (Alfa 

Aesar) was chosen to activate the fibre surface prior to the FSFS treatment.   

2.2 Preparation of r-PET solutions 

The r-PET pieces were first washed with acetone and ethanol, using an ultrasonic bath for 15 

min each, respectively. The r-PET pieces were then dissolved in a mixture of TFA and DCM 
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(1:1 by volume), to form 15 wt% solution. The blended solution was vigorously mixed with a 

magnetic stirrer for 4 hours at room temperature. To obtain a homogenous nanocomposite 

nanofibre membrane, it was important for magnetite to stay stable and not precipitate in the 

dispersion. During solution preparation step, we trialed several concentrations and 20 wt% of 

magnetite with respect to PET amount was the highest concentration we could achieved for a 

stable dispersion. Thus, for the preparation of r-PET/magnetite dispersion, 20 wt% magnetite 

with respect to polymer amount was dispersed in the TFA/DCM solution using an ultrasonic 

probe for 15 minutes. Then, 15 wt% of r-PET was eventually added to the magnetite dispersion 

and stirred for 4 hours. The r-PET/magnetite solution was finally subjected to ultrasonication 

for 30 minutes before the electrospinning process. All the procedures were carried out in a 

fume hood because of the high volatility of the solvents used. 

 

2.3 Fabrication of r-PET and magnetite/r-PET nanocomposite electrospun membranes 

An in-house electrospinning rig with a rotating drum collector was used to fabricate electrospun 

membranes. The detailed setup has been reported elsewhere 25. 10 ml of the prepared dispersion 

was loaded into a 20 ml syringe and then attached to a syringe pump. A constant flow rate of 

2 ml/h, a high voltage of 17.5 kV, and a collector-needle distance of 13 cm were used for all 

membranes, and approximately 200 μm of membrane thickness was achieved for each sample. 

All samples were dried in a 50 °C oven overnight before further characterisation.  

2.4 Preparation of FSFS and Surface Treatment of Electrospun membranes 

To prepare FSFS, PFOTES was used as a silane coupling agent. Briefly, 0.1 ml ammonium 

hydroxide, 1 ml distilled water and 1 ml PFOTES were added into 10 ml ethanol and stirred 

for 1 hour at 60 °C. Then, 0.1 g SiO2 with an average size of 5-20 nm was dispersed into the 

solution and mixed for another 3 hours at 60 °C.  After that, the prepared FSFS was centrifuged 
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at 9000 rpm for 10 min, supernatant was discarded, and nanoparticles were dispersed in hexane. 

As the prepared FSFS nanoparticles tended to aggregate fast in water or aqueous suspensions, 

hexane was used to disperse FSFS nanoparticles which offered reasonably stable dispersions 

for dip coating process. 

 The schematic representation of the fluorination process is given in Figure 1.  

 

Figure 1. Surface modification of SiO2 nanoparticles with PFTOES. 

For the surface treatment of electrospun membranes, it was essential to form stronger 

attractions between the fibre surface and the FSFS nanoparticles. Therefore, the surface 

activation process was conducted using 0.1 M NaOH aqueous solution to create functional 

groups on the surface of electrospun fibres. The samples were then washed with distilled water 

and dried in an oven at 50 °C. After that, the electrospun membranes were immersed in the 

hexane solution consisting of 5mg/ml FSFS particles for 5 seconds followed by heating at 120 

°C for 1 hour 26. 

2.5 Characterisation 

2.5.1 FTIR and XPS Analysis  

FT-IR analysis of the SiO2, PFOTES, and FSFS were conducted using a Perkin Elmer FT-IR 

spectrometer with Attenuated Total Reflection (ATR) between 650 and 2000 cm-1
 to 

understand the reaction mechanism of PFOTES and SiO2. After the preparation of the FSFS 
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treated r-PET/magnetite nanocomposite membranes, XPS analysis was performed to 

investigate the chemical composition of the sample, using a VG ESCALab Mark II X-ray 

Photoelectron Spectrometer.  

2.5.2 Surface Morphology and Topography  

 An electrically conductive iridium layer was applied to the sample surface using Quorum 

Sputter Coater, Q150R. before morphological study. A Joel 7000F scanning electron 

microscope (SEM) was used to investigate the surface morphologies of the samples, and 

ImageJ was utilised to calculate average fibre diameters and their distributions from a total of 

50 measurements. Moreover, energy dispersive spectroscopy (EDX) which were attached the 

SEM was used to investigate the distribution of magnetite nanoparticles. The surface 

topography of the magnetite/r-PET and FSFS treated magnetite/r-PET samples were analysed 

using a 3D profilometer, Zeta-20. The area of each measurement was 120 μm x 90 μm. 

