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Stable nanoscale hybrid fabrics containing both polymer nanofibers and separate and distinct carbon nanotubes (CNTs) 

are highly desirable but very challenging to produce. Here, we report the first instance of such a hybrid fabric, which can 

be easily tailored to contain 0-100% millimeter long CNTs. The novel CNT – polymer hybrid nonwoven fabrics were created 

by simultaneously electrospinning nanofibers onto aligned CNT sheets which were drawn and collected on a grounded, 

rotating mandrel. Due to the unique properties of the CNTs, the hybrids show very high tensile strength, very small pore 

size, high specific surface area and electrical conductivity. In order to further examine the hybrid fabric properties, they 

were consolidated under pressure, and also calendered at 70 oC. After calendering, the fabric’s strength increased by an 

order of magnitude due to increased interactions and intermingling with the CNTs. The hybrids are highly efficient as 

aerosol filters; consolidated hybrid fabrics with a thickness of 20 microns and areal density of only 8 g/m2 exhibited ultra 

low particulate (ULPA) filter performance. The flexibility of this nanofabrication method allows for the use of many 

different polymer systems which provides the opportunity for engineering a wide range of nanoscale hybrid materials with 

desired functionalities.

1. Introduction 

Due to their small fiber diameter, high specific surface area, high 

porosity and small pore sizes, polymer nanofiber nonwovens 

produced via electrospinning have gained attention in a broad 

range of applications such as aerosol and liquid filtration
1–4

, 

protective garments
5
, barrier membranes

6
, tissue scaffolds

7
, 

catalyst support structures, and others
8–12

. These applications 

require well defined nonwoven properties such as pore diameters, 

internal surface area, permeability, as well as high mechanical 

strength
8,10

. However, nanofiber nonwovens typically exhibit low 

individual fiber and web mechanical strength compared to 

conventional nonwovens due to their highly porous structure, 

intrinsically low or, random fiber orientation, weak bonding 

between nanofibers and low polymer orientation within individual 

nanofibers. These structural parameters hinder their performance 

and use in many applications
9,10,13,14

. The result is that nanofiber 

nonwovens are supported and adhered to a base fabric composed 

of macroscopic fibers.  

       To avoid the use of a base fabric, previous studies have 

reported several methods to improve nanofiber mechanical 

strength
9,10,15

. These routes include: changing the nonwoven 

nanofiber mat into self-bundled yarns
9,16

, applying surface 

modification or post treatments such as stretching, twisting, or 

annealing
17–21

, and reinforcing the single nanofiber strength by 

adding carbon nanotubes (CNTs)
9,16,22

, layered silicates
23

 or graphite 

nanoplatelets
24

 into the polymer spinning solution. Many of these 

approaches either change the highly porous nature of nanofiber 

nonwovens or complicate the electrospinning process. Among 

these methods however, the addition of CNTs to polymer 

electrospun fibers has attracted many researchers due to their high 

mechanical, electrical and multifunctional properties and strong 

interactions with electrospun fiber matrices resulting in large 

interfacial area
7,25–30

. However, several factors significantly 

influence the final nanofiber nonwovens properties, such as CNT 

dispersion, orientation, alignment, volume (or weight) content, and 

interfacial adhesion with polymer
25,31–36

. Above the CNT electrical 

percolation threshold, additional CNTs can cause a bead structure 

formation which negatively affects the mechanical properties of the 

nanofiber nonwovens
25,26

. Since CNTs usually exist as stable bundles 

and their dispersion and alignment in polymer matrices are very 

difficult to achieve due to strong van der Waals interactions among 

CNTs, several different processing methods have to be applied to 

disperse CNTs such as high power ultrasonic mixers, 

functionalization or the addition of coupling agents or 

surfactants
25,31,34,35,37–39

. Another disadvantage of using this method 

is the limitation of the CNTs content in polymer solutions. When the 
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CNT weight or volume fraction is higher than approximately 1-5% in 

polymer solution, the mechanical properties of nanofiber 

nonwovens decrease and become lower than pure polymer 

samples
25,28,39–42

. In order to address these limitations and to 

improve final nanofiber nonwoven properties, new processing 

techniques are needed where CNTs can be utilized in high 

concentrations, dispersed homogenously and aligned in preferential 

directions. 

