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ABSTRACT 

 
DEVELOPMENT OF AEROGEL FIBERS AND COMPOSITES FOR 

TEXTILES 

 

 Faheem Ahmad 

Doctor of Philosophy in Materials Science and Engineering 

 January 2020 

 

 

Aerogels are a class of nanostructured materials with some extraordinary 

properties like low densities, high porosities, high surface areas and low thermal 

conductivities. These properties of aerogels make them very attractive as fabrics for 

thermal insulation, liquid absorption, sound absorption and medical textiles. In this work, 

pure aerogel fibers and aerogel based nonwoven fibrous composites were prepared. A 

composite of alginate aerogel with polyester (PET) nonwoven was synthesized by a sol-

gel method. A needle punched PET nonwoven was soaked with an alginate solution and 

then immersed in an aqueous CaCl2 solution which resulted in the formation of a gel 

inside the PET nonwoven. The gel was dried with supercritical CO2 after solvent 

exchange with ethanol leading to alginate aerogel-PET nonwoven composite. The 

aerogels were porous and were in the form of blocks in between the PET fibers as evident 

from SEM images. The thermal properties of the composite were measured using a heat 

flow meter. The thermal diffusivity of the composite was significantly lower than the 

thermal diffusivity of the pure PET nonwoven. The composite also had a higher thermal 

resistance and a higher tensile strength than the pure PET nonwoven. Experiments using 

a thermal imaging camera indicated that the heat flux in the composite is much lower than 

in pure PET nonwoven due to the presence of alginate aerogel.  The results show that the 

new composite material is promising for use in thermal clothing applications. 

A composite of cellulose aerogel with needle punched cotton nonwoven was also 

synthesized by a sol-gel method. The cotton nonwoven was immersed inside the solution 

of cellulose and heated at 50 ºC for 2 hours which led to the formation of layers of gel 

inside the cotton nonwoven. Then gel was dried with supercritical CO2 after solvent 

exchange with acetone to obtain cellulose aerogel cotton nonwoven composite. This 

composite had a highly porous structure and an average pore diameter of 25 nm. The 

wound exudate (fluid) absorbency test was performed to determine the performance of 

this composite for wound dressings. The cellulose aerogel cotton nonwoven composite 

showed high wound exudate absorbency. Furthermore, silver was loaded inside the 

aerogel composite in order to achieve antimicrobial properties. The composite was soaked 

in 0.02 M solution of silver nitrate after solvent exchange with acetone and dried 

supercritically. The composite exhibited excellent antibacterial resistance against 

Escherichia coli bacteria. 
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The pure aerogel fibers were produced from sodium alginate. Firstly, alginate gel 

fibers were synthesized by extrusion of an alginate solution (three different concentrations 

in water) into a CaCl2 aqueous solution using a syringe pump. Removal of water from the 

gel fibers by solvent exchange with ethanol followed by supercritical extraction of ethanol 

at 308 K and 10 MPa resulted in alginate aerogel fibers. Three different kinds of alginate 

aerogel fibers were prepared by changing the concentration of the alginate solution. The 

aerogel fibers were characterized by mercury porosimetery, scanning electron 

microscopy, Raman spectroscopy and tensile strength tester.  All three fibers were highly 

porous with surface areas and densities in the range of 220 m2/g to 231 m2/g and 0.2 g/ 

cm3 to 0.3 g/ cm3 respectively. The maximum elongation of the fibers ranged from 12 % 

to 15 % while their elastic modulus ranged from 0.26 MPa to 0.45 MPa. 
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ÖZET 
 

Aerojeller, düşük yoğunluğa, yüksek gözenekliliğe, düşük ısı iletkenliğine ve 

yüksek yüzey alanına sahip bir nanoyapılı malzeme sınıfıdır. Aerojellerin bu özellikleri, 

onların ısı yalıtımında, sıvı ve ses emiliminde ve tıbbi tekstil malzemelerinde kullanımını 

çekici kılmaktadır. Bu çalışmada, saf aerojel elyaflar ve aerojel bazlı dokunmamış elyaflı 

kompozitler hazırlandı. Aljinat aerojel ve dokunmamış polyester (PET) kompoziti sol-jel 

yöntemi ile sentezlendi. Bir iğne ile delinmiş dokunmamış PET, aljinat çözeltisi ile 

ıslatıldı ve daha sonra sulu bir CaCl2 çözeltisine daldırıldı, bu şekilde dokunmamış PET 

içerisinde bir jel oluşturuldu. Etanol ile çözücü değişimden sonra, jel süperkiritik CO2 ile 

kurutuldu ve aljinat aerojel - dokunmamış PET kompoziti elde edildi. SEM 

görüntülerinden, aerojellerin  gözenekli ve PET elyafları arasında bloklar halinde olduğu 

görüldü. Kompozitin termal özellikleri bir ısı akış ölçer kullanılarak ölçüldü. Kompozitin 

termal yayılımı, saf dokunmamış PET malzemenin termal yayılımından önemli ölçüde 

daha düşüktü. Kompozit, ayrıca saf dokunmamış PET malzemeden daha yüksek bir 

termal dirence ve daha yüksek bir gerilme mukavemetine sahipti. Bir termal görüntüleme 

kamerası kullanılarak yapılan deneyler, kompozit içindeki ısı akısının, aljinat aerojelinin 

varlığı nedeniyle saf dokunmamış PET malzemeye göre çok daha düşük olduğunu 

gösterdi. Sonuçlar, yeni kompozit malzemenin termal giysi uygulamalarında kullanım 

için umut verici olduğunu göstermektedir. 

İğne ile delinmiş dokunmamış pamuk ve selüloz aerojel kompoziti de bir sol-jel 

yöntemi ile sentezlendi. Pamuklu dokunmamış malzeme selüloz çözeltisinin içine 

daldırıldı ve 2 saat boyunca 50 °C'de ısıtıldı. Bu da pamuklu dokunmamış kumaş içinde 

jel tabakalarının oluşumuna yol açtı. Jel, aseton ile çözücü değişiminden sonra süperkritik 

CO2 ile kurutuldu ve jel-selüloz aerojel dokunmamış pamuklu kompoziti elde edildi. Bu 

kompozit, oldukça gözenekli bir yapıya ve ortalama 25 nm gözenek çapına sahipti. 

Kompozitin yara bandları için performansını belirlemek üzere yara eksüda (sıvı) emicilik 

testi yapıldı. Selüloz aerojel- dokunmamış pamuk kompoziti, yüksek yara eksüda 

emiciliği gösterdi. Antimikrobiyal özelliklere ulaşmak için aerojel kompozitinin içine 

gümüş yüklendi. Kompozit, aseton ile çözücü değişiminden sonra 0.02 M gümüş nitrat 

çözeltisine batırıldı ve süperkritik olarak kurutuldu. Kompozit, Escherichia coli 

bakterilerine karşı mükemmel antibakteriyel direnç sergiledi. 

  Saf aerojel elyaflar sodyum aljinattan üretildi. Aljinat jel elyafları, bir şırınga 

pompası vasıtasıyla bir aljinat çözeltisinin (su içinde üç farklı konsantrasyon) bir CaCl2 

sulu çözeltisine ekstrüzyonu ile sentezlendi. Suyun, jel elyaflardan çözücü değişimi 

aşamasında etanol ile uzaklaştırılmasının ardından, etanolun 308 K ve 10 MPa'da 

süperkritik ekstraksiyonu sonucunda aljinat aerojel elyafları elde edildi. Aljinat 

çözeltisinin konsantrasyonu değiştirilerek üç farklı aljinat aerojel elyafı hazırlandı. 

Aerojel elyafları, cıva porosimetrisi, taramalı elektron mikroskopisi, Raman 

spektroskopisi ve gerilme mukavemeti test cihazları ile karakterize edildi. Her üç elyaf 



 

 vii 

da oldukça gözenekliydi. Yüzey alanları ve yoğunlukları sırasıyla 220 m2 / g ila 231 m2 / 

g ve 0.2 g / cm3 ila 0.3 g / cm3 aralığında bulundu. Elyafların maksimum uzaması % 12 

ila % 15 arasında değişirken, elastik modülleri 0.26 MPa ila 0.45 MPa arasında değişti. 
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 INTRODUCTION 

 
 

1.1 Textiles for Thermal Insulation 

 

Textiles are among the necessities of life which provide cover, comfort and protection 

to the humans. Protection from cold is highly important to maintain the comfort level of 

human body. Textiles Clothing acts as thermal barrier for human body against the low 

temperature environment and hinders the flow of heat from body to the surroundings [1]. 

The thermal insulation, air permeability and water vapor resistance control the comfort 

properties of textile fabrics.  These three parameters  mainly depend upon the type of 

fibers, structure, numbers of layers and chemical treatment of fabric [2]–[4].Woven, 

knitted and nonwoven fibrous assemblies/structures and clothing are usually used to 

protect the human body from cold [5]–[7]. 

Fibers are building block of textile products. The pure natural fibers, synthetic fibers 

and their blends are commonly used to manufacture different textiles. The physical and 

mechanical properties of textile fibers are very important to achieve a require output from 

specific textile product [8]. Textile fibers are firstly spun into yarn and then converted 

into a fabric by applying weaving or knitting process [9].  

Textile fabrics are also produced directly from fibers which are called nonwovens. A 

fibrous web is usually manufactured by carding, airlaid and wet-laid methods which is 

later bonded by meanings of the thermal bonding, chemical bonding or mechanical 

bonding (needles or water jet) to structure nonwoven fabrics.  

Thermal bonding deals the formation of nonwoven fabric by employing heat to 

fibrous web. The fibrous web usually contains a thermoplastic fiber/polymer component 

which melts to bond the web to form a nonwoven fabric. The nonwoven fabrics produced 

by thermal bonding are bulker and softer. 
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The nonwovens are also prepared by incorporating chemical binders to bond the fibers 

inside the web. The types of binders and fibers influence the strength and stiffness of the 

fabric. The choice of the binder usually depends upon the applications of nonwoven. 

The hydroentanglement bonding is a mechanical process which involves the 

entanglement of fibers by high speed water jets. These nonwoven fabrics are softer and 

have compact structure. 