2.5.3 Surface Wettability 

 FTA200 dynamic contact angle system was used to investigate the static, advancing, and 

receding contact angles of the samples. The static and dynamic contact angle values were 

determined using a droplet volume of 4 μl, while sliding contact angles were determined 

according to tilted plate experiments using a droplet volume of approximately 10 μl. The 

contact angle hysteresis of the samples was calculated using Eq. 1.  

 

θhyst = θadv - θrec ;                 (Eq.1) 

 

where θhyst  is the contact angle hysteresis, θadv  is the advancing contact angle and θrec  is the 

receding contact angle.  

2.5.4 Ice Adhesion Strength  
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Ice adhesion tests were performed using a centrifuge method 27, 28. A 2 g glaze ice block was 

developed on the sample surface in a -10°C chamber using distilled water to measure ice 

adhesion strength. The ice adhesion strengths were calculated using Eq. 2.  

𝜏 =
𝑚𝑟𝜔2

𝐴
                          (Eq. 2)      

where 𝜏  is ice adhesion strength, ɷ is the rotational speed at the detachment of the glaze ice 

block, 𝑚 is the mass of the ice (kg) and 𝑟 is the radius of the beam (m) and A is the contact 

area of ice/solid surface (m2) 29. 

 

 

2.5.5 Electromagnetic Shielding Efficiency and Magnetic Hysteresis Measurements 

Electromagnetic shielding efficiency measurement of the samples was carried out using a 

flanged coaxial EMI shielding effectiveness (SE) tester which was custom-built based on 

ASTM D4935-99 to obtain a wide range of measurements of smaller-sized samples 30. The 

schematic diagram of the setup with a photo of fabricated holder is available from the 

supporting information Figure S1). 

 The diameter of the samples for EMI shielding measurement was 30 mm and approximately 

1.5 mm thick layer was obtained with a few plies of the prepared membranes for the subsequent 

measurement. A vector network analyser (Agilent E8362B) was used to detect the S21 

parameter at a frequency range of 400 MHz to 6 GHz.  

Electromagnetic shielding efficiency were presented in decibel (dB) and percentages. The total 

shielding efficiency of the samples in dB values was calculated using Eq. 3: 

 

SEdB =10 log10(1/[S21]2      (Eq. 3) 
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Additionally, dB values could be converted to percentages using Eq.4.  

 

SE% = (1 − 10−SEdB/10) × 100    (Eq. 4) 

 

Where SE% is the shielding efficiency in percentage and SEdB is the shielding efficiency in 

Decibels. 

 

3.  Results and Discussion 

3.1 Morphological Characterisation 

SEM images of r-PET and r-PET/magnetite nanocomposite membranes are shown in Figure 2. 

The average fibre diameter of the r-PET electrospun membrane was 372 ± 132 nm and the 

majority of the fibres were between 150 and 550 nm in diameter. However, the addition of 

magnetite to the polymer revealed a dramatic change in the distribution of fibre diameters. 

Although the average fibre diameter of magnetite/r-PET was within the error (248 ± 124 nm), 

the majority of the fibres had a reduced diameter between 50 and 350 nm, affected by the 

addition of magnetite nanoparticles. This change was attributed to whipping instability related 

to surface tension and the viscosity of the polymer solution. The whipping instability of the 

polymer jet changed due to the variation of the surface tension and surface charge repulsion. 

The viscosity of the solution also altered due to the incorporation of magnetite nanoparticles 

which triggered the electrified liquid jet to split into smaller branches during the 

electrospinning process 31.  
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Figure 2. SEM images of (a) pure r-PET and (b) r-PET/magnetite nanocomposite fibre 

membrane (inset images: fibre diameter distributions of the samples) 

Although there was a significant colour change from white (r-PET) to black (r-PET/magnetite 

nanocomposites) with the addition of 20 wt% of magnetite inside the polymer, as a result of 

solution mixing, magnetite nanoparticles mainly were incorporated inside the fibres. Even 

though probe sonication was used to agitate the magnetite nanoparticles thoroughly, some 

agglomerated particles were observed, most likely caused by the high surface energy and high 

concentration of the particles. However, the effect of these agglomerated particles on the 

surface properties was limited as they did not cause an elemental heterogeneity but only a 



11 

 

restricted morphological change.  When the polymer and nanoparticles are mixed together 

homogeneously, theoretically, nanoparticles would be incorporated inside the fibres or at least 

covered by a polymer layer after solvent evaporation (Figure 3), which provide an elementally 

homogenous electrospun surface in both cases. 