       Continuous CNT sheets are excellent candidates for producing 

nanofiber nonwoven fabrics due to their high surface area, 

alignment, electrical conductivity and mechanical properties
43–45

. In 

this work, a novel CNT – polymer hybrid nonwoven fabric is created 

by simultaneously electrospinning PEO nanofibers onto aligned CNT 

sheets, which are drawn and collected on a grounded, rotating 

mandrel. PEO polymer solution was chosen for electrospinning 

because it is easily electrospun, and melts at low temperature. 

However any polymer that can be electrospun should be able to be 

integrated with the CNT webs to form the same hybrid fabrics. As a 

result of this novel hybridization method, continuous electrospun 

polymer nanofibers are fully integrated among the aligned CNT 

sheets (diameter ~30 nm, aspect ratio ~50,000) trapping them 

inside the fabrics. Due to the unique properties of CNTs, the hybrid 

fabrics show very high strength, small pore size, high specific 

surface area and electrical conductivity. This novel process 

demonstrates a new technology which overcomes the numerous 

physical and mechanical limitations of traditional electrospun 

nonwovens, and is promising for some of the most demanding 

nanofiber applications. In this article, the mechanical, electrical, 

aerosol filtration, permeability, and barrier properties of the novel 

hybrid fabrics are evaluated. 

 

2. Experimental  

2.1 CNT Synthesis 

Vertically aligned multi-walled carbon nanotubes (MWCNT) were 

grown by chemical vapor deposition (CVD) on a quartz substrate 

using iron II chloride (FeCl2) as the catalyst
44

. First, iron chloride and 

substrate were placed inside a quartz tube. Then this inner tube 

was loaded into outer quartz tube of a horizontal tube furnace. The 

chamber was sealed and pumped to less than 10 mTorr, and then 

the chamber was heated to 760
o
C. When the chamber’s 

temperature reached 760
o
C, the growth gasses, acetylene (600 

sccm), argon (395 sccm) and chlorine (5 sccm), were introduced 

into the chamber. The reaction took place 20 min, after which time 

the chamber was returned to starting conditions (ambient 

temperature and atmospheric pressure). CNT array height (and 

corresponding CNT length) was approximately 1 mm. The aligned 

CNT sheets were formed by dragging a razor blade across one edge 

of the CNT array. Clean CNT surfaces and sufficient van der Waals 

interactions between tubes creates an attraction between tubes to 

allow them to be transferred from the aligned vertical orientation in 

the CNT array to the aligned horizontal orientation in the CNT sheet. 

After starting the drawing process, the CNT sheet was attached to 

the mandrel and wound during the electrospinning process. The 

sheet continued to be taken up until all CNTs in the array were 

consumed. CNT arrays used in this study had dimensions of 60 mm 

x 100 mm which translated to approximately 30 m length of 60 mm 

wide aligned CNT sheet.    

 

2.2 Electrospinning Process and Characterization 

PEO of Mw 600,000 was purchased from Sigma Aldrich. A 5% weight 

fraction of PEO solution was prepared by mixing PEO in water and 

then stirring for 1 day. When PEO was completely dissolved in 

water, the polymer solution was loaded into a 10 mL syringe with 

luer-lock connection and used in conjunction with a 1.27 cm, 22 

gauge blunt tip needle. The electrospinning apparatus included a 

syringe pump from New Era Pump Systems (model NE-300), which 

operated at a flow rate of 1 mL/h. The high voltage power supply 

was from Gamma (High Voltage model ES40P–20W/DAM). The 

operating voltage varied from 10 to 15 kV and the distance 

between the collector and needle was 15 cm. The mandrel served 

as one of the electrodes in the electrospinning process and the 

mandrel was rotated by a Regulated DC Power Supply (model DIGI 

360). Different CNT weight fraction samples were produced by 

changing the winding speed during electrospinning. The surface 

morphology of CNT – polymer hybrid nonwoven fabrics were 

examined using a FEI XHR-Verios 460L Field Emission SEM with a 

beam voltage of 1.0 kV. All samples were imaged as-prepared 

without sputter coating. 

