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ABSTRACT 

Carbon foams are new generation materials having an interconnected 

three-dimensional cellular structure. They exhibit unique properties such 

as lightweight, tailorable thermal and electrical conductivity, high-

temperature tolerance, and good sound and electromagnetic wave 

absorption. Hence, they have been widely used in various applications 

such as thermal management, fire-resistant lightweight structures, thermal 

protection system in aircraft, electromagnetic interference shielding for 

electronic and telecommunication devices, electrode in energy storage 

devices, acoustic damping, adsorbent for gases and toxic chemicals and 

substrate for catalysts. Carbon foams are generally prepared from fossil 

fuel-based synthetic polymers and pitches. Due to the depletion of fossil 

fuels and other environmental concerns, the researchers are focused on 

alternative precursors for carbon foams. Biomass is a good candidate raw 

material for valuable carbon products because it is available in large 

quantities at low cost, naturally renewable and environment-friendly. 

Biomasses such as tannin, lignin and sucrose are extensively researched 

for the preparation of carbon foams. However, natural cotton, sawdust, rice 

husk and newspaper waste are not explored for the preparation of carbon 

foams even though available in large quantities at a very low cost. The 

development of an environmentally friendly processing route for the 

production of carbon foam monoliths from these biomasses would not only 

generate wealth but also help the management of solid wastes. The main 

objective of this thesis is to develop an eco-friendly processing method for 

carbon composite foams from agricultural residues such as rice husk, 

sawdust, cotton and newspaper and their characterization for possible 

applications in high-temperature thermal insulation and EMI shielding. 

A filter-pressing set was fabricated in-house from a PVC pipe, a Buchner 

funnel and a filter flask for consolidation of the biomasses. Cotton-sucrose 

composites were prepared by consolidating natural cotton fiber dispersed 

in aqueous sucrose solution by filter-pressing followed by freeze-drying. 

The caramelization of the sucrose in the cotton-sucrose composite 

followed by carbonization produced carbon composite foams. The XRD 

and Raman spectrum analysis indicated the amorphous (turbostratic 

graphite) nature of the carbon composite foams. The compressive strength 

(5 kPa to 1.4 MPa) and thermal conductivity (0.069 to 0.185 W m-1K-1) 

were depended on the foam density (0.06 to 0.31 g cm-3) which was 

modulated by varying the sucrose solution concentration (100 to 700 g L-

1). The tubular carbon fiber formed from cotton was welded at their contact 

points by the amorphous carbon produced from sucrose leading to partial 

flexibility at low sucrose solution concentrations (100 & 200 g L-1). The 

advancement of fiber- to- fiber bonding area at higher sucrose solution 

concentrations (300 to 700 g L-1) resulted in rigid carbon composite foams. 

The porosity in the inter-fiber space and lumen of the carbonized cotton 
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fiber contributed to the low thermal conductivity. The carbon composite 

foams prepared at a sucrose solution concentration at 500 g L-1 and above 

were amenable to machining using conventional machines and tools. The 

carbon composite foams exhibited absorption dominated EMI shielding. 

The carbon composite foams showed EMI shielding effectiveness in the 

range of 21.5 to 38.9 dB. 

Sawdust, a waste generated in the wood industry was used for the 

preparation of carbon composite foams due to its unique cellular structure. 

Filter-pressing of sawdust powder dispersed in sucrose solution followed 

by freeze-drying produced sawdust-sucrose composites in which the 

sawdust particles were cemented together by sucrose. The caramelization 

of sucrose in the sawdust-sucrose composite followed by carbonization 

produced amorphous carbon composite foams. The density of the carbon 

composite foams was modulated in the range of 0.17 to 0.35 g cm-3 by 

using the sucrose solution of concentrations in the range of 200 to 700                      

g L-1. The compressive strength of carbon composites foams in the 

transverse direction (0.24 to 3.2 MPa) is higher than that in the filter-

pressing direction (0.22 to 1.76 MPa) due to the preferential orientation of 

elongated sawdust particles transverse to the filter-pressing direction. The 

electrical conductivity increases from 18.2 to 33.8 S cm-1 when the foam 

density increases from 0.15 to 0.35 g cm-3. The carbon composite foams 

exhibited excellent fire resistance with low thermal conductivity in the 

range of 0.12 to 0.20 W m-1K-1. The carbon composite foams showed 

absorption dominated EMI shielding with total shielding effectiveness in 

the range of 25 to 53 dB. 

Rice husk, an agro-waste produced in large quantity during rice processing 

was used for the preparation of carbon-silica (C/SiO2) and carbon-silicon 

carbide (C/SiC) composite foams due to its inherent pore structure and 

presence of silica. Sucrose-rice husk composites were prepared by filter-

pressing rice husk powder dispersions in sucrose solution followed by 

freeze-drying. The caramelization of sucrose in sucrose-rice husk 

composites followed by carbonization produced C/SiO2 composite foams. 

Carbothermal reduction of silica in the C/SiO2 composite for 1600 oC 

produced C/SiC composite foams. The formation of -SiC and micro-

graphite during carbothermal reduction was confirmed by XRD, TEM and 

Raman analysis. The density of C/SiO2 and C/SiC composite foams were 

modulated in the ranges of 0.26 to 0.37 and 0.18 to 0.29 g cm-3 using 

sucrose solution concentrations in the range of 300 to 600 g L-1. The 

compressive strength, thermal conductivity and EMI shielding 

effectiveness of the C/SiO2 composite foams were in the ranges of 0.32 to 

1.67 MPa, 0.150 to 0.205 W m-1K-1 and 18 to 38.5 dB, respectively. The 

compressive strength was decreased to the range of 0.19 to 1.19 MPa and 

thermal conductivity and EMI shielding effectiveness were increased to 

the ranges of 0.165-0.431 W m-1K-1 and 20 to 43.7 dB, respectively, by 

carbothermal reduction of silica in the C/SiO2 composite foam to SiC. The 

electrical conductivity of C/SiO2 composite foams increased from                     

19 to 94 S cm-1 when sucrose solution concentration increased from                                
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300 to 600 g L-1. The C/SiC composite foams showed higher electrical 

conductivity in the range of 102 to 371 S cm-1 due to the graphitization of 

carbon during heat-treatment at 1600 °C for carbothermal reduction. The 

electrically conducting carbon, dielectric SiO2 and SiC and the inherent 

pore channels in rice husk contributed to the EMI shielding.  

The waste newspaper was successfully used for the preparation of 

mechanically robust carbon-gehlenite composite foams. The pulp prepared 

by mixing newspaper and sucrose solution was subjected to filter-pressing 

followed by drying produced newspaper-sucrose composites. The 

caramelization of sucrose in the newspaper-sucrose composite followed 

by carbonization produced carbon-gehlenite composite foams. The 

amorphous nature of carbon and the presence of gehlenite in the carbon 

composite foams were confirmed by XRD analysis. The gehlenite content 

estimated using thermogravimetric analysis decreased from 41.8 to 13.6 

wt.% when the sucrose solution concentration increased from 0 to 700                    

g L-1. The carbon composite foam density increased from 0.18 to 0.39             

g cm-3 when the sucrose solution concentration increased from 0 to 700                 

g L-1. The porosity of the carbon composite foams, calculated from their 

bulk and skeletal densities, decreased from 92.8 to 82.7 % when the 

sucrose solution concentration increased from 0 to 700 g L-1. The carbon-

gehlenite composite foams showed compressive strength and Young’s 

modulus in the ranges of 0.2 to 1.7 MPa and 3.4 to 69.9 MPa, respectively. 

The carbon-gehlenite composite foams exhibited excellent fire resistance. 

The carbon-gehlenite composite foams of density in the range of 0.18 to 

0.39 g cm-3 showed a room temperature thermal conductivity in the range 

of 0.1 to 0.2 Wm-1 K-1. The carbon-gehlenite composite foams exhibited 

absorption dominated EMI shielding. The total EMI shielding 

effectiveness increased from 15.9 to 44.9 dB when sucrose solution 

concentration increased from 0 to 700 g L-1.  

The prepared carbon composite foams from various biomasses could be 

good candidates for high-temperature thermal protection in aerospace, 

lightweight fire-resistant structure for building compartments in ships and 

absorption dominated EMI shielding in the electronic and 

telecommunication industry. 
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CHAPTER 1 

INTRODUCTION  

 

This chapter intends to give an overview of carbon foams, their precursors and 

processing methods with the state-of-the-art literature survey. The properties and 

applications of carbon foams are briefly presented. The development of carbon 

foams from biomasses is also reviewed. Further, this chapter introduces the 

motivation and objectives of the research work. At the end of the chapter, the 

organization of the whole thesis and a brief introduction for each chapter is 

mentioned. 

1.1 Carbon  

Carbon is the most important element on the earth. It is positioned in 6th place in 

the periodic table. The carbon atoms possess the electronic configuration of 1s2 2s2 

2p2. By the utilization of s and p- electrons, it has been able to hybridize to form sp, 

sp2 and sp3 states to produce strong single and multiple covalent bonds with other 

carbon atoms and atoms of other elements(Burchell, 1999). Because of its unique 

hybridization capacity, carbon can exist in different forms. The versatile bonding 

of carbon allows a very large number of possible allotropes. Nearly 522 possible 

allotropes have been reported for pure carbon(Sundqvist, 2021). The carbon 

allotropes exist in one-dimensional, two-dimensional and three-dimensional forms. 

Fig. 1.1 shows some of the important allotropes of carbon. They include bulk 

crystalline forms such as diamond, graphite and nanocrystalline forms such as 

fullerene, graphene and carbon nanotube. Many rarer varieties of carbon 

nanostructures such as nanodumbbells, nanoflowers, nanorice, nanolines, 

nanotowers, nanoshuttles, nanobowling, nanowheels, nanofans, nanopencils, 

nanotrees, nanoarrows and nanonails are reported recently. These nanoforms with 

unusual shapes exhibit properties suitable for application in various fields such as 

catalysis,  medical, and electronics(Kharisov & Kharissova, 2019).  
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Fig. 1.1 Different allotropes of carbon (a) diamond (b) graphite (c) lonsdaleite  (d) C60 (e) 

C540 (f) C70 (g) amorphous carbon and (h) single walled carbon nanotube (Kharisov & 

Kharissova, 2019) 

In nature, carbon mainly exists in two crystalline forms viz. diamond and graphite. 

Most commonly, diamond is found in a cubic structure in which each carbon atom 

is covalently bonded to other immediate neighbours by Sp3 bonds in a tetrahedral 

array. Diamond has the highest hardness (10,000 kgmm-2), poor electrical 

conductivity, wide bandgap ( 5.47 eV), high melting point (4500 K at 10 GPa 

pressure) and good thermal conductivity (Changle Chen & Chen, 2008; Graebner, 

1995). Besides the cubic structure, diamond rarely exists in a hexagonal form called 

lonsdaleite. Lonsdaleite is formed by the transformation of graphite to diamond by 

its hexagonal lattice on the application of high temperature and pressure. It is 

reported to be harder than a cubic diamond(Kharisov & Kharissova, 2019). 

Graphite is another crystalline form of carbon, in which atoms are arranged in a 

hexagonal manner. It is composed of a series of graphene layers having a hexagonal 
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array of carbon atoms in the x-y plane which are stacked in the z-direction by weak 

Vander Waals interactions. Each carbon atom has three -bonds leading along the 

hexagonal edges which correspond to sp2 hybridization. The remaining electron in 

the pz orbital form a - electron cloud that is delocalized over the entire layer. The 

- electrons thus behave like a 2-dimensional electron gas and their mobility leads 

to electrical conductivity(Pierson, 1993). The spacing between the stacked layers is 

quite large (~0.335 nm).  Graphite has a high melting point of 4250 K at 16.2 GPa 

pressure(Pierson, 2012). It has the highest electrical conductivity of 104 S cm-1 and 

possesses a zero bandgap(Pierson, 2012). The thermal conductivity of graphite 

ranges from 25-470 Wm-1K-1(Teboho et al., 2018). Highly oriented pyrolytic 

graphite (HOPG) is the highest-quality synthetic form of graphite(Inagaki, 2013). 

Graphite is highly stable in an inert atmosphere but oxidizes in an air atmosphere 

above 700 °C(Kharisov & Kharissova, 2019). 

Amorphous or glassy carbon is another important form of carbon. The amorphous 

form of carbon includes carbon black, charcoal, lampblack and coke which are 

possessing a low degree of crystallinity. They are formed by the thermal 

decomposition or pyrolysis of organic compounds, synthetic polymers and 

biomasses(Kouchi, 2011). They have a turbostratic structure in which poorly 

organized graphitic planes are arranged in ribbons as in polymers.  They are brittle. 

They exhibit properties such as low density (~1.5 g cm-3), high-temperature 

stability, resistance to chemical attack and high oxidation resistance compared to 

other types of carbon. Their electrical resistivity is in the range of ~ 3–

8 × 10−4 Ω cm(Serp, 2013).  The carbon materials used in various applications are 

bulk crystalline or amorphous forms, carbon-carbon composites and porous carbon. 

