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Abstract A novel protective fabric accomplishing

with an acceptable level of protective performance and

wear comfort has been designed and developed. The

protective fabric was tailored by integrating an elec-

trospun PAN–silica aerogel nanofibre membrane with

needle-punched viscose nonwoven fabric for simulta-

neous barrier performance and thermal comfort. The

nanofibrous membrane was characterised and evalu-

ated for chemical and thermal protection after sand-

wiching it within the nonwoven layers. The analysis of

PAN–silica aerogel nanofibre revealed that aerogel

particles were randomly distributed in the membrane.

The nonwoven substrate embedded with the function-

alised nanofibre membrane is a lightweight, soft and

flexible fabric having versatile protective perfor-

mance. The newly developed fabric demonstrated

satisfactory resistance against radiant heat and liquid

chemical penetration. Besides, the improved thermal

and moisture vapour transmittance and high evapora-

tive cooling index suggested acceptable thermal com-

fort of clothing due to the decreased accumulation of

perspirations on the material. Moreover, the adequate

breathability and moisture management performance

indicated diffusion of sweat vapour through the

membrane, providing favourable thermal comfort in

the clothing-skin microenvironment.
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Introduction

Protective textiles are fabrics or clothing-related items

that are designed to safeguard the wearer from harmful

materials along with various environments, and they

are considered as the last line of defence under any

hazardous conditions (Bhuiyan et al. 2019a). A

protective clothing system usually consists of different

layers of permeable and impermeable fabric to provide

reliable protection (Shaid et al. 2018b), and thus tends

to be thick and bulky. Impermeable materials are

typically impervious in both directions (Bhuiyan et al.

2019c), causing hyperthermia under hot and humid

conditions by inhibiting air and moisture vapour

transmission through the fabric (Lee and Kay Oben-

dorf 2006). Therefore, the breathability of clothing is

considered as an important factor concerning wearer

thermal comfort for working at high temperatures. In

this regard, the development of a lightweight, breath-

able protective clothing system having maximum

protection and optimal thermal comfort is essential for

such environmental conditions.

Nonwovens are highly porous, permeable fabrics

that are commonly fabricated from individual fibrous

materials or layers of fibrous webs, rather than yarns

(Mao et al. 2007). The fibres in nonwoven fabrics are

randomly, directionally oriented and fabricated by

several bonding techniques, including thermal,

mechanical, and chemical (Wilson 2007). Thus, the

construction of nonwovens is distinct from conven-

tional textile structures, such as woven or knitted

fabrics. The exceptional structural characteristics of

nonwovens lead to excellent thermal-insulating prop-

erties by entrapping large volumes of static air in their

porous structure (Höffele et al. 2005; Xiong et al.

2018). Hence, the use of nonwoven fabrics in protec-

tive clothing systems continues to grow owing to their

lightweight and effective thermal protection (Lee and

Obendorf 2007).

Nanofibres (NFs) are one-dimensional (1D) ultra-

thin nanomaterials (Barhoum et al. 2019). Electro-

spinning is a versatile technique for NF production by

solution spinning under an accelerating voltage (Scaf-

faro and Lopresti 2018). This method is used for

creating very fine fibres ranging from less than 100 nm

to a few microns (Dhineshbabu et al. 2014). Electro-

spun fibrous materials possess several interesting

features, such as a large surface area to volume ratio,

tuneable porosity with interconnected open pore

structure, and high permeability (Gavrilenko and

Wang 2019; Jahan et al. 2019), making them

favourable for use in a wide range of technological

applications, including technical textiles. Another

notable feature of electrospun nanofibre for use in

textiles is the direct application of nanofibrous webs to

existing textile materials, such as nonwoven fabrics,

for developing protective clothing via coating (Gibson

et al. 2001). Since the thickness of electrospun NFs
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can be on a submicron scale and with limited strength,

any gross movements of such an ultrathin layer on a

textile fabric can cause significant damage to the

nanofibrous web (Heikkilä et al. 2007). In any barrier

clothing having consistent protection, the protective

NF layer must be durable with no breaking or

delaminating during the movements of the substrate.

The use of a nanofibrous membrane between any

strong and stable materials can therefore be consid-

ered an effective approach by shielding against any

external force that might cause the damage to the

nanofibre. Thus, a sandwich-like structure having a

nanofibrous membrane between two layers of textile

fabric substrates is proposed for a durable and

adaptable NF layer in a protective clothing system

with enhanced functional properties.

Electrospun NFs are generally made of various

polymers, including poly(vinyl chloride) (PVC),

poly(vinyl alcohol) (PVA), polyacrylonitrile (PAN),

poly(vinylidene fluoride) (PVDF), and poly(vinyli-

dene fluoride–co–hexafluoropropylene) (PVDF-HFP)

(Yanilmaz et al. 2014). Among these polymers, PAN

is the most preferred as a starting material for the

fabrication of nanofibrous membranes due to its ease

of polymerisation, large specific surface area, and

excellent stability against chemicals (Nie et al. 2013;

Wang et al. 2014). However, the low thermal stability

of the PAN nanofibre membrane prevents its wide-

spread application, especially in high-temperature

media (Mao et al. 2012).

Silica aerogel is a lightweight porous material with

different pore sizes ranging from 2 to 50 nm (Dorcheh

and Abbasi 2008). The nanoporous structure with

an extremely high porosity (as high as 99.0%) and

ultra-low thermal conductivity (* 13 mW/m K)

makes silica aerogel an impressive thermal insulating

material (Kiil 2015). Thus, modification of PAN NFs

using electrospun PAN membrane embedded with

inorganic materials such as silica aerogel is of great

interest because of their thermal and chemical stability

(Li et al. 2003). Additionally, the incorporation of

silica particles exhibits a considerable change to the

morphology and porous structure of the subsequent

nanofibre web by creating a hierarchical roughness on

the membrane surfaces (Wang et al. 2014). Silica

aerogel has gained attention for extensive applications

in textiles for the development of thermal insulative

fabric, including spacesuit insulation (Paul and Diller

2003), extreme cold weather clothing (Venkataraman

et al. 2015), and thermal liner for fire protective

garments (Jin et al. 2013; Shaid et al. 2016). However,

a minimal investigation has been directed towards the

scope of using silica aerogel in barrier clothing for

chemical protection via liquid chemical adsorption by

employing its porous structure.