       Once the samples were prepared, two additional processing 

steps were completed to understand the effect of hybrid fabric 

structure on the properties. The first was to consolidate the fabric 

under 2 MPa of pressure without heat treatment for 5 min. The 

second was to calender the samples at 70 
o
C and 2 MPa pressure 

for 5 min.  

 

2.3 Physical Testing 

In order to understand the effect of super aligned CNTs on the 

physical properties of hybrid fabrics, their mechanical and electrical 

conductivity properties were evaluated. Samples with dimensions 

of 40 mm x 4 mm were cut along the longitudinal CNT direction by 

sharp blade without damaging hybrid fabric. The thickness of the 

samples was measured by micrometer. Tensile strength of the 

samples was tested a using a Shimadzu EZ-S instrument with a 100 

N load cell. Before testing, samples were mounted to paper tabs 

with tape on both sides to prevent slipping and reduce stress 

concentration at the grips. The gauge length of the tensile hybrid 

samples was 20 mm and testing speed was 0.5 mm/min. 

Electrospun fabric strength is sometimes calculated from fiber cross 

sectional area only (based on the mass of sample and density of the 

fibers)
28,40

 which gives inflated strength values. In this work, 

engineering stress was determined by dividing the load on the 

fabric by the fabric cross sectional area calculated using the 

measured fabric thickness.  

       A four probe resistance measurement system was used to 

measure electrical properties of the samples. Samples with 

dimensions of 0.5 cm x 4 cm were placed onto a glass plate with 

four parallel gold electrodes across it. To ensure good contact 

between the sample and the gold electrodes, a square shaped piece 

of glass and a 500 g weight were placed on top of the samples 

during the measurements. 
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2.4 Aerosol Filtration Testing  

The filtration properties of the hybrid fabrics were tested using a 

TSI Model 3160 Automated Filter Tester. The filtration efficiency of 

the control sample (eight layers of PEO electrospun fabric that was 

produced at lower mandrel speed) and seven layer hybrid fabrics 

(CNT weight fraction of 15%, 30% and 60%) were evaluated at 15 

cm/s face velocity. DOP (dioctyl phthalate) particles with diameters 

between 0.010 and 0.3 microns were generated by a collision type 

atomizer and evaporated through a membrane dryer, and then 

neutralized by a Kr-85 radioactive source. The neutralized DOP 

aerosol particles were fed into the filter holder with an effective 

area of 6.45 cm
2
 and their number concentrations measured 

upstream and downstream of the hybrid fabric by using two 

condensation particle counters (CPCs, TSI, Model 3760A). The 

collection efficiency was calculated using the following equation: 

 

𝐸 = 1 −
𝐶𝑑𝑜𝑤𝑛

𝐶𝑢𝑝
= 1 − 𝑃                                                         Equation (1) 

where, E is the fractional efficiency of a specific size of DOP particles, 

Cdown and Cup are the number concentration of particles on the 

downstream and upstream sides, and P is the particle penetration 

fraction.  

 

2.5 Plasma Functionalization  

In order to make oleophobic polymer-CNT hybrid fabrics, a low 

surface energy chemical, PFAC8 (C8F17CH2CH2OCOCH=CH2, 

Fluorochem, Derbyshire, UK) was deposited onto the CNT-polymer 

hybrid fabrics by using pulsed plasma polymerization. The 

treatment were carried out in a inductively coupled glass cylindrical 

glow discharge reactor, (10 cm diameter, 4.3x10
-3

 m
3
 volume, 1x10

-

2 
 mbar base pressure) connected to a vacuum pump via a liquid 

nitrogen cold trap. First, the hybrid fabric was placed on  a glass 

slide which was then placed in the centre of the coils. The chamber 

was then evacuated to the base pressure of the apparatus, typically  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 x 10
-2 