A brief description of porous carbon materials is given in the following section.  

1.2 Porous Carbon 

Porous carbon materials are solid carbon matrices composed of an interconnected 

network of pores filled with a gas(White, Budarin, et al., 2009). Porous carbon 

materials can be classified into microporous(pore size <2 nm), mesoporous (pore 

size 2-50 nm) and macroporous(pore size >50 nm) according to their pore diameter. 

Fig. 1.2 displays three dimensional and 2-dimensional structure of porous carbon. 
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They possess high surface area, permeability, better chemical resistance, excellent 

thermal stability, low density, high-temperature tolerance and tailorable electrical 

and thermal conductivity(De et al., 2015; Libin & Hu, 2018). Hence, they are used 

in many potential applications such as electrode materials for batteries, fuel cells, 

supercapacitors, as a sorbent for separation processes, gas storage and as catalyst 

support(Estevez et al., 2018; Kaur et al., 2019; K. Wang et al., 2017; Xiang, Wang, 

et al., 2017; Xiao et al., 2017; B. Zhang et al., 2014; X. Zhang et al., 2015). 

Conventionally porous carbon materials are synthesised from organic precursors 

such as coal, pitches, wood, fruit shells and synthetic polymers by various 

methods(S. Gao et al., 2018; Hu et al., 2021; Ren et al., 2016; H. Wang et al., 2020; 

Q. Wei et al., 2019; White, Antonietti, et al., 2009; White, Budarin, et al., 2009; C. 

Wu et al., 2016; Zheng et al., 2020).  

 

Fig. 1.2 Three dimensional (a) and two-dimensional structure (b) of the porous 

carbon(White, Budarin, et al., 2009) 

1.2.1 Microporous carbon  

Microporous carbon materials primarily include carbon molecular sieves and 

activated carbons, which contain microporous channels with a pore diameter below 

2 nm(Kyotani, 2003). Molecular sieve carbons are a special type of microporous 

carbons that possess uniform micropores of several angstroms in diameter. These 

molecular sieve carbons have been used in various fields such as the separation of 

gas molecules, shape-selective catalysis and electrodes for electrochemical double-

layer capacitors(B. J. Lee et al., 2006). Molecular sieve carbons are prepared by the 

pyrolysis of a mixture of coal, biomass and organic additives (Jüntgen et al., 1981; 

Mohamed et al., 2010; Prasetyo et al., 2017; Vyas et al., 1992; Jinhua Zhang et al., 

2018). By changing the pyrolysis temperature and precursor ratio, one can tune the 

pore size of the molecular sieve carbons. Miura group synthesised molecular sieve 
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carbon from ion-exchange resins. In this, spherical polystyrene-based resins with a 

sulphonic acid group are first ion-exchanged with cations. The resultant ion-

exchanged resins are carbonized at 900 °C under a nitrogen atmosphere to produce 

a molecular sieve with sharp pore size distributions(Nakagawa et al., 1999). 

The ordered microporous carbon can be synthesised by the template-assisted 

method(B. J. Lee et al., 2006). In order to make microporous carbon with uniform 

pore as well as the ordered regular pore array, rigid inorganic templates such as 

zeolites are being used(Su et al., 2005). Zeolites are aluminosilicate materials with 

ordered structures and they possess uniform sub-nanometer sized pores. A carbon 

precursor infiltrated into the pore channels of the zeolite is stabilized by cross-

linking and subsequently carbonized. After the carbonization, the templates are 

removed by etching with HF solution. The resulting material exhibited the highest 

surface area and uniform ordered micropores(B. J. Lee et al., 2006; Ma et al., 2000). 

Activated carbon (AC) is getting good attention in various fields due to its low cost, 

easy processing, well-developed porosity, high surface area and good chemical 

stability. AC is an amorphous carbon that exhibits a turbostratic structure(Marsh & 

Reinoso, 2006). AC is synthesised by both the chemical activation and physical 

activation of polymers and biomasses(Deng et al., 2010; Shijie Li et al., 2017; Tian 

et al., 2019; Zhu et al., 2008). The physical activation is a two-stage process in 

which the first step is the carbonization of the raw materials in the absence of 

oxygen followed by the activation with the support of an oxidizing gas such as O2, 

CO2 and steam in the temperature range of 800-1200 °C(Marsh & Reinoso, 2006). 

The physical activation is the green process that does not evolve any harmful 

chemicals at the time of activation. However, the process has some disadvantages 

such as high processing time, low carbon yield and relatively low surface area. 

Chemical activation involves impregnation of the precursor with the activation 

agent (KOH, phosphoric acid, K2CO3, ZnCl2 etc ) followed by heating under an 

inert gas atmosphere at the temperature between 400 to 850°C(Deng et al., 2010; 

Girgis & El-Hendawy, 2002; Hayashi et al., 2002; K. Li et al., 2010; Shijie Li et 

al., 2017; Maneechakr & Karnjanakom, 2017; Mohanty et al., 2005; Otowa et al., 

1997; Ozdemir et al., 2014; Yue et al., 2018). Another type of microporous carbon 

is carbide-derived carbon. Here metal carbides are the carbon precursor. The metal 
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in the metal carbide precursor is selectively removed by reaction with chlorine at 

high temperatures (Gudavalli & Dhakal, 2018). This method generates narrow 

micropore size distribution, high specific surface area and large pore volume. A 

typical TEM microstructure of carbide-derived microporous carbon is shown in 

Fig. 1.3 

 

Fig. 1.3  TEM image of carbide-derived microporous carbon at Low (a)  and high 

magnification(b) (P.C. Gao et al., 2015)  

1.2.2 Mesoporous carbon 

Mesoporous carbon contains pores of size between 2-50 nm. Mesoporous carbon 

materials include the ordered mesoporous carbon, disordered mesoporous carbon, 

carbon aerogel and mesoporous carbon film.  The following methods are employed 

for the synthesis of mesoporous carbon: 

(i) Hard templating methods  

(ii) Direct carbonization of polymer blends  

(iii) Carbonization of the polymer aerogels 

Ordered mesoporous carbon is primarily prepared through the hard templating 

method for which mesoporous silica such as MCM-48, MCM-41, SBA-15 etc., 

MgO and zeolite of suitable pore size are used as templates(Lee et al., 2006; Xin & 

Song, 2015). This approach includes (i) impregnation of porous templates with the 

organic precursors (ii) cross-linking and carbonization of the impregnated organic 

precursor and (iii) removal of the template(Inagaki et al., 2016). A typical schematic 

diagram of mesoporous carbon preparation by a hard template method is given in 

Fig. 1.4. Amphiphilic molecules, such as surfactant and block copolymers, have 
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been extensively employed as soft templates in the synthesis of ordered mesoporous 

carbon. Block copolymer surfactants such as poly(ethylene oxide)- block-

poly(propylene oxide)-block-poly(ethylene oxide) (PEO106-PPO70- PEO106) 

(Pluronic F127), PEO20-PPO70-PEO20 (Pluronic P123), polystyrene-block-

poly(4-vinyl pyridine) (PSeP4VP), etc. are used as soft template for the preparation 

of ordered mesoporous carbon(Liang et al., 2008; Libbrecht et al., 2017).  TEM 

image of a typical ordered mesoporous carbon is shown in Fig. 1.5 

 

Fig. 1.4 Schematic representation of the preparation of mesoporous carbon by hard 

template method(White, Budarin, et al., 2009) 

 

Fig. 1.5 TEM image of a typical ordered mesoporous carbon(Abdul et al., 2015) 

Besides the ordered mesoporous carbon, various methods have been developed for 

the synthesis of disordered mesoporous carbon with uniform pore size. These 
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carbon materials are prepared from various approaches which include templating 

with silica nanoparticles or silica gel, anodic alumina, aluminosilicate gel and 

polymer beads and copolymerization of carbon precursors with inorganic 

precursors such as tetraethyl orthosilicate(Liang et al., 2008).  Carbon aerogels are 

another type of mesoporous carbon material which are prepared by the 

carbonization of polymer aerogels. The polymer aerogels are obtained by sol-gel 

polycondensation of phenolic compounds and formaldehyde followed by 

supercritical drying(Sarathchandran & Ilangovan, 2021; Worsley & Baumann, 

2016). Carbon aerogel has unique properties such as lightweight, very low thermal 

conductivity, high surface area and good mechanical strength(X. Gao et al., 2020; 

F. Li et al., 2019). Hence these materials can be used in various fields such as energy 

storage, contaminant removal and gas separation and high-temperature thermal 

insulation(Du et al., 2018; Geng et al., 2020; Wiener et al., 2009). A photograph of 

a carbon aerogel monolith showing its lightweight is given in Fig. 1.6.  

 

Fig.1.6 Photograph of a carbon aerogel monolith (Carbon Aerogel - Bing Images, n.d.) 

1.2.3 Macroporous carbon 

In macroporous carbon materials, the pore dimension is greater than 50 nm. They 

include porous carbon monolith, 3D- ordered carbon framework and carbon foam. 

Macroporous carbon materials are primarily synthesised through three approaches 

such as (i) foaming and setting of precursors (ii) polymer foam replication and (iii) 

template-assisted synthesis(Kim et al., 2017; Lee et al., 2006; Nagel et al., 2014). 

Based on the synthesis approaches, carbon precursor and heat treatment 

temperature one can control the porosity, pore morphology, pore interconnectivity 

and crystallinity of the macroporous carbon materials. The lightweight 
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macroporous carbon materials with porosity greater than 70 vol% are called carbon 

foams. The following section gives a detailed description of carbon foams, their 

synthesis, properties and applications. 

1.3 Carbon Foam 

Carbon foams are macroporous carbon materials.  Carbon foam is defined by Klett 

as a porous product containing regularly shaped, predominately concave, 

homogeneously dispersed cells which interact to form a three-dimensional array 

throughout a continuum material of carbon, predominately in the non-graphitic 

state(J. Klett, 2005). Carbon foam exists in the cellular and reticulated structure. 

Normally two types of cellular structures are available: open cellular and closed 

cellular. In an open cellular structure, the neighbouring cells are inter-connected 

through openings called cell windows. Therefore, the open cellular foams exhibit 

high permeability. In closed cellular foams, the cells are isolated. This type of 

carbon foam possesses lower porosity, higher mechanical strength and lower 

thermal conductivity. Carbon foams are also available in the reticulated structure. 

The reticulated foams consist of net-work like struts and ligaments(H. Liu et al., 

2020). The SEM images of typical open cellular, closed cellular and reticulated 

carbon foams are given in Fig.1.7. The carbon foams are also classified into 

graphitic and amorphous depending on the crystallinity(Nagel et al., 2014). The 

crystalline nature of carbon foam depends on the carbon precursor and heat 

treatment temperature. Various precursors used for the preparation of carbon foams 

are described in the following section.  

 

Fig. 1.7 SEM micrographs of open cellular(a), closed cellular(b)   and reticulated (c) carbon 

foams (Narasimman et al., 2015; Reticulated Carbon Foam - Bing Images, n.d.) 
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1.3.1 Carbon foam precursors 

Carbon foam can be prepared from different precursors such as thermoplastics, 

thermosetting polymers and biomasses. The thermoplastic precursors such as coal-

tar pitch, petroleum pitch and synthetic mesophase pitch produce soft carbon which 

can be graphitized by high-temperature heat treatment(Chen et al., 2006; Li et al., 

2011). On the other hand, the thermosetting polymers and biomasses produce hard 

carbon which is difficult to graphitize even by high-temperature heat 

treatment(Nagel et al., 2014).  

1.3.1.1 Thermoplastic precursors 

Thermoplastic precursors used for the preparation of carbon foam are pitches which 

include coal tar pitch, petroleum pitch, asphaltite and naphthalene or anthracene-

based pitches. They are carbonaceous viscoelastic materials that are derived from 

fossil fuels. Pitches are a complex mixture of molecules with average molecular 

weight ranges from 300 to 400 depending on the source and the pre-treatment 

condition(Kershaw & Black, 1993). Coal tar pitches are obtained by the distillation 

of coal tar around 400 °C(Kuznetsov et al., 2015). Petroleum pitches are generated 

from the high aromatic content feedstock in petroleum refining.  The pitches mainly 

contain a mixture of condensed polycyclic aromatic and alicyclic hydrocarbons. 

