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Silica aerogel was developed in situ aramid needle punched nonwoven thermal liner via sol-gel process followed by 

ambient pressure drying technique using tetraethoxysilane (TEOS) as a precursor. The thermal liner was augmented with 

silica aerogel at three different add-on percentages relative to the weight of the nonwoven fabric. This incorporation aimed 

to investigate the influence of the aerogel add-on percentage on the thermal protective performance of the tested thermal 

liner. The wet gel surface was modified through a silylation process, varying concentrations of silylating agent, 

trimethylchlorosilane (TMCS), in hexane. The characterization of the aerogel-embedded thermal liner samples encompassed 

evaluations of thickness, air permeability, thermal conductivity, thermal stability (measured by TGA), and examination 

through Fourier-transform infrared spectroscopy (FTIR) and Scanning Electron Microscopy. The heat transfer index (HTI24) 

was measured for every sample under radiant and flame heat exposure. An investigation using Analysis of Variance was 

carried out to evaluate how the percentage of aerogel add-on and concentrations of silylating agent affect the HTI24 heat 

transfer index (HTI24) of the aerogel-embedded thermal line. Aerogel embedded thermal liner, irrespective of aerogel add-on 

percentages and TMCS concentrations, provides higher protection under both radiant and flame exposure than non-aerogel 

nonwoven thermal liner. Both aerogel add-on percentage and TMCS concentration positively impact the HTI24 value for 

both radiant and flame heat exposure. Higher protection against radiant and flame heat exposure makes aerogel-embedded 

thermal liners more suitable for extreme heat-protective clothing. 

Keywords: Silica aerogel, Sol-Gel method, Ambient pressure drying technique, Thermal protective performance, Heat 
transfer index (HTI24), Fire fighter clothing 

1 Introduction 
Firefighters encounter various levels of heat and 

flame exposure while performing their duties, which 

can lead to fatal or non-fatal injuries to the individuals. 

Extreme heat protective clothing is used to protect 

firefighters from burn injuries. The main objective of 

the firefighter suit is to provide the wearer with some 

degree of protection from burn injuries that occur due 

to fire hazards. A Firefighter suit restricts the 

penetration of heat energy from the environment to the 

wearer's body through the clothing. The clothing 

material should have very low thermal conductivity to 

reduce the penetration of heat energy. Along with 

thermal protection, the comfort of the firefighters is 

also a critical factor in designing a firefighter suit. 

Firefighter suits should be lightweight to provide the 

wearer with a higher degree of comfort and mobility. 

Thus, selecting material with high thermal insulation 

and low density is crucial to designing a firefighter suit.  

Aerogel is a substance composed of three-
dimensional open networks formed by polymer 
molecules or coherent nanoparticles 

1–4
. They exhibit 

unique porous properties, featuring high transparency 
in the visible light spectrum, extremely low  
thermal conductivity (approximately 0.01 Wm

−1
K

-1
), 

a shallow sound velocity (below 100 m/s), and an 
expansive surface area reaching up to 1600 m

2
/g 

2,35,6
. 

Aerogels are made by taking all the liquid out of a wet 
gel using either the supercritical or ambient pressure 
drying method. Typically, aerogels are made using the 
supercritical drying method. However, the use of 
costly alkoxide precursors and the risks associated 
with the supercritical drying process of gels impede 
the mass production of aerogel materials and  
restrict their widespread application across diverse 
domains 

7–9
. As a result, ambient pressure drying is a 

new promising technology for making silica aerogels 
on a large scale. 

Because of these qualities, aerogels are used in 

many areas of technology 
7,10–12

. For example,  

they are used as effective materials in the structure of 
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heat-insulating materials, in acoustic impedance 

modules, radio-luminescent modules, as liquid 

propellants in rockets, and as catalyst supports 
13–17

. 

Aerogel is a good material for heat-insulating  

clothing because it doesn't conduct heat well and is 

very light. 

But aerogels do face some problems when it 

comes to being used. Aerogels have the problem of 

soaking up moisture from the air, being brittle, and 

being hard to work with. They also can't insulate 

complex shapes well
16,18,19

 . For this reason, a fiber-

reinforced aerogel fabric has been developed as a 

substitute, aiming to achieve insulation materials  

that are more flexible, drapable, and durable. 