The needle punching is a technique in which the fibers are also mechanically 

entangled by using reciprocating barbed needle. The barbs of needle hold the fibers from 

moving fibrous web and put them to the perpendicular direction to the fabric.  The 

structure of needle punched nonwoven fabric depends upon the arrangement of fibers 

during the web formation and web bonding which control the physical and mechanical 

properties of the fabric. Moreover, the selection of raw material is also important to obtain 

the desire properties of the fabric. The needle punched nonwovens have shown high 

porosity and good mechanical properties. The needle punched nonwovens are shown in 

Figure 1.1 [10].  

 

 

Figure 1.1: (a) Needle punched cotton nonwoven (b) Needle punched wool nonwoven 
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The nonwovens fibrous assemblies are highly porous, light weight, low density and have 

low cost of production. Nonwovens are also versatile in terms of usage of raw materials. 

Moreover, nonwoven fabrics also have high strength, flexibility and good abrasion 

resistance. Therefore, nonwovens are one of the best available products for insulation 

applications like blankets. Thermal properties of nonwoven assemblies can be engineered 

by changing the type of fiber, porosity and the amount of air inside the structure. Porosity 

of nonwoven is the key to form a thermal barrier because porous structure enables 

nonwoven to hold air inside it and air has a low thermal conductivity of 0.025 W m-1 K-1 

[11], [12].  

The properties of nonwoven can be enhanced by making composites of nonwovens 

with other types of materials. Such nonwoven composites are prepared by coating or 

filling the natural or synthetic fibers based nonwovens with different kinds of chemicals 

such as various resins such as polyvinyl acetate and other various esters. Lots of efforts 

have been made to develop new nonwoven composites to improve their thermal insulation 

properties further by varying the combination of raw materials [13], [14]. 

 

1.2 Aerogel-based Textile Composite for Thermal Insulation 

 

The aerogels were synthesized by Kistler in 1932 who developed these stable porous 

materials by removing the pore liquid with gas. Kistler produced several types of aerogels 

which include silica, tungsten oxide and alumina aerogels. The aerogels were firstly 

commercialized by Monsanto Chemical Company in 1969 who used silica aerogels as 

additives for tooth paste, cosmetics and as thickening agents for paints. Afterwards, the 

organic and hybrid aerogels have also been developed which further spread the areas of 

application of aerogels. These are available in the forms (Figure 1.2) of beads, monoliths, 

fibers and composites which are now being used in various applications such as drug 

delivery, biomedical, food processing, optics, shock absorber, catalysts and energy 

storage [15]–[18]. 

Moreover, aerogels are also used for producing materials for thermal insulation due 

to their nanoporous structure (Figure 1.3) [19], [20]. The total thermal conductivity of 

these aerogels depends on solid conduction, gas conduction and convection and  
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thermal radiation contributions. The pore size of aerogels is very low so gas convection 

is almost negligible [21]. The major contribution of thermal conductivity through these 

porous aerogels is given by gas conduction which is reduced below air due to the Knudsen 

effect [22]. As a result, thermal conductivity of aerogels can be as low as 0.01 W m-1 K-1 

[23], [24]. Therefore, silica aerogels have the lowest thermal conductivity among 

available porous structures and are used for manufacturing of commercially available 

thermal products [25]. 

 

  

  Figure 1.2: (a) Aerogel beads                 (b) Aerogel monoliths 

  

 

Figure 1.3: SEM image of porous structure of aerogel 
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Also low density (0.003-0.2g/cm3) and high surface area (500-1200m2/g) of silica 

aerogels have made them attractive for insulation [26]–[28]. However, due to their low 

densities, these aerogels have highly fragile structure and can crack or disintegrate easily 

[29]. 

Silica aerogels are inorganic materials by nature which are mostly prepared by the 

sol-gel method followed by supercritical drying [30], [31]. Tetraethoxysilane (TEOS), 

tetramethoxysilane (TMOS) and polyethoxydisiloxane are widely used as a precursor for 

silica aerogel. Acid or base catalyst is used for hydrolysis of silicon dioxide. The solution 

of precursor turns into gel by adding it into acid or base catalyst and form a network. This 

network of this gel contains some unreacted groups like alkoxide groups so to provide 

strength to this network, aging of gel is done by controlling pH of the solution. It helps to 

minimize the cracking of solid gel. Water from aging solution is completely removed to 

prepare it for drying process.  

The silica gel is normally dried by using supercritical carbon dioxide drying 

method. This drying step is most important in context to attain the porous structure of 

aerogel. The capillary pressure can cause a fracture and can damage the pores of gel. So 

to avoid this damage, supercritical carbon dioxide removes the liquid (solvent) from the 

pores of gel above the critical temperature (313 K) and critical pressure (90 bar) which 

minimize the capillary forces to provide the porous structure of aerogels [32]–[34]. 

The combination of nonwoven and aerogel in the form of a composite may be one 

of the most efficient insulating products. These nonwoven composites are made of fibers, 

resin (aerogel material) and air. The effective thermal conductivity of these composites 

essentially depends upon the volume fraction of fiber, aerogels and air inside composites 

[31], [32]. The first aerogel fiberous composite blanket was commercilised in 2000 by 

Aspen Aerogel. The silica aerogel was incorpoeted into the glasswool fiberous matrix to 

produce a blanket with high thermal insulation [37].  

The silica aerogel blankets are mostly used for insulation of pipes and buildings. 

NASA has used aerogel blanket as insulation material for Mars Rover and space suits. 

The aerogels are also used as filler and sandwiched between fabrics to make garments 

and sleeping bags [17], [38].  
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Mostly polypropylene, polyester and glass wool nonwoven fibrous structures can be used 

for these aerogel based composites. These aerogel blankets have thermal conductivity in 

the range of 0.014 W/m.K and these blankets are also more flexible as compared to pure 

aerogel [39]. 

There have been some studies in the literature on preparation of silica aerogel-

nonwoven composites. Two general strategies were described to synthesize these 

composites. The first one is the incorporation of aerogel beads into the nonwoven fibrous 

web before bonding of the fibers which used to prepare silica aerogel-polyester nonwoven  

composite. The second technique involves immersing the nonwoven fabric into the 

solution which later gels inside the fabric. The gel is dried by using supercritical drying 

method to obtain aerogel based fibrous composite. The silica aerogel-glass fiber 

composites in the form of blankets are produced by this technique [7], [40], [41].  

There have been few studies in literature which investigated the thermal and 

physical properties of aerogel based nonwoven blanket. These studies concluded that the 

weight fraction of silica aerogel in the fibrous nonwoven fabric played key role to achieve 

the required thermal insulation from aerogel incorporated blankets. They also observed 

that the density of nonwoven fabric and type of textiles fibers are the other important 

parameters which can change the physical and mechanical properties of aerogel based 

nonwoven thermal blanket. The blanket fabric made of aerogel fibrous composite is 

shown in Figure 1.4. 

 

 

Figure 1.4: Aerogel nonwoven blanket 
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The use of woven fabrics with blend of two textile fibers is also investigated by the 

researchers. They incorporated the nanoparticles of silica aerogel in the fabric which was 

the blend of wool-aramid (65:35) fibers. They observed that the 2 % coating of silica 

aerogel can increase the thermal resistance of fabric up to 68 % as compared to pure fabric  

[25], [42], [43].  

Silica aerogels have high tendency to produce a lot of dust during their handling. 

As the silica aerogels are brittle in nature and show limited range of mechanical strength 

so these aerogels are crushed during bending. The fine dust particles of silica aerogels are 

oleophilic in nature which results in an unpleasant feeling when using silica aerogel based 

thermal blankets [29], [39], [44].  

A textile remains in contact with human skin during its application so it is 

important that a clothing or blanket should be biocompatible with skin and also these 

should be biodegradable in context to their disposal [45]. Normally, the aerogel based 

fabrics (mostly nonwovens) are sandwiched between the two layers of different types of 

fabrics to avoid the direct contact of these fabrics with human skin. Therefore, alternative 

aerogels would be attractive for producing winter clothing and thermal blanket which do 

not have any harmful effects to the human skin. 

Polysaccharides are organic biopolymers which are used to prepare aerogels from 

alginate, cellulose, pectin, starch, chitin and chitosan. These are biocompatible and 

biodegradable which make them attractive for various applications [18], [46], [47]. 

Additionally, alginate and cellulose aerogels are more flexible [48]–[52]. So, these 

may be good alternatives of silica aerogel for the formation of aerogel-nonwoven fibrous 

composites. The alginate and cellulose aerogels based nonwoven composites may serve 

as promising materials for thermal insulation, sound and liquid absorption and medical 

textiles. 

Alginate is a sodium salt of alginic acid which is naturally occurring an organic 

material  that is extracted from brown seaweeds. It is a linear copolymer of (1, 4)-linked 

β-D-mannuronic acid linked and α-L-guluronic acid. Alginate is a polysaccharide and 

was discovered by Standford more than a century ago which has been widely used in 

pharmaceuticals, food processing, textiles and paper formation for many years [53].  

The alginate aerogels are prepared in four steps which involve: preparation of 

aqueous solution of sodium alginate, gelation of alginate, solvent exchange and drying.  

 



 

Chapter 1: Introduction  8 

 

 

To produce gel of alginate, an aqueous solution of required concentration is formed which  

depends upon the molecular weight of alginate. The aqueous sodium alginate has great 

affinity to make gel after reacting with aqueous  solution of divalent cations. Therefore, 

the prepared alginate solution is combined with the solution with contains divalent cations 

such as Ca+2, Ba+2, Mg+2 and others. The divalent cations are believed to attach with 

carboxyl group from guluronic sites of alginate to cross-link the chains of polymer to 

form a gel network. After gelation, the gel is brought to solvent exchange to remove the 

water which is followed by supercritical drying in order to preserve the porous aerogel 

structure [54], [55]. 

Alginate aerogels have very low thermal conductivity and have great potential 

towards insulation applications. These aerogels have thermal conductivity as low as 0.018 

W/mK, surface area as high as 680 m2/g and porosity as high as 99.8 % [56], [57], [58]. 