The coal tar pitch contains more aromatic fractions than the petroleum pitch. The 

structure of some of the molecules present in pitch is shown in Fig. 1.8. The 

molecules in pitch are further condensed and then stack through - interaction to 

produce an anisotropic (liquid crystalline)  structure on heating at temperatures 

nearly 400 oC. The resulting pitch is called the mesophase pitch.  Mesophase pitch 

is also synthesized directly from pure polycyclic aromatic compounds such as 

naphthalene and anthracene. Fig. 1.9 shows the schematic diagram of the 

mesophase particle in pitch. 
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Fig.1.8 Structures of representative molecules in coal tar pitches (a) and petroleum 

pitches(b)  (Kershaw and black 1993) 

 

Fig. 1.9 Schematic diagram of a mesophase particle in pitch   isotropic phase(1), mesophase 

particle fragment(2), amorphous phase(3) and crystallites(4) (Kuznetsov et al., 2015) 

In general, thermoplastic raw materials pass through a plastic stage during the 

carbonization heat treatment. Under sufficient temperature, crystallites tend to order 

parallel to one another and are clustered into the mesophase. With the increase in 

the temperature above 2000 °C, mesophase domains can grow to very large sizes 

and form graphitic structures(Ogale et al., 2002). Carbon derived from the 

mesophase pitches is highly graphitizable compared to the coal tar and petroleum 

pitches.  

1.3.1.2 Thermosetting polymers  

Thermosetting polymers are available in the low molecular weight form with low 

viscosity called resins. These resins get hardened on heating under elevated 

temperature as a result of further polymerization and cross-linking. Thermosetting 
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polymers such as phenol-formaldehyde, polyimide, polyurethane, polybenzoxazine 

and polyfurfuryl alcohol are widely studied for the preparation of carbon 

foams(Farhan et al., 2016;  Inagaki et al., 2004; Lorjai et al., 2009; Qu et al., 2017). 

The structure of different thermosetting precursors is given in Fig. 1.10. The solid 

polymeric foams prepared from the precursor resins are subsequently carbonized to 

produce the carbon foams. The cross-linked thermosetting polymers do not pass 

through a plastic stage on heating. Hence, the carbon derived from these polymers 

are hard and therefore not easily graphitizable. That is, they are rigid in structure 

and the graphene layers are randomly oriented(Nagel et al., 2014). 

 

Fig. 1.10 Structures of thermosetting polymer used for carbon foam processing(Gowariker 

et al., 1986) 

1.3.1.3 Biomasses 

Large scale exploitation due to the population boom and the resultant 

industrialization led to the fast depletion of fossil fuels. Therefore, the researches 

focus on the replacement of fossil fuel-based carbon precursors with renewable 

resources such as biomass. Though a large number of biomass-based precursors are 

used for the preparation of activated carbon, only a few are studied for the 

preparation of carbon foams due to the difficulty in processing. Lignin, tannin, 

sucrose and cellulose are widely studied for the preparation of carbon foams and 

aerogel monoliths(Prabhakaran et al., 2007; Seo, Park, Shin, Baeck, et al., 2014; 
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Sheng et al., 2019; Tondi et al., 2009; Wilson et al., 2018a; Zhuo et al., 2016). The 

structure of biomass-based precursors used for carbon foam preparation is given in 

Fig. 1.11. Cellulose and lignin are polymers whereas tannin and sucrose are simple 

molecules. These biomasses leave a considerable amount of carbon residue during 

pyrolysis. However, the carbon yield of these biomasses is less than that of the 

thermoplastic and thermosetting carbon precursors. On the other hand, they possess 

advantages such as large availability at low cost, eco-friendly nature and do not 

produce harmful products during pyrolysis. The carbon produced from these 

biomasses is hard and therefore difficult to graphitize.  

 

Fig. 1.11 Structures of biomass-based carbon foam precursors. sucrose(a)  tannin(b)  lignin 

(c)  and cellulose(d) (Jana et al., 2014; Lignin - American Chemical Society, n.d.; Tursi, 

2019) 

1.3.2 Processing of carbon foam 

There are mainly three general methods reported for the synthesis of carbon foams. 

They are foaming by a blowing agent, polymer foam replication and using a suitable 

pore template. The foaming method uses organic polymer resins and pitches as 

precursors for the preparation of carbon foams. In this method, the precursors 

containing the blowing agent are heated under controlled pressure condition. The 

foaming occurs by the formation of bubbles due to the evolution of gases. These 
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gases are produced as a result of the decomposition or evaporation of the blowing 

agent or the partial decomposition of the precursor. The foaming accompanies an 

increase of viscosity due to further polymerization and cross-linking reactions. This 

increase of viscosity stabilizes the bubble and finally set the foam into a solid. 

Surfactants are also often used to stabilize the bubbles.  The parameters such as 

temperature, pressure, heating rate and pressure drop have to be controlled for the 

formation of foam with the desired cell size and structure. The obtained organic 

foam is further carbonized to produce carbon foam (Inagaki et al., 2015). Blowing 

agents such as diethyl ether, pentane, aluminium nitrate, sodium bicarbonate and 

azodicarbonamide are used for the preparation of carbon foams( Liu et al., 2007; 

Narasimman & Prabhakaran, 2012; Tondi et al., 2009; Wu et al., 2011). The 

disadvantage of this method is that the formation of the bubbles could not be 

controlled precisely. Hence this method gives carbon foams with inhomogeneous 

distribution of cells. 

Albert et.al first demonstrated a process for the production of carbon foam from 

petroleum pitch. In this process, petroleum pitch was heated with a blowing agent 

in a mould under pressure. At the high temperature and pressure, gas evolved by 

the decomposition of the blowing agent dissolved into the molten pitch. After that, 

the pressure was lowered to nucleate bubbles and produce foam. The temperature 

was also decreased to modify the viscosity to control the growth rate of bubbles and 

finally to set the foamed pitch into a solid body.  The resulting foam body was 

subjected to oxidative stabilization and carbonization heat-treatments to form 

carbon foam(Albert et al., 1981). In the 1990’s Stiller et.al in Virginia University 

developed a method for the preparation of carbon foam from the coal- tar pitch. In 

this, coal- tar pitch was heated at about 325- 500 °C and pressure up to 100 MPa 

under inert conditions in a mould. The volatile products obtained by the pyrolysis 

of the pitch at this condition foam the pitch.  The bubbles were stabilized by the 

increase in viscosity due to polymerization.  The foamed pitch was cocked to make 

it infusible and subsequently carbonized at 1200 °C. After that, the resultant was 

graphitized at 2600 °C(Stiller et al., 2005). Fig. 1.12 shows the SEM image of 

carbon foam derived from the coal tar pitch. 
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Fig. 1.12 SEM image of carbon foam derived from the coal tar pitch(Scheffler & 

Colombo, 2006) 

There are several techniques available for the production of graphitic carbon foam 

from mesophase pitch.  Hager et.al and Kernas have established a traditional 

blowing technique for carbon foam preparation from mesophase pitch(Kernas 

Kristen, 1999; J. Klett, 2005) In this, mesophase pitch is softened by thermal 

treatment under inert gas pressure followed by saturated with a blowing agent and 

then depressurized. The solid foam thus obtained is then subjected to oxidative 

stabilization and subsequent carbonization and graphitization to form carbon foam. 

Fig. 1.13 is SEM image of graphite foam developed from mesophase pitch. Several 

modified techniques are reported for the carbon foam preparation from mesophase 

pitch in order to avoid the blowing agent and oxidative stabilization(J. Klett, 2005;  

Klett et al., 2000; Sizhong Li et al., 2011). Generally, the mesophase pitch-based 

carbon foams exhibit high mechanical strength, thermal conductivity and electrical 

conductivities due to the well-oriented mesophase layer within the bubble walls 

leading to a well-crystallized graphite structure(J W Klett et al., 2004).  

 

Fig. 1.13 Low (a) and high magnification(b) SEM images of mesophase pitch-derived 

carbon foam(J W Klett et al., 2004) 

Foaming using a blowing agent is widely used for the preparation of carbon foams 

from synthetic polymers such as phenol-formaldehyde (PF), poly(aryl acetylene), 
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poly(benzoxazine) etc.(Lei et al., 2010; M. Liu et al., 2007; Lorjai et al., 2009; 

Sharma et al., 2020)  Carbon foams are prepared from PF resins by blowing their 

ethanol solution at various concentrations at 170 °C under the pressure of 4 MPa, 

followed by carbonization at 800 °C. The bulk density and compressive strength of 

the carbon foam varies with the concentration of PF- solutions. The bulk density 

and compressive strength of the carbon foam varies from 0.24 to 0.73 g mL-1 and  

13.1 to 98.3 MPa, respectively, when the concentration of PF solution changes from 

0.13 to 0.36 g mL-1(Lei et al., 2010). Foaming of poly(aryl acetylene) using pentane 

as a blowing agent followed by setting and carbonization produces cellular carbon 

foam with high compressive strength of 25.8 MPa( Liu et al., 2007). 

The replication method produces reticulated carbon foams. In this method, foams 

of polymers such as polyurethane and melamine-formaldehyde of desired cell size 

are used as the templates(S. Chen et al., 2013; da Silva et al., 2020; Inagaki et al., 

2004, 2015; Jana et al., 2013; Sharma et al., 2020). The polymer foam template is 

impregnated with the carbon precursor resin followed by squeezing by rolling to 

remove the excess resin present in the pores. The precursor resin coated on the 

surface of webs and struts of the polymer foam template is subsequently stabilized 

by cross-linking and then heated in an inert atmosphere furnace for carbonization 

and graphitization. The synthetic polymers, pitches and sucrose are used as a 

precursor for the preparation of reticulated carbon foams by the replication method. 

Unlike the blowing method, the replication technique gives foams of well-

controlled porosity and cell structures(Inagaki et al., 2015). 

Particles are also used as a template for the preparation of macroporous carbon 

materials. Spherical submicrometer sized particles such as colloidal nanosilica and 

polystyrene which can self-organize themselves into a colloidal crystal (opal) are 

used as pore templates(Yi et al., 2001). These are the excellent endotemplate to 

prepare the ordered macroporous carbon. The synthesis step involves filling the 

carbon precursor into the interstitial space of colloidal crystals followed by the 

carbonization and finally removal of templates to generate a carbon skeleton. 

Before the infiltration of the carbon precursor, sintering is usually performed to 

create the neck between the spherical silica particles. It provides the 

interconnections between the spherical pores in the resulting macroporous carbon 
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materials. Infiltration of liquid precursors such as phenolic resin and sucrose 

solution and chemical vapour deposition from gaseous precursors such propylene, 

benzene and divinylbenzene are used to fill the interstitial space in the colloidal 

crystal. Three-dimensional macroporous carbon material was first synthesised by 

Zakhidov and group through the colloidal - template method(Anvar et al., 1998).  

Baumann et al utilized a polymer microsphere as a template for the synthesis of the 

ordered macroporous carbon materials(Baumann & Satcher, 2003). Chai et.al 

developed a dual template method using polystyrene sphere and silica particles as 

templates for the preparation of the ordered macroporous carbon materials(Chai et 

al., 2004). The SEM photomicrograph of ordered macroporous carbon is shown in 

Fig. 1.14. 

 

Fig. 1.14 SEM image of the ordered macroporous carbon with 62 nm pores(Kang et al., 

2002) 

1.3.3 Carbon foams from biomasses  

Biomasses are generally used for the preparation of activated carbons. A variety of 

biomasses such as wood, coconut shell, orange peel, almond shell, banana peel, 

corncob, shrimp shell, fish waste, soybean, cotton and starch are studied for the 

preparation of activated carbon(El-Sayed et al., 2014; El Nemr et al., 2009; 

Mohammad et al., 2015; Mondal et al., 2017; M. M. Rahman et al., 2014; Ren et 

al., 2016; Sevilla & Fuertes, 2011; Sivadas et al., 2015; T. Wang et al., 2009; Wilson 

et al., 2018c; C. Wu et al., 2016)  However, there is a limited number of reports 

using biomasses as precursors for the preparation of carbon foams. Preparation of 
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carbon foams from biomasses such as wood, lignin, tannin, cellulose and sucrose is 

well reported(Prabhakaran et al., 2007; Seo, Park, Shin, Hyeon, et al., 2014; Z. Shen 

et al., 2021; Tondi et al., 2009).  Nagle et al. prepared cellular carbon materials from 

wood by carbonization under controlled temperature and atmosphere(Byrne & 

Nagle, 1997). The cellular carbon produced exhibited 25% higher compressive 

strength than the corresponding wood.  Klett at the Sandia National Laboratories 

first produced carbon foam from cork, a natural cellular precursor( Klett, 2000). 

Rios et al. prepared carbon foam from olive stone by swelling and subsequent 

carbonization. The obtained carbon foam exhibited a low density in the range of 

0.2–0.3 g cm-3(Rios et al., 2006). Wang et.al synthesised carbon foam from birch 

sawdust through liquefaction, activation and carbonization processes. The prepared 

carbon foam exhibited a low density in the range of 0.021–0.023 g cm-3 and a 

surface area in the range of 534-555 m2g-1(R. Wang et al., 2012). Seo et al reported 

a PMMA template-based method for the preparation of macroporous carbon from 

lignin(Seo et al., 2014).  