Nonwoven fabric stands out as a suitable material for 

reinforcement in this context
20

. Lee et al. 
21

 

fabricated composite blankets made of silica aerogel, 

which exhibited low densities of 0.13 g cm
−3

, high 

silica aerogel contents of 79 %, and low thermal 

conductivities of 18.92 mW m
−1

 K
−1

 in contrast to 

polyethylene (PE) blankets. Li et al. 
19,20

 .utilized 

aramid fibers as a reinforcement for silica aerogels, 

showcasing enhanced elasticity, flexibility, and 

notably low thermal conductivity 
22,23

. They 

achieved a significantly low thermal conductivity of 

0.0277±0.0007 W.m
-1

. K
-1

. Chakraborty et al. found 

that aerogel-embedded nonwoven fabric exhibits 

higher protection from extreme heat compared to 

ordinary non-aerogel nonwoven fabric.  

However, very few studies have investigated the 

thermal protection performance of silica aerogel-

embedded nonwoven thermal liner, along with 

different aerogel add-on percentages and different 

process parameters. A limited number of research 

studies have explored the thermal shielding 

capabilities of silica aerogel-embedded thermal liner 

under radiant and flame heat exposure. 

In this study, a three-layer needle-punched aramid 

nonwoven thermal liner is selected as Das et al.
24

 

found that three-layer thermal liner provides better 

protection compared to single layers thermal liner. 

Silica aerogel was synthesized in situ the middle layer 

of the three-layer thermal liner using ambient pressure 

drying technique. Subsequent to their preparation,  

the aerogel-fabric samples underwent comprehensive 

characterization, encompassing assessments of 

thickness, air permeability, thermal conductivity, the 

formation of organic and inorganic bonds, and an 

evaluation of their protective capabilities against 

radiant and flame heat fluxes. 

2 Materials and Methods 
 

2.1  Materials 

This study employed a three-layer thermal liner 

with a total areal density of 200 g/m
2
. This composite 

consisted of three needle-punched Nomex IIIA 

nonwoven fabric layers, each having an individual 

areal density of 66 g/m
2
. The nonwoven fabric was 

prepared from 38 mm Nomex IIIA staple fiber with  

a linear density of 1.5 denier. Figure 1(a) depicts  

the schematic diagram of a three-layer thermal  

liner. Table 1 enumerates the physical and thermal 

properties of the test thermal liner. Silica aerogel was 

developed in situ the middle layer of the thermal liner. 

Three distinct add-on percentages (20 %, 40 %, and 

60 %) were implemented, corresponding to the weight 

of the middle layer of the thermal liner. This approach 

was employed to investigate the influence of the 

aerogel add-on percentage on the thermal protective 

performance of the three-layer thermal liner embedded 

with aerogel. For the preparation of silica aerogel 

Tetraethoxysilane (TEOS), Oxalic acid, [(COOH)2. 

2H2O], Ammonium Fluoride (NH4F), Methanol, 

Trimethyl chlorosilane (TMCS), Hexane, and double 

distilled water were used. 
 

2.1.1 Nonwoven Fabrics preparation 

The nonwoven fabrics were developed by two step 

process. In the first step, the Nomex IIIA fibers were 

carded by Trytex carding machine to prepare fiber webs 

of the required areal density. In the next step, the fiber 

webs were mechanically bound by DILO needle punch 

nonwoven machine to produce nonwoven fabrics. The 

needle penetration depth and punch density were 5 mm 

and 50 punches/cm
2
 in the punching process. 

 

2.1.2 Silica Aerogel Synthesis 

Silica aerogel was synthesized by a five-stapes 

process: 

Table 1 — Physical and thermal properties of the test  

thermal liner 

Parameters  Values 

Total areal density of the thermal  

liner (g/m2) 

200 

Divided into number of layers 3 

Thickness (mm) 3.26 

Bulk density (kg/m3) 61 

Porosity (%) 95.5 

Air permeability (cm3/cm2/s) 138.89 

Thermal conductivity (W/m.K) 

Radiative heat transfer index (HTI24) 

Flame heat transfer index (HTI24) 

0.074 

25 

53 
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(a) Gel preparation: The sol-gel process was 

employed to synthesize the silica aerogel. 

Initially, a silica source solution was subjected to 

hydrolysis with the addition of an acid catalyst to 

prepare the sol. Subsequently, the sol was 

condensed by introducing a base catalyst, 

resulting in the formation of a silica gel. 