 

Cellulose is another commonly used organic compound which is biodegradable and 

biocompatible biopolymer. Cellulose aerogels also have high surface areas (975 m2/g), 

low densities (0.0005 g/cm3) and high porosities (99.9 %). Cellulose aerogels are prepared 

by dissolving the cellulose or derivative of cellulose which is followed by the gelation of 

cellulose. Then, the solvent exchange or aging of cellulose gel is occurred. The solvent is 

removed from pore of cellulose by supercritical drying or freeze drying to get the solid 

porous structure of cellulose aerogel.  The preparation of aerogel from cellulose carries 

some advantages over other aerogel precursors. These advantages are: cellulose as a raw 

material is renewable, no need of cross-linking agents for gelation and the chemical 

modification is easy as compared to other aerogel materials. The cellulose aerogels are 

used in thermal barriers, oil/water separation, source for carbon aerogels, metal oxide 

carriers and various biomedical applications [59], [60]. 

 

1.3 Aerogel-based Textile Composite for Wound Dressings 

 

Though, the inorganic silica aerogels are used for some biomedical applications, but 

the organic aerogels like polysaccharides are proven to be more superior due to their 

nontoxicity, biocompatibility and biodegradability [18], [47], [61]. These aerogels are 

excellent materials for drug delivery, tissue engineering and wound dressings applications 

[62]–[64]. Wound care products demand has been increased across the globe.  
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Wound is a rupture or cut in skin resulting from any physical, chemical or thermal 

damage. These damages interrupt the functions of skin which are to protect the underlying 

tissues, bones and to regulate the body temperature. Therefore, it is essential to heal the 

wound as soon as possible to ensure the functioning of skin. Wound healing is a complex 

process which passes through four stages to achieve the complete growth and regeneration  

of tissues [65]–[67]. The first stage of healing process involves the prevention against 

microbial contamination and stoppage of blood loss. The second stage is a defensive or 

inflammatory which deal with formation of wound bed for the growth of new tissues. The 

filling of wound occurs in third step of wound healing which is called proliferative stage. 

The remodeling and maturation of wound come as a last stage which involves the 

formation of new tissues. This last wound healing step takes three weeks to two years 

depending on the category of the wound [68], [69].  

The efficient and effective healing process can be attained through controlled 

environmental conditions at wound. These effective conditions can be achieved by 

controlling the microbes attack, provide vitamins and minerals and maintain moisture 

around wound. These conditions are successfully maintained by wound dressings in 

modern wound care management [70]–[72].  

A wound dressing is a padding to dress the wound to promote the healing process. 

The dressing is different from gauze or bandages which are usually applied to cover the 

wound [73], [74]. The modern wound dressings have the ability to set moisture, provide 

antimicrobial resistance and can absorb the wound exudate. They are also loaded with 

several types of gels and drugs to protect and heal the wound. These modern wound 

dressing have been made from synthetic and natural materials and can be divide into 

several categories. These can be classified by their constituent materials and working 

mechanism such as hydrogel, hydrocolloids, collagen composites, alginates and tissue 

engineered skin substitute [75]–[77].  

Hydrogel wound dressings are most suitable to maintain a moist condition at 

wound as these are composed of hydrophilic polymers. The chitosan and collagen 

polymers are usually used to structure hydrogel wound dressings in pad form which has 

outer nonwoven protection. The bovin-serum and glycosaminoglycan based hydrogel 

wound dressings are also produced [78]–[80]. Though, hydrogel dressings are nonirritant 

and elastic but have low mechanical strength and not showed desired results for heavy 

wound exudate [81], [82].  
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Hydrocolloid dressings carry two layers structure which interact with the wound exudate 

to form a gel on the wound surface. Usually, the outer protective layer is made from 

polyester nonwoven which hold the inner composite layer. The inner layer contains a gel 

forming component which can be a combination of gelatin, pectin or polyurethane. The 

Hydrocolloid dressings are not recommended for wounds with higher exudate [83], [84].  

Collagen wound dressings are protein based bioactive dressings which form fibroblast 

on wound to accelerate the healing process by the migration of endothelial. These wound 

dressings are more effective for the wound with high exudate. The collagen layer contains 

various gels, polymers, alginates and cellulose derivative which able the dressing to 

absorb more wound exudate. Collagen wound dressings are also prepared in the form of 

pad by employing nonwoven fabric as a substrate [85]–[87]. 

The alginate based wound dressings promote the healing by keratinocytes migration 

on wound tissues [88]. It was also reported that alginate has the ability to accelerate 

wound healing by activating macrophages to develop TNF-α which initiates 

inflammatory signals [89]. The alginate is highly hydrophilic polymer that contains 

sodium and calcium salts having mannuronic and guluronic acid sites which forms gel 

when interacts with divalent cations like calcium. When alginate dressings interact with 

wound exudate, the layer of gel forms by ions exchange which helps to maintain the 

moisture environment at wound. The alginate dressings need a secondary dressing to 

avoid the dehydration of wound [84][90].  

The tissue engineered skin substitutes which work like an artificial skin are employed 

for the wounds with extensive skin damage like burns. The skin substitutes consist of 

keratinocytes or dermal on collagen matrix along with fibroblast which stimulate the 

wound healing [91].  

The commonly used wound dressings are mostly engineered in the form of composites 

which have an outer proactive layer to keep the inner wound interacting component. The 

outer layer of wound dressing is usually made from nonwoven fabric. Nonwovens are 

fibrous assemblies which are highly porous, light weight, low density and can easily be 

structured by using different raw materials. Therefore, nonwovens are considered suitable 

materials for wound dressings [80]. An ideal wound dressing has high porosity, moisture 

permeability, high surface area, flexibility and high mechanical strength [90][92][93].  
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Additionally, the wound dressing should also be bacterial resistant, biocompatible and 

nontoxic. In view of these requirements, the combination of an organic aerogel with 

nonwoven fabric may provide an efficient wound dressing.  

 

1.4 Pure Aerogel Fibers as Alternative to Aerogel-based Textile Composites 

 

The aerogel based textiles are normally produced by two techniques. The more 

commonly employed technique involves the formation of aerogel textile composites by 

the incorporation of fibrous assemblies into a solution which later is gelled, cured and 

dried. The fibrous assemblies which act as substrates can be woven, knitted and 

nonwoven fabrics. Glass wool, polyester and polypropylene fibers are commonly used to 

build these fabrics/laminates. In these aerogel textile composites, the aerogel component 

acts as resin while the textile fibers provide the reinforcement [94]–[97] 

The second technique involves embedding the solid aerogel beads into the fibrous 

assemblies to build a nanoporous composite fabrics [7], [98]. The composites made by 

these two methods have low thermal conductivities, high sound and liquid absorption 

capacities. Aerogel blankets formed by incorporating silica aerogels into glass fibers have 

been commercially available for some time [99], [100].  

Another strategy is to make aerogel based fabrics using pure aerogel fibers or fiber to 

fiber blend of aerogel fibers with conventional textile fibers. These fabrics may have 

interesting or superior properties. The syntheses of cellulose and silica aerogel fibers were 

reported recently in literature.  

The cellulose aerogel fibers were formed by using a twin screw extrusion process by 

first dissolving cellulose in molten salt hydrate. Then, this solution was extruded to obtain 

gel fibers which were dried by using supercritical extraction to form cellulose aerogel 

fibers [101]. 

The silica aerogel fibers were produced by the sol-gel technique. Firstly, tetraethyl 

orthosilicate (TEOS), ethanol, water and a catalyst were mixed to get a homogenous 

solution. Then this solution was put into the fiber spinning assembly and extruded to form 

silica gel fibers. These gel fibers were supercritically dried to obtain silica aerogel fibers 

[102]. The silica and cellulose aerogel fibers were shown to have high porosities and low 

densities with properties comparable to the properties of the same type of aerogels in 

monolithic or bead form.  Cellulose aerogel fibers also had good tensile strength and  
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flexibility [101]–[103]. 

As described earlier, alginate is an organic biopolymer which has some wonderful 

applications in biomedical, food processing, textiles and paper industries [104]. Alginate 

aerogels have very low thermal conductivity, low density, high surface area and high 

porosity [56]–[58].  

Moreover, alginate aerogels have better mechanical properties and are categorized as 

viscoplastic materials. These aerogels can be bent like a paper up to 180º. The formation 

of alginate aerogels based PET composite for textile applications was recently reported 

in the literature. This alginate aerogel composite also had good mechanical and desirable 

pore properties. Therefore, alginate aerogels may have great potential for production of 

thermal clothing, liquid absorption fabrics, sound absorption fabrics and medical textiles 

[56], [105].  

Alginate aerogel in the shape of fibers may have some additional flexibility which 

may be useful for preparation of aerogel based textiles for various applications. Actually, 

the fibrous forms of a number of materials like glass, ceramic and graphite were found to 

be more flexible and vibration resistant than their solid forms [102]. 

This work presents the formation of aerogel of aerogel textiles which were produced 

in forms of pure aerogel fıbers and fıbers reinforced aerogel composites.  Two different 

kinds of composites were developed, one of these two was synthesized by the incorportıon 

of alginate aerogel into PET nonwoven while the other was  produced by the combination 

of cellulose aerogel with cotton nonwoven. Then, they were characterized by keeping in 

view of their area of applications. These aerogel based fibrous composites may be useful 

to produce fabrics for various appliations such as thermal insulation, sound absorption, 

liquid absorption and wound dressings. 

Moreover, pure alginate fibers were synthesized from aqueous solution of sodium 

alginate by an extrusion process. These fibers are flexibile and carrying typical aerogels 

properties which can be employed to produce some novel textiles products.
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 MATERIALS AND METHODS 
 

 

 

2.1 Preparation of Alginate Aerogel PET Nonwoven Composite 
 

 

To prepare alginate aerogel nonwoven composites, alginate source (Na-Alginate, 

Sigma Aldrich) was primarily dissolved in water to obtain 1.5 % by weight solution. A 

second aqueous solution was prepared with the gelation trigger, CaCl2 (Sigma Aldrich) 

with a concentration of 0.2 M. Polyester Nonwoven fabric (PET nonwoven was taken 

from a blanket manufacturing company in Turkey) was firstly washed with pure ethanol 

and then dried in an oven to remove all possible impurities. The areal density of the PET 

nonwoven was in the range of 360 g/m2. 