Celzard and co-workers developed carbon foams and aerogels from tannin by 

different processing routes. The reaction of phenolic nuclei in tannin with 

formaldehyde was used for the polymerization as in the phenol-formaldehyde 

system (Tondi et al., 2009). The foaming of the tannin-based resins was 

accomplished by blowing using low volatile liquids such as diethyl ether, whipping 

followed by setting and emulsion templating ( Celzard et al., 2015; Szczurek et al., 

2014, 2015; Tondi et al., 2009). These methods produced interconnected cellular 

carbon foams of a range of densities and cell sizes. The tannin derived glassy carbon 

foams were evaluated for thermal insulation, fire resistance, acoustic absorption and 

EMI shielding applications(Amaral-Labat et al., 2013; Celzard et al., 2011, 2012; 

Letellier, Macutkevic, Paddubskaya, Plyushch, et al., 2015). The tannin derived 

carbon foam exhibited good compressive strength ranges from 0.31-0.82 MPa when 

density ranges from 0.035 to 0.06 g cm-3(A Celzard et al., 2010). Carbon foams 

with improved thermal conductivity and mechanical properties were achieved by 

the addition of the exfoliated graphite as a filler in the carbon foam matrix(Jana et 

al., 2014). The composite foam exhibited a thermal conductivity of  3.65 Wm-1K-1 

and compressive strength of 6.9 MPa. 
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Cellulose-based materials have been widely used to prepare carbon foam and 

aerogel monoliths. Bi.et.al processed twisted carbon aerogel from raw cotton by 

carbonization at 800 °C. The prepared aerogel exhibited an oil absorption capacity 

of 50–190 times of its weight(Bi et al., 2013). Sheng et.al prepared a carbon sponge 

by the direct carbonization of cotton and used the same as a host for form-stabilized 

wax-based composite phase change materials. The carbon sponges consist of 

cotton-derived hollow carbon fibres with an interconnected network structure 

(Sheng et al., 2019). Men et al. prepared carbonaceous foams from cotton using 

poly (ionic liquid) as an activating agent. Poly (ionic liquid) is reported to promote 

carbonization, increase microporosity, improve oxidation stability and flame 

resistance of the resulting carbon foam(Men et al., 2013).  

Waste paper is the abundantly available cheap cellulose-based precursor for the 

production of carbon foams and aerogel monoliths. Paham et al. processed carbon 

aerogel from the waste paper for adsorptive removal of the contaminant from 

wastewater. The prepared carbon aerogel exhibited a high surface area of                               

892 m2g-1 which facilitate the adsorption of organic compounds such as phenol and 

2-chlorophenol from wastewater (Pham et al., 2021). Vazhayal et.al prepared 

carbon aerogel from waste tissue paper and polyvinyl alcohol which exhibited a 

high CO2 adsorption capacity and EMI shielding effectiveness. The prepared 

carbon aerogel exhibited an interconnected three-dimensional porous structure with 

low density (0.057 g cm-3 ), high porosity (~97%), high specific surface area (1384 

m2 g-1) and low thermal conductivity (0.087 W m-1 K-1)(Vazhayal et al., 2019). The 

microstructure of carbon aerogel prepared from tissue paper and PVA is shown in             

Fig. 1.15. 

 

Fig.1.15 SEM microstructure of carbon aerogel prepared from tissue paper and 

PVA(Vazhayal et al., 2019) 

 Bi et al. synthesized a hydrophobic carbon microbelt aerogel (CMB) from waste 

paper. The CMB aerogel exhibited a low density of 5.8 mg cm-3 and a specific 
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surface area of 178 m2 g-1. The CMB aerogel showed a high sorption capacity (56-

188 mg g-1) for oils with good recyclability(Bi et al., 2014). The microstructure of 

carbon microbelt aerogel is shown in Fig. 1.16. 

 

Fig. 1.16 SEM images of the belts in CMB aerogels(Bi et al., 2014) 

Sucrose is a widely studied precursor for the production of carbon foams. 

Prabhakaran et al. first reported a process for the preparation of low-density carbon 

foams from sucrose(Prabhakaran et al., 2007). In this work, a resin prepared by 

heating acidic aqueous sucrose solution was foamed in a glass tray in an air oven to 

produce solid organic foam. The carbonization of solid organic foam results in 

cellular amorphous carbon foams. The obtained carbon foams showed low density 

(0.115 to 0.145 g cm-3) and compressive strength (~0.89 MPa). Narasimman et al. 

reported a faster process for the preparation of low-density carbon foams (0.053–

0.085 g cm-3) from molten sucrose using aluminium nitrate as a blowing agent(R 

Narasimman & Prabhakaran, 2012). Herein, the water vapour generated by –OH 

condensation is responsible for the nucleation and growth of bubbles. The 

aluminium nitrate helps in the generation and stabilization of gas bubbles in molten 

sucrose and enables the faster setting of the foam by producing H+ ions which 

catalyze the –OH condensation. The carbon foams with improved oxidation 

resistance are produced from molten sucrose using boric acid instead of aluminium 

nitrate as a blowing agent(R Narasimman & Prabhakaran, 2013). The compressive 

strength of carbon foams produced from molten sucrose is improved by 

incorporating milled carbon fibre and activated carbon particles(Rajaram 

Narasimman et al., 2015; Rajaram et al., 2015). Fig.1.17 shows the SEM image of 

the carbon composite foam prepared from sucrose and carbon fibre. The 

incorporation of MWCNT and graphene oxide enhanced the electrical conductivity 
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and compressive strength of carbon foams produced from molten sucrose by 

thermo-foaming. These carbon foams exhibited high EMI shielding effectiveness(R 

Narasimman et al., 2016).   

 

 

Fig. 1.17 SEM image of carbon composite foam prepared from sucrose and carbon 

fibre(Rajaram et al., 2015) 

The cellular carbon foams produced from sucrose are brittle and produce debris 

during storage, transportation and further processing due to the large cell size. 

Wilson et.al prepared microcellular carbon foams from sucrose and NaCl powder 

by compression of a molding process(Wilson et al., 2017). In this, pastes of NaCl 

powder in molten sucrose are prepared by hot blending of the sucrose-NaCl 

mixtures. The pastes are set in a steel mould by hot pressing at 160 °C. The NaCl 

templates are removed by extraction with water after carbonization. The 

microstructure, compressive strength, foam density and thermal conductivity are 

controlled by changing NaCl to sucrose weight ratios in the range of 0.7 to 1.2. The 

uniform pore size distribution and a low density are achieved by using glycerol as 

a plasticizing additive(Wilson et al., 2018). The cell sizes of microcellular carbon 

foams are observed in the range of 3 to 6 m. The prepared microcellular carbon 

foam exhibited low density (0.214 to 0.096 g cm-3) and thermal conductivity (0.235-

0.087 W m-1K-1). The photograph of a microcellular carbon foam body and its SEM 

microstructure is shown in Fig. 1.18. The thermal conductivity of the microcellular 

carbon foams is improved by the addition of graphite filler and the same is used as 

a host for form-stable wax-based phase change material for thermal energy storage 

(Wilson et al., 2019). Jana et al. also prepared composite carbon foams from sucrose 

and graphite powder by a foaming method. The prepared carbon composite foam 
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exhibited high compressive strength (5 MPa) and thermal conductivity (7 Wm−1 

K−1) for storing wax-based phase change material(Jana et al., 2016).  

 

 

Fig.1.18 Photograph (a) and SEM image (b) of microcellular carbon foam 

(Wilson et al., 2017) 

1.3.4 Properties of carbon foam 

The properties of the carbon foam depend on the cell size, cell interconnectivity and 

crystallinity of the carbon. The cell size, cell interconnectivity and crystallinity of 

carbon foams depends on the precursors, processing method and heat-treatment 

temperature. The following section discusses the properties of the carbon foam such 

as density, compressive strength, thermal conductivity, electrical conductivity, fire 

resistance and EMI shielding effectiveness. 

1.3.4.1 Density and porosity  

Bulk density (b) is the ratio of the mass of the solid matrix to the volume of the 

foam body. The volume of the specimen is determined by measuring the dimension 

of a regular shaped specimen (commonly rectangular body) using vernier callipers. 

The bulk density of the foam is an important parameter as properties such as 

compressive strength, electrical conductivity, thermal conductivity and EMI 

shielding effectiveness depends on the bulk density.   

The skeletal density of the material (s) is the ratio of mass to volume of the 

material, excluding the volume of the voids. It is determined by using a gas 

pycnometer with gas displacement. The relative density is the ratio of bulk density 

to the skeletal density of the material. Materials with a relative density below 0.3 
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are considered foams. If the relative density is greater than 0.3, the pores become 

isolated and the material is called porous solid(Gibson & Ashby, 1997). 

The porosity is the percentage of the voids within the material. It is calculated from 

the relative density of the foam using the following formula (Equation 1.1):   

             Porosity = (1-b/s)*100                                              (Equation 1.1) 

where b is the bulk density of the specimen, s is the skeletal density of the 

specimen 

1.3.4.2 Compressive strength  

The compressive strength of carbon foams depends on bulk density, cell size, cell 

interconnectivity and strut and ligament thickness. The strength of carbon foams is 

commonly evaluated in compressive mode. The compressive strength and Young’s 

modulus are obtained from the compressive stress-strain measurements made on 

rectangular carbon foam bodies using a Universal Testing Machine. The carbon 

foams show brittle failure under compression. The typical stress-strain curve of a 

brittle carbon foam is shown in Fig. 1.19. The stress-strain curve shows an initial 

linear elastic region followed by a serrated plateau and a strain hardening 

region(Gibson & Ashby, 1997). The stress corresponding to the plateau region is 

taken as the compressive strength and the slope of the initial linear region is taken 

as Young’s modulus.  

 

Fig. 1.19 Typical compressive stress-strain curve of a carbon foam(Sadighi & 

Salami, 2012) 
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The compressive strength of carbon foams depends on the nature of the precursors, 

processing method and heat treatment temperature. These parameters affect the 

density, pore size, pore interconnectivity and crystallinity of the carbon foam which 

in turn affect the compressive strength. Specifically, the mechanical strength is 

influenced by the combined effect of its relative density, percentage of open or 

closed cells, and the shape anisotropy ratios of cells. The closed-cell carbon foam 

normally exhibits better mechanical strength than open-cell carbon foams of the 

same density. Thermoplastic (pitch) derived carbon foams exhibit comparatively 

higher compressive strength than synthetic polymer and biomass-derived carbon 

foams(Baran et al., 2013; Chong Chen et al., 2006; Sizhong Li et al., 2007).  The 

compressive strength of carbon foams is further improved by incorporating 

reinforcing additives. The reinforcing additives such as MWCNT, graphite powder, 

carbon powder, clay, carbon fibre and mesocarbon microbeads have been used for 

the improvement of the compressive strength of the carbon foams(Jana et al., 2014; 

R Narasimman et al., 2014, 2016; Sharma et al., 2020; X. Wang et al., 2006).            

Li et al. fabricated carbon foam with high compressive strength from mixtures of 

mesocarbon microbeads and mesophase pitch by foaming, carbonization and 

graphitization. The resultant carbon foam exhibited compressive strength of                   

23.7 MPa(Sizhong Li et al., 2007). Carbon foam derived from thermosetting 

plastics such as phenol-formaldehyde resin, polyimide, melamine, cyanate ester and 

polyarylacetylene, exhibited the compressive strength of 3.1-12.5 MPa, 0.25 MPa, 

19.0 kPa, 3.15 MPa, 25.8 MPa, respectively(Ye et al., 2019). Luo et.al prepared 

carbon foam reinforced with K2Ti16O13 whiskers from phenolic resin. The carbon 

foam produced exhibited a compressive strength of  7.43 MPa at 2 wt.% K2Ti16O13 

whiskers(Luo et al., 2011). On the other hand, the carbon foams derived from 

biomasses such as tannin, bread and sucrose exhibited a compressive strength of 

3.6 to 6.9 MPa, 3.6 MPa, 0.115-0.145 MPa, (Jana et al., 2014; Prabhakaran et al., 

2007a; Tondi et al., 2009; Y. Yuan et al., 2016b). Narasimman et al. used carbon 

fibre, carbon powder, MWCNT and graphene as reinforcing additives to improve 

the compressive strength of sucrose based carbon foams(R Narasimman et al., 2014, 

2015, 2016; Rajaram Narasimman et al., 2015; Rajaram et al., 2015). The 
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compressive strength of carbon foams prepared from various precursors is 

summarised in Table 1.1. 