(b) Aging of the gel: The prepared silica gel was aged 

in its mother solution to strengthen the gel. 

(c) Solvent exchange: After aging, the dispersion 

medium of the silica gel was exchanged with a 

solvent with lower surface tension to reduce the 

capillary force during evaporation of the pore 

liquid.  

(d)  Silylation: The purpose of the silylating agent is 

to make the surface of the silica gel hydrophobic 

and give it the ability to spring back after it has 

dried. 

(e)  Drying the gel: Drying is the last and most 

important step in making silica aerogel. This 

process uses ambient pressure drying to remove 

pore liquid from silica gel. 

Future work can focus on evaluating the long-term 

durability and washability of the aerogel-embedded 

thermal liners to ensure retention of thermal 

performance under repeated laundering and mechanical 

stress. 

Figure 1(b) demonstrates the silica aerogel 

synthesis process in situ thermal liner. 
 

Sol-Gel Process: 

Silica aerogel was synthesized by means of a 

sequential acid-base procedure, succeeded by drying 

under ambient pressure conditions. Initially, a sol was 

prepared by diluting TEOS tetraethyl orthosilicate 

(TEOS) precursor with ethanol. Subsequently, oxalic 

acid [COOH)2, 0.001 M] was introduced into the sol 

and stirred for one hour. After mixing, the sol was 

allowed to remain at room temperature for twelve 

hours to facilitate hydrolysis. NH4F was then 

incrementally applied drop by drop to the sol, and the 

mixture was stirred for three minutes. The molar ratio 

of TEOS: EtOH: (COOH)2: NH4F was maintained 

constant at 1: 38: 3.73 x 10
-5

: 0.023. Following this, 

the sol was poured onto nonwoven fabric, placed in a 

petri dish, and put at room temperature to enable the 

formation of the silica gel.  
 

Silylation and ambient pressure drying 

After the gel set, thepetri dish with nonwoven was 

filled with excess ethanol and wrapped in aluminium 

foil. Thenonwovenwas then left alone for an hour to 

age. After the ageing process, ethanol was taken out 

and hexene was added in a solvent exchange process 

at 50 degrees Celsius in a shaker set to 120 rpms. This 

 
 

Figure 1 — (a) Schematic diagram of a three-layer thermal liner; (b) Silica aerogel synthesis process; (c) Schematic diagram of the 

thermal protective performance (TPP) tester; Testing instrument-(d) TPP tester,(e) Flame exposure, (f) Radiant exposure. 
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made it possible for the gel to completely change 

from ethanol to hexene. TMCS, a silylating agent, 

was added that makes things water-repellent and gives 

them a spring-back effect, and let it react with the gel 

for 16 hours in the same shaker, at the same 

temperature and speed as the solvent exchange 

reaction. Three levels of TMCS concentration (5%, 

10%, and 15% TMCS) were utilized to see how the 

amount of the silylating agent changes the gel's 

properties. After silylation, any unreacted TMCS was 

exchanged with hexene, and the mixture was placed 

in a shaker for four hours at 50
°
C and 120 rpm. 

Subsequently, hexene was removed, and the silylated 

gel-embedded nonwoven fabric was dried for one 

hour at 50
°
C and then for an additional two hours at 

100
°
C to obtain a hydrophobic aerogel-embedded 

composite nonwoven fabric. 

TMCS concentration was varied to observe how it 

affects aerogel structural integrity and performance. 

TMCS replaces surface silanol (–Si–OH) groups with 

trimethylsilyl (–Si–(CH₃)₃) moieties. This reduces 

ambient pressure drying capillary strains and 

improves aerogel network hydrophobicity. Lower 

TMCS concentrations (5%), partial silylation may not 

be enough to reduce capillary-induced shrinking, 

resulting in enhanced densification and decreased 

pore preservation. Silanol substitution rises with 

TMCS concentration (10–15%), improving spring-

back behaviour, structural collapse, and mesoporous 

architecture retention. If the silylating chemical 

concentration is too high, it may block pores, increase 

mass uptake, or unevenly cover the surface,  

affecting permeability and mechanical flexibility. To 

discover the optimal balance between hydrophobic 

modification, structural preservation, and aerogel 

performance, three TMCS concentrations were used. 
 