mbar. Once base pressure had been reached, the PFAC8 

vapour was introduced into the reactor. The reactor was purged 

with the vapour for five minutes, and once the the pressure had 

stabilised at 8 x 10
-2 

mbar, the radio frequency (RF) generator was 

switched on to create a 40W continuous wave plasma. This was 

allowed to run for 10 seconds. At this point the pulse generator was 

turned on, at a pulsing sequence of 40µs on, 20ms off. Once a 

stable plasma deposition rate was established (indicated by uniform 

pulse envelope, using an RF probe and oscilloscope), the 

polymerization was allowed to run for two minutes. At the end of 

the treatment the RF generator was switched off and the reactor 

purged for 2 minutes with PFAC8 vapour, prior to being evacuated 

back to base pressure. Once base pressure was reached, the 

vacuum chamber was isolated from the pump, the system brought 

up to atmospheric pressure and the samples then removed. 

 

2.6 Moisture Vapor Transmission Rate (MVTR) Test  

Moisture vapor transmission rate of hybrid fabrics were meausred 

following ASTM E96 test method by using a MVTR tester machine in 

standard test condition lab (20
o
C, 65% relative humidity). The 

hybrid fabrics were sandwiched between two aluminum foil discs 

(adhesive on one side) that had a punched hole (3.81 cm diameter) 

in the center. This assembly was sealed in a metal dish (64 mm in 

diameter and 13 mm in depth) filled with 10 g of water. A vibration 

free turn table carrying 8 dishes rotated uniformly at 5 meters per 

minute to insure that all samples were exposed to the same 

average ambient conditions during the test. The assembled 

specimen in the metal dishes were allowed to stabilize for two 

hours before taking the initial weight. The specimens were weighed 

again after a 24 hours interval. . The moisture vapor transmission 

rate (MVTR) was then calculated in units of g/m
2
-24 hours. The 

MVP of the hybrid fabrics is determined by normalizing the MVTR 

results.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CNT Array

Electrospinning Needle

Mandrel Electrode

Hybrid Fabric 
Being Created

Fig. 1 Schematic of the hybrid fabric production process where electrospun fibers are taken up simultaneously with aligned CNT 

sheets.   
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2.7 Contact Angle Measurements  

Contact angle measurements were made using a DropShape 

Analyser 100 (DSA100, Krüss, Germany). Probe liquids were water, 

hexadecane, ethylene glycol and di-iodomethane (Aldrich UK, 

except for the water). Contact angle measurements were made 

using the built in software. 

 

3. Results 

3.1 Hybrid Fabric Preparation 

Figure 1 shows a schematic of the process that has been developed. 

In this novel process, the aligned CNT sheet is taken up onto an 

electrically conductive mandrel. This mandrel serves as one of the 

electrodes in the electrospinning process. As the mandrel rotates, 

the CNT sheet is taken up and at the same time covered with a layer 

of electrospun nanofibers.  

       Figure 2 shows an actual picture of the hybridization process,  

photograpic images of the CNT – polymer hybrid nonwoven fabrics 

and SEM images of representative samples. One of the additional 

advantages of this process is that the 1 mm long CNTs become 

trapped by the polymer fiber layers, encapsulating them in the 

fabric. This significantly reduces the likelihood of CNTs escaping into 

the environment
[44]

. The mass fraction of the CNTs in the hybrid 

fabrics is easily controlled anywhere from 0-100% by adjusting the 

mandrel take-up speed during the process. Slower speed allows for 

more electrospun fibers to build up while higher speed allows for 

less polymer fibers to build up. Figure 2b shows a picture of five 

different samples; two control samples (0% CNTs and 100% CNTs) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and samples where the CNT mass fraction was approximately 15%, 

30% and 60%. Once the samples were made, we also completed 

two additional processing steps to understand their effect on the 

hybrids’ properties. The first was to consolidate the fabric under 

pressure but no heat. The second was to calender the sample at 70 
o
C under pressure. Figures 2c-d show SEM images of the 30% CNT 

hybrid fabric’s morphology before and after heated calendering, 

respectively. Before calendering, the separate components of the 

hybrid structure can be clearly seen. The electrospun nanofibers 

had an average diameter of 250 nm while the CNTs had an average 

diameter of 30 nm. After heat pressing, a new morphology was 

created. At low CNT weight fractions, a solid composite film was 

created. When the CNT weight fraction was high, a porous CNT 

fabric with melted fiber bond points was created. Surprisingly, a 

majority of the fabric still retained the individualized CNT structure.   