Table 1.1 Compressive strength of carbon foams derived from various precursors 

Sl.No. Precursor  Compressive 

strength 

(MPa) 

Density 

(g cm-3) 

Reference 

1 Petroleum pitch 3.9 0.34 (Chong Chen 

et al., 2006) 

2 Coal 2.9 0.32 (Chong Chen 

et al., 2004) 

3 Coal tar pitch 18.7 0.67 (Chong Chen 

et al., 2006) 

4 Asphaltene 18.7 0.83 (Baran et al., 

2013) 

5 Mesophase AR pitch 3.35 0.77 (Yu et al., 

2014) 

6 Mesophase with 

microbeads 

23.7 0.78 (Sizhong Li et 

al., 2007) 

7 Mesophase pitch with 

clay reinforcement 

6.2-12.8 0.71-0.61 (X. Wang et 

al., 2006) 

8 Phenolic-resin with 

K2Ti16O13 whiskers  

7.43 0.32 (Luo et al., 

2011) 

9 Phenolic resin with 

coal tar 

13.1 0.74 (Farhan et al., 

2014) 

10 Cyanate ester 3.25-9.6 0.23-0.59 (T. Chen et 

al., 2015) 

11 Polybenzoxazine 9.5 0.48 (Lorjai et al., 

2009) 

12 Phthalonitrile 1.86 0.152 (L. Zhang et 

al., 2016) 

13 Polyarylacetylene 25.8 0.6 (M. Liu et al., 

2007) 
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14 Bread 3.6 0.29 (Y. Yuan et 

al., 2016b) 

15 Mimosa Tannin 3.6-6.9 0.13-0.51 (Jana et al., 

2014) 

16 Tannin 0.62 0.067 (Tondi et al., 

2009) 

17 Spruce sawdust 0.40-1.97 0.21-0.26 (Yargic & 

Ozbay, 2019) 

18 sucrose 0.145 0.85 (Prabhakaran 

et al., 2007b) 

19 Sucrose with carbon 

powder 

0.42-3.4 0.138–

0.22 

(Rajaram 

Narasimman 

et al., 2015) 

20 Sucrose with boric 

acid as a blowing agent 

0.08-1.6 0.1-0.16 (R 

Narasimman 

& 

Prabhakaran, 

2013) 

21 Sucrose with kaolinite 0.08-0.21 0.072–

0.108  

(Ji et al., 

2014) 

 

1.3.4.3 Thermal conductivity  

Thermal conductivity is the ability of a material to transfer heat under steady-state 

conditions. It is the measure of heat transfer within the material. Heat transfer within 

highly porous cellular material in the absence of forced fluid flow is due to 

conductive, convective and radiative mechanisms. The convective heat 

transfer within the fluid phase can be neglected since the smaller size of pores. The 

conductive heat transfer may occur through the solid network, lattice vibration, 

movement of the electron, fluid and molecular interactions(Gibson & Ashby, 1997). 

The radiative heat transfer is by electromagnetic radiation exchanged between solid 

walls or struts. The combined conductive and radiative heat transfers in cellular 

https://www.sciencedirect.com/topics/physics-and-astronomy/conductive-heat-transfer
https://www.sciencedirect.com/topics/physics-and-astronomy/convective-heat-transfer
https://www.sciencedirect.com/topics/physics-and-astronomy/convective-heat-transfer
https://www.sciencedirect.com/topics/physics-and-astronomy/lattice-vibrations
https://www.sciencedirect.com/topics/physics-and-astronomy/radiative-heat-transfer
https://www.sciencedirect.com/topics/physics-and-astronomy/electromagnetic-radiation


27 
 

materials for most thermal applications can be characterized by an overall thermal 

conductivity. The thermal conductivity of carbon foam is typically calculated from 

the thermal diffusivity, specific heat and foam density using the following equation 

(Equation 1.2): 

κ = α·ρ·Cp                       (Equation 1.2) 

where, κ = Thermal conductivity (W m-1·K-1), α = Thermal diffusivity (cm2 s-1),         

Cp =Specific heat (J g-1 K-1), and ρ = Density (g cm-3). 

The thermal conductivity of the carbon foam depends upon the crystalline structure, 

density, cell size and cell interconnectivity. Therefore, thermal conductivity 

depends on the type of carbon precursors, processing method and heat treatment 

temperature used for the preparation of carbon foams. The graphitic carbon foams 

prepared from mesophase pitch generally exhibit higher thermal conductivity than 

the amorphous/turbostratic carbon foams prepared from synthetic polymers or 

biomasses. The thermal conductivity of carbon foams decreases with the increase 

of porosity and decrease of pore size. The closed-cell foam exhibits lower thermal 

conductivity than the open cell foams of the same density. The thermal conductivity 

of carbon foams is further modulated by incorporating fillers such as graphite 

powder, graphene, clay, CNT, carbon fibres and K2Ti6O13 whiskers (Kumar, 

Dhakate, Gupta, et al., 2013; Luo et al., 2011; R Narasimman et al., 2015; X. Wang 

et al., 2006; Wilson et al., 2019; K. Zhang et al., 2016). The thermal conductivity 

values of carbon foams prepared from various precursors are tabulated in Table 1.2. 

Table 1.2 Thermal conductivity of carbon foam from various precursors 

Sl.No. Precursors Thermal 

conductivity  

(Wm-1K-1) 

Density 

 (g cm-3) 

Reference 

1 Coke and 

mesocarbon 

microbeads 

0.24-0.26  

(100 °C) 

0.38-0.45 (He et al., 2013) 

2 SiO2 aerogel and 

pitch 

0.1-0.2 0.18-0.39 (H. Liu et al., 2019) 
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3 Coal tar pitch and 

montmorillonite 

clay 

0.25-2 0.67-0.727 (X. Wang et al., 

2006) 

4 Phenolic resole 

resin and K2Ti6O13 

0.24-0.4 0.23-0.25 (Luo et al., 2011) 

5 Phenolic resin and 

cenospheres 

0.02-0.21 0.3-0.45 (Kumar et al., 

2018a) 

6 Tannin 0.44 0.067 (Tondi et al., 2009) 

7 Sucrose with 

aluminium nitrate 

blowing agent 

0.05-0.15 0.04 to 0.07 (R Narasimman & 

Prabhakaran, 

2012a) 

8 Sucrose with 

aluminium nitrate 

and boric acid as 

blowing agent 

0.043 to 

0.057 

0.103–0.16 (R Narasimman & 

Prabhakaran, 2013) 

9 Bismaleimide 

(BMI) resin and   

montmorillonite 

clay 

0.1-0.46 0.26-0.32 (Y. Wang et al., 

2017) 

 

1.3.4.4 Fire resistance  

Fire-resistant materials are designed to resist burning and withstand heat. These are 

one of the major components in the manufacturing of ships, buildings and 

automobiles. Usually, polymer-based fire-retardant coatings are applied to protect 

core structures. These coatings exhibit poor oxidation resistance, poor chemical 

resistance to strong acidic/alkaline reagents and organic solvents as well as release 

toxic gases. Though carbon materials undergo oxidation at high temperatures, they 

do not catch fire and support a sustainable flame. Therefore, carbon foams are 

candidate materials for lightweight thermally insulating fire-resistant structural 

material. Carbon foams derived from pitches, synthetic organic polymers and 

biomasses exhibit excellent fire resistance and do not catch fire even when exposed 
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to oxyacetylene flame(Kumar et al., 2019; Tondi et al., 2009). A photograph of a 

carbon foam body prepared from sucrose exposed to oxyacetylene flame showing 

its fire resistance is shown in Fig.1.20 (a). Though the carbon foam body does not 

catch fire the oxyacetylene flame pierce through due to the oxidation of carbon. A 

Photograph of the carbon foam body after exposure to oxyacetylene flame is shown 

in Fig.1.20 (b). 

 

Fig.1.20 A photograph of carbon foam during exposure to oxyacetylene flame(a) and 

after flame exposure(b) (Rajaram Narasimman et al., 2015) 

1.3.4.5 Electrical conductivity  

The carbon foams are electrically conducting due to the presence of conjugated - 

electron in the aromatic carbon (graphene layer). The electrical conductivity of the 

carbon foam mainly depends on the crystallinity and bulk density(Gibson & Ashby, 

1997). The electrical conductivity generally increases linearly with an increase in 

the density of the carbon foams. The resistivity of solid foam is directly related to 

relative density as per the following formula (Equation 1.3):  

Rf  Rs / (*/s)                 (Equation 1.3) 

where  Rf  is the resistivity of the foam, Rs is the resistivity of the solid, */s is the 

relative density 

 As the density falls, the average cross-section available for conduction decreases 

and the tortuosity of the current path increases. Both of them raises resistivity. 

The electrical conductivity of the carbon foam depends on the type of carbon 

precursors and processing conditions such as heat-treatment temperature. 

Normally, pitch derived carbon foams exhibit fairly high electrical conductivity 
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than synthetic polymer and biomass-derived carbon foams. The pitch derived 

carbon foams have a graphitic structure compared to the amorphous nature of 

carbon foams produced from synthetic polymers and biomasses. The heat-treatment 

temperature above 1500 °C improve the degree of crystallinity and thereby increase 

the electrical conductivity of carbon foams. Thermosetting polymer and biomass-

derived turbostratic carbon foams do not promote the easy movement of electrons 

in the foam body and therefore exhibit lower electrical conductivity. The carbon 

foams derived from thermosetting polymers such as phenolic resin and polyimide 

exhibited electrical conductivity in the range of 1.0- 250 S cm-1(Agrawal et al., 

2019; Kumar, Dhakate, Gupta, et al., 2013; Patle et al., 2020; Tang et al., 2018). On 

the other hand, the biomass-derived carbon foam exhibited an electrical 

conductivity in the range of  0.05-70 S cm-1(Letellier, Macutkevic, Paddubskaya, 

Klochkov, et al., 2015). The electrical conductivity of the carbon foam is further 

improved by the addition of fillers such as CNT, graphene and graphite powders 

(Agrawal et al., 2019; Amini et al., 2011; R Narasimman et al., 2015; Patle et al., 

2020). 

1.3.4.6 EMI shielding Effectiveness  

Electromagnetic interference (EMI) is the disruption of the operation of an 

electronic device when it is in the vicinity of an electromagnetic field (EM field) 

that is caused by another electronic device. The materials used to shield the 

electromagnetic interference are called EMI shielding materials(Kuruvilla et al., 

2019). Electromagnetic interference shielding refers to the reflection and absorption 

of electromagnetic radiation by a material that acts as a shield against the 

penetration of the radiation(Jaroszewski et al., 2018). In recent years, EMI shielding 

materials have been of great interest due to the tremendous increase in the number 

of electronic devices which generate severe electromagnetic radiations. The 

traditionally used metallic materials shield EM waves mainly by reflection. In 

addition, they are heavy and prone to corrosion.  The development of lightweight 

and corrosion-resistant materials with absorption dominated high shielding 

effectiveness is of utmost importance(Sankaran et al., 2018).  In this connection, 

carbon-based materials have gained increasing attention owing to their high 

electrical conductivity, and good corrosion resistance(Geetha et al., 2009). The 
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creation of porosity in carbon materials make them lighter and improves their EMI 

shielding effectiveness by reducing the impedance mismatch with air, creating more 

interfaces for polarization and promoting reflections back and forth within the 

pores. That is, carbon foams are superior to the metal-based EMI shields currently 

in use. The incorporation of dielectric and magnetic particles in the carbon 

framework provides an additional enhancement in EMI shielding due to relaxation 

losses by the interaction of EM waves with the electric and magnetic dipoles, 

respectively.  

The attenuation of EM waves by the shielding material has a contribution from 

reflection at the surface and absorption throughout the material due to conduction 

and polarization losses.  The multiple internal reflections within the pores present 

in the material facilitate absorption of EM waves preventing their early 

transmission. The sum of the contributions of reflection (SR), absorption (SA) and 

multiple internal reflections (SM) is termed as total shielding effectiveness, SET. 

ST (dB) = SR + SA+SM = -10 log ( Pt/Pi)                    (Equation 1.4) 

where Pi and Pt are the incident and transmitted power, respectively(Kuruvilla et al., 

2019).  The mechanism of EMI shielding is schematically represented in Fig. 1.21. 

When the total shielding effectiveness of the materials is more than 10 dB, the 

losses related to total internal multiple reflections can be neglected and the total 

shielding effectiveness (ST) will be written as (Equation 1.5): 

ST= SR+ SA                                       (Equation 1.5) 

 

Fig. 1.21 Schematic representation of EMI shielding mechanism 
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The carbon foams and carbon foam composites usually exhibit an absorption 

dominated electromagnetic interference shielding. An effective method to enhance 

the EMI shielding performance is the incorporation of a secondary phase with high 

electrical conductivity or magnetic permeability. Rajeev Kumar and co-workers 

synthesized carbon foams of high EMI shielding effectiveness from coal tar pitch 

and ferrocene(Kumar, Dhakate, & Mathur, 2013). Ni-Zn ferrite is investigated as 

fillers in carbon composite foams for EMI shielding due to its high magnetic 

permeability and magnetic loss(H. Liu et al., 2016). The resultant carbon composite 

foam exhibited absorption dominated superior EMI shielding effectiveness. 