2.2  Methods 
 

2.2.1 Experimental Methods 

To study the effect of aerogel on the protective 

performance of a three-layer thermal liner, three 

different add-on percentages (20 %, 40 %, and 60 %) 

were added on the basis of the weight of the middle 

layer of the thermal liner. Three different 

concentrations of silylating agent (5 %, 10 %, and  

15 %) were used to analyze the effect of the silylating 

agent concentration on the synthesis of silica aerogel. 

Nine aerogel-embedded nonwoven samples were 

prepared with different add-on percentages and 

different concentrations of silylating agent. Table 2 

shows the experimental plan. 

2.2.2 Methods of Characterization:  
 

Surface morphology: 

The surface morphology of the developed silica 

aerogel was investigated using a scanning electron 

microscope (SEM), specifically a Zeiss EVO 18 

model. The acceleration voltage was set at 20 kV. 

Prior to Analysis, the samples were subjected to a 

twenty-hour drying period to eliminate moisture 

content. Subsequently, the samples were mounted on 

an aluminum stub, and a thin layer of gold (21 nm 

thickness) was sputter-coated onto the samples to 

make sample conductive. Micrographs were obtained 

using secondary electrons at a working distance of  

9.5 mm. 
 

Thermogravimetric Analysis (TGA):  

We used the PerkinElmer TGA 4000 to do the 

TGA on the silica aerogel-nonwoven fabrics to find 

out what their TGA properties were. The samples 

weighed between 2 and 3 mg each. They were put in 

the sample pan and heated in a nitrogen atmosphere, 

with the temperature rising steadily from 50°C to 

800°C at a rate of 10°C/min.  
 

Attenuated Total Reflection Infrared (ATRIR) Spectroscopy: 

Using a Thermo Scientific iS50 NIR Spectro-

photometer with ATRIR spectroscopy, we looked at 

the chemical make-up of the silica aerogels. 

A total of 128 scans were performed over a wave 

number range from 4000 cm
-1

 to 500 cm
-1

, with a 

resolution of 4 cm
-1

. The Analysis was conducted at 

room temperature. 
 

2.2.3 Testing methods 

To evaluate the heat-protective performance of the 

silica aerogel-embedded thermal liner, the samples 

were tested by a thermal protective performance 

(TPP) tester. Every specimen's heat transfer index 

(HTI24) was measured under radiative and flame 

exposure. According to ISO 6942 (2022) 
25

 and ISO 

11613(2017) 
26

, the heat transfer index was the time 

Table 2 — Experimental plan 

Samples Add-on  

percentage (%) 

Concentration of  

silylating agent (%) 

1 20 5 

2 20 10 

3 20 15 

4 40 5 

5 40 10 

6 40 15 

7 60 5 

8 60 10 

9 60 15 
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required to achieve a temperature rise of 24 ̊ C in the 

calorimeter during the testing. The heat transfer index 

(HTI24) ranks the ability of materials and material 

assemblies to restrict heat energy transfer through the 

test material. The testing instrument was developed 

according to ASTM F 1939 (2020) 
27

. The samples 

were exposed to an incident heat flux in this device, 

and the backside temperature of the exposed fabric 

was recorded with a copper calorimeter. To produce 

radiant heat flux, a bank of five heating lamps was 

used, and the input voltage of the lamps was 

controlled by a variac to adjust the required heat flux. 

Two gas burners were used to generate flame heat 

flux, and the heat flux was controlled by controlling 

the gas flow. The temperature was measured by the 

copper calorimeter and sent to a computer via the 

ADAM processor, where the data was accumulated. 

Figure 1(c) depicts the instrument's schematic 

presentation, and Figure 1(d,e,f) represents the 

instrument under different working conditions. To 

adjust the required heat flux, at first, the temperature 

was measured without the test samples at a certain 

level of input voltage and gas flow rate. The heat flux 

was calculated using the equation below from the 

temperature data.  
 

𝑞 =
𝑀.𝐶𝑝 .(𝑇𝑒𝑚𝑝 𝑓𝑖𝑛𝑎𝑙 −𝑇𝑒𝑚𝑝 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 )

𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑣𝑖𝑡𝑦  .𝐴 .(𝑇𝑖𝑚𝑒 𝑓𝑖𝑛𝑎𝑙 −𝑇𝑖𝑚𝑒 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 )
              … (1) 

 

Where M denotes the mass of the copper 

calorimeter in kg, Cp is the specific heat of copper 

(J/kg K), and A is the calorimeter's surface area (m
2
). 