 

3.2 Physical Test Results 

The mechanical properties of CNT – polymer hybrid nonwoven 

fabrics were investigated using a Shimadzu mechanical tester and 

are shown in Figure 3a. The pure PEO electrospun material 

exhibited low mechanical properties that were similar to others 

found in the literature
[26,29,46]

. While it is no surprise that the CNTs 

would reinforce the hybrid fabrics, the level of reinforcement was 

unexpected. The 15% CNT hybrid fabric showed the highest 

mechanical properties and had a tensile strength which was 15x 

higher than the electrospun control sample. Above 15% CNTs, the 

tensile strength gradually decreased but was still over an order of 

magnitude higher than the electrospun control. The tensile 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 a) Setup of the hybrid nanofiber processing equipment, b) CNT – polymer hybrid nonwoven fabrics created with varying weight 

percentages of CNTs, c) SEM image of the 30% CNT hybrid fabric shows an order of magnitude size difference between CNTs and 

electrospun nanofibers, d) SEM image showing the same hybrid after calendering with the melted nanofibers bonding the CNTs 

together. 
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properties of the hybrid fabrics which were consolidated under 

pressure are presented in Figure 3b. All of the consolidated samples 

increased in strength, but the pure consolidated electrospun 

material still exhibited very low mechanical properties. Among the 

consolidated hybrid fabrics, the 30% CNT hybrid fabric exhibited the 

highest tensile strength which was 21x higher than the electrospun 

control sample. It is likely that the applied pressure created more 

direct contacts between CNTs and PEO nanofibers which provided 

better load transfer to the CNTs. Figure 3c shows that the tensile 

strength of the hybrid fabrics increased dramatically after 

calendering. Tensile strength of the 15% CNT hybrid fabric 

increased to 75 MPa, while the 30% CNT hybrid fabric exhibited a 

tensile strength of 172 MPa which was 49x higher than the 

electrospun control and three orders of magnitude greater than the 

as-produced PEO nanofiber fabric. The specific tensile strengths of 

the fabrics are shown in Figure 3d. The as-produced and 

consolidated 60% CNT hybrid fabrics exhibited the highest specific 

strength due to its lower density (Table S2, Supporting Information). 

After heated calendering, the specific strength of 30% CNT hybrid 

fabric increased to 239 MPa/gcm
-3

 which is 60x higher than the 

control sample. In general, when the CNT ratio increased in the 

hybrid fabric, the specific strength went up, because CNTs are the 

stronger component and the CNT sheet structure has lower packing 

density compared to electrospun fibers.  

While it was no surprise that the CNTs would reinforce the 

electrospun fabrics it was also found that the polymer nanofibers 

were critical to enhancing load transfer between CNTs. The hybrid 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

structures were all significantly stronger than the 100% CNT control 

fabrics. It should also be noted that even though the in-plane 

mechanical properties of the calendered fabrics increased 

significantly, they maintained excellent flexibility and conformability.  

       Commercial nonwoven fabrics, which contain drawn 

microfibers, are much stronger than fabrics made exclusively from 

nanofibers. One of the goals of the nonwovens industry is to make 

stand alone nanofiber fabrics which have similar mechanical 

properties to their commercial products. Using our technique, it 

appears that this goal is attainable. A comparison of the CNT-

nanofiber hybrid fabrics to traditional thermally bonded micro-fiber 

nonwoven fabrics is shown in Figure 3e. Units are given in grams 

per tex which is a textile unit of specific strength typically used to 

quantify strength of nonwoven fabrics. Before calendering, the 

fabrics strengths were on par with the common range of values 

found for thermally bonded nonwoven fabrics. After calendering, 

the fabrics’ specific strength increased significantly and was larger 

than thermally bonded nonwoven fabrics found in the literature
[47–

53]
 

       Figure 3f shows the summary of our results next to other 

examples of CNT reinforced polymer nanofiber fabrics produced 

using the electrospinning technique. Many research groups have 

tried to improve the mechanical and electrical properties of 

electrospun webs by dispersing short CNTs into the spinning 

solution
[27,28]