Our earlier studies revealed the prospect of using

silica aerogel in chemical protective clothing that

has synchronized protective performance and thermal

comfort. However, maximum protection with accept-

able clothing comfort remains a challenging issue that

requires greater attention. Polyurethane (PU)–silica

aerogel incorporating a chemical protective coating on

cotton fabric (Bhuiyan et al. 2019b) had some

limitations, including high stiffness and thickness,

along with low air and moisture vapour permeability

because of partial or entire filling of the porous fabric

structure by the PU binder. Silica aerogel integrated

thermal bonded nonwoven fabrics (Bhuiyan et al.

2020) demonstrated simultaneous chemical and ther-

mal protection with adequate air and moisture vapour

permeability. However, the high thickness and bulk-

iness due to the many dusted aerogel particles in the

fabric and the thermal bonding of fibres within the

fabrics is anticipated to increase the stiffness and

reduce the cloth drapability for wear comfort.

In this contribution, we aim to extend our previous

investigation by developing a new class of flexible

protective clothing via integrating electrospun PAN–

silica aerogel nanofibrous membrane, with needle-

punched viscose nonwoven fabric for the required

level of protection along with acceptable wear com-

fort. Nanofibrous membrane incorporated with aero-

gel particles is characterised and evaluated for liquid

chemical and heat protection after it is embedded

within the nonwoven fabric. An objective is to

assess the protective performance concerning ther-

mal and chemical protection by analysing the resis-

tance against radiant heat and liquid penetration.

Clothing comfort in terms of fabric softness, dry and

evaporative heat transmittance, air permeability, and

moisture management property are investigated to

assess the potential application of PAN–silica aerogel

nanofibrous membrane in a protective clothing

system.
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Experimental

Materials

Viscose staple fibre having an average length of

38 mm and fineness of 1.5 D (denier) was procured

from Tianjin Glory Tang Fiber Technology Co., Ltd,

China as the raw material for the nonwoven fabrics.

For electrospinning, PAN powder was provided by

Goodfellow Cambridge Ltd, UK. Enova silica aerogel

(IC3110) was obtained from Cabot Corporation, USA.

Typical parameters of both the PAN powder and silica

aerogel particles are listed in Table 1.

Liquid organic and inorganic chemicals used to

assess the fabric chemical resistance, including

methanol, N,N-dimethylformamide (DMF), and

toluene were collected from Chem-Supply Pty Ltd,

Australia. Acetone, sodium hydroxide, and sulphuric

acid were procured from Sigma Aldrich Pty Ltd.,

Australia, and acetonitrile was obtained from BDH

Chemicals Ltd, England.

Methods

Nonwoven fabric substrate

Viscose is a regenerated cellulosic fibre with excellent

hydrophilicity (Mortan and Hearle 2008). Therefore,

viscose staple fibre was employed to produce the

nonwoven fabric with enhanced moisture/water

absorption capability. To manufacture the needle

punched nonwoven fabric initially, a dry-laid web

was developed by opening and feeding fibres to the

carding machine (Shin Chang Industry Co., Ltd,

Taiwan) (Fig. S1a). The nonwoven was fabricated

by passing the dry-laid web through the needle

punching machine (Shoou Shyng Machinery Co.,

Ltd, Taiwan) (Fig. S1b).

Tailoring nonwoven/PAN–aerogel nanofibre fabric

An 11.0% w/v polymer solution for electrospinning was

prepared by dissolving PAN powder into DMF solvent

followed by continuous mechanical stirring at room

temperature for 24 h. Aerogel particles were ground

mechanically using a mortar and pestle, and the size of

the particles was reduced to 35–340 lm. Then, silica

aerogel microparticles were added to the prepared PAN

solution and stirred at the same temperature until

homogeneity was achieved. The properties of the pure

PAN and PAN–aerogel solution, including viscosity

and conductivity were analysed by using a viscometer

(Falling ball viscometer, Model KF40, Brookfield

Engineering Laboratories Inc., USA) and conductivity

metre (Micro 800, Palintest Ltd., Singapore). A max-

imum 4.0% w/v of aerogel was incorporated into the

PAN solution, which has the required viscosity suit-

able for the development of electrospun jet during the

processing. Besides, an intermediate concentration of

PAN–aerogel (2.0% w/v) was used to evaluate the effect

of silica aerogel particles in the membrane. Solutions

comprising of pure PAN and PAN–aerogel of different

concentrations were electrospun on the surface of

nonwoven material to fabricate the PAN and PAN–

aerogel hybrid functional nanofibrous membrane. The

equipment configuration used to produce the PAN and

PAN–aerogel nanofibrous layer on viscose nonwoven

fabric is described in Table 2.

The nonwoven fabric (32 cm 9 32 cm) attached

with the electrospun nanofibre membrane of pure PAN

or PAN–aerogel was covered with another layer of

nonwoven of similar thickness followed by heat

setting at the edge of fabrics using a fusible interlining.

Heat setting was performed at 140 �C and a pressure

of 6.0 kPa for 3 min. The fabrication of nonwoven–

PAN and nonwoven–PAN–aerogel fabric is presented

schematically in Fig. 1.