After that, with the trial-and-error method, the 

specific input voltage and the gas flow rate were 

selected for all the heat fluxes. ISO 9073-1:1989 
28

 

standard procedure was followed to determine  

the areal density of the samples. INSTRON 3365 

instrument was utilized to measure the thickness of 

the samples in accordance with ISO 9073-2:1995 
29

. 

From the underneath equation, the bulk density of the 

specimens was calculated. 
 

Bulk density of fabric (kg/m3)  =  
Areal  density  of  the  fabric  (g/m2)

Thickness  of  the  fabric  (mm )
 (2) 

 

The porosity of the samples was determined by 

employing the subsequent formula, which considers 

their bulk density: 
 

Porosity  % = [1 −
Bulk  density   

kg

m 3 

Fiber  density   
kg

m 3 
] × 100          … (3) 

 

Paramount air permeability master was used to 

measure the air permeability of the specimen 

according to ISO 9073-15:2007 .
30

KES-F7-II 

Thermolabo tester was utilized to measure the thermal 

resistance of the samples in accordance with ISO 

5085-1:1989 
31

.  
 

3 Results and discussions 
 

3.1  Fabric morphology 

The morphology of the needle-punched nonwoven 

fabric and the distribution of silica aerogel within the 

fabric were examined using scanning electron 

microscopy (SEM). Figure 2 illustrates the SEM 

images of silica aerogel-embedded nonwoven fabrics. 

Figures 2A, 2B, and 2C correspond to nonwoven 

samples with aerogel add-on percentages of 20 %,  

40 %, and 60 %, respectively. Subfigures labeled (i), 

(ii), and (iii) represent samples with TMCS 

concentrations of 5 %, 10 %, and 15 %, respectively. 

Based on the data, increasing the silica content 

results in a heavier coating of aerogel both on the 

fiber surfaces and within the nonwoven structure 

itself. We also see that the aerogel becomes 

noticeably more porous as the concentration of TMCS 

increases. This change is driven by the "spring-back" 

effect triggered by silylation. Essentially, as the gel 

dries at room temperature, the evaporation of internal 

liquids creates strong capillary forces that cause the 

material to shrink. However, the silylation treatment 

allows the structure to eventually "bounce back," 

preserving its porosity. To counteract this capillary 

force, surface modification of the gel structure is 

undertaken during the silylation stage. The re-

expansion of the shrunken gel structure during 

silylation results in what is commonly known as the 

spring-back effect 
32–34

. The spring-back effect is 

more prominent with higher amount of TMCS. 

Higher TMCS concentration causes a spring-back 

effect, increasing fabric thickness and porosity, as 

seen in SEM images. The increased porosity traps 

more air, which has very low thermal conductivity  

(about 0.026 W·m⁻¹·K⁻¹), thereby reducing heat 

transfer through the fabric. In addition, the more 

hydrophobic surface limits the heat transport. Overall, 

these changes lower heat transmission and improve 

the thermal insulation performance of the fabric. 
 

3.2. Thermogravimetric Analysis 

The thermal stability of the nonwoven fabric and 

the aerogel-embedded nonwoven fabrics with 

different add-on percentages was studied by a 

thermogravimetric analyzer under nitrogen purging. 

Figure 3(a) shows the thermograph  of  the  nonwoven  
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Figure 2  — (A) SEM image of aerogel embedded nonwoven fabric with add-on percentages of 20 %. (i) TMCS concentration 5 %,  

(ii) TMCS concentration 10 %, (iii) TMCS concentration 15 %; (B) — SEM image of aerogel embedded nonwoven fabric with add-on 

percentages of 40 %. (i) TMCS concentration 5 %, (ii) TMCS concentration 10 %, (iii) TMCS concentration 15 %; (C) — SEM image  

of aerogel-embedded nonwoven fabric with add-on percentages of 60 %. (i) TMCS concentration 5 %, (ii) TMCS concentration 10 %, 

(iii) TMCS concentration 15 % 
 

 
 

Figure 3 — (a) Thermograph of the nonwoven fabric and aerogel-embedded nonwoven fabric; (b) ATRIR spectra of test samples 
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fabric and aerogel-embedded nonwoven fabric with 

20 %, 40 %, and 60 % add-on percentages.  