 

Figure 3. Agglomerated magnetite nanoparticles and their effect on morphology of the 

electrospun membrane (circles: agglomerated magnetite nano particles). 

  

After the dip coating with FSFS was carried out, both the surface chemistry and morphology 

had been changed significantly. The SEM image of the FSFS coated r-PET/magnetite nanofibre 

membrane is given in Figure 4. As observed, the FSFS nanoparticles were accumulated on the 

surface of the fibres. This surface structure was favourable to achieve superhydrophobicity by 

not only the change on the surface chemistry but also the hierarchical structure. Electrospun 

nanofibre membrane already has a rough "fibre-scale" surface because of the randomly oriented 

fibres, while the addition of nanosized FSFS on the surface provided a much lower scale 

roughness. 
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Figure 4. SEM image of FSFS coated r-PET/magnetite nanofibre membrane 

The surface appearance and topographical images of the r-PET nanofibre membrane before 

and after the FSFS treatment are shown in Figure 5. As the method used for topographical 

images was microscale, it did not show a significant difference after the FSFS treatment which 

introduced nanoscale changes. The randomly distributed fibres, different diameters, and the 

presence of FSFS particles had majorly contributed to the roughness of the electrospun 

membranes.  
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Figure 5.  SEM and 3D topographical images of (a and c) r-PET/magnetite nanocomposite 

fibre membrane and (b and d) FSFS treated r-PET/magnetite nanocomposite fibre membrane. 

3.2 Spectroscopic analysis 

FT-IR spectra of SiO2, PFTOES, and FSFS are shown in Figure 6 over a wavenumber range 

of 650-2000 cm-1. The main peaks expected from SiO2 were Si-O-Si and Si-O peaks in this 

range as there is no other chemical bonding in the structure of SiO2. Si-O-Si stretching, and Si-

O bending bands were observed at around 1080 and 802 cm-1, respectively 32, 33. In the spectrum 

of PFTOES, characteristic peaks of CF2 and CF3 were found between 1325 and 1100 cm-1 34. 

Even though the Si-O-Si band and the characteristic peaks of PFTOES occurred in the same 

region, leading to the overlapping of the peaks, the spectrum of FSFS reaffirmed that SiO2 

particles had been successfully fluorinated.   
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Figure 6. FT-IR spectra of SiO2, PFTOES, and FSFS 

 

EDX mapping images of r-PET/magnetite and XPS spectrum of FSFS treated r-PET/magnetite 

are shown in Figure 7. The EDX mapping results revealed homogenous distribution of iron 

from the measurement of the nanocomposite fibres. The XPS spectrum confirmed the F and Si 

presence on the surface of the FSFS treated r-PET/magnetite electrospun sample. According to 

Figure 7b, Si peaks were found at 155 eV and 104 eV, referring to Si 2s and Si 2p, respectively. 

Because the sample with FSFS coating was not a flat thin film but had relatively heterogenous 

nano-granular surface roughness, the intensities of the peaks are disregarded. It is also 

noteworthy that according to the XPS results, the content of the Fe on the surface is ignorable, 

indicating that the magnetite particles were incorporated inside the fibres, or at least covered 

with a polymer layer during solution mixing. Otherwise, a dominant peak of Fe would appear. 
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Figure 7. (a) EDX mapping image of r-PET/magnetite nanocomposite fibres and (b) XPS 

spectrum of FSFS treated r-PET/magnetite nanocomposite fibres 

 

3.3 Surface Wettability  

Static, advancing and receding contact angle (CA) values of the samples before and after FSFS 

treatment are highlighted with their CA hysteresis in Table 1. r-PET and magnetite/r-Pet 
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nanocomposite electrospun membrane exhibited similar wetting behaviour with water contact 

angles of 137.8 and 137.6° respectively, and the addition of magnetite only had a minimal 

effect on the wetting behaviour of the samples. It was because the majority of the magnetite 

nanoparticles were incorporated inside the fibres, not on the surface which had been proofed 

by XPS spectrum and SEM images. As such, the chemical composition of the surface of r-

PET/magnetite sample remained similar to that of the r-PET. Also, although a difference in 

fibre diameter distribution between r-PET and r-PET/magnetite nanofibre membranes was 

observed, it was insufficient to affect surface wettability. The samples without FSFS treatment 

showed high static contact angles (higher than 133°), indicating hydrophobic surfaces. 