Table 1 The characteristic

parameters of silica aerogel

and PAN powder

Silica aerogel PAN powder

Parameter Physical property Parameter Physical property

Physical state Solid Physical state Solid

Form Powder Form Powder

Particle size 100–700 lm Particle size 50 lm

Particle density 120–150 g cm-3 Bulk density 0.34–0.39 g cm-3

Pore diameter * 20 nm Molecular weight 85,000 g/mol

Surface chemistry Hydrophobic Colour White
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The control nonwoven fabric (without electrospun

membrane) was prepared by attaching two nonwoven

fabric layers via heat setting, as mentioned above.

Then the control nonwoven, pure PAN, and PAN–

aerogel hybrid nonwoven fabrics were coded respec-

tively as CF, PF, PAF1 (2.0% w/v), and PAF2 (4.0%

w/v) for further studies.

Characterisation and evaluation

Morphological analysis

The morphological investigation of the nanofibrous

membrane was conducted by using scanning electron

microscopy (FEI Quanta 200 ESEM), a low vacuum

mode with 20 kV accelerating voltage. Before the

SEM analysis, the specimens were coated with Au for

60 s using a sputter coater (SPI Sputter Coating Unit,

model 11430, USA). Energy-dispersive X-ray (EDX)

analysis was conducted by employing FEI Quanta 200

ESEM and Aztec software. The specimens were

prepared by coating with carbon (10 nm thickness)

using a Gatan precision etching and coating system

(Model 682, PECS, USA). The spots were selected

randomly for map scanning of each specimen, and the

average spectra were presented. An FTIR spectrom-

eter (PerkinElmer Spectrum 400 FTIR, USA) was

employed to examine the existence of silica aerogel

particles in the nanofibre matrix. The experiment was

conducted in transmission mode over the spectral

range of 4000–400 cm-1, with 16 scans averaged for

each spectrum.

Fabric physical properties

The weight of the fabric in terms of mass per unit area

(g m-2) was measured according to ASTM D3776–96

standard. The test of fabric thickness was conducted

using a fabric thickness tester following the method

ASTM D1777–15. Fabric stiffness was measured as

per the ASTM D1388–08 standard by using the

Shirley stiffness tester, from Shirley Development

Ltd., England. During the test, each fabric specimen

was cut to a size of 250 mm 9 25 mm using a

template. Then the stiffness in terms of flexural

rigidity was determined by using Eq. 1 after

Table 2 Laboratory equipment arrangement for the pure PAN

and PAN–aerogel nanofibrous membrane

Parameters Specifications

Electrode distance 120 mm

Flow rate 0.75 mL h-1

Voltage 15 kV

Needle size (inner diameter) 0.84 mm

Collector drum speed 10 rpm

Fig. 1 Schematics of producing nonwoven–PAN and nonwoven–PAN–silica aerogel fabric
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measuring the bending length (bending of the fabric

under its own mass to an angle of 41.5�) of fabric.

G ¼ 9:8mC3 � 10�6 ð1Þ

where G is the flexural rigidity (lN m), C is the mean

bending length (mm), and m is the mass per unit area

of the cloth (g m-2).

Resistance to chemical penetration

The chemical penetration resistance of fabrics was

determined according to the BS ISO 22608:2004

method. The test was conducted by using water and

different organic and inorganic liquid chemicals, as

mentioned in the ASTM F1001-12 standard. The

liquid resistance was assessed in terms of repellency,

retention, and penetration of chemicals through the

fabric. During the experiment, liquid chemicals

(0.2 mL) were dropped onto the fabric surface after

placing the specimen (8 cm 9 8 cm) on a flat, smooth

surface. The fractions of repellency, retention, and

penetration of the test liquid through the fabric

specimens were calculated from Eqs. 2, 3, and 4,

respectively.

Repellency ¼ ma=mt � 100 ð2Þ

Retention ¼ mb=mt � 100 ð3Þ

Penetration ¼ mc=mt � 100 ð4Þ

where mt is the total mass of chemical (mg) released on

the fabric, ma is the mass of liquid (mg) removed from

the fabric surface, mb is the mass of liquid (mg)

retained by the specimen and mc is the mass of liquid

(mg) penetrated through the fabric.

Radiant heat resistance

The radiative heat resistance regarding the thermal

protection of clothing was evaluated by employing a

bench-scale test instrument. This apparatus was

developed by Shaid et al. (2019), and the detailed test

procedure was also mentioned therein. The heat

resistance was measured after exposing the fabrics

on a hot plate of 250 �C and subjected to radiant heat,

maintaining a constant distance of 15 cm. The

increase of temperature beneath the exposed fabric

was determined by heat sensors and recorded every

two seconds. The test was terminated when the fabric

temperature reached 55 �C (i.e., second-degree burn

temperature). The time required to reach 44 �C (i.e.,

pain threshold) and 55 �C were recorded from the

time-temperature readings. Accordingly, the mean

value was reported after repeating the test at least three

times for each fabric.

The thermal resistance of fabrics was also evaluated

by thermal imaging of the specimens using a thermo-

graphic infrared camera (FLIR T400-series). The

images were taken after placing the fabric on a

uniform hot surface with a constant temperature of

100 �C. Then the imaging was performed over 60 s at

100 cm from the top of the fabric, and the maximum

and minimum temperature of each specimen was

recorded from that period.

Thermal and evaporative resistance and air

permeability

The thermal and evaporative resistance of test fabric

specimens was determined following the standard ISO

11092:2014 by using an Integrated Sweating Hotplate

(Model 431-213). The standard atmospheric condi-

tions of the test chamber for both the experimental

investigations are shown in Table 3.

The actual dry heat resistance (at the steady-state

condition of the system) provided by the fabric alone

was calculated according to Eq. 5.