. Due to dispersion issues, a maximum loading of a few 

weight percent is possible with this method. The resulting fabrics 

typically show an increase in mechanical properties, but have been  
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calendaring at 70 

o
C, (d) Comparison of specific strength between control sample and hybrid fabrics, (e) Comparison of the 

mechanical properties for the 15%, 30% and 60% calendered CNT hybrid fabrics to thermally bonded nonwovens from 
references

[[47–53]]
. Specific strength increased with increasing CNT content, (f) Strength increases seen for our hybrids as 

compared to electrospun fabrics with CNTs in the spinning solution from references
[[7,22,25,28,29,34,40,46,54,73]]

. 
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limited to a maximum increase in strength of 4x and typically much 

lower gains are observed
[25,26,29,54]

. Using our process however, we 

have seen strength increases in our material of up to 49x due to the 

addition of the CNTs. This is mainly attributed to the large CNT 

aspect ratios and the much higher CNT loading levels.  

       Electrical conductivity of hybrid fabrics is shown in Figure 4. It 

was measured using a 4-probe setup where the fabrics were laid 

across four sputtered gold electrodes. The results showed that as-

produced hybrid fabrics had similar conductivity. This result proved 

that even though nonconductive polymer nanofiber layers were 

deposited in between layers of the CNT sheet, a number of CNTs 

were still able to make electrical contact allowing every CNT sheet 

layer to contribute to the conductivity.  Even the hybrid with 15% 

CNTs showed electrical conductivity. After consolidation under 

pressure, the electrical conductivity increased to 50 S/cm for 30% 

and 60% CNT hybrid fabrics. However, since the interconnection 

between the layers was likely lower for the 15% CNT hybrid fabric, 

the electrical conductivity did not increase as much as the other 

consolidated hybrid fabrics. When hybrid fabrics were calendered, 

electrospun fibers between CNT layers melted and the CNT 

interconnections reached a maximum level while the thickness was 

decreased. This increased the electrical conductivity to 205 S/cm for 

the 60% CNT hybrid fabric. After consolidation, the pure CNT sheet 

exhibited an electrical conductivity of 115 S/cm meaning that the 

60% CNT hybrid fabric showed higher electrical conductivity than 

pure consolidated CNTs. We hypothesized that after calendering 

the hybrid fabrics, the polymer shrank and helped the CNTs to 

come into closer permanent contact with each other. This behavior 

has also been reported previously in the literature by others that 

have melted polymer-CNT assemblies
[55]

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3 Aerosol Filtration Results 

One of the major applications of nanofiber fabrics is in air filtration. 

Electrospun nanofibers typically show a significant advantage in 

aerosol filtration efficiency due to their large specific surface area 

and small pore size in comparison to commercial textiles
[1,2]

. 

However their lower tensile strength means that they have to be  

used with supporting nonwoven fabrics
[56,57]

. Recently it was shown 

that filters containing aligned CNT sheets also exhibit excellent 

filtration properties. The CNTs have smaller fiber diameters and 

higher filtration efficiencies at lower pressure drops compared to 

electrospun fibers
[44]

. CNTs must be permanently trapped in the 

fabric so that they act only as a filtering agent
[44]

. The CNT-

nanofiber hybrid fabrics show high potential in the area of filtration 

because they work around many of the disadvantages of CNT and 

nanofiber based filters. 

       Figure 5 shows filtration performance of CNT – polymer hybrid 

nonwoven fabrics, in terms of the particle penetration percentage, 

for the standard 10-300 nm particle size range tested. There are 

three basic mechanisms that lead to capture of an aerosol particle 

in neutral fibrous filters: interception, inertial impaction and 

Brownian diffusion. The total particle collection efficiency of a filter  

is the combination of these three capturing mechanisms
[58,59]

. 

Overall filtration performance is a function of the fiber diameter, 

packing density, filter thickness, and the sum of single fiber 

efficiencies due to these three different deposition mechanisms
[57]

. 