In the thermograph of the nonwoven fabric, an 

initial weight loss is observed near 100
°
C, attributed 

to the evaporation of moisture within the sample. A 

sharp drop can be seen on the thermograph between 

420°C and 500°C. This is the point at which the meta-

aramid fibres start to break down thermally. When the 

temperature hits 650°C, the plain nonwoven fabric 

has lost most of its weight and only has 13% of its 

original weight left. 

The samples with aerogel added to them break 

down in a similar way, but they are much more 

durable. The more silica aerogel there is, the better the 

material can handle very high temperatures. At 

650°C, samples with 20%, 40%, and 60% aerogel 

"add-on" kept 22%, 33%, and 60% of their weight, 

respectively. 

The results show that silica aerogel is much more 

stable at high temperatures than the fibre it is made of. 

In the end, the more aerogel you put into the fabric, 

the better it works when it's hot. 
 

3.3. Attenuated total reflection infra-red (ATRIR) 

spectroscopy  

Figure 3(b) shows the ATRIR spectra of both the 

nonwoven sample and the aerogel-embedded thermal 

liner, which had TMCS concentrations of 5%, 10%, 

and 15%. These spectra show what chemicals are in 

the test samples. The -OH group is represented by the 

wide peak that goes from 3200 cm
-1

 to 3600 cm
-1

. The 

peak at 1470 cm
-1

 also shows that the C-H bonds in 

the CH3 group are bending. A peak at 1077 cm
-1

 

shows the Si-O-Si stretching, and a peak at 860 cm
-1

 

shows the Si-C bond 
32–34

. During silylation, the -OH 

groups that are already attached to silicon are replaced 

by the -O-Si–(CH3)group from the silylating agent 

(TMCS) 
35–37

 . The broad peak between 3200 cm
-1

 and 

3600 cm
-1

 gets less intense as the TMCS 

concentration goes up. This means that the 

concentration of -OH groups goes down. The peaks at 

1077 cm
-1

 are stronger, which means that the Si-O-Si 

content goes up as the TMCS concentration goes up. 

The peak at 1470 cm
-1

 gets stronger as the 

concentration of TMCS rises, which suggests that 

more CH3 groups are being added.  
 

3.4. Physical Properties of Aerogel Embedded Liner: 

Table 3 shows the thickness, air permeability, and 

thermal conductivity of the aerogel-enhanced thermal 

liner. This information gives a full picture of how the 

material works after being treated with aerogel.  

Figure 4(a) illustrates the relationship between thickness 

and add-on percentage, TMCS concentration. The black 

dot on the graph represents the thickness of the 

nonwoven thermal liner without aerogel treatment. 

From the graph, it is evident that the development of 

silica aerogel in situ within the nonwoven thermal 

Table 3 — Physical properties of the aerogel embedded thermal liner 

Sample no. Add-on % TMCS % Thickness  

(mm) 

Air Permeability 

(cm3/cm2/s) 

Thermal conductivity  

(W/m-K) 

1 20 5 7.44829 158.4 0.072376 

2 20 10 7.61881 148.9 0.069129 

3 20 15 7.7906 145.6 0.063452 

4 40 5 7.3157 146.7 0.071087 

5 40 10 7.51397 143.8 0.066509 

6 40 15 7.75822 139.9 0.063906 

7 60 5 6.94627 130.7 0.065441 

8 60 10 7.22928 129.8 0.062982 

9 60 15 7.7269 128.3 0.059586 
 

 
 

Figure 4 — (a) Relation between thickness and add-on percentage, TMCS concentration; (b) Relation between air permeability and  

add-on percentage, TMCS concentration; (c) Relation between thermal conductivity and add-on percentage, TMCS concentration 
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liner leads to a reduction in thickness values. The 

decrease in thickness is more pronounced with higher 

add-on percentages. This phenomenon could be 

attributed to the close vicinity during crosslinking 

between silica molecules, forming the aerogel in situ 

within the nonwoven structure. Moreover, the 

thickness value of the aerogel-embedded thermal liner 

increases with the rise in TMCS concentration for 

each level of add-on percentages. This increase may 

be attributed to the spring-back effect of silylation. 

Similar trends have been observed in the work of  

S. Poonam et al 
38

. 