Rcf ¼ Rct � Rcb ¼ Ts � Tað Þ
Q=A

� Rcb ð5Þ

where Rcf = fabric thermal resistance (m2 �C/W); Rct =

total thermal resistance provided by the fabric and air

layer (m2 �C/W); Rcb = bare plate resistance (m2 �C/

W); Ts = average temperature of plate surface (�C); Ta

= air temperature (�C) and Q/A = area weighted heat

flux (W/m2).

Table 3 Standard atmospheric conditions for fabric thermal

and evaporative heat resistance testing

Test condition Thermal Evaporative

Relative humidity 65.0 ± 3.0% 40.0 ± 3.0%

Air velocity 1.00 ± 0.05 m/s 1.00 ± 0.05 m/s

Air temperature 20.0 ± 0.1 �C 35.0 ± 0.1 �C
Thermal guard 35.0 ± 0.1 �C 35.0 ± 0.1 �C
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The actual fabric evaporative heat resistance was

determined using Eq. 6.

Ref ¼ Ret � Reb ¼ Ps � Pað Þ
Q=A

� Reb ð6Þ

where Ref = fabric evaporative resistance (Pa m2/W);

Reb = bare plate resistance (Pa m2/W); Ret = total

evaporative resistance provided by the fabric system,

liquid barrier and air layer (Pa m2/W); Ps = saturation

vapour pressure at the plate surface temperature (Pa);

Pa = vapour pressure at air temperature (Pa) and

Q/A = area weighted heat flux (W/m2).

Besides, the moisture permeability index (imt) of

fabric was determined from the average value of

thermal and evaporative transmittance of each fabric

using Eq. 7.

imt ¼ K
Rct

Ret

� �
ð7Þ

where K is a constant (60.6515 Pa/�C).

The air permeability was determined according to

ISO 9237:1995 using an air permeability tester

(M021S, SDL Atlas Pty Ltd, England). The test was

conducted at a pressure of 100 Pa using a 5.0 cm2

working area of fabric. Then mean air permeability

(mL cm-2 s-1) was calculated and presented from

eleven air flow readings for each fabric.

Moisture management property

The moisture management performance of fabric

specimens was assessed by following the standard

AATCC-TM-195-2010. The experiment was con-

ducted after placing the specimen (80 mm 9 80 mm)

between the top and bottom sensors in the test chamber

of the machine (M 290, SDL Atlas Ltd). A predeter-

mined amount of standard test solution (9.0 g L-1

NaCl) as sweat was dropped onto the top surface of the

fabric (i.e., the skin or inner side of the apparel) for

20 s and the absorption of the liquid from the inner to

outer surfaces was observed for 120 s.

The conditioning of all fabric specimens was

performed in controlled atmospheric condition

(20 ± 2 �C temperature and 65 ± 3% RH, except

for the evaporative test at 35 ± 2 �C temperature and

40 ± 3% RH) for at least 24 h in the laboratory,

followed by the respective standard before experi-

menting in the same environment.

Results and discussion

Material characterisation

Morphological analysis

The surface morphology of the pure PAN membrane in

Fig. 2a shows a three dimensional (3D) fibrous struc-

ture and randomly oriented regular PAN NFs in the

membrane. However, the PAN–aerogel (4.0%) mem-

brane in Fig. 2b exhibited randomly deposited aerogel

particles that were well scattered in the matrix of the

membrane. The SEM image of the PAN–aerogel NFs

also revealed a larger size of aerogel particles in the

membrane that were grounded mechanically before

adding to the spinning solution. This might be due to

the deposition of aerogel particles in the aggregated

form during the electrospinning. Besides, the bunching

of aerogel particles on a certain number of NFs was

detected in Fig. 2b. The EDX spectrum of PAN–

aerogel NFs further confirmed the presence of silica in

the membrane (Fig. 2c), and their random distribution

throughout the membrane was explored by the EDX

area mapping image of the surface (Fig. S2b).

The EDX spectroscopy was validated by compar-

ing the FTIR spectra of pure PAN and the PAN–

silica aerogel NFs composite in Fig. 2d. The charac-

teristic Si–O–Si vibrational mode peak at 1066 cm-1

(high-intensity peak) (Kapridaki and Maravelaki-

Kalaitzaki 2013) and typical bending mode peaks at

843 and 780 cm-1 (Ji and Zhang 2008) for the PAN–

silica NFs confirm the existence of aerogel particles

in the membrane. On the other hand, the spectrum of

pure PAN NFs (Fig. 2d) contains a prominent peak at

2243 cm-1 due to the stretching vibration of nitrile

groups (–CN–) (Zhang et al. 2007). The peaks at

2930 cm-1 and 1470 cm-1 belong to the methylene

(–CH2–) group stretching and bending vibrations,

respectively (Wu et al. 2012). The stretching vibra-

tion of the carbonyl peak ([C = O) at 1731 cm-1

was associated with the PAN NFs deposited from the

DMF solution (Ji and Zhang 2008).

A considerable increase in fibre diameter of PAN–

aerogel NFs (PAF2: 259.1 ± 14.7 nm) compared with

the pure PAN NFs (PF: 199.8 ± 9.6 nm) was revealed

from the morphological investigation (Fig. S3c, d). This

was attributed to the increased viscosity, along with the

decreased conductivity of the resultant solutions after

the integration of aerogel particles (Babar et al. 2017).
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The viscosity of the pure PAN solution was 533.4

mPa s, whereas after the addition of 4.0% aerogel, it was

increased to 3103.7 mPa s (Table S1). Because of high

viscosity, the electric field could not draw the electro-

spun jet equivalently at the same applied voltage during

processing (Ghaffari et al. 2019), which resulted in

thicker nanofibers for higher concentration. This mor-

phological change of the PAN–aerogel NFs leads to

increased porosity or less surface covering of the

membrane (Fig. S3a, b), due to the formation of less

thick NFs from the same volume of solution. Accord-

ingly, the nonwoven fabric integrated with a porous

nanofibrous membrane is anticipated to allow the

transfer of air and perspiration vapour that will provide

improved breathability for satisfactory thermal comfort.