The filtration performance of 7-layer CNT – polymer hybrid 

nonwoven fabrics with different CNT loadings are shown in Figure 

5a. The penetration for the control sample was 10.54%, while the 

60% CNT hybrid fabric decreased penetration to 0.024% at the 0.3 

µm particle size. The 15% CNT hybrid fabric decreased penetration 
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one more order to 0.0019% at the 0.3 µm particle size due to more 

electrospun fibers in the hybrid fabric (lower mandrel rotation 

speed but same number of total rotations). Due to the small 

diameters of CNTs, the most penetrating particle size (MPPS) of 

hybrid fabrics was around 70 nm which is lower than for 

conventional micro fibers
[57]

. While the specific surface area of each 

sample was not measured, it is clear that the addition of large 

weight fractions of CNTs to the hybrids increased the overall surface 

area of the fabrics and reduced the average pore size, which 

enhanced the filtration efficiency in diffusion regime
[58]

. 

       Filtration of ultrafine particles is accomplished by using HEPA 

(high efficiency particulate air) or ULPA (ultra-low penetration air) 

filters. The requirement for a HEPA filter is at least 99.97% filtration 

efficiency at the 0.3 µm particle size. The ULPA designation requires 

at least 99.999% filtration efficiency of particles 0.12 µm particle or 

larger
[44]

. All the as-produced hybrid fabrics reached the HEPA filter 

standards and the 15% CNT consolidated hybrid fabric met the 

ULPA filter requirements with the value of 0.0019% penetration at 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.1 µm particle size, as seen in Figure 5b. This was achieved with a 

fabric with a thickness of only 20 microns and areal density of 8 

g/m
2
. 

       Pressure drop is another important parameter for aerosol filters. 

A low pressure drop is always a desired filtration property due to 

energy requirements in large scale of filtration process. Fiber 

diameter, thickness of the filter media, fiber packing density, and 

face velocity directly affect pressure drop
[44]

. Figure 5c shows the 

particle penetrations versus pressure drops of as-produced and 

consolidated hybrid fabrics at 15 cm/s face velocity. The as-

produced hybrid fabrics showed a lower pressure drop compared to 

the consolidated hybrids due to decreased pore sizes and high 

packing density after consolidation. 

       It is desirable to have the highest filtration efficiency and the 

lowest pressure drop in any filter. Filter quality factor (QF) is a 

parameter used to compare filter types and filters of varying 

thickness, and is a ratio between filtration efficiency and pressure 

drop
[44,56]

. 
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𝑸𝑭 = −
𝒍𝒏𝑷

∆𝒑
                                                                               Equation (2) 

 

where P is the filter penetration and Δp is the pressure drop. The 

most efficient filter is the one that has the greater value of QF. 

Figure 5d shows the comparison of the QF between the 60% CNT 

hybrid fabrics and the control samples before and after 

consolidation. The as-produced and consolidated control samples 

both had the lowest QF. The QF of the 60% CNT hybrid fabrics was 

significantly higher because their filtration efficiency increases were 

more significant than the pressure drop increases.  

       The calendered hybrid fabrics showed much higher pressure 

drop making them less attractive for filtration applications. 

However, at the 60% CNT loading level the fabric appeared very 

porous making this material attractive for micro-porous membranes. 

Micro-porous membranes and laminated fabrics, are used as barrier 

materials for protective clothing applications, and can provide a 

high level of protection from liquids while still allowing water vapor 

to escape
[5,6,60–62]

. However, these types of fabrics typically have 

lower water vapor permeability which lowers the comfort level for 

the wearers
[5,6,61]

. Therefore, the most common expectations from 

barrier materials for protective clothing applications are a 

combination of adequate barrier performance and comfort, 

simultaneously
[5,6,60]

. Electrospun nonwoven mats have improved 

breathable barrier fabric properties due to high specific surface 

area, high porosity and small pore sizes. However, since electrospun 

nonwoven mats have low mechanical properties, they are 

commonly laminated on to thicker supporting fabrics which may 

affect the barrier and comfort performance of the final 

material
[61,63]

. 