However the contact angle hysteresis of the samples was higher than 46° which indicated that 

mobility of the droplet was significantly limited as a result of high surface tension of PET (44.6 

mJ/m 35). Therefore, no sliding angle could be measured for samples without FSFS treatment, 

as the droplets were pinned to the surface regardless of the tilt angle.  

Table 1. Static, advancing, and receding CA values of r-PET, magnetite/r-PET, and FSFS 

treated magnetite/r-PET samples with their CA hysteresis and sliding angles. 

Sample Static CA 

(°) 

Advancing 

CA (°) 

Receding 

CA (°) 

CA 

Hysteresis 

(°) 

Sliding 

Angle 

(°) 

r-PET 137.8±2.6 136.3±1.2 82.6±3.2 55.6±3.0 >90° 

20% mgt/rPET 137.6±0.1 133.3±0.4 86.6±2.5 46.6±2.6 >90° 

FSFS treated 

20% mgt/r-

PET 

N/A* 158.2±3.3 154.6±4.2 3.8±3.7 <1° 
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* Exceptional superhydrophobic surface, water contact angle was difficult to be measured, due 

to the immediate bouncing and moving of the water drops.  

 

Surface chemistry and surface topography are the two major factors in identifying the wetting 

behaviour of the materials. Fibrous materials are already reported as good candidates for 

superhydrophobic applications due to their naturally occurring rough structure 36. After the 

FSFS treatment, the samples displayed exceptional superhydrophobicity which was most likely 

due to the dramatic change in both surface chemistry and morphology. The static contact angle 

of the FSFS treated sample could not be measured because of the immediate ‘rolling-off’ of 

the droplet from the surface. However, as the droplet stayed pinned to the needle in the method 

of dynamic contact angle measurements, it was possible to evaluate the advancing and receding 

contact angles which were used to calculate the CA hysteresis. The FSFS treatment resulted in 

a significant decrease in the surface energy of the final structure compared to the r-PET 

electrospun membrane. Moreover, the FSFS nanoparticles on the fibres contributed to a 

hierarchical surface structure, which also played a vital role in surface wettability. The 

combination of these changes drastically improved the surface hydrophobicity in terms of 

contact angle and contact angle hysteresis. The FSFS treatment also changed the wetting state 

of the sample. The droplet did not penetrate between the fibres but sit on the air pockets which 

is known as Cassie-Baxter state. 

3.5 Ice Adhesion Strength 

To compare the ice adhesion strengths, an Al plate (used as a reference) and r-PET, FSFS 

treated r-PET, and FSFS treated r-PET/magnetite samples were all subjected to centrifuge 

testing. However, it was found that without the FSFS treatment, the r-PET was damaged during 

the ice adhesion strength test, most likely whilst the ice was detaching from the surface (see 
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inset Figure 8a). Basically, it was because the adhesion between ice and the electrospun 

membrane was higher or localised ice interlocking occurred on the membrane surface.  

 

Figure 8. Ice adhesion strengths of the aluminum reference versus r-PET, FSFS treated r-PET 

and FSFS treated r-PET/magnetite electrospun membranes (inset: Surface appearance after ice 

adhesion test for (a) untreated and (b) FSFS treated samples 

There are two leading states when water droplets contact rough surfaces (i) Cassie-Baxter state 

and (ii) Wenzel State. In the Cassie-Baxter state, the droplet of water sits on top of the rough 

structures and air pockets, while in the Wenzel State, the water droplet thoroughly wets the 

rough structures 37. The samples without FSFS treatment showed the Wenzel state when 

contacting water, which resulted in water penetration into the air gaps between the fibres.  

Moreover, whilst ice accretion occurred, it may be locally anchoring inside the nanofiber 

membrane, within the space between the fibers, causing high ice adhesion due to potential 

mechanical interlocking at the ice-surface interface. The surface fibers in the ice interlocking 

regions may have been seriously deformed or broken, leading to the damage of  the surface 

fibrous structure (Figure 9).  
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Figure 9.1 The effect of Wenzel State on the surface damage during the ice-adhesion test for 

untreated r-PET/magnetite nanofibre membranes, (a) before and (b)after ice adhesion test 

Additionally, the state of wetting has a critical role at the icing interface between ice and 

nanofibre membrane. The work of adhesion in Wenzel state ice can be explained using the 

following equation: 

𝑊𝑠𝑙
𝑊 = 𝑟 ⋅ 𝑊𝑠𝑙

𝑠𝑚𝑜𝑜𝑡ℎ        (Eq.5) 