Fabric physical properties

The physical properties of the newly developed

protective fabric, including the thickness, weight,

and stiffness were measured. No significant differ-

ences in thickness was observed among the fabrics, as

shown in Fig. 3a. This was due to the tailoring of the

specimens from the nonwoven layers having nearly

the same thickness and weight. The control nonwoven

specimen had the minimum thickness, and a slight

increase was observed after integrating the nanofi-

brous membrane. Accordingly, all fabric specimens

exhibited a slight increase in mass per unit area

(Fig. 3a). Although a maximum average weight of

178 g m-2 was noticed for the PAN–aerogel fabric

(PAF2) having an aerogel concentration of 4.0%;

however, this weight is still significantly lower

compared with the various commercial protective

fabrics (400–600 g m-2 ) mentioned in current studies

(Bhuiyan et al. 2020; Shaid et al. 2018b).

Nonwoven fabrics are porous due to the structural

feature of fibrous webs or individual fibres. Because of

the structural porousness, the thickness of nonwovens

increased considerably without much influencing their

Fig. 2 SEM micrographs of a pure PAN nanofibres and b PAN–silica aerogel (4.0%) nanofibres, c EDX and d FTIR spectra of pure

PAN (PF) and PAN–silica aerogel nanofibre of 4.0% aerogel content (PAF2)
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mass per unit area; and therefore, the fabrics were

much lighter compared with woven fabrics of similar

thickness. Moreover, the characteristic nonuniformity

of nonwovens in either thickness and weight or in both

(Mao et al. 2007) leads to a greater standard deviation

(SD), as explored in Fig. 3a.

The flexural rigidity concerning stiffness of the

experimental fabrics is presented in Fig. 3b. Fabric

stiffness is the bending of cloth in one plane under its

weight, and this term is commonly used for the

subjective assessment of clothing quality relating to

the handle or drape of the fabric. The control

nonwoven fabric showed the lowest flexural rigidity;

therefore, it has the least resistance against bending

corresponding to maximum drapability. A slight

increase in flexural rigidity was noticed for the fabrics

integrated with the PAN–aerogel membrane. How-

ever, the changes of stiffness were not significant

compared with the control nonwoven fabric, and the

trivial changes suggest a slight or minimal effect of

nanofibrous membrane on the flexibility of the fabric.

This unchanged fabric flexibility with a low weight of

the fabric can be employed to fabricate lightweight

drapable protective clothing for providing physiolog-

ical wear comfort to the user.

Protective performance

Chemical protection

The chemical protection concerning the resistance

against liquid chemical penetration through the fabric

is shown in Fig. 4. Chemical resistance was assessed

by determining the fractions of repellency, retention,

and penetration of liquids through the fabric. As

viscose is a hydrophilic fibre with excellent liquid

absorption capacity, the chemicals were absorbed

rapidly when coming in contact with the surface of

viscose fabric. Thus, all the test nonwoven fabrics

demonstrated a zero (0%) repellency against the liquid

chemicals, and most of the chemicals were absorbed

into the fabric (Fig. 4a). Hence, the chemical resis-

tance exhibited by the nonwovens was only through

the retention of liquids into the fabric with no

spreading on the fabric surface.

Figure 4b shows that the control fabric has the least

resistance against chemical penetration, and all the

liquids were penetrated through the fabric, following

an initial absorption process. Due to absorption, some

fractions of the liquid were retained in the fabric. The

highest retention was observed for chemicals with low

volatility, including sodium hydroxide solution

(50.0%) and water (Fig. 4a). Some chemicals were

evaporated as the evaporation loss during the exper-

iment, and the highly volatile liquids lead to a

maximum loss of evaporation. Therefore, minimum

retention and penetration were noticed for those

chemicals, as shown in Fig. 4. Besides, the maximum

penetration of H2SO4 (93.1%) in the case of control

nonwoven fabric was due to the dissolving of viscose

fibres in the concentrated acid solution, which was

penetrated rapidly through the specimens without

much retaining in the fabric.

Improved chemical resistance was observed after

sandwiching the nanofibrous membrane inside the

nonwoven fabric. The hydrophobicity of the PAN NF

Fig. 3 Change of fabric physical parameters a thickness and weight, b flexural rigidity before and after integration of nanofibrous

membrane
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membrane (Im et al. 2008), along with its less

porosity, provided some resistance against the flowing

of liquids through the fabric. Therefore, the fabric PF

exhibited a higher liquid penetration resistance than

the control specimens but inferior to the PAN–aerogel

specimens (Fig. 4b). The penetration resistance

increased significantly after incorporating the porous

silica aerogel particles in the nanofibrous membrane.

Thus, the fabrics PAF1 and PAF2 exhibited the

maximum chemical resistance with no penetration

(except for a concentrated H2SO4 solution where

viscose fibres dissolved rapidly and created scope for

slight penetration of liquids through the membrane) of

liquids through the fabric (Fig. 4b).

Silica aerogel is an extremely hydrophobic material

with exceptional porosity, hence, the embedding of

aerogels with the hydrophobic PAN nanofibre might

enhance the overall hydrophobicity of the membrane

Fig. 4 Liquid penetration resistance of fabric a retention and b penetration of liquids through the fabric

Fig. 5 Exposing of the chemical resistance mechanism after

removing the top layer fabric-control fabric, PAN–nonwoven,

PAN–aerogel nonwoven (2.0%), and PAN–aerogel nonwoven

(4.0%) fabrics, respectively against the chemicals of a1, b1, c1,

d1 high surface tension (sodium hydroxide solution 50.0%

w/v:101.0 dyne cm-1) and a2, b2, c2, d2 low surface tension

(methanol: 22.7 dyne cm-1)
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to resist the penetration of chemicals with high surface

tension (Fig. 5b1, c1, d1). In the case of liquids with

a low surface tension, the chemicals were absorbed

initially by the fibre on the fabric surface following the

adsorption through the pores of aerogel particles

embedded within the membrane (Fig. 5c2, d2). The

wide-ranging of silica aerogel pore sizes (5–100 nm),

as well as their open pore network due to intercon-

nectivity with each other, enabled the adsorption of

liquids by flowing the chemicals from one pore to

another with limited restriction (Bhuiyan et al. 2019b).