       The unique combination of high specific surface area, flexibility, 

light weight, and porous structure with the desired level of high 

tensile strength makes these CNT – polymer hybrid nonwoven 

fabrics excellent candidates for use in stand alone barrier fabrics for 

protective garments. Figure 6 shows the barrier and water vapor 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

permeability performance of hybrid fabrics. The water vapor 

permeability (MVP) of the 7-layer 60% CNT hybrid fabrics in the 

different structures (as-produced, consolidated, and calendered) is 

shown in Figure 6a. All the CNT hybrid fabric samples showed 

essentially the same moisture vapor transmission rate (MVTR). 

However, the as-produced hybrid fabric showed higher MVP 

compared to consolidated and calendered samples, because the as-

produced hybrid fabric had a larger thickness which directly affects 

the MVP value. 

       In order to improve the hybrid fabrics performance against 

chemical agents, the hybrid sheets were treated with a low surface 

energy chemical, perfluorooctylethyl acrylate
[64]

 (PFAC8, 1) using 

pulsed polymerization.  

 

CH2=CHCO2CH2CH2C8F17                                                                          (1) 

 

Pulsed plasma polymerisation of PFAC8 on the microsecond-

millisecond timescale has been shown to produce a polymer with 

high levels of structural integrity
[65]

. The greater control associated 

with this technique is due to the limited fragmentation that occurs 

during the “on” time of the pulse sequence and the conventional 

gas phase chemistry that occurs during the “off” period. By varying 

the “on” and “off” times and the radio frequency power level, the 

process may be optimized and the desired surface characteristics 

obtained
[66–68]

. 

       Pulsed plasma polymerisation of PFAC8 occurs predominantly 

via its acrylic double bond, depositing a polymer that resembles 

conventional poly(PFAC8) produced by liquid phase free-radical 

polymerisation. Once applied to the fiber surfaces of the hybrid 

materials, the perfluoroalkyl chains in the outermost layer of the 

thin polymer film orientate themselves normal to the fiber surfaces, 

forming a sheath of closely-packed CF3-terminated perfluoroalkyl 

groups
[65]

. The critical surface tension and surface energy values of 

this structure are exceedingly low (ca 4 mNm
-1

 and 8 mJm
-2

 

respectively)
[66,69]

, resulting in remarkable liquid-repellent  
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properties, especially when applied to fibrous substrates
[64,70,71]

. 

After the plasma treatment, contact angle measurements were 

made using a series of probe liquids consisting of water, 

hexadecane, ethylene glycol and di-iodomethane (Table S3, 

Supporting Information). A droplet of hexadecane on a 60% CNT 

consolidated hybrid fabric is shown in Figure 6b. The contact angle 

is very high for such a low surface tension organic liquid. The very 

high contact angle of 143
o
 is attained through a combination of the 

extremely porous nano-fiber surface and the low surface energy 

coating
[72]

. The combination of high water vapor permeability and 

protection against harmful liquid chemicals make these hybrid 

fabrics excellent candidates for chemical protective garments
74

. 

4. Conclusions 

In summary, we have developed a novel process to produce 

nanoscale nonwovens through a hybridization of high aspect ratio 

CNTs and electrospun fabrics, which were processed in a way that is 

conducive to future commercial production. Due to the unique 

properties of the CNTs, the hybrids showed extremely high tensile 

strength, small pore size, high specific surface area and electrical 

conductivity. In order to further examine hybrids properties, they 

were consolidated under pressure, and also calendered at 70 
o
C. 

The hybrid fabrics remained porous even after calendering and look 

similar to thermally spot bonded nonwoven fabrics. After heated 

calendering, the fabrics’ strength increased immensely due to 

better bonding and interconnection with the CNTs. The specific 

strength values were larger than for any thermally bonded 

nonwoven fabrics found in the literature. The fabrics also exhibited 

very good particle filtration and barrier properties. These novel 

hybrid fabrics may be desirable as stand alone fabrics in 

applications such as aerosol and liquid filtration, protective 

garments, barrier membranes, tissue scaffolds and catalyst support 

structures. PEO was utilized as the polymer nanofiber in these 

hybrid fabrics, however, the technology can easily be extended to 

many other polymer/fiber systems in future studies.  
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