Incorporation of multiwalled carbon nanotube, graphene, and reduced graphene 

oxide exhibited improved mechanical strength and electrical conductivities as well 

as high EMI shielding effectiveness in carbon foams derived from sucrose and 

phenolic resin(Agrawal et al., 2019; Kumar, Dhakate, Gupta, et al., 2013; Q. Li et 

al., 2016a; R Narasimman et al., 2016).  The EMI shielding effectiveness of the 

carbon foams prepared from various precursors reported in the literature is 

summarized in Table 1. 3. 

Table 1.3 EMI shielding effectiveness of carbon foams reported in the literature 

Sl. No. Absorbing 

material   

EMI shielding 

effectiveness (dB) 

Reference 

1 Shape-memory 

carbon foam 

composites 

25.3–44.7 (Jia et al., 

2021) 

2 rGO/sugarcane 

derived hybrid 

carbon foams 

39-53 (L. Wang et 

al., 2020) 

3 Carbon-rGO 

composites 

foam 

−23.2 to −50.7 (Agrawal et 

al., 2019) 

4 Phenolic-based 

carbon foam 

modified with 

8-32 (Y. Zeng et 

al., 2019) 
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GO/SiO2 hybrid 

nanomaterials 

5 Carbon foam 

from bread 

17.2 (Y. Yuan et 

al., 2016a) 

6 Carbon foam from plane 

Platanus Orientalis fruits 

~25-38 (FARHAN et 

al., 2018) 

7 carbon-

cenosphere 

composite foams 

−25.2 to −48.6 (Kumar et al., 

2018b) 

8 Phenol-

formaldehyde 

resin derived 

carbon-MCMB 

composite foams 

-27.5 to -62.4 (Sharma et 

al., 2020) 

9 Carbon foam 

from melamine 

23 (H.-G. Shi et 

al., 2021) 

10 Ultrathin carbon 

foam from 

polyimide/graphe

ne composite 

18-24 (Y. Li et al., 

2016) 

11 Microcellular 

carbon foam 

from sucrose by 

NaCl particle 

templating 

24.7 to 41.7 (Wilson et al., 

2018a) 

12 Carbon 

composite foam 

from sucrose and 

multi-walled 

carbon nanotube 

26 to 39 (R 

Narasimman 

et al., 2016) 

13 Carbon foam 

from cotton with 

36 (Gu et al., 

2020) 
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reduced graphene 

oxide 

14 Open-cell carbon 

foam from 

phenolic 

composite 

consisting of 

nanoferric oxide 

and MWCNT 

~62 (Q. Li et al., 

2016b) 

 

 

 

15 Carbon foam 

derived  from 

polyimide 

39 - 54 (Jia et al., 

2020) 

 

1.3.4.7 Acoustic properties 

Carbon foams are scarcely studied for their acoustic properties compared to other 

applications such as thermal management, energy storage and EMI shielding. In 

this regard, Celzard et al. investigated the acoustic properties of carbon foams with 

reticulated and cellular structures(A Celzard & Cedex, 2013). Carbon foams 

prepared from tannin exhibit high air flow resistance potential but low sound 

absorption due to the high density. The high sound absorption coefficient is 

achieved by improving the porosity of the carbon foams. The studies indicated that 

the cellular carbon foams show better sound absorption properties at lower 

frequencies and vice versa for the reticulated carbon foams (Amaral-Labat et al., 

2013; Letellier et al., 2017).  Mesophase pitch-based carbon foams and composite 

graphite foams are also studied for acoustic insulation. The highly porous and low-

density carbon foam obtained from naphthyl-synthesized mesophase pitch showed 

good absorption properties even at low frequencies(N. Gao et al., 2018).  

1.3.5 Applications of Carbon foams 

Carbon foams find a large number of applications in industrial and strategic sectors 

owing to their excellent properties. The properties can be tuned by selecting suitable 
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precursors and processing methods. The following section briefly describes some 

of the important applications of carbon foams.   

1.3.5.1 Thermal insulation and thermal protection 

Due to the unique properties such as high thermal stability, low thermal 

conductivity ablative property and lightweight, carbon foams can be used as high-

temperature thermal insulation and ablative structures in thermal protection systems 

in aerospace. Synthetic polymers and biomass-derived amorphous carbon foams are 

preferred for thermal protection applications due to their low thermal conductivity. 

Fig. 1.22 is showing carbon foam exposed to thermal protection test. The 

limitations of carbon foams are their brittle nature and oxidation in the air 

atmosphere at high temperatures. Therefore, the thermal protection and ablative 

structure based on carbon foams are fabricated in the form of sandwich structures 

in which the carbon foam forms the core and carbon-carbon composites form the 

facing sheets. A photograph of a sandwich composite structure using carbon foam 

as a core is shown in Fig. 1.23.  

 

Fig. 1.22 A photograph of carbon foams during thermal protection test(www. 

Cofoam/Tps, n.d.) 

 

Fig. 1.23 Sandwich composite with carbon foam core(www. 

Cfoam/Thermalprotection.Jpg, n.d.) 
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1.3.5.2 Host for phase change materials 

Sustainable development demands conservation of energy as the conventional 

resources of energy such as petroleum is rapidly depleting.  Solar thermal energy is 

one of the options.  A large amount of solar energy is wasted during the daytime. If 

this solar energy is stored and used during demand, the consumption of fossil fuels 

can be reduced, alleviating energy shortage and environmental issues. Thermal 

energy storage systems using phase change materials (PCMs) are used for solar 

thermal energy storage. PCMs are substances that, when going through a change in 

their physical state, can absorb or release large amounts of latent heat.  Among the 

various possible phase transitions, the solid-liquid transition is widely used for solar 

thermal energy storage. However, the low thermal conductivity and weak photo-

absorption of pure PCMs hinder their efficient usage. To overcome these issues the 

phase change materials are stored in porous media made of thermally conducting 

materials. Carbon foams are candidate materials for hosting the phase change 

materials for thermal energy storage due to their interconnected porous structure 

and high thermal conductivity. The main advantage of carbon foams as a host 

matrix is that it permits a high PCM-to-carbon foam volume ratio and enhanced 

thermal conductivity, which increases the energy storage capacity of the 

device(Khan et al., 2018).  Maleki et al. used commercially available melamine 

derived carbon foam (CF) as a host for three different organic phase change 

materials (PCMs), including polyethylene glycol (PEG), paraffin (PA), and 

palmitic acid (PAA). The prepared CF/PEG, CF/PA, and CF/PAA composite PCM 

exhibited a considerable latent thermal storage capacity of 145.7, 124 and 198.2 J 

g-1, respectively. The CF/PA system showed a better cycle ability than other 

composites after 200 frequent heating/cooling cycles. The black coloured CF/PA 

composite exhibited a significant increase in light absorbance and thereby a high 

light-to-thermal energy conversion efficiency (95%). The CF/PA composite could 

provide domestic hot water (DHW) for a building with an efficiency of 

88.1%(Maleki et al., 2020). The photograph of carbon foam-paraffin composites 

showing their form-stability (Fig.1.24a) and the schematic of the water heating 

system using phase change materials (Fig.1.24b) are shown in Fig. 1.24. 
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Fig. 1.24a Photographs of the pure PCMs and their composite stability at different 

temperatures(Maleki et al., 2020) 

 

 

Fig. 1.24b  Schematic diagram of solar heating  system(Maleki et al., 2020) 

1.3.5.3 Thermal management 

A large amount of heat energy is produced in various electronic types of equipment 

during their operation. This heat generated is detrimental to their long-term 

function. Therefore, heat sinks are used to absorb and dissipate this heat energy and 

thereby protect the device.  Conventionally, metal-based fin structures and foams 

are used as heat sinks in electronic systems due to their high thermal conductivity. 

ORNL’s graphite foam developed by Klett et al. has a high thermal conductivity in 

the range of 50-150 W m-1K-1. The specific thermal conductivity of  > 300 W m-1K-

1g-1cm3 observed is significantly higher than that of the conventional metal foams 

(Gallego & Klett, 2003). The heat sink application tested by replacing a standard 

aluminium heat sink from a Pentium 133 microprocessor with a graphite foam 

showed superior performance(J. Klett & Conway, 2000). Wu et.al investigated a V-

shaped corrugated carbon foam heat sink for thermal management of electronics 

with forced air convection. The carbon foam (PocoFoam) of 51 mm Length, 51 mm 
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width,19 mm height was used for the study. The performance of the carbon foam 

heat sink was characterized in terms of heat transfer coefficient and flow resistance. 

A heat transfer coefficient of 2210 Wm-2 K-1 was achieved at airflow speed of 7.8 

m s-1 and at a pressure drop of 1320 Pa, which is higher than the performance target 

for the next generation advanced heat sink material(W. Wu et al., 2011). Fig. 1.25 

shows a photograph of a corrugated structure of carbon foam for heat sink 

application. 

 

Fig.  1.25 Photograph of V-shaped corrugated heat sink (W. Wu et al., 2011) 

1.3.5.4 Adsorbent for toxic chemicals and Oil absorber 

 The carbon foams are used as monolithic adsorbents due to their high surface area 

and interconnected pore structure. The thermosetting material derived carbon foam 

with an open-cell structure can achieve high surface area and excellent 

hydrophobicity. The carbon foam has been extensively reported as absorbents for 

organic pesticides, toxic gases, oil, organic solvent etc. Narasimman et al. prepared 

carbon composite foam from molten sucrose and activated carbon powder which 

exhibited a good CO2 adsorption capacity of 3.04 mmol g-1 and selectively absorbed 

oil from the oil-water emulsion(Narasimman et al., 2014b). Lee et al. used carbon 

foam derived from phenolic resin for the removal of copper and lead from aqueous 

solutions. The maximum adsorption capacity of lead and copper determined was 

91 mg g-1 and 247 mg g-1, respectively(C.G. Lee et al., 2015). Lightweight carbon 

foams of high hydrophobicity synthesized from cotton and graphene oxide by Gu 

et.al exhibited high oil absorption capacity in the range of 16-27 times of their 

weight(Gu et al., 2020). The hydrophobic carbon foams synthesized from lignin–

resorcinol–glyoxal (LRG)  by Rao et.al absorbed 24 times its weight of oils and 

organic solvents(Rao et al., 2020).  
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1.3.5.5 Energy storage 

Carbon foams find applications in electrochemical energy storage systems as 

electrodes due to their interconnected pore structure, high porosity, large surface 

area, high electrical conductivities and excellent corrosion resistance. These unique 

features endow easier and faster ion and electron transport throughout the electrode. 

Their structural stability improves the life cycle of the energy storage device. 

Besides these, the electrochemically active material can be loaded into the porous 

structure of the carbon foam which enables high capacity with enhanced energy and 

power densities(Khan et al., 2018). Mainly, carbon composite foams with CNT and 

graphene are used for energy storage applications(Qiu et al., 2020; Rodríguez-

García et al., 2018; Tjandra et al., 2018; Vazquez-Samperio et al., 2020; Yuhang 

Zhang et al., 2021). 

Wei and co-workers reported 3D nitrogen-doped carbon foam-CNT hybrids hosting 

TiO2 nanoparticles as a free-standing electrode for Li-ion batteries. The doping of 

nitrogen endows carbon foam with enhanced electron transfer and excellent 

wettability, hence nitrogen-doped carbon foam is widely used for the application of 

energy storage(W. Yuan et al., 2018). 

Lithium-sulphur (Li-S) battery research is drawn attention due to its high theoretical 

capacity and energy density. But the fabrication and utilization of Li-S batteries are 

limited by the volume expansion during the charge-discharge process and poor 

conductivity of sulphur. Carbon foams provide a conductive framework and 

improve sulphur loading. Xiang and group fabricated a 3D flexible multifunctional 

hybrid of nitrogen-doped carbon foam@CNTs decorated with ultrafine MgO 

nanoparticles for use as a current collector in Li-S batteries. The dense carbon 

nanotubes wrapped on the carbon foam matrix enhance flexibility and build an 

interconnected conductive network for rapid ionic/electronic transport. Synergistic 

action of MgO nanoparticles and in situ N-doping significantly suppresses 

enhanced chemisorption of lithium polysulfides. Hence, it acts as a good electrode 

with a high sulphur loading of 14.4 mg cm-2, a high gravimetric capacity of 612 

mAh g−1 and an areal capacity of 8.8 mAh cm−2 after 50 cycles at 0.05 C(Xiang, 

Wu, et al., 2017). 
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Carbon foams are also used in supercapacitors of high energy density and high 

specific capacitance. Park et.al fabricated a porous carbon foam by 

polycondensation of resorcinol and formaldehyde by PMMA as a pore generator. 

In order to improve wettability with electrolyte and surface activity, carbon foam is 

doped with nitrogen. Nitrogen-doped carbon foam to improve the energy density of 

the supercapacitor. N-doped carbon foam exhibited the specific capacitance 

(137.8 F/g at a 10 mV/s scan rate with 6 M KOH electrolyte)  and exhibited good 

cyclic stability(Park et al., 2015). 