Accordingly, liquid chemicals became spread out on

the membrane surface without penetrating through the

nanofibre because of adsorption by the aerogel parti-

cles. The presence of more aerogel particles enhanced

the overall liquid adsorption. The more liquid adsorp-

tion will create scope to retain a greater amount of

chemicals in the fabric, and consequently, the more

reliable protection against the liquid chemical pene-

tration can be achieved.

Thermal protection

The fabric thermal protection performance was

assessed by determining the resistance against radiant

heat. The comparative performance was analysed from

the time-temperature curves (Fig. 6a) after exposing

the fabrics to a heat source of 250 �C. Raising the

temperature to 55 �C beneath the exposed fabric was

the endpoint of the experiment. Because human skin

receives an irreversible second-degree burn when the

skin temperature approaches at 55 �C (Shaid et al.

2018a). Besides, the pain threshold, i.e., the temper-

ature at which skin starts to feel pain (44 �C) and first-

degree burn temperature (48 �C) (Shaid et al. 2018b)

were determined from the time–temperature curves.

The escape time, time for withdrawing from the danger

of burning, is another important parameter for thermal

protection. It was calculated from the time gap between

the pain threshold (44 �C) and second-degree burn

temperature (55 �C) (Bhuiyan et al. 2020). The

resistance of fabrics against radiative heat was assessed

by comparing and analysing the time to reach the pain

threshold and receiving second-degree burn

temperature.

Figure 6a illustrates the rise in fabric temperature

after exposure to a radiant heat source. Control

nonwoven specimens (CF) demonstrated the least

resistance among the fabrics and reached the pain

threshold and the first-degree burn temperature within

296 s and 378 s of heat exposure, respectively. The

heat resistance increased significantly for the fabrics

embedded with the nanofibrous membrane. Therefore,

PAN–nonwoven fabrics (PF) showed better resistance

(425 s and 540 s to reach 44 �C and 48 �C, respec-

tively) compared with the control specimen, but

were inferior to the PAN–aerogel specimens. The

PAN–aerogel (4.0%) nonwoven fabric (PAF2) exhib-

ited the greatest resistance against the radiant heat, and

a maximum time 490 s and 618 s were recorded to

reach the pain threshold and first-degree burn temper-

ature, respectively. Likewise, PAF2 showed the long-

est time (960 s) to reach the irreversible second-

degree burn temperature (Fig. 6b), as well as the

Fig. 6 Thermal protection of fabrics. a Comparative radiant heat resistance performance b time required to reach pain threshold (T44)

and irreversible second-degree burn temperature (T55). Data are represented as mean ± standard deviation (SD)
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maximum escape time (460 s) among all the

specimens.

The thermal resistance of nonwoven fabrics in

contact with the hot surface (100 �C) was evaluated by

thermography images using an infrared thermal cam-

era. The increase in fabric surface temperature

because of heat was recorded over 60 s, and the

thermal images of fabric at 5 s and 60 s is shown in

Fig. 7. An abrupt increase in temperature with time

was noticed for the control fabrics (Fig. S4) with the

temperatures of 36.1 �C and 67.3 �C at 5 s and 60 s,

respectively (Fig. 7a1, a2). The rise in temperature

slowed down after embedding the nanofibrous mem-

brane as well as the increase of aerogel concentration

in the membrane. Thus, the PAN–aerogel (4.0%)

nonwoven fabric (PAF2) exhibited the least increase

in temperature within 60 s of heat exposure (Fig. 7d1,

d2), suggesting the greatest thermal resistance among

the fabrics.

Heat resistance of textiles is closely connected with

the construction and density of the fabric, as well as

the thermal resistance of constituent fibres (Houshyar

et al. 2015). As discussed earlier, the nonwoven

structure possesses an exceptional porosity, and

therefore provided an excellent thermal resistance by

entrapping large volumes of still air in the porous

structure. Besides, the high thickness of nonwoven

fabrics compared with weight (Fig. 3), and the low

thermal conductivity of viscose fibres (Mortan and

Hearle 2008) increased the thermal resistance accord-

ing to Eq. 8 (Frydrych et al. 2002).

R ¼ r
k

ð8Þ

where R is the thermal resistance, r is the cloth

thickness and k is the thermal conductivity.

An improvement of fabric thermal resistance after

integrating the nonwoven with the nanofibrous mem-

brane was due to the packed structure of the membrane

comprised of a high-density NF layer. The nanofibrous

membrane with high packing density reduced the

mean free path (distance travelled by a photon before

it collides with another) for a photon movement, and

therefore decreased conduction by hindering the

overall heat transfer (Venkataraman et al. 2018).

Electrospun NF made of polyacrylonitrile has a

positive impact on the thermal insulation of clothing

(Ghaffari et al. 2019); thus, a considerable increase in

thermal resistance was observed for the PAN–nonwo-

ven fabrics. Besides, the incorporation of silica

aerogel with the PAN NF demonstrated the superior

thermal resistance. The silica aerogel possesses an

excellent thermal insulative property. The high ther-

mal insulation of aerogels suppressed the heat con-

duction and convection, while the large specific

surface area of the nanofibrous membrane decreased

the radiative heat transfer by scattering and absorbing

Fig. 7 IR thermography images of a control fabric, b PAN–nonwoven, c PAN–aerogel nonwoven (2.0%), and d PAN–aerogel

nonwoven (4.0%) fabrics at 5 s (a1, b1, c1, d1) and 60 s (a2, b2, c2, d2)
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the heat (Sabetzadeh et al. 2012). Accordingly,

the PAN–aerogel nonwoven fabric acts as an insulat-

ing material, providing satisfactory thermal protection

to the wearer by hindering the flow of heat from any

external heat source.