 

 

 

 

 

 

 

 

 

 

 

 

Aqeous Alg. Sol. Alg. Sol. + Nonwoven CaCl2 Sol. + Nonwoven 

 Nonwoven with Gel      Alg. Aerogel  PET Nonwoven Comp. 

Soak PET Nonwoven  Gelation 

SFC Drying Solvent Exchange 

Figure 2.1: Schematic diagram of formation of alginate aerogel nonwoven PET composite 
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PET nonwoven was then placed in alginate solution and soaked overnight to allow the 

diffusion of the alginate inside the fabrics.The schematic diagram of process of formation 

of alginate aerogel PET nonwoven composite is shown in Figure 2.1. 

Afterwards, it was taken out of the solution and immediately placed inside the CaCl2 

solution for gelation. The nonwoven fabric was left for 15 minutes in the CaCl2 solution 

for ripening and then removed and washed with distilled water. The nonwoven was then 

successively subjected to a series of ethanol-water aging solutions of increasing ethanol 

concentration (10, 30, 50, 70, 90 and 100% ethanol) each with a duration of at least 30 

minutes.  

The last step was to dry wet composite gels at 90 bar and 313 K with supercritical 

carbon dioxide using an Applied Separations Speed SFE system with a 500 ml extraction 

vessel. Primarily, the vessel was filled with pure ethanol to prevent the contact of the 

composite samples with air and the synthesized composite was placed inside. Initially, 

ethanol which was used to fill the vessel was extracted. This was followed by extraction 

of ethanol from the pores of the samples to dry them completely, which took about 7 

hours. Subsequently, the vessel was depressurized very slowly to prevent formation of 

cracks in the aerogel component. Beads of alginate aerogels were also produced 

separately using a similar procedure. The alginate solution was poured in to CaCl2 with 

the help of burette to form beads. The ethanol-water aging and drying of these beads were 

done in similar way as were done for PET nonwoven composite. 

 

2.2 Characterization of Alginate Aerogel-PET Nonwoven Composite 
 

2.2.1 IR Spectroscopy 

 

The synthesized alginate aerogel-fabric composite was characterized by 

Attenuated Total Reflectance (ATR) spectroscopy (Thermoscientific Nicolet IS10) to 

ensure the presence of alginate aerogel in the samples. The monolithic samples were cut 

in small dimensions before the measurements as required by sample size requirements of 

IR measurements.  
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2.2.2 XRD Analysis of Composite 

 

X-rays diffraction (XRD), Bruker 08 Advance with CuKa radiation was used to 

determine the crystalline properties of pure PET nonwoven and alginate aerogel-PET 

nonwoven composite.  

 

2.2.3 Thermal Stability Test of Composite 

 

Thermogravimetric analyzer (TGA) Q500 was used to determine the thermal 

stability of pure alginate aerogel, pure PET nonwoven and of alginate aerogel-PET 

nonwoven composite. Samples were first dried and then were placed in aluminum pan 

which acted as a sample holder. The ramp rate was set at 5 ⁰C/min and then all the samples 

were heated from 20 ⁰C to 800 ⁰C in nitrogen purge (60 mL/min). 

 

2.2.4 SEM Analysis 

 

To investigate the porous structures, SEM images were taken with Zeiss Ultra 

Plus Field Emission Scanning Electron Microscope after gold coating (4-5 nm).   

 

2.2.5 Determination of Pore and Surface Properties of Composite 

 

The average pore size, the pore volume and the specific surface area were 

determined by N2 physisorption (Micromeritics ASAP 2020). The samples were primarily 

degassed at 353 K for 1 day prior to measurement to remove any impurities or solvent 

remaining in the pores. After determining the exact weights of the degassed samples, pore 

analysis was conducted using 60-point N2 adsorption/desorption isotherms with a relative 

pressure (P/P0) ranging from 10-7 to 1(which required at least 24 hours of continuous 

operation). The pore size distribution of the samples was determined using the Barret, 

Joyner and Halenda (BJH) method.  
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2.2.6 Thermal Testing of Composite by Alambeta Device 

 

The thermal insulation, thermal diffusivity, thermal conductivity, and thickness of 

both pure PET nonwoven and alginate aerogel based nonwoven composite were measured 

using Alambeta device which employs a heat flow meter according to EN 31092 Standard 

as shown in Figure 2.2. Alambeta contains top and bottom plates between which the 

sample is inserted.Both plates have thermocouples and are set to different temperatures 

i.e. 40 ⁰C for top plate and 32 ⁰C for bottom plate.  

 

 

 

Figure 2.2:  Principle of measurement of thermal properties of Pure PET nonwoven & 

alginate aerogel-PET nonwoven composite 

 

After upper plate is lowered, the flow of heat is measured using a heat flow meter. 

The whole system is attached to computer programmed system. Alambeta has the 

capability of measuring both steady state and transient thermo-physical properties of 

compressible materials like textiles, biomaterials, foodstuff and liquids. 

 

2.2.7 Thermal Imaging Test of Composite 

 

Thermal imaging of pure PET nonwoven and alginate aerogel-PET nonwoven  



 

 

Chapter 2: Materials and Methods  17 

 

 

composite was also conducted to estimate the thermal behavior qualitatively. FLIR seek 

thermal camera was used for thermal imaging. 5 cm x 5 cm specimens were cut from both 

fabrics and were placed on a hot plate. Temperature of the hot plate was maintained 

around 40 ⁰C. It was made sure that the surface of the hot plate had even contact with 

both specimens to provide the uniform thermal radiation. The room temperature was kept 

around 20±2 ⁰C. After both specimen were positioned on the hot plate, seek thermal 

camera was placed at a distance of around 40 cm from specimens. The images were 

captured after five seconds.  

 

2.2.8 Tensile Strength Test of Composite 

 

The stress-strain behavior of pure PET nonwoven and alginate aerogel-PET 

nonwoven composite was determined using a custom made tensile strength tester. Dog 

bone-shaped samples were cut according to ASTM D412-C standard which had width of 

4mm and thickness of 4 mm. The samples were placed between the jaws of tensile tester 

with a gauge length of 35 mm and were stretched at a constant rate of elongation. 

 

2.3 Preparation of Cellulose Aerogel Cotton Nonwoven Composite 

 

The microcrystalline cellulose (MCC) was mixed with water and allowed it to swell 

at 5 ºC for 2 hours. Another solution was made by dissolving NaOH in water and cooled 

it to -6 ºC. Both solutions were prepared in such a proportion that in 100 g of solution, 

7.6 g NaOH in 56.4 g of water and 6 g of cellulose in 30 g of water were added. These 

two solutions were mixed at -6 ºC and stirred at 1000 rpm for 2 hours. Then, a needle 

punched cotton nonwoven with areal density of 350 g/m2 was immersed inside the 

prepared cellulose solution for 30 min to allow the diffusion of the cellulose inside the 

fabric. Afterwards, fabric was put inside the oven at 50 ºC for 2 hours where the gelation 

of cellulose occurred inside the nonwoven fabric. After gelation, the fabric was washed 

with distilled water and subjected to a series of acetone-water solutions of increasing 

acetone concentration (10, 30, 50, 70, 90 and 100 % acetone) each with a duration of at 

least 30 minutes. The process flow diagram of cellulose aerogel cotton nonwoven 

composite is shown in Figure 2.3. 
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Figure 2.3: Process flow diagram of cellulose aerogel cotton nonwoven composite 

 

The final stage was to dry wet cellulose gel inside the cotton nonwoven with 

supercritical carbon dioxide at 90 bar and 313 K using an Applied Separations Speed SFE 

system with a 100 ml extraction vessel.  The vessel was filled with pure acetone and the 

synthesized composite was placed in it. Firstly, acetone inside the vessel was extracted 

which was followed by the removal of acetone from the pores of composite to dry it 

completely which took 6 to 7 hours to obtain cellulose aerogel cotton nonwoven 

composite. Subsequently, the vessel was depressurized very slowly to prevent formation 

of cracks in the cellulose aerogel. As cotton is a hydrophilic fiber so its was made sure 

that the composite was dried completely and no solvent left inside it. 

The pure cellulose aerogel monoliths were also preapred. A mould was filled with 

cellulose solution and heated at 50 ºC where the gelation occurred after 2 hours. Then, 

solvent exchange and drying steps were performed as were done for cellulose aerogel 

nonwoven composite. 

 

 

 

Solution-I (6 wt. % Cellulose in water at 5 ⁰C)    Solution-II (7.6 wt. % NaOH in water at -6 ⁰C)  

Mixed Both Solutions at -6 ⁰C 

Impregnation of Cotton Nonwoven in Solution 

Heated at 50 ⁰C for 2 hours 

Sc-Drying (313 K, 90 bar) 

Solvent Exchange (water-acetone) 
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2.3.1 Loading of Silver Over Cellulose Aerogel Cotton Nonwovn Composite  

 

To make cellulose aerogel cotton nonwoven resistant against bacteria, the loading 

of silver over the synthesized composite was done. The procedure for silver loading is 

similar till solvent exchange as is for the composite without silver. After solvent 

exchange, when the cellulose gel cotton composite is in 100 % acetone solution then 0.02 

M solution of silver nitrate in acetone was prepared and the composite was soaked in it 

for 24 hours. The supercritical drying of this silver loaded composite was done in similar 

way as was done for the composite without silver. The process flow diagrame is shown 

in Figure 2.4. 

 

Figure 2.4: Process flow diagram of silver loaded cellulose aerogel cotton nonwoven 

composite 

 
 

 

 
 

 

 

 

Solution-I (6 wt. % Cellulose in water at 5 ⁰C)    Solution-II (7.6 wt. % NaOH in water at -6 ⁰C)  

Mixed Both Solutions at -6 ⁰C 

Impregnation of Cotton Nonwoven in Solution 

Heated at 50 ⁰C for 2 hours 

Sc-Drying (313 K, 90 bar) 

Solvent Exchange (water-acetone) 

Soaked Gel Fabric in 0.02 M Silver Nitrate + Acetone 

Solution 
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2.4 Characterization of Cellulose Aerogel Cotton Nonwoven Composite 

 

The cellulose aerogel cotton nonwoven composite was characterized by Attenuated 

Total Reflectance (ATR) spectroscopy (Thermoscientific Nicolet IS10) to confirm the 

formation of cellulose aerogel inside the cotton nonwoven.  