1.3.5.6 EMI shielding  

The lightweight, relatively high strength, high thermal stability, excellent corrosion 

resistance and high EMI shielding effectiveness made the carbon foams attractive 

for EMI shielding applications in the strategic sector.  The shortcomings of metal-

based EMI shields currently used can be overcome by using carbon foams. The 

carbon foam-based EMI shielding improve the stealth of defence systems as the 

mechanisms of EMI shielding is absorption dominated which reduce the chance of 

detection by the radars of the enemy.  The electronic enclosures made of CFOAM 

(R ) were reported to provide greater than 60 dB shielding effectiveness for RF waves 

of frequency in the range of 100 to 20 GHz(EMI Shielding - CFOAM® Carbon 

Foam, n.d.). A photograph of EMI shielding enclosures made from CFOAM is 

shown in Fig. 1.26. 

 

Fig.1.26 A photograph of EMI shielding enclosures made from 

CFOAM(www.Cfoam.Com/Emi Shielding, n.d.) 
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1.4  The Objective and Scope of the thesis  

Generally, carbon foams are processed from coal, pitches and synthetic polymers 

prepared from petroleum-derived monomers. Fossil fuels which are the sources of 

the above precursors are depleting fast because of rapid industrialization. Therefore, 

the researchers are searching for alternative and renewable carbon precursors. 

Biomass is a renewable resource of carbon which is available in large volumes at a 

relatively low cost.  A large number of biomasses are studied for the preparation of 

undoped and hetero-atom doped activated carbons for applications in energy 

storage, adsorption and catalysis. On the other hand, biomasses such as tannin, 

sucrose, olive stone and lignin are studied as precursors for the preparation of 

carbon foams.  However, large quantities of biomasses such as rice husk, sawdust, 

natural cotton and newspaper are either wasted or underutilized. There is no report 

on the preparation of monolithic structural carbon foams from the above biomasses. 

The conversion of these biomasses into monolithic carbon foams generate wealth 

from waste. In addition, the utilization of newspaper waste for carbon foam 

preparation helps the management of municipal solid waste. The present thesis 

focus on the eco-friendly and cost-effective processing of these biomasses to 

monolithic carbon-composite foams. 

The specific objectives of the thesis are as below: 

(i) To prepare monolithic carbon composite foams from biomasses  

(ii) To study biomasses such as natural cotton, sawdust, rice husk and 

newspaper waste as a precursor for carbon composite foams. 

(iii) To develop an eco-friendly processing method for carbon composite 

foam monolith from the biomasses  

(iv) To characterize the carbon composite foams prepared from the 

biomasses  

(v) To study the carbon composite foams for thermal insulation and EMI 

shielding applications 

1.5 Organization of the thesis  

This thesis describes the methodology for the preparation of carbon composite 

foams from biomasses such as natural cotton, sawdust, rice husk, and newspaper 
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waste using sucrose as a binder. The thesis focus on the development of an eco-

friendly and simple processing method for the preparation of carbon composite 

foams from the biomasses. The carbon composite foams are characterized in detail 

using spectroscopic and microstructure analysis and mechanical property 

evaluation. The thermal conductivity and EMI shielding effectiveness of the carbon 

composite foams are evaluated for possible applications in thermal protection and 

EMI shielding.  The thesis is organized into six chapters.  

Chapter 1 provides a state-of-the-art literature survey on porous carbon and carbon 

foams with a special focus on biomass-derived carbon. This chapter provides a brief 

description of the properties and potential applications of carbon foams along with 

the research problem and objectives of the thesis.  

The details of materials used for the preparation of carbon composite foams is 

presented in Chapter 2. The processing of biomasses into carbon composite foams 

is described in this chapter. The characterization methods used for the evaluation of 

carbon composite foam are also described. 

In chapter 3, the characterization of the carbon composite foams by XRD, Raman 

spectra, microstructure and textural property analysis is presented. The density, 

compressive strength, electrical conductivity, thermal conductivity and EMI 

shielding effectiveness of carbon composite foams are discussed as a function of 

the concentration of sucrose solution used for their preparation by filter-pressing.   

In Chapter 4, the characterization of these carbon composite foams for 

crystallinity, textural properties and pore structure is presented. The effects of 

sucrose concentration on density, compressive strength, electrical conductivity, 

thermal conductivity and EMI shielding effectiveness of the carbon composite 

foams are discussed.    

Chapter 5 The C/SiO2 and C/SiC composite foams are characterized for SiO2 and 

SiC content, crystallinity, pore structure and the results are discussed. The effects 

of sucrose solution concentration and high-temperature heat-treatment for 

carbothermal reduction of silica to SiC on density, compressive strength, thermal 

conductivity and EMI shielding effectiveness of carbon composite foams are 

presented.  
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The carbon-gehlenite composite foams are characterized for gehlenite content, 

crystallinity, textural properties and the results are presented in chapter 6. The 

density, compressive strength, thermal conductivity and EMI shielding 

effectiveness evaluated for the carbon composite foams are discussed as a function 

of sucrose solution concentration.  

The outcome of the study is summarized in Chapter 7. This chapter also briefs on 

the scope for future research on this subject. 
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CHAPTER-2 

MATERIALS AND METHODS 

2.1 Materials 

Biomass such as cotton, sawdust, rice husk and waste newspaper were used for the 

preparation of carbon composite foams. The cotton fibre was procured from a local 

market. Sawdust of Artocarpus hirsutus wood was collected from a local sawmill. 

Rice husk was collected from a local rice mill. The waste newspaper was from the 

author’s house. The food-grade sucrose was procured from a local market. The 

distilled water was used for the preparation of the sucrose solution. 

 2.2 Methods preparation of carbon composite foams 

2.2.1 Processing of carbon composite foam using cotton  

The solution of concentrations in the range of 100 to 700 g L-1 were prepared by 

dissolving the sucrose in the distilled water at room temperature. 40 g of cotton 

fibre was dispersed in 3 litres of the sucrose solution by agitating with a glass rod. 

The dispersed carbon fibre was consolidated by using a set-up fabricated in-house 

from a PVC pipe, Buchner funnel filter-flask and mild steel piston. A photograph 

of the filter-pressing set is shown in Fig. 2.1. The cotton fibre dispersed in the 

sucrose solution was poured into the PVC pipe of the filter-pressing setup and 

consolidated by filtration of sucrose solution through a carbon cloth placed on the 

Buchner funnel. A gentle hand pressing with the piston was given towards the end 

of the consolidation process. The sucrose solution collected in the filter flask was 

reused for the preparation of subsequent samples of the same composition. The 

sucrose solution retained in the filter-pressed bodies was frozen by keeping in a 

freezer at -70 °C for 24 hours. The frozen bodies were freeze-dried in a lyophilizer 

(Lyodel 85, Lyodel pumps, India) to produce sucrose bonded cotton composite 

bodies. 

The sucrose bonded cotton composite bodies were heated in an air atmosphere at 

160 °C for 2 h to caramelize the sucrose. The heating rate was 1 °C min-1. The 

caramel bonded cotton bodies were carbonized by heating in an inert atmosphere 

furnace at 900 °C for 2 h at a heating rate of 1 °C min-1. Ultrapure (99.99%) argon 
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was used for creating the inert atmosphere. The samples were unloaded after the 

natural cooling of the furnace to room temperature. The argon atmosphere was 

maintained during cooling. The preparation of carbon composite foam is 

schematically represented in Fig. 2.2. 

 

Fig. 2.1 Photograph showing the filtration set-up 

 

 

Fig. 2.2 Schematic representation for the processing of carbon  composite foams 

2.2.2 Processing of carbon composite foams using sawdust 

The sawdust collected from a local sawmill was dried in an air oven at 100 °C for 

24 hours. The dried sawdust was ground in a kitchen grinder mixer and sieved 

through a mesh of size 1 mm. The sucrose solution of concentrations in the range 

of 100 to 700 g L-1 was prepared. 40 g of the sawdust powder was mixed with 500 

ml sucrose solution of various concentrations to produce slurries. The slurries were 

stirred for 15 minutes using a mechanical stirrer for proper wetting of the sawdust 
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particles with the sucrose solution. The sawdust slurry was poured into the PVC 

pipe of the filter-pressing setup and the sucrose solution was allowed to filter out 

through the Buchner funnel to consolidate the particles. A plastic mesh was placed 

on the Buchner funnel to avoid the loss of sawdust particles through the filtrate. 

Towards the completion of natural filtration, a gentle hand pressing with the mild 

steel piston was applied for proper consolidation to produce a cylindrical body. The 

consolidated bodies removed from the filter-pressing setup were cooled in a freezer 

at -70 oC and then freeze-dried. The freeze-dried bodies were heated in an air oven 

at 160 oC for 4 hours. The heating rate was 20 oC hr-1. The heat-treated bodies were 

carbonized in an inert atmosphere furnace at 900 oC for 2 hours. Ultrapure argon 

was used to create the inert atmosphere. The heating rate was 0.5 oC min-1 up to 600 

°C and then 1oC min-1. The flow chart for the preparation of carbon composite foams 

from sawdust is shown in Fig.2.3. 

 

Fig. 2.3 Flow chart of the processing step for carbon composite foam 
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2.2.3 Processing of C/SiO2 and C/SiC composite foams 

The rice husk collected from the rice mill was washed with distilled water and dried 

in an air oven at 100 oC.  The dried rice husk was ground to a powder using a flour 

mill.  Solution of concentrations in the range of 100 to 700 g L-1 was prepared by 

dissolving sucrose in distilled water. Nearly 60 g of rice husk powder was dispersed 

in 500 ml of the sucrose solution by stirring using a mechanical stirrer. The rice 

husk powder dispersion in the sucrose solution was poured into the PVC pipe of the 

filter-pressing set-up and particles were consolidated into cylindrical bodies by 

filtration through the Buchner funnel. The consolidated body was gently hand 

pressed using the stainless-steel piston before removal from the PVC pipe. The 

filter-pressed bodies were frozen in a deep freezer at -50°C and then freeze-dried to 

produce rice husk-sucrose composites. The rice husk-sucrose composite bodies 

were annealed at 160 °C for 2 hours in an air oven. The annealed bodies placed into 

a furnace were heat-treated at 900 °C for 2 hours in an ultrapure argon atmosphere 

at a heating rate of 1°C min-1. The carbonized bodies were further heat-treated in a 

high-temperature sintering furnace at 1600 °C for 2 hours under the ultrapure argon 

atmosphere. The heat-treated bodies were removed from the furnaces after cooling 

to room temperature. The same inert atmosphere was maintained during cooling. 

The flow chart for the processing of composite foams is shown in Fig. 2.4.  
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Fig. 2.4 Flow chart for the preparation of C/SiO2 and C/SiC composite foams 

2.2.4 Processing of carbon composite foams using newspaper 

The solution of various concentrations in the range of 100 to 700 g L-1 were 

prepared by dissolving the sucrose in distilled water. 50 g of the shredded 

newspaper was soaked in 1.5 L of sucrose solution for 1 hour. The newspaper 

soaked in the sucrose solution was thoroughly mixed using a kitchen mixture for 5 

minutes to form a newspaper pulp. The photograph of newspaper pulp is displayed 

in Fig. 2.5. The newspaper pulp was poured into the PVC pipe of the filter-pressing 

setup and consolidated to a cylindrical body of 3 cm height and 10 cm diameter by 

vacuum filtration using a vacuum pump. A gentle pressing was applied towards the 

end of the consolidation by inserting a mild steel piston to prevent the lateral 

shrinkage at the top of the body. The consolidated wet bodies removed from the 

filter-pressing setup was dried in an air oven at 70 °C to a constant weight and then 

at 100 °C for 4 hours to form newspaper-sucrose composites. The newspaper-

sucrose composites were annealed at 160 °C for 12 hours in an air oven. The heating 
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rate of 1 °C min-1 was used from 100 to 160 °C. The annealed newspaper-sucrose 

composites were heated in an inert atmosphere furnace at 900 oC for 2 hours at a 

heating rate of  1 oC min-1. Ultrahigh pure (99.99 %) argon was used to create the 

inert atmosphere. The same inert atmosphere was maintained during the cooling of 

the furnace. The schematic representation of the processing of carbon composite 

foam from newspaper waste is given in Fig. 2.6. 

 

Fig. 2.5 A photograph of newspaper pulp 

 

Fig. 2.6 Schematic representation of processing of carbon - gehlenite composite foam 

2.3 Characterization 

2.3.1 Inductively coupled plasma-atomic emission spectral (ICP-

AES) analysis  

Impurities present in the sucrose was determined by Perkin Elmer optima 4000 V 

ICP-AES. The calibration curves of the elements to be analysed were prepared by 

aspirating their standard solutions and measuring the emission intensities at the 
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selected emission lines. The sample solutions were aspirated into the plasma of the 

ICP-AES and emission intensities were measured. Using the calibration graphs, the 

concentration of each element was calculated. 

2.3.2 Particle size evaluation 

The particle size of the ash obtained by the heating newspaper at 900 °C in an air 

atmosphere was evaluated using a particle size analyzer (Malvern Matersizer2000, 

UK). The ash sample dispersed in water was used. 632 nm He-Ne laser was used 

for the measurement.  