Where 𝑊𝑠𝑙
𝑊 is work of adhesion in Wenzel state, r is the ratio of actual surface area to the 

apparent one, and 𝑊𝑠𝑙
𝑠𝑚𝑜𝑜𝑡ℎ is the work of adhesion for a smooth surface. Because r is larger 

than 1 according to the Wenzel state, the work of adhesion increases significantly. However, 

an opposite situation will take place in Cassie-Baxter state, which can be summarised using the 

following equation: 

𝑊𝑠𝑙
𝐶𝐵 = 𝑟𝑓 ⋅ 𝑓 ⋅ 𝜎𝑙𝑣(1 + cos𝜃𝑠𝑙(𝑟)

𝑠𝑚𝑜𝑜𝑡ℎ) = 𝑟𝑓 ⋅ 𝑓 ⋅ 𝑊𝑠𝑙
𝑠𝑚𝑜𝑜𝑡ℎ   (Eq.6) 
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Where 𝑊𝑠𝑙
𝐶𝐵  is the work of adhesion in Cassie-Baxter state, 𝑓 is the wetted area, and 𝑟𝑓 is a 

roughness factor of the wetted area. As 𝑟𝑓 is significantly lower in the Cassie-Baxter state than 

the smooth surface contact area, the work of adhesion would decrease 38. The schematic 

representation of the influences of the wetting states on the cross-sectional area at the ice-

substrate interface is described in Figure 10.  

 

Figure 10. The influences of (a) Cassie-Baxter state and (b) Wenzel state at the interface 

between ice-fibre membrane 

It is also possible that high surface tension and high contact angle hysteresis contribute to a 

high adhesion strength. About 105 kPa ice adhesion strength was obtained for the samples 

without FSFS treatment. However, due to the damage of the surfaces, the actual ice adhesion 

strength of the samples without FSFS treatment was expected to be even higher. 

 Similar results were observed by Varanasi et al. 39. They reported that Wenzel ice had much 

higher ice adhesion strengths due to the frozen form of the water within the air pockets. 

Additionally, after FSFS treatment, the surface showed much lower contact angle hysteresis 

and better droplet repellence which may also contribute to the decrease of the ice adhesion 

strength. Farnezeh et al. 40 found that a high contact angle hysteresis, which points to Wenzel 

State, resulted from a high ice adhesion strength due to a large ice-solid area upon icing. Chen 

et al. prepared superhydrophobic sol-gel coatings on glass substrates and reported low ice 
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adhesion strength down to 75 kPa with stable Cassie ice state 41. Kulinich et al. investigated 

the relationship between water contact angle and ice adhesion strength when the Cassie-Baxter 

state took place 42. A strong reverse-correlation between water contact angle and ice adhesion 

strength was obtained when the surface exhibited Cassie-Baxter wetting state and 

approximately 50 kPa of ice adhesion was achieved when high water contact angle surfaces 

were used. Linker free fluoropolymer coated Si substrates were also prepared to achieve low 

ice adhesion strength, and the structure demonstrated Cassie-Baxter state and exhibited high 

receding contact angles and low contact angle hysteresis 43. Ice adhesion strength of 185 kPa 

was reported, approximately six times lower than bare Si substrate. 

 The fibrous materials can be  good candidates for anti-icing applications 36. Farhadi et al. 44 

investigated the anti-icing properties of superhydrophobic nonwoven fabrics and they found 

that fibrous structures were promising to achieve Cassie-Baxter state. As comparison, we have 

achieved good icephobicity using a scalable electrospinning technique which may widen the 

horizon of polymer-based fibrous icephobic surfaces. Moreover, it has been proved that fibrous 

material structure has good capability to achieve Cassie-Baxter surface wetting state and lower 

the surface-water interaction due to the presence of air pockets, which prompting its anti-icing 

performance. 