X-rays diffraction (Bruker 08 Advance with CuKa radiation) was used to observe the 

crystalline properties of pure cotton nonwoven and cellulose aerogel cotton nonwoven 

composite with and without silver.  

The porous structures and morphology of cellulose aerogel cotton nonwoven 

composite were analyzed with SEM (Zeiss Ultra Plus Field Emission Scanning Electron 

Microscope). 

The pore properties of composite were determined by N2 physisorption 

(Micromeritics ASAP 2020). Firstly, the composite sample was degassed at 353 K for 24 

hours before measurement for the removal of any impurities or acetone inside the pores. 

After determining the exact weights of the degassed samples, pore analysis was conducted 

using 60-point N2 adsorption/desorption isotherms with a relative pressure (P/P0) ranging 

from 10-7 to 1. Moreover, the pore size distribution of composite was determined using 

the Barret, Joyner and Halenda (BJH) method. 

Differential Scanning Calorimetry (Netzsch STA 449 F3) was used to analyze the 

thermal stability of pure cellulose aerogel, pure cotton nonwoven and of cellulose aerogel 

cotton nonwoven composite. Samples were dried and put in aluminum pans which hold 

the samples. Then these samples were heated in nitrogen purge (20 mL/min) at ramp rate 

of 10 ⁰C/min from 20 ⁰C to 500 ⁰C.  

The core level binding energies of silver inside the cellulose aerogel cotton nonwoven 

composite were investigated by using X‐ray photoelectron spectrometry (Thermo 

Scientific K‐Alpha spectrometer). 
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2.4.1 Wound Exudate (Fluid) Absorbency Testing of Composite 
 

The capacity of cellulose aerogel cotton nonwoven composite to absorb the wound 

exudate was tested by following the standard method of EN 13726-1:2002. Firstly, a 

solution was prepared by dissolving 2.298 g sodium chloride and 0.368 g calcium chloride 

dihydrate in 1 liter of water. This solution has same ionic composition as of wound 

exudate or human serum. The samples of 5 cm x 5cm were cut from pure cotton nonwoven 

and cellulose aerogel cotton nonwoven and their dry weights were measured. 

The prepared solution was heated at 37 ⁰C. Then, solution of weight equivalent to 

40 time the weight of the each sample was taken and dispersed on them separately inside 

the Petri dishes. These samples were put inside the incubator at 37 ⁰C for 30 min. After 

removal from incubator, each sample was picked from its respective Petri dish and hanged 

for 30 sec to remove excessive fluid.  

The wet samples were weighted and fluid absorbency was recorded by following 

expression: 

 Fluid Absorbency (%) =  
𝑤𝑒𝑡 𝑤𝑡.−𝑑𝑟𝑦 𝑤𝑡.

𝑑𝑟𝑦 𝑤𝑡.
𝑋100 

 

2.4.2 Antibacterial Activity Testing of Composite 
 

The antibacterial activity of cellulose aerogel cotton nonwoven composite loaded 

with silver was determined by ATCC 25922 standard test method. The Escherichia 

coli strain was streaked on Mueller Hinton Agar (BD). Single colony inoculation was 

prepared in Cation Adjusted Mueller Hinton broth (BD BBL™ Dehydrated Culture 

Media) after overnight incubation. The inoculum was incubated at 37 ⁰C with continuous 

shaking at 135 rpm for 8 hours. Then bacterial inoculum concentration was adjusted to 

0.5 McFarland. The composite sample was sterilized by ultraviolet rays for 15 min before 

conducting the test. The prepared suspension was spread on Mueller Hinton Agar and 

sterilized sample was put onto the agar plate. This plate was incubated at 37 ⁰C for 

overnight and inhibition zone was analyzed. For the control plate, whatman papers with 

1 and 10 ug/ml ampicillin was prepared and zone inhibition was compared. 
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2.5 Synthesis of Flexible Alginate Aerogel Fibers 
 

The low viscosity sodium alginate was purchased from Sigma Aldrich. Three 

different solutions with concentrations of 6 wt. %, 8 wt. % and 10 wt. % were prepared 

by dissolving sodium alginate in water. These solutions were stirred for 24 hours at room 

temperature. A 0.2 M aqueous solution of CaCl2 was also prepared. Then alginate solution 

was filled into the syringe. A nozzle with a diameter of 800 µm was also attached to the  

tip of the syringe.  Then the syringe was placed in a syringe pump. The alginate solution 

was then pumped into a CaCl2 solution at a rate of 20 µL/min which led to the formation  

of alginate gel fibers in the CaCl2 solution. The gel fibers were left for 15 to 20 minutes 

in the CaCl2 solution for ripening. These fibers were then washed with water. The 

schematic diagram of extrusion of alginate aerogel fibers is shown Figure 2.5. 

 

 

 

Figure 2.5: Schematic diagram of extrusion of alginate aerogel fibers 

 

 

 

 

 



 

 

Chapter 2: Materials and Methods  23 

 

 

The solvent exchange and aging of these fibers was performed in ethanol-water solutions 

of increasing ethanol concentration (10, 30, 50, 70, 90 and 100% ethanol) each with a 

duration of at least 30 minutes. The alginate gel fıbers are shown in Figure 2.6. 

 

  

Figure 2.6: Alginate gel fibers 

 

Finally, these alginate fibers at 90 bar and 313 K were dried using supercritical carbon 

dioxide to obtain aerogel fibers in an Applied Separations Speed SFE system. An 

extraction vessel with a volume of 100 ml was first filled with pure ethanol to avoid the 

contact of the alginate fibers with air. Then fibers were placed inside the ethanol filled 

vessel. The ethanol inside the vessel was extracted which was followed by extraction of 

ethanol from the pores of the fibers for 5 hours.  The vessel was depressurized very slowly 

to prevent formation of cracks on alginate aerogel fibers. 

 

2.6 Characterization of Alginate Aerogel Fibers 

 

A stereo microscope (LEICA S9I) was used to take a series of images of gelation 

process of alginate fibers.  

The pore structure of alginate aerogel fibers was observed by SEM (Zeiss Ultra Plus 

Field Emission Scanning Electron Microscope).  The samples were coated with a 10 nm  
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thick gold layer. The images from the surface and cross-section of fibers were taken at 

different magnifications.  

X-ray diffraction (XRD) was used to analyze the crystalline behavior of alginate 

aerogel fibers (Bruker 08 Advance with CuKa radiation).  

 

2.6.1 Pore Properties of Alginate Aerogel Fibers by Mercury Porosimetery 

 

The pore size, pore volume, surface area and bulk density of alginate aerogel 

fibers were determined by using mercury porosimetery (Micromeritics Autopore IV). The 

experiments were performed up to a pressure of 600 psia.  

 

2.6.2 Alginate Aerogel Fibers Orientation Test by Raman Spectroscopy 

 

The orientation of alginate aerogel fibers was determined with a Renishaw Invia-

Raman microscope by using a 633 nm laser source. The light detector was placed parallel 

and perpendicular to the axis of fibers simultaneously to collect the scattered light.  

 

2.6.3 Tensile Strength Testing of Aerogel Fibers 

 

The mechanical properties of alginate aerogel fibers were determined using a 

tensile strength tester (Instron 4411) according to ASTM D3379-75. The tab for 

employing the fiber sample into the clamps of machine was prepared out of thick paper. 

A sample fiber was pasted at the ends of paper and the paper was cut from the center 

before mounting into the clamps. The purpose of this paper was to hold the sample into 

the clamps. The gauge length was fixed at 10 mm.  

Initially a small pretension was given to fiber to remove any crimp or slackness 

and to rearrange the fibril to their original position. Then a tensile force at 2 mm/min was 

applied on the fiber sample till the complete deformation. The stress-strain graph of 

alginate aerogel fibers was plotted and elastic modulus was calculated at linear regions of 

the graph. 
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2.6.4 Thermal Stability Test of Alginate Aerogel Fibers 

 

The thermal stability of aerogel fibers was determined by using Differential 

Scanning Calorimetry (Netzsch STA 449 F3). The samples were placed in titanium 

sample holder. Then aerogel fibers were heated from 25 ⁰C to 650 ⁰C at rate of 5 ⁰C/min 

in nitrogen purge (20 mL/min).
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Chapter 3 
 

 RESULTS AND DISCUSSIONS 

 
 

3.1 Texture and Morphology of Alginate Aerogel-PET Nonwoven Composite 

 

The alginate solution easily diffused into the PET nonwoven fabric because the 

nonwoven fabric had inherently high porosity. The shape and stability of the nonwoven 

fabric were preserved during the application of alginate solution. The gelation of this 

alginate solution was done by CaCl2. 

The images of alginate aerogel-PET nonwoven composite and pure PET nonwoven 

are shown in Figures 3.1 and 3.2 respectively. The surface and texture of alginate aerogel-

PET nonwoven composite is neat and smooth.  No dust was observed on the composite 

during its handling. 

 

 

Figure 3.1: Alginate aerogel PET nonwoven composite 
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Figure 3.2: Pure PET nonwove 

The IR spectra of PET nonwoven, alginate aerogel and aerogel-PET nonwoven 

composite are given in Figure 3.3. The peak at 1600 cm-1 confirmed the presence of 

sodium alginate in the nonwoven composite while the broad peak between 3000 cm-1 and 

3500 cm-1 is due to the hydroxyl group of alginate. It was also observed that the spectrum 

of the composite had peaks from both the spectra of aerogel and PET. 