Figure 4 (b) illustrates the relationship between air 
permeability and add-on percentage, TMCS 
concentration. The black dot in the graph indicates the 
air permeability of the untreated thermal liner. The 
graph indicates that untreated thermal liner has 
highest air permeability, as the thickness and the 

porosity of the untreated thermal liner is higher. As 
the add-on percentage increases, the air permeability 
of the specimen decreases. This may happen due to 
the reduction of the thickness and the deposition of 
more amounts of silica in the nonwoven structure of 
the thermal liner. As the TMCS concentration 

increases due to spring-back effect, the aerogel 
structure's volume increases inside the nonwoven 
structure. Thus, this higher surface area of the aerogel 
restricts the air movement through the embedded 
thermal liner. Hence, the air permeability of the 
aerogel-embedded thermal liner decreases with the 

increase in TMCS concentration. 
Figure 4(c) depicts the relationship between 

thermal conductivity and add-on percentage, as well 
as TMCS concentration. The black dot on the graph 
represents the thermal conductivity of the untreated 
nonwoven thermal liner. The TMCS-embedded liner 

shows a moderate reduction in air permeability  
(from 150 to 125 cm³/cm²/s) compared with typical 
commercial liners, due to increased thickness and 
pore filling by aerogel. The drop has affected thermal 
protection, but the numbers are still in an acceptable 
range because they provide a good balance of better 

thermal protection and good air flow. The untreated 
thermal liner also conducts heat energy better than the 
aerogel-infused thermal liner. Also, the thermal 
conductivity of the thermal liner goes down as the 
amount of silica aerogel goes up. This is because 
silica aerogel has very low thermal conductivity. With 

the increment of silica aerogel percentage, the thermal 
conductivity of the thermal liner diminishes due to the 
reduction in gas phase conduction, influenced by the 

meager pore size of the silica aerogel
39

 and solid 
phase conduction facilitated by the aerogel matrix 
formed between fibrous contact points. A similar 
trend has been observed in the work of S. Shafi  
et al. 

40
. Increase in TMCS concentration results in a 

decrease in the thermal conductivity of the thermal 
liner for every level of add-on percentage. This can be 
attributed to the higher thickness of the thermal liner 
with an increase in TMCS concentration induced by 
the spring-back effect. A comparable trend is noted in 
the study conducted by S. Chakraborty et al 

37
. 

 

3.5. Heat protective performance: 

Table 4 presents the Heat Transfer Index (HTI24) 

values for both radiative and flame exposure for each 

test sample. Figure 5(a) shows the graph of the flame 

heat transfer index and the add-on percentage based 

on the concentration of TMCS. The black dot on the 

graph shows the HTI24 of the nonwoven thermal liner 

that hasn't been treated. The HTI24 of the thermal 

liners on the market shows that the one with silica 

aerogel has better thermal protection properties. When 

the percentages of add-on and TMCS concentrations 

are higher, the HTI24 of the radiative and flame HTI24 

goes up from 35 seconds to 70 seconds and from 60 

seconds to 110 seconds, respectively. It is also clear 

that the HTI24 value goes up as the add-on 

percentages go up for every concentration of TMCS. 

The more silica aerogel there is in the thermal liner, 

the less heat it can transfer. The HTI24 value goes up 

when the thermal conductivity of the aerogel 

embedded thermal liner goes down and the add-on 

percentages go up. It is observed that the HTI24 value 

increases with higher concentrations of TMCS for 

every concentration of add-on percentages. The 

reason is that when there is more TMCS, the thermal 

liner is thicker and has higher thermal conductivity. 

HTI24 value increases with the rise in TMCS 

concentrations. This may be due to the lower thermal 

Table 4 — Heat transfer index (HTI24) value for radiative and 

flame exposure 

Sample  

no. 

Add-on  

% 

TMCS  

% 

Radiative 

HTI24 

Flame 

HTI24 

1 20 5 33 61 

2 20 10 38 69 

3 20 15 43 81 

4 40 5 38 75 

5 40 10 46 81 

6 40 15 48 88 

7 60 5 53 90 

8 60 10 61 103 

9 60 15 70 111 
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conductivity and higher thickness of the thermal liner 

with higher levels of TMCS concentrations. 