3.6 Magnetisation and Electromagnetic Shielding Efficiency 

The effect of magnetite incorporation on the magnetisation properties was investigated at room 

temperature and the results are shown in Figure 11. With 20 wt% magnetite, a high saturation 

magnetisation with approximately 4.22 emu/g was obtained. It indicated that although strong 

solvents (TFA and DCM ) and the multistep process were used for the preparation of the 

samples, the magnetic properties of magnetite nanoparticles had not been affected which is a 

critical requirement for the  electromagnetic shielding efficiency. 
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Figure 11.  Magnetic hysteresis of the r-PET and r-PET/magnetite electrospun samples 

S21 parameter was used to investigate the shielding efficiencies of the samples which represents 

the power transferred from Port 2 to Port 1. The electromagnetic shielding efficiency results of 

r-PET and 20% mgt/r-PET samples in the range of 400 MHz to 6 GHz are shown in Figure 12.  
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Figure 12. Electromagnetic shielding efficiency of (a) r-PET and (b) 20%mgt/r-PET samples 

(blue line: reference, yellow line: sample and red line: shielding efficiency) 

r-PET itself did not exhibit any electromagnetic shielding. However, the addition of magnetite 

provided an efficiency of more than 22 dB which corresponded to around 99% shielding 

efficiency. With the combination of superhydrophobicity and icephobicity capability, the 

nanocomposite membranes could be suitable EMI shielding materials for outdoor applications 

(especially in cold climates).  

There are three attenuation or loss mechanisms involved in EMI shielding: absorbance, 

reflectance, and multi-reflectance 45. As reported previously, reflectance is the major 

attenuation mechanism when materials with high electrical conductivity and low magnetic 
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permeability are used, because of the impedance mismatch. However, impedance matching is 

required to design a good electromagnetic shielding absorber. EMI shielding property of the 

magnetite is already well reported in literature 46-51. It is considered as a good electromagnetic 

absorber to satisfy the impedance matching condition. The absorption loss of magnetite 

composites is related to the thickness, dielectric constant, surface conductivity, permittivity, 

and permeability of the material. High magnetic permeability and high dielectric constant of 

magnetite makes it a promising material to fabricate polymer-based nanocomposites with high 

dielectric and magnetic permeability performance. Roberts et al. 52 reported that addition of 

magnetite in polymethylmethacrylate resulted in high permeability of polymer nanocomposite 

and increased multi-reflection loss. Prakash et al. found that the incorporation of magnetite 

provided high level of permittivity and permeability to natural rubber-based nanocomposites. 

Moreover, several works showed that magnetite is a promising material for high dielectric 

constant nanocomposites 53, 54, which is another key advantage to achieve high electromagnetic 

absorption. 

 

The main contribution to the microwave absorption capability of r-PET/magnetic nanofibre 

membrane was attributed by the ferromagnetic resonance which is coupling between the 

electromagnetic wave and the magnetization of the medium that it passes through. This effect 

reduces the power of the electromagnetic wave significantly and radiate small amount of heat. 

Moreover, the magnetite nanoparticles have a small coercivity value which is an important 

point for improving the permeability and hence, the magnetic loss. The schematic 

representation of the attenuation mechanism of a bulky regular EMI shielding material and an 

electrospun membrane is illustrated in Figure 13.  
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Figure 13. The schematic representation of the EMI shielding mechanisms using (a) a bulky 

regular EMI shielding material and (b) electrospun membranes.  

The second influencing factor of the EMI shielding efficiency was the multi-reflection 

mechanism, in which the EMI waves are trapped between two boundaries 55 as indicated in 

Figure 13b. Therefore, the multi-reflection mechanism plays an important role in porous 

materials, for instance, the fibrous structures of electrospun membranes. For the attenuation 

mechanism of the electrospun membranes, the EMI waves are trapped between the nanofibres 

which leads to an increase in multi-reflectance loss. Additionally, the large specific surface 

area of the fibrous membranes may also affect the efficiency of EMI shielding. When the 

specific surface area of an EMI shielding material increases, the EMI shielding efficiency also 

increases.  It is also noted that the addition of magnetite had impact on the fiber diameter 

distribution, resulting in higher surface area of electrospun membrane, which significantly 

affects the multi-reflection loss. 

4. Conclusions  

In this study, icephobic nanocomposite electrospun membranes were developed via a two-step 

process from recycled polyethylene terephthalate (r-PET), which exhibited high 

electromagnetic shielding efficiency with superhydrophobic and icephobic performance. It was 



26 

 

found that 20 wt% magnetite loaded nanofibre membrane had an electromagnetic shielding 

efficiency of 22 dB, with EMI shielding efficiency above 99%. It is suggested that the fibrous 

structure of the electrospun membrane and the pores between the fibres contributed to the 

efficiency of 22 dB with the increasing multi-reflection loss. Moreover, a low ice adhesion 

strength compared with the aluminium substrates was obtained at around 50 kPa. Due to the 

icephobic and superhydrophobic performance, the prepared electrospun nanocomposite 

membranes have great potentials for outdoor EMI shielding applications, especially in cold 

regions. 
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