 

Figure 3.3: IR spectra of pure PET nonwoven, pure alginate aerogel & alginate aerogel-

PET nonwoven composite 
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The X-ray diffraction patterns of pure PET nonwoven and alginate aerogel-PET 

nonwoven composite are presented in Figure 3.4. The characteristics peak at 22⁰ is 

associated with alginate while the peaks at 18⁰ and 27⁰ are associated with PET. Alginate 

is an amorphous material while PET shows semi-crystalline properties which is also 

reflected by the XRD patterns of pure PET nonwoven and alginate aerogel-PET 

nonwoven composite. The associated peaks in alginate aerogel-PET nonwoven 

composite belong to PET and are not very sharp so that the composite has showed the 

semi-crystalline behavior. 

 
Figure 3.4:  X-ray diffraction pattern of pure PET nonwoven and alginate aerogel-PET 

nonwoven composite 

 

The N2 adsorption-desorption isotherms of alginate aerogel based nonwoven 

composite at 77 K are shown in figure 3.5.a. It is clearly observed that the composite has 

type-IV adsorption isotherm according to IUPAC classification. The behavior of 

isotherm of alginate aerogel-PET nonwoven composite is truly in resemblance with 

isotherm of pure alginate aerogel as shown in Figure 3.5.b. Figure 3.6 shows the pore 

size distribution of the composite. Most of the pores are below size of 10 nm and are 

solely due to the result of the aerogel incorporation. The BET results are presented in 

Table 3.1 which show the significant difference between the properties of pure PET 

nonwoven fabric and alginate aerogel-PET nonwoven composite. 
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Figure 3.5: (a) N2 ads. Isotherm of  composite    (b) N2 ads. Isotherm of pure alginate 

aerogel 
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Figure 3.6: Pore size distribution of alginate aerogel in PET nonwoven composite 
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Table 3.1: Surface and Pore Properties by BET of alginate aerogel PET nonwoven 

composite 

Sample Type Surface Area 

(m2/g) 

Mean Pore Size (nm) Mean Pore Volume 

(cm3/g) 

Alginate aerogel-PET 

nonwoven composite 

 

18 

 

7.9 

 

0.06 

Pure Alginate aerogels  

345 

 

6.2 

 

0.66 

Pure PET nonwoven  

0.016 

 

81.41 

 

0.00058 

 
Figures 3.7 (a-b) show the SEM images of pure PET and alginate aerogel-PET 

nonwoven composite. From Figure 3.7.a, one can see the pure PET network of fibers 

which are interconnected. Figure 3.7.b shows that the aerogel is incorporated in between 

and on the surfaces of these fibers. Figure 3.8 confirms that the alginate aerogel formed 

a porous structure in PET nonwoven. 
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Figure 3.7: (a) PET nonwoven       (b) Alginate aerogel-PET nonwoven composite 

 

 
 

 

Figure 3.8: Porous structure of alginate aerogel inside the PET nonwoven composite 
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3.2 Thermal Properties Alginate Aerogel-PET Nonwoven Composite 

 

Thermal resistance is an important parameter to characterize the thermal insulation 

properties of fabrics and is expressed by [106]: 

                                                           𝑟 =
ℎ

𝑘
    K m2/W 

r = thermal resistance 

h = thickness, m 

k = thermal conductivity W/mK 

The alginate aerogel-PET nonwoven composite has higher thermal resistance 

than pure PET nonwoven. Since alginate aerogel is a highly porous material and when it 

is incorporated into the PET nonwoven, the porous structure remains intact which is also 

confirmed by the SEM and BET analysis. The high porosity leads to a reduction in the 

thermal conductivity and increase in the thermal resistance. The thermal properties of 

pure PET nonwoven and alginate aerogel-PET nonwoven composite are given in Table 

3.2. The thickness of the PET nonwoven increased after incorporation of the alginate 

aerogel into pure PET nonwoven resulting in an increase in the total volume. As the 

weight percent of alginate aerogel (having a very low density) within the composite is 

17 %, the addition of the aerogel also increased the weight of the sample. The percentage 

increase in volume was more than the percentage increase of the weight resulting in a 

decrease of the overall density of the composite.  

Generally, thermal conductivities of aerogel decrease with decreasing density due 

to the increase in pore volume and decrease in solid content. The nano-sized pores give 

rise to the Knudsen effect which results in the reduction of the thermal conductivity 

inside the pores to values less than air. Pure PET nonwoven structure is denser than 

aerogel and has more solid content in the form of fibers. Moreover, the pores are much 

larger. Therefore, the thermal conductivity for pure PET nonwoven is higher than 

aerogel.  

The thermal conductivity of alginate aerogel-PET nonwoven composite is not 

significantly different than pure PET nonwoven. This may be due to small volume 

fraction of alginate aerogel present inside the fibrous structure of nonwoven which is 

only 17%.  
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Thermal diffusivity is another important parameter to describe the thermal behavior of 

aerogel based nonwoven composite. It describes the flow of heat through any medium 

(pure PET nonwoven or aerogel based composite in this case) and is calculated by the 

following expression:  

 

                                                           𝑎 =
𝑘

ρ.Cp
    m2/s 

                                                           𝑘 = thermal conductivity 

                                                           ρ = density of fabric 

           Cp = Specific heat capacity of fabric  

 

Thermal diffusivity of alginate aerogel-PET nonwoven composite is significantly 

lower than the thermal diffusivity of pure PET nonwoven. Alginate aerogel-PET 

nonwoven composite has a higher heat capacity (Cp) than pure PET nonwoven which is 

calculated by the above expression.  

The alginate aerogel nonwoven composite is composed of PET fibers (solid), air 

and alginate aerogel. The alginate aerogel further consists of solid in its skeleton and air 

molecules present in its pores. The increase in heat capacity can be attributed to 

increasing solid amount in composite which is increased after loading alginate aerogel in 

PET nonwoven. Therefore, this increase in heat capacity has decreased the thermal 

diffusivity of alginate aerogel based nonwoven composite.  

 

Table 3.2: Thermal properties of alginate aerogel PET nonwoven composite 

Fabric type Thickness 

 

   mm 

Thermal 

resistance 

mK m2/W 

Thermal 

conductivity 

W/m.K 

Thermal 

diffusivity 

mm2/s 

Density 

 

kg/m3 

Heat 

capacity(Cp) 

J/Kg.K 

Alg.aerogel-

PET composite 

 

    4.34 

 

 110.6 

  

 0.0389 

 

 0.142 

 

100 

 

2.7x103 

Pure PET 

nonwoven 

 

    3.4 

 

 83.4 

 

 0.0407 

 

 0.233 

 

111 

 

1.6x103 
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Thermal image of pure PET nonwoven and alginate aerogel based PET composite placed 

on a hot plate are shown in Figure 3.9. Positions of both fabrics are shown with their 

respective arrows i.e. alginate aerogel-PET nonwoven composite is on the right side and 

pure PET nonwoven is on the left side of the image. The color is different for both fabrics. 

It is clear from the thermal images that the alginate aerogel-PET nonwoven composite 

has hindered the flow of thermal radiation more than the pure PET nonwoven.  

The blue color indicates a lower surface temperature than green. The reduced 

thermal flux to the surface for the alginate aerogel-PET nonwoven composite can be 

expected from its lower thermal diffusivity.  

 

 

Figure 3.9: Thermal image of pure PET nonwoven VS Alginate aerogel-PET nonwoven 

composite 

The TGA curves in Figure 3.10 have shown that the thermal degradation of 

alginate aerogel-PET nonwoven composite starts at 200 ⁰C with a weight loss of 90 %. 

The weight loss from 0 ⁰C to 100 ⁰C is mostly likely due to moisture content while the 

weight loss from 200 ⁰C to 300 ⁰C can be attributed to alginate aerogel. 
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Figure 3.10:  TGA curves of pure alginate aerogel, pure PET nonwoven and alginate 

aerogel-PET nonwoven composite 

 

3.3 Mechanical Properties of Alginate Aerogel-PET Nonwoven Composite 

 

The final strength of these types of composites is very important because in some 

cases the strength of composite may decrease due to various effects of different chemicals 

on the nonwoven fabrics. Figure 3.11 presents the stress-strain behavior of pure PET 

nonwoven and alginate aerogel-PET nonwoven composite. Stress-strain curves clearly 

show that the tensile strength of alginate aerogel-PET nonwoven composite is higher 

than pure PET nonwoven. The value of stress is higher for a specific amount of strain for 

composite than pure PET nonwoven. This increase may be due to the fact that the alginate 

aerogel forms layers between and on the PET nonwoven fibrous structure and acts as a 

resin to form the composite. Consequently, the bonding and interlinking of PET fibers 

has increased which caused the tensile strength of the composite to increase.  
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Figure 3.11: Stress-strain curves of pure PET nonwoven and alginate aerogel-PET 

nonwoven composite 

  

 

3.4 IR Spectra of Cellulose Aerogel Cotton Nonwoven Composite 

 

The IR spectra of pure cotton nonwoven, cellulose aerogel and cellulose aerogel 

cotton nonwoven composite are shown in Figure 3.12. The peaks around 1030 cm-1, 1370 

cm-1, 1650 cm-1 2900 cm-1, 3300 cm-1 are attributed to C-O (stretching), C-H (bending), 

H-O-H, C-H (stretching) and O-H. The IR spectra of cellulose aerogel cotton nonwoven 

have peaks from pure cellulose aerogel and cotton nonwoven. 
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Figure 3.12: IR spectra of pure cotton nonwoven pure cellulose aerogel and cellulose 

aerogel nonwoven composite 

 

3.5 Pore Properties of Cellulose Aerogel Cotton Nonwoven 
 

The N2 adsorption-desorption isotherms of cellulose aerogel cotton nonwoven 

composite at 77 K are presented in Figure 3.13.  According to IUPAC nomenclature, the 

composite has shown similar behavior as of type-IV adsorption isotherm which means 

that the composite has mesoporous structure. Figure 3.14 shows the pore size distribution 

of the cellulose aerogel cotton nonwoven composite. The average pore size, pore volume 

and BET surface area of composite are 30 nm, 0.56 cm3/g and 79 m2/g respectively. 
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Figure 3.13: N2 adsorption Isotherm of cellulose aerogel cotton nonwoven composite 

 
Figure 3.14: Pore size distribution of cellulose aerogel cotton nonwoven composite 

 

 

 

3.6 Morphology of Cellulose Aerogel Cotton Nonwoven Composite 

 

The Figures 3.15 (a-b) present the SEM images of pure cotton nonwoven and 

cellulose aerogel cotton nonwoven. The cotton fibers (Figure 3.15.a) are randomly 

oriented and have empty spaces inside the nonwoven fabric. After the incorporation of  
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cellulose aerogel, the blocks (Figure 3.15.b) of aerogel were formed between empty 

spaces of cotton nonwoven. The cotton retained its fibrous form after the incorporation 

of cellulose aerogel. The swelling of cotton fibers was observed (Figure 3.16) which may 

be caused due to the penetration of cellulose gel inside the amorphous regions of cotton 

fibers. The cotton fibers provided reinforcement while the cellulose aerogel acted as a 

resin to structure the composite. The porous structure of aerogel network inside cotton 

nonwoven can be seen in Figure 3.17. 