Figure 5b shows how the Radiative Heat Transfer 

Index is connected to the add-on percentage (TMCS 

concentration). The black dot on the graph shows the 

HTI24 Thermal Liner that hasn't been treated. The 

graph shows that aerogel-embedded thermal liners are 

better at protecting against heat than the untreated 

nonwoven thermal liner, no matter how much TMCS 

is added or how high the percentage remains. For 

every level of TMCS concentrations, the HTI24 value 

of the aerogel embedded thermal liner increases with 

the increase in add-on percentage. This may occur due 

to the lower thermal conductivity and higher amount 

of silica deposited in situ thermal liner which restrict 

the heat flow through the test specimen and increases 

the thermal protective performance.  

As the TMCS concentration increases the HTI24 

value of the aerogel embedded thermal liner increases 

for every level of add-on percentage. This may occur 

due to the higher thickness of the thermal liner as 

TMCS concentration increases. Same kind of trend 

found in the flame exposure. But for the flame 

exposure the HTI24 value is higher than radiant 

exposure for every test sample. This may happen due 

to the higher penetration effect of the radiant heat 

exposure. The radiant heat can penetrate across  

the entire fabric width, which results in higher 

temperature rise rate at the back of the test samples, 

hence lower HTI24 value. The identical pattern  

may be found in the studies of B. Rajput et al. 
41

 and 

Y M Lee et al. 
42

. 
 

3.6. Regression analysis: 

Regression analysis has been carried out for both 
radiant and flame exposure to find out the impact of 
the independent parameters (add-on percentage, and 

TMCS concentration) on the dependent parameter 
(heat transfer index value). Table 5 represents the 
ANOVA table for radiant heat exposure. Lower 
significance F value (0.00045<0.05) and higher R

2
 

value (0.92) show the excellent correlation between 
the independent and dependent variables. The 

regression equation to predict the HTI24 value at 
different add-on percentages and different TMCS 
concentration under radiant heat exposure is listed as 
equation 4. Figure 6 (a) shows the experimental results 
under radiant heat exposure along with the prediction 
value obtained from the regression equation. 
 

𝐻𝑇𝐼24 = 12.11 + 0.583 × 𝐴𝑑𝑑𝑜𝑛 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 +  1.2 ×
 𝑇𝑀𝐶𝑆 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛                                           … (4) 
 

Table 6 represents the ANOVA table for flame 

exposure. Lower significance F value (3.71E
-05

<0.05) 

and higher R
2
 value (0.96) show the excellent 

correlation between the independent and dependent 

variables. The regression equation to predict the HTI24 

value at different add-on percentages and different 

TMCS concentrations under flame exposure is listed 

 
 

Figure 5 — (a) Relationship between flame heat transfer index and add-on percentage, TMCS concentration; (b) Relationship between 

radiative heat transfer index and add-on percentage, TMCS concentration 
 

Table 5 — ANOVA table for radiant heat exposure 

 df SS MS F Significance F 

Regression 2 1044.833 522.4167 36.14413837 0.000450157 

Residual 6 86.72222 14.4537   

Total 8 1131.556    
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as equation 5. Figure 6 (b) shows the experimental 

results under flame exposure along with the prediction 

value obtained from the regression equation. 
 

𝐻𝑇𝐼24 = 35.33 +  0.775 × 𝐴𝑑𝑑𝑜𝑛 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 +  1.8 ×
 𝑇𝑀𝐶𝑆 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛                                                … (5) 

 
4 Conclusion 

TEOS based silica aerogel have been developed in 

situ nonwoven thermal liner using ambient pressure 

drying technique. The SEM image shows the 

increased porous structure of silica aerogel with the 

increase in silylating agent (trimethylchlorosilane 

(TMCS)) concentration. Thermogravimetric Analysis 

shows that the thermal stability of the aerogel 

embedded thermal liner increased with the rise in 

aerogel add-on percentages. The thermal conductivity 

of the aerogel embedded thermal liner decreases with 

the increase in both silica add-on percentages and the 

increased silylating agent (TMCS) concentration. 

Silica aerogel improves the thermal protective 

performance of the thermal liner. The HTI24 value of 

the aerogel embedded thermal liner is superior to 

untreated nonwoven thermal liner. The HTI24 value 

increases with higher add-on percentages and higher 

TMCS concentration. Regression study has been done 

for both radiative and flame heat exposure and from 

the study in can be seen good correlation between 

independent and dependent parameters for both 

radiative and flame exposure. The aerogel embedded 

thermal liners provide higher thermal protection in 

extreme conditions and can be used in multilayer fire 

fighter suits in the place of nonwoven thermal liner.  
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