Thermal comfort

Thermal and evaporative resistance and air

permeability

Thermal and evaporative resistance of fabric indicates

its ability to resist the flow of dry and evaporative heat

from the body to the atmosphere (Bhuiyan et al.

2019c). The total metabolic body heat, i.e., the sum of

dry and perspiration vapour transmittance, is directly

related to the thermal comfort of clothing. A fabric

with completely dry and evaporative resistance can

cause hypothermia under hot and humid environ-

ments, and therefore, these two terms are commonly

considered as the primary parameters determining

apparel thermophysiological wear comfort. Besides,

the moisture permeability index or evaporative cool-

ing index (imt) is another clothing parameter stating the

relationship between dry and evaporative resistance in

relation to thermal comfort (Bhuiyan et al. 2019b).

The moisture permeability index has a theoretical

range from 0 to 1, where 0 refers to being completely

impermeable, and 1 denotes an ideally permeable

fabric (Woodcock 1962).

Figure 8a shows an increase in thermal resistance

of fabrics integrated with the NF membrane. A further

improvement was noticed for the PAN–aerogel fabric,

and the specimen having an aerogel concentration of

4.0% (PAF2) demonstrated the maximum thermal

resistance (Fig. 8a). This was due to the structural

characteristics of nonwoven fabrics, as well as the

presence of silica aerogel particles, as discussed

earlier. The nonwoven fabric itself increased thermal

resistance by entrapping still air in their porous

structure. Besides, the integration of nonwoven fabric

with the nanofibrous membrane with low thermal

conductive silica aerogel particles contributed to the

further increase in thermal resistance.

In the case of evaporative transmittance (Ref), all test

specimens demonstrated low moisture vapour resis-

tance (Fig. 8a), in respect of the evaporative resis-

tance rating (0–30) for acceptable clothing thermal

comfort (Houshyar et al. 2015). This was attributed to

the porosity of nonwoven fabrics and the excellent

hydrophilicity of constituent viscose fibres. Among the

specimens, control nonwoven fabrics had the least

resistance against evaporative transmittance. The

PAN nanofibrous membrane with low permeability

due to less porosity (Fig. S3a) resisted moisture vapour

transmission through the fabric, and therefore, PAN–

nonwoven specimen (PF), demonstrated the maximum

evaporative resistance. A slight increase in moisture

transmittance was observed for the PAN–aerogel

nonwoven fabrics because of increased porosity

(Fig. S3b) of NF membranes after adding aerogel

particles. Nevertheless, the evaporative resistance of

all the test specimens (CF: 8.52; PF: 12.05; PAF1:

11.63; PAF2: 10.71 Pa m2/W) is considered accept-

able for thermal comfort, as the values lie within the

evaporative performance rating range of 6–13 (highly

Fig. 8 Fabric thermal comfort. a thermal resistance (Rcf) and evaporative resistance (Ref) b air permeability and moisture permeability

index (imt). Data are represented as mean ± standard deviation (SD)
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permeable with very good comfort at the medium

activity rate) (Bhuiyan et al. 2020). The low evapora-

tive resistance of the fabrics suggests that they are

sufficiently breathable with adequate permeability to

moisture vapour, and are expected to provide satisfac-

tory thermal comfort for the wearer, working at a

moderate, and to some extent at a higher activity rate.

The evaporative cooling index (imt) of the test

specimens in Fig. 8b shows an enhanced permeability

index of nonwoven specimens integrated with PAN–

silica aerogel nanofibrous membrane. The minimum

evaporative cooling index value of 0.557 was

observed for the PAN–nonwoven fabric, whereas

PAN–aerogel fabric with 4.0% aerogel (PAF2) had the

maximum value (0.719). As the evaporative cooling

index is the ratio of dry to evaporative heat resistance

of the system, thus a higher proportion of the rise in

thermal resistance compared with the evaporative

resistance improved the overall permeability index of

the PAN–aerogel nonwoven fabrics. The high mois-

ture permeability index of PAF2 indicates that the

fabrics can create satisfactory thermal comfort within

the apparel–skin microenvironment in hot and humid

conditions by shielding the body from atmospheric

heat as well as readily transferring metabolic heat from

the body to the atmosphere.

The air permeability regarding the breathability of the

test nonwoven fabrics is shown in Fig. 8b. Among the

fabrics, control specimens exhibited maximum breatha-

bility with an average value of 46.74 mL cm-2 s-1.

However, an abrupt reduction of permeability was

observed for the fabrics integrated with nanofibrous

membranes (Fig. 8b). Air permeability is directly

related to fabric openness, i.e., the porousness or

compactness of the cloth (Kothari and Newton 1974).

Hence, a sharp reduction of fabric porosity due to the

integration of less porous nanofibre membrane with the

nonwoven fabric decreased the overall permeability of

the fabric. An improved air permeability compared

with the PAN–nonwoven fabric was found for the

PAN–aerogel fabrics (Fig. 8b). The high porosity of the

PAN–aerogel membrane contributed to this enhanced

permeability. The air permeability also increased as the

aerogel concentration increased.