 

  

Figure 3.15: (a) Pure cotton nonwoven  (b) Cellulose aerogel cotton nonwoven 

composite 

a b 
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Figure 3.16: Cotton fibers inside cellulose aerogel 

 

 

  

Figure 3.17:  Porous structure of cellulose aerogel cotton nonwoven composite 
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The XRD spectra of pure cotton nonwoven and cellulose aerogel cotton nonwoven is 

shown in Figure 3.18. The peaks at 12º and 20º are belong to cellulose aerogel while the  

peaks at 14.7º, 22.4º and 33.9º are due to cotton fiber. Cellulose aerogel is an amorphous  

material while the cotton fiber has some crystalline regions which are reflected by the 

sharp peak at 22.4º.  

 

Figure 3.18: XRD spectra of pure cotton nonwoven and cellulose aerogel cotton 

nonwoven 

 

The morphology of silver loaded cellulose aerogel cotton nonwoven composite 

is presented by SEM images in Figure 3.19 (a-d). The shiny silver can be observed 

(Figure 3.19.a) inside the cellulose aerogel cotton nonwoven which is uniformly (Figure 

3.19.b) distributed in the form of silver nanoparticles with average diameter of 10 to 20 

nm. The presence of silver nanoparticles was also confirmed by the sharp peaks in XRD 

spectra (Figure 3.20) of silver loaded cellulose aerogel cotton nonwoven composite. The 

sharp peaks at 43⁰ and 54.4⁰ represent the silver nanoparticles, these peaks are not present 

in XRD the spectra of cellulose aerogel cotton nonwoven composite. 
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Figure 3.19 (a-d): SEM images of silver loaded cellulose aerogel cotton nonwoven 

composite 

b 

c d 

a 
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Figure 3.20: XRD spectra of silver loaded cellulose aerogel cotton nonwoven composite 

 

3.7 Wound Exudate Absorbency of Cellulose Aerogel Cotton Nonwoven 

Composite 

 

According to EN 13726-1:2002, the fluid absorbencies (wound exudate) of pure 

cotton nonwoven and cellulose aerogel cotton nonwoven were around 80 % and 300 % 

respectively. The nonwoven has highly porous structure whereas the cotton is a 

hydrophilic material. Therefore, the assembly of cotton in the form of nonwoven made 

it highly absorbent for fluid (wound exudate). Additionally, the aerogel is a 

superabsorbent material which is incorporated in the form of nanoporous blocks inside 

the cellulose aerogel cotton nonwoven. The images in Figure 3.21.b showed that the fluid 

droplet stayed on surface of cotton nonwoven but this was not the case for cellulose 

aerogel cotton nonwoven composite (3.21.a). The fluid absorbency of cellulose aerogel 

cotton nonwoven composite is three time the fluid absorbency of pure cotton nonwoven 

which is attributed to the porous structure of cellulose aerogel.  
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Figure 3.21: Wound exudate absorbency of (a) cellulose aerogel cotton nonwoven 

composite (b) pure cotton nonwoven 

 

 

3.8 XPS Spectra of Silver loaded Cellulose Aerogel Cotton Nonwoven Composite 

 

The XPS spectra of silver loaded cellulose aerogel cotton nonwoven composite is 

presented in Figure 3.22. The spectra showed the core level binding energies of Ag5d5 at 

366.42 eV which is  attributed to silver oxide (Ag2O).  

 

Figure 3.22: XPS spectra of silver loaded cellulose aerogel cotton nonwoven composite  

a b 
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3.9 Antibacterial Performance of Silver Loaded Cellulose Aerogel Cotton 

Nonwoven Composite 

 

Figure 3.23 showed the photographs of antibacterial acivity against Escherichia 

coli  by silver loaded cellulose aerogel cotton nonwoven composite and antibiotic 

control. The antibiotic control plates are shown to comapre it composite. A clear 

inhibation zone (marked with red arrows) was oberserved around the composite sample 

against the colonies of bacteria.  

This inbibation zone was also formed around antibiotic control which can be compard 

with composite sample. As confirmed from XPS spectra that the silver was present in the 

form of its oxide (Ag2O) which has the ability to kill the bacterias. The oxide form of 

silver is chemically active which damaged the RNA and DNA of bacteria and ultimatly 

caused its death. 

 

  

Figure 3.23: Photographs of antibacterial activity test of silver loaded compsoite 

sample and antibiotic control 
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3.10 Gelation Mechanism of Alginate Fibers 

 

A minimum 6 wt. % of alginate solution was required to extrude the gel fibers in 

calcium chloride solution. It was observed that when the concentration of the alginate 

solution was below 6 wt. %, the gel did not keep the shape of fibers and formed a layer 

inside the calcium chloride solution.  The similar finding was reported in literature that 

at least 5-6 wt. % of alginate solution is required for the preparation of alginate fibers. 

This was attributed to the direct relationship between viscosity of alginate solution and 

shaping (spinnability) it into the fibers, as at low concentration the required viscosity of 

fibrous dope cannot be reached [107]. 

A series of images with respect to time (2 minutes to 12 minutes) of the gelation 

of alginate fibers in calcium chloride solution by Stereo microscope are presented in 

Figure 3.24. The glass beaker contained aqueous solution of CaCl2 was put under the 

microscope and fibers were extruded inside the beaker. The extrusion process was 

stopped after 2 minutes.  As soon as the alginate solution was extruded from the syringe 

into the CaCl2 solution, a thin calcium alginate layer formed on the surface of the sodium 

alginate stream. This resulted in preservation of the fibrous shape of the stream and  

prevented the mixing of the contents of the stream with the calcium chloride solution. 

The calcium alginate layer can be seen as a faint skin layer around the sodium alginate 

stream in Figure 3.24.a.  

Initially, the fibrous gel and its center consisted of unreacted sodium alginate 

solution, but calcium ions diffused through this skin layer with time and reacted to form 

a complete calcium alginate gel fiber. The gelation of alginate was brought about by a 

cooperative binding of divalent calcium cations and the G-block regions of the polymer 

[108]. During this diffusion process, the boundary of calcium alginate gel layer moved 

toward the center of the fiber as shown in Figure 3.24 by the images of the fibers getting 

darker with increasing time from 4 minutes to 12 minutes. A decrease in the diameter of 

the gel fiber with time and thus a contraction in the volume of the gel was also observed 

as shown Figure 3.24. A similar shrinkage was also observed during gelation of alginate 

beads [109], [110]. 
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Figure 3.24. Series of images (6x) of gelation process of alginate fibers 

 

 

The gel fibers were then dried using supercritical extraction and the aerogels 

fibers were obtained. Photographs of the alginate aerogel fibers are given in Figure 3.25. 

These aerogel fibers were easily bendable. They were in the forms of long filaments and 

staple fibers. 
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Figure 3.25: Dry alginate aerogel fibers 

 

The diameters of the aerogel fibers are 410 µm, 470 µm and 530 µm for 6 wt. %, 8 

wt. %, and 10 wt. % of alginate solution respectively as presented in Figure 3.26. The 

nozzle diameter was fixed at 800 µm for those three concentrations during the extrusion 

process. The increase in the fibers diameters by increasing the alginate concentration was 

observed. The cooperative binding of calcium ions with G-blocks sites of alginate was 

tighter in solution of low concentration of alginate as compared to high concentration. 

Therefore, the calcium-alginate polymer network in fiber became open in high 

concentration of alginate which increased the diameter of fiber [111]. 

 

3.11 Morphology of Alginate Aerogel Fibers 

 

The aerogel fibers are cylindrical in shape and their surfaces display a smooth 

appearance. There are no visible pores on surface of fibers as can be seen in Figure 3.26.a. 
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Figure 3.26: SEM images of (a) longitudinal & (b-d) cross-sectional view of single 

alginate aerogel fibers 

 

 

a) 6% alg. conc. 

b) 6% alg. conc. c) 8% alg. conc. 

d) 10% alg. conc. 
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The SEM images of single alginate aerogel fibers prepared using solutions with three 

different concentrations of alginate in water are given in Figure 3.27. Each single aerogel 

fiber contains number of microfibrils which are connected to form a web. The length of 

these fibrils is higher and more continuous for high concentration of alginate solution as 

can be seen in Figure 3.27. These SEM images also show that these aerogel fibers are 

highly porous. The pores are visible when fibers are cut from the cross-sections and 

aerogel fibers kept their original shape after cutting (Figure 3.26b-d). 

 

 

 

Figure 3.27: SEM images of alginate aerogel of single fiber (a) 6% (b)8% (c)10% 

concentrations of alginate in water 
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3.12 Pore Properties of Alginate Aerogel Fibers 

 

The surface areas, bulk densities and porosities of alginate aerogel fibers were 

measured by mercury porosimetery which are given in Table 3.3. The average pore size 

ranged from 227 nm to 349 nm which is also in a good agreement with observed pore 

sizes from SEM images. The surface areas of alginate aerogel fibers (220 to 231 m2/g) 

are high and are comparable to monoliths and beads alginate aerogels. The bulk densities 

(0.2 to 0.3 g/cm3) are significantly higher than beads of alginate aerogels. The porosities 

of these fibers are also high but lower than monoliths and beads alginate aerogels which 

may be due to the higher weight percentages of alginate in water used in the extrusion 

process.  

The alginate aerogel beads in the literature were synthesized by using 0.5 wt. % 

to 1 wt. % of alginate solutions whereas minimum 6 wt. % of alginate solution was used 

for these aerogel fibers. The pore properties of aerogel fibers do not depend on alginate 

content of the solutions used to prepare the fibers.  It was also observed that the calculated 

bulk densities and the measured bulk densities were comparable. 

 

Table 3.3: Surface and pore properties of alginate aerogel fibers by mercury 

porosimetery 

Parameters 6% Conc. of alginate 8% Conc. of alginate 10% Conc. of alginate 

Total Intrusion Volume (cm3/g) 3.48 2.5 3.0 

Surface Area (m2/g) 225 220 231 

Pore Diameter (nm) 349 227 247 

Measured Bulk Density (g/cm3) 0.24 0.32 0.27 

Calculated Bulk Density (g/cm3) 0.25 0.27 0.30 

Porosity (%) 82.5 78 81.2 
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The X-ray diffraction patterns of alginate aerogel fibers are shown in Figure 3.28.  There 

are no sharp peaks in the X-ray diffraction patterns which indicate that the alginate 

aerogel fibers are primarily amorphous. Small peaks were observed at 64º which show 

that there are some crystalline regions in the fibrous structure. During extrusion, the gel 

was formed in longitudinal direction which may have created the ordered domains in the 

form of small fibrils inside the fiber.  

 
Figure 3.28: X-ray diffraction patterns of alginate aerogel fibers 

 

3.13 Mechanical Properties of Alginate Aerogel Fibers 

 

The stress-strain behavior of alginate aerogel fibers are presented in Figure 3.29 

which showed that both linear and non-linear elastic regions exist for fibers prepared 

with 6 wt. % and 8 wt. % of alginate solutions. The stress-strain curve for these types of 

fibers is non-linear till 9 % of strain but afterwards the curve is quite linear. The aerogel 

fiber prepared using 6 wt. % of alginate solution showed higher stress values than fiber 

prepared with 8 wt. % of alginate solution till 9 % of strain. The fibrils inside the aerogel 

fiber prepared using 6 wt. % of alginate solution could not withstand the high tensile 

stress after 9 % of strain and their tensile stress kept on decreasing until fiber deformation 

occurred at stain of 15 %.  
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The aerogel fiber prepared using 8 wt. % of alginate solution showed some deformation 

at a strain of 13 % but it did not fracture completely. It seemed that few fibrils inside the 

fiber were broken and then others repositioned themselves against the tensile stress at 

strain of 13 %. The complete deformation took place at 14 % of strain for aerogel fiber 

prepared using 8 wt. % of alginate solution. The stress-strain behavior is quite linear till 

the fracture point for the fiber prepared with 10 wt. % of alginate solution. The alginate 

aerogel fibers have elastic moduli (at a strain of 10 %) of 0.25 MPa, 0.29 MPa and 0.45 

MPa for 6 wt. %, 8 wt. %, and 10 wt. % of alginate concentrations in water respectively. 

The results of single fiber tensile test showed that the tensile strength and tensile 

strain depend upon the concentrations of alginate in water for these aerogel fibers. Their 

maximum tensile stress increased whereas the maximum tensile strain has decreased with 

increase in concentrations of alginate in water.   
  

 

              Figure 3.29: Stress-strain diagram of alginate aerogel fibers 

 

 

E=0.25MPa 

E=0.29MP

a 

E=0.45MPa 
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As more solid in the form of fibrils is present in aerogel fibers prepared using higher 

concentrations of alginate solutions, which caused the stronger aerogel fibers. Moreover, 

as number of fibrils per cross section of fiber is higher so these have less space among 

them. Therefore, the fibers prepared using higher wt. % of alginate solutions have low  

flexibility.  

The strength of alginate aerogel fibers also depends on the length of fibrils inside 

the aerogel fibers. These fibrils are longer for fibers prepared using 10 wt. % of alginate 

solution (Figure 3.27) which made them stronger as compared to the fibers prepared 

using 6 wt. % and 8 wt. % of alginate solutions.  

The orientation/arrangement of fibrils inside the fibers is an important factor 

which controls mechanical properties [8].  The fibers have high strength and low 

flexibility if the fibrils are uniformly oriented in the direction parallel to fibers axis. The 

orientation of aerogel fibers was observed by Raman spectroscopy. Raman spectra of 

aerogel fibers formed by using 6 wt. %, 8 wt. %, and 10 wt.% concentrations of alginate  

in water are shown in Figure 3.30 (a-c). The depolarization ratio (D.P) can be used for 

the determination of fibers orientation.  So, the depolarization ratio was calculated by  

dividing the intensity of scattered light from perpendicular to fiber axis with parallel to 

fiber axis for symmetric carboxylate stretching vibrations at 1300 cm-1 and 1413 cm-1.  

The D.P ratios (Table 3.4) of aerogel fibers prepared using 10 wt. % of alginate 

concentration is lower as compared to 6 wt. % and 8 wt. % for both peaks. It shows that 

the fibers prepared using 10 wt. % alginate solution are more anisotropic and fibrils are 

oriented in the direction of fiber axis rather than in other directions. Because the fibrils 

are more oriented in the direction of fibers, these fibers have higher tensile strength and 

lower tensile strain.  

Similarly, the fibers prepared using 8 wt. % of alginate solution are more oriented 

in direction of their axis as compared to fibers with 6 wt.%. So, they are stronger and less 

flexible. These observations are also in an agreement with the results of tensile strength 

test. The extrusion of fibers occurred in the direction of fiber axis, so all the fibrils 

supposed to be oriented in the fiber axis. But the fibers do not have fully anisotropic 

structure.    
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Table 3.4: Depolarization ratios for alginate aerogel fibers 

Raman shift (cm-1) Wt.% of alginate in water D.P ratio 

1300 6 0.6 

1300 8 0.4 

1300 10 0.37 

1413 6 0.2 

1413 8 0.2 

1413 10 0.17 

 

 

 

a) 6% alg. conc. 
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Figure 3.30: Raman spectra of alginate aerogel Fibers (a) 6% (b)8% (c)10% 

concentration of alginate 

 

 

b) 8% alg. conc. 

c) 10% alg. conc. 
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The TGA curves for alginate aerogel fibers (Figure 3.31) show that the fibers are 

thermally stable up to 200 ºC. The weight loss from 0  ºC to 100 ºC is due to moisture 

while the weight loss from 200 ºC to 300 ºC is caused by decomposition of the alginate. 

 
Figure 3.31: TGA curves for alginate aerogel fibers 
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Chapter 4 

 

CONCLUSIONS AND FUTURE WORK 
 

The aerogel based textiles have become the area of interest for the researchers due 

to their attractive applications in fields of thermal insulation, erosion control, oil/water 

absorption, sound absorption and biomedical. In this study, the aerogel textiles were 

produced and characterized in the form of fibers and composites. 

The alginate aerogel was directly synthesized in PET nonwoven fabric by a 

modified sol-gel procedure. The resulting alginate aerogel-PET nonwoven composite 

was dust free due to the viscoplastic nature of alginate aerogel between the PET fibers. 

The thermal diffusivity of the composite was significantly less than the thermal 

diffusivity of pure PET nonwoven and this results in enhanced thermal insulation as 

observed by a thermal camera when both fabrics were heated from the bottom.  

The thermal diffusivity alginate aerogel-PET nonwoven composite was reduced 

from 0.233 to 0.142 mm2/s and thermal resistance is increased from 83.4 to 110.6 mK 

m2/W. The tensile strength of the composite was higher than the pure PET nonwoven. 

The properties can be further improved by increasing the weight fraction of alginate 

aerogel in the matrix and also by decreasing the thermal conductivity of the alginate 

aerogel by modifying the synthesis conditions such as the alginate concentration in 

solution.   

The alginate aerogel-PET nonwoven composite has better insulation properties 

with little weight fraction of aerogel. Furthermore, the alginate aerogel-PET nonwoven 

composite is non oleophilic, biocompatible and dust free as compared to other available 

aerogel based composites for thermal insulation application.  

The higher weight fraction of alginate aerogel may be caused to achieve the 

superior thermal properties which can be achieved by increasing the aerogel content or 

decreasing the fibrous content inside the composite. 
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 The cellulose aerogel cotton nonwoven was produced by immersing the cotton 

nonwoven inside the solution of cellulose. The cellulose gel was formed at 50 ºC which  

are later dried supercritically to obtain cellulose aerogel cotton nonwoven composite. The 

cellulose aerogel was in the form of blocks inside the cotton nonwoven which provided 

the reinforcement to aerogel network.  

The cellulose aerogel cotton nonwoven composite was highly absorbent to wound 

exudate (fluid). The fluid absorbency of 300 % was recorded by using fluid absorbency 

standard test method for wound dressings. The silver was loaded over cellulose aerogel 

cotton nonwoven composite to make it antibacterial. It showed a good antibacterial 

activity against Escherichia coli bacteria. The XPS results gave the evidence that the 

silver was present in the form of silver oxide. 

Alginate aerogel fibers with good dimensional stability were produced 

successfully by an extrusion method. It was observed that a minimum 6 wt. % of alginate 

solution was required for the extrusion of alginate gel fibers. A shrinkage of alginate gel 

fibers was seen during the gelation. The aerogel fibers have porosities around 80 % and 

surface areas are around 200 m2/g.  

The concentration of alginate solution has a significant effect on the morphology 

and mechanical properties of aerogel fibers, so concentration can be selected as a variable 

to engineer these fibers. By increasing the concentration of alginate, tensile strength was 

increased whereas the elongation decreased. The aerogel fibers have maximum 

elongations of 12 % to 15 %.  Elastic Modulus of 0.45 MPa is achieved for aerogel fibers. 

The orientation of aerogel fibers was improved by increasing the concentration of 

alginate. These alginate aerogel fibers have good stability with porous structure so these 

may be used to manufacture some novel aerogel based textile products. 

These pure aerogel alginate fibers can be blended with conventional fibers like 

cotton or cellulose. The blending can be done by adding the specific amount of fibers into 

the solution of alginate. This blending of fibers may improve the mechanical properties 

of alginate aerogel fibers.
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