Fabric air permeability is generally considered an

important factor in estimating the clothing thermal

comfort (Zupin et al. 2012) and therefore, it is used to

determine the breathability of protective clothing

employed for various special purposes (Saville

1999). Although the air permeability of nonwoven

fabrics decreased apparently after its integration with

the nanofibrous membrane, the average air permeabil-

ity of the PAN–aerogel fabric (PAF1: 0.50 and PAF2:

1.12 mL cm-2 s-1) is still considerably high com-

pared with the breathability of several barrier clothing

systems discussed in some recent studies (Bhuiyan

et al. 2019c; Moiz et al. 2016, 2017). Moreover, the

high moisture vapour transmittance and evaporative

cooling index of the PAN–aerogel specimens

endorsed the acceptable breathability of the fabric

for thermal comfort. This permeability of PAN–

aerogel fabrics can be utilised to facilitate the transfer

of air and moisture vapour from the body to the

environment and vice versa, providing acceptable ther-

mal comfort with heat and chemical protection to the

wearer.

Moisture management performance

The moisture management performance profiles of the

nonwoven fabrics are shown in Fig. 9. Moisture

management performance was assessed in terms of

wetting time, absorption rate, spreading speed of

liquid, one-way liquid transport capability (OWTC),

and overall moisture management capacity (OMMC).

The results are shown in Table 4. Among the fabrics,

control nonwoven specimens exhibited an efficient

moisture management performance, including mini-

mum wetting time (4.96 s), maximum absorption rate

(45.91%/s), and spreading (2.03 mm/s) of liquids to

the fabric bottom surface. Thus, the fabric demon-

strated the highest OWTC (19.69) and OMMC

(0.169). This was due to the excellent hydrophilicity

of viscose fibres along with a less compact structure of

nonwoven fabrics, enabling an easy absorption,

spreading, and penetration of aqueous solution

through the fabric (Fig. S5).

A changed moisture management profile was

noticed for the PAN–nonwoven fabric (PF), which

transferred a small amount of liquids to the bottom

surface (Fig. 9). The sandwiching of hydrophobic

PAN nanofibrous membrane inside the fabric layers

hindered the penetration and spreading of the aqueous

solution from the inner to the outer surface; thus, the

fabric demonstrated an excessive wetting time and low

absorption rate with a negative OWTC (- 178.25) and

a very low OMMC (0.096) (Table 4). PAN–silica

aerogel nonwoven specimens exhibited the maximum
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wetting time (120 s) and zero absorption and spread-

ing of liquids to the outer surface of the fabric,

indicating the impermeable nature of the membrane to

the water (Fig. S5). This impermeability of the PAN–

silica aerogel membrane makes the barrier fabric

impervious to liquids, keeping the wearer protected

from toxic liquid chemicals.

Moisture management of textiles is commonly used

to assess fabric thermal comfort, concerning wet

clinginess, and this method quantitatively measures

the absorption of liquid perspiration via the clothing in

the apparel–skin microenvironment and transfer of the

liquid to the atmosphere through and across the

clothing (Shaid et al. 2018b). Although, PAN–aerogel

nonwoven fabrics have a low moisture management

profile, predicting an inadequate thermal comfort for

clothing. However, a satisfactory moisture vapour

transmittance (Fig. 8a) and air permeability (Fig. 8b),

along with excellent water uptake and evaporation rate

of viscose nonwoven fabrics (Bhuiyan et al. 2020),

outweigh the low moisture management profile for

acceptable thermal comfort of clothing in hot weather.

Conclusion

An electrospun nanofibrous membrane was success-

fully developed by integrating silica aerogel particles

within a PAN solution. Protective clothing with si-

multaneous barrier performance and thermal comfort

was fabricated by sandwiching PAN–silica aerogel

NFs between viscose nonwoven layers. The morpho-

logical investigation explored randomly deposited

aerogel particles that were well dispersed in the

membrane to provide functional properties for versa-

tile protection. The functionalised nanofibres embed-

ded with nonwoven fabrics offered improved

protection against liquid chemical penetration by

retaining greater amounts of chemicals. Increased

resistance against radiant heat confirmed the reliable

performance of the fabric for thermal protection.

Additionally, the soft, drapable, and lightweight

PAN–silica aerogel nonwoven fabrics demonstrated

adequate thermal resistance and evaporative transmit-

tance as well as improved moisture permeability index

for satisfactory thermophysiological wear comfort.

Fabric (CF) Low Fabric (PF)

W
at

er
 c

on
te

nt

Top (Inner) Bottom (Outer) Top (Inner) Bottom (Outer)
Fabric (PAF1) Fabric (PAF2)

Top (Inner) Bottom (Outer) High Top (Inner) Bottom (Outer)

Fig. 9 Liquid transfer from

the inner surface to the outer

surface of fabrics after

wetting 120 s

Table 4 Moisture management performance profile of test fabric specimens

Sample Wetting time (s) Absorption rate (%/s) Spreading speed (mm/s) OWTC OMMC

Top Bottom Top Bottom Top Bottom

CF 7.03 4.96 51.65 45.91 1.83 2.03 19.69 0.169

PF 7.31 9.18 41.39 35.90 1.73 0.53 - 178.25 0.096

PAF1 6.37 120 37.30 0.0 1.74 0.0 - 203.15 0.0

PAF2 6.18 120 29.48 0.0 1.55 0.0 - 397.51 0.0

OWTC one-way transport capability, OMMC overall moisture management capacity
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The high evaporative cooling index and sufficient

breathability prevailed over the low moisture manage-

ment profile of the fabric, suggesting the diffusion of

perspiration vapour through the membrane for favour-

able thermal comfort in the apparel–skin microenvi-

ronment. The overall outcome of the research

establishes that the fabrication of nonwoven–PAN–

silica aerogel electrospun protective clothing is an

innovative approach for developing lightweight dra-

pable clothing with versatile protective performance

and thermophysiological wear comfort for the user.
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Heikkilä P, Sipilä A, Peltola M, Harlin A, Taipale A (2007)

Electrospun PA-66 coating on textile surfaces Text Res J

77:864–870 https://doi.org/10.1177/0040517507078241
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