2.3.3 Viscosity measurement of pulp 

The viscosity of the newspaper pulp was measured using a Brookfield RVT model 

rotational viscometer (Brookfield Engineering Inc., Middleboro, MA) with the help 

of a small sample adapter and a cylindrical spindle (SC21).  

2.3.4 Morphology analysis of rice husk powder  

The morphology of rice husk powder was analysed using an optical microscope 

(Leica M205).  

2.3.5 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) was carried out using a thermogravimetric 

analyser (TA instruments, Q-50 USA). A known weight of the sample was heated 

in an air atmosphere at a heating rate of 5 oC/minute for the estimation of inorganic 

residue. 

2.3.6 Carbon yield  

The carbon yield was estimated by heating a known weight of the sample in a nickel 

crucible in an inert atmosphere furnace at 900 °C for 2 h. Ultrapure (99.99%) argon 

was used to create the inert atmosphere and the heating rate was 1 °C min-1. The 

carbon yield was calculated using the following formula (Equation 2.1): 

              Carbon yield=
Weight of carbon obtained at 900 °C

Weight of precursor
X100                (Equation 2.1) 
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2.3.7 Carbonization shrinkage  

The shrinkage during carbonization was calculated from the dimensions of the 

respective bodies before and after carbonization. The dimensions of the samples 

were measured using a vernier calliper. 

2.3.8 Density and porosity measurement  

The density of the carbon composite foams was calculated from their weight and 

dimensions. Rectangular bodies of 50 mm x 40 mm x 15 mm size were used for 

density measurement. The samples were prepared by cutting the carbonized bodies 

using a hacksaw blade and polishing using emery paper. The skeletal density of the 

carbon composite foam samples was analysed using a helium pycnometer 

(Micromeritics AccuPyc II 1340). The porosity of the carbon composite foam was 

calculated from its bulk density (b) and skeletal density(s). The porosity was 

calculated from Equation 2.2 

                              Porosity = (1- b/s)*100                                   Equation 2.2 

2.3.9   X-ray diffraction (XRD) analysis 

X-ray diffraction patterns were recorded using Bruker D8 Discover diffractometer 

with Cu K radiation of wavelength 1.5406 A° at a scanning rate of 2.4° min-1. The 

carbon composite foam was crushed using a motor and pestle and the resultant 

powders were used for the XRD analysis. The XRD patterns were recorded at 2  

in the range of 10 to 90 ° with a step size of 0.02°. The d-spacing was calculated 

from Bragg’s equation (Equation 2.3) 

                             nλ=2d sin θ                    Equation (2.3) 

where  is the wavelength of the X-ray, d is the d-spacing and   is the angle of 

diffraction 

2.3.10 Raman spectra analysis 

The Raman spectra were recorded with a confocal Raman microscope (WITec 

alpha 300R). A 532 nm laser source was used for excitation and five spectra with 
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an integration time of 1 sec were recorded. The spectra were collected using Peltier 

cooled CCD array detector at a spectral resolution of 1 cm-1. 

2.3.11 Scanning electron microscopy (SEM) analysis 

The microstructure was observed using a scanning electron microscope (Carl Zeiss 

EVO18 SEM). Fractured surfaces of the carbon composite foams were used for the 

analysis. The samples were sputter-coated with gold before the microstructure 

analysis. The images were recorded using secondary electron (SE) detectors. 

2.3.12 Textural properties measurement  

The textural properties of the carbon composite foams were obtained from N2 

adsorption-desorption measurements. The samples were degassed at 300 °C for 16 

h in a flowing nitrogen atmosphere before the adsorption-desorption measurements. 

The surface area was calculated using the BET (Brunauer-Emmett-Teller) equation. 

The amount of N2 adsorbed at a relative pressure of 0.99 was used to calculate the 

total pore volume. The micropore volume was estimated by using the t-plot method. 

The pore size distribution was computed from the N2 adsorption isotherm using 

density functional theory. 

2.3.13 Compressive strength measurement   

Compressive strength and Young’s modulus of the carbon composite foams were 

obtained from the stress-strain measurements carried out using a Universal Testing 

Machine (INSTRON 5050, USA) at a crosshead speed of 0.5 mm min-1. 

Rectangular samples of 24mm x 24 mm x 12 mm size were used for the 

measurements. The test was carried out according to ASTM C 395 M-05. 

2.3.14 Machinability 

The machinability of the carbon composite foams was qualitatively tested by 

drilling holes and cutting slots on carbon composite foam bodies using conventional 

drilling and milling machines and high-speed steel tools.  
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2.3.15 Thermal conductivity measurements 

The thermal conductivity of the carbon composite foams was measured using the 

transient plane source method (Hot Disk, TPS 2500S, Sweden). Rectangular 

samples of 40 mm x 40 mm x 15 mm size were used. The samples were cut using 

a hacksaw blade and the faces were polished to flat surfaces to ensure seamless 

contact when the planar sensor was sandwiched for the measurement. The Kapton 

sensor of the instrument was sandwiched between the identical foam samples with 

perfect contact. The schematic representation of the thermal conductivity 

measurement is shown in Fig. 2.7. 

 

Fig. 2.7 Schematic representation of the thermal conductivity measurement 

2.3.16 Fire resistance  

The fire resistance of the samples was tested by exposing 20 mm thick carbon 

composite foams to oxyacetylene flame. 

2.3.17 Electrical conductivity measurement 

The electrical conductivity measurement of the carbon composite foams was carried 

out by the four-probe method using a programmable current source (Keithley 6221) 

and a digital voltmeter. The probes used were the spring-loaded type and a 

minimum pressure was applied to ensure proper electrical contact between the 

sample and the probes. The voltage between the two pins was separated by a 

distance (S) of 2 mm. The schematic representation of electrical conductivity 

measurement of carbon composite foam is given in Fig. 2.8. The bulk resistivity 
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(Rf) was calculated from the current (I) and voltage (V) reading using the equation 

given below (equation 2.2): 

                                       Rf = 2πS 
𝑉

𝐼
                         (Equation 2.2) 

 

Fig. 2.8 Schematic representation of electrical conductivity measurement of 

carbon composite foam 

2.3.18 Electromagnetic interference (EMI) shielding effectiveness 

measurement 

The electromagnetic interference (EMI) shielding effectiveness of the carbon 

composite foams was measured in the X-band (8.2 to 12.4 GHz) region of 

microwave spectra with the help of a network analyser (E5071E) using a 

corresponding waveguide. The rectangular carbon composite foam samples of size 

22.7 mm x 10.2 mm x 5 mm were used. The samples were prepared by cutting the 

foam bodies and finishing with fine emery paper to the dimensions of the cavity of 

the shim. The samples were then push fitted to establish proper electrical contact 

with the internal walls and thereby minimize the spurious leakage of the microwave.  
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CHAPTER-3 

CARBON COMPOSITE FOAMS FROM NATURAL 

COTTON  

3.1 Introduction  

Natural cotton is an abundant, tubular fibrous cellulosic material obtained from 

cotton plants (Dochia et al., 2012). It contains ~44 wt.% carbon. Natural cotton is 

used for the synthesis of a large number of amorphous carbon materials such as 

carbon aerogels, carbon composites, and activated carbon for various 

applications(Cao & Ma, 2020; H. Chen et al., 2015; Long Chen et al., 2017; Du et 

al., 2018; Ziyu Li et al., 2017; Sartova et al., 2019; Sheng et al., 2019; Y. Wei et al., 

2018; Yin et al., 2021). Carbon materials produced from cotton possess superior 

flexibility, textural properties, electrical conductivity and hydrophobicity(Long 

Chen et al., 2017; Ziyu Li et al., 2017; Sivadas et al., 2015). They are employed as 

an adsorbent for toxic chemicals and heavy metal ions, absorbent for oils to clean 

up oil spillage, host for phase change materials, catalyst support for hydrogen 

evolution reaction and electrode for batteries and supercapacitors(H. Chen et al., 

2015; Du et al., 2018; Gu et al., 2020; Sheng et al., 2019; Youfang Zhang et al., 

2016). Bi et al. prepared carbon fibre aerogel by simple carbonization of raw cotton 

and demonstrated an oil absorption capability as high as 192 times of its weight(Bi 

et al., 2013).  Flexible carbon aerogels in diverse shapes are prepared from natural 

cotton by Zhang et al. by sodium chlorite treatment followed by filtration, drying 

and carbonization. The prepared flexible carbon aerogels were employed for oil 

absorption(Junping Zhang et al., 2016). The cotton-based carbon aerogels reported 

in the literature have poor structural integrity as well as very low strength to use in 

any thermo-structural applications(B. Wang et al., 2013; C. Wang et al., 2015). 

Structural integrity and improved mechanical strength can be achieved by bonding 

the tubular fibrous carbon obtained from cotton with amorphous carbon derived 

from molecular/polymer precursors. The present chapter reports the preparation of 

robust composite carbon foam from natural cotton by filter-pressing. Sucrose, a 
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naturally renewable molecule obtained from sugarcane, is used to bind the natural 

cotton fibres to produce a green composite body. The high-temperature 

carbonization of the cotton-sucrose composite produces carbon composite foams. 

The carbon produced from sucrose binds the cotton-derived tubular fibrous carbon 

during carbonization. In this chapter, the density, compressive strength, thermal 

conductivity and electromagnetic interference (EMI) shielding effectiveness of the 

carbon composite foams as a function sucrose solution concentration used for their 

preparation are discussed,  

3.2 Results and discussion  

3.2.1 Determination of the impurities in sucrose 

The impurities present in the sucrose were determined by ICP-AES analysis. The 

sucrose solution contains 30, 40,10 and 80 ppm of Na, K, Mg and Ca, respectively 

as impurities. 

3.2.2 Morphology of cotton fibre 

Morphology of cotton fibre was measured using a field emission scanning electron 

microscope. FESEM image of the cotton fibres is shown in Fig 3.1. Cotton fibres 

are found to be curly and ribbon-like. Most of the fibres are exhibiting a diameter 

in the range of 18 -30 m with a length in the range of  2-3 cm. 

 

Fig.3.1 FESEM image of cotton fibre 
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3.2.3 Carbon yield and ash content of cotton and sucrose 

The carbon yield estimated by heating sucrose and natural cotton in an argon 

atmosphere at 900 °C for 2 hr is 11.1 and 24.2 wt.%, respectively. Ash content at 

900 °C was estimated by thermogravimetric analysis in the air atmosphere. The ash 

content of cotton and sucrose is 0.03 and 0.57 wt.%, respectively. 

3.2.4 Processing of carbon composite foam  

The natural cotton being hydrophilic disperses in water and aqueous sucrose 

solution when agitated with a glass rod. The natural cotton fibres dispersed in water 

medium consolidate to a compact body up on filter-pressing. The cohesive forces 

between the wet cotton fibres hold them together as an integral body. However, on 

drying, the body expands to a large volume as the cohesive forces between the 

resilient cotton fibres vanish upon drying. A photograph showing a body 

consolidated by filter-pressing of an aqueous dispersion of cotton fibre before and 

after freeze-drying is given in Fig. 3.2. On the other hand, the cotton fibre dispersed 

in sucrose solution of concentration in the range of 100 to 700 g L-1 retains the shape 

upon drying as the sucrose present in the solution binds the cotton fibres. Our 

attempts to dry the filter-pressed bodies by conventional ambient drying result in a 

higher concentration of sucrose on the surface compared to the interior. This is due 

to the migration of sucrose to the surface along with water during the drying. On 

the other hand, the freeze-drying produce sucrose bonded cotton a body containing 

a uniform concentration of sucrose throughout as the water from the bodies is 

removed by sublimation. The amount of sucrose in the cotton-sucrose composite 

body depends on the sucrose solution concentration. The sucrose in the cotton-

sucrose composite body increases from 29 to 74 wt.%, when the sucrose solution 

concentration increases from 100 to 700 g L-1. The concentration of sucrose retained 

in the body as a function of sucrose solution concentration is shown in Fig. 3.3. 
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Fig. 3.2 Photograph of filter-pressed cotton at zero sucrose concentration before (left) and 

after freeze-drying (right) 

 

Fig. 3.3 Concentration of sucrose retained in the body as a function of sucrose solution 

concentration 

On heating at 160 °C, the sucrose in the composite body undergoes caramelization. 

The caramelization involves the decomposition of sucrose to glucose and fructose 

anhydride and their subsequent condensation polymerization to a high molecular 

weight infusible structure. This infusible polymeric structure is called humin or 

caramelin with an average molecular formula, C125H188O80(Darder & Ruiz-Hitzky, 

2005; R Narasimman & Prabhakaran, 2012). The cotton and the caramel in the 

cotton-caramel composites undergo carbonization on heating in an inert atmosphere 
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furnace to form carbon-carbon composite foams. In this, the carbon produced from 

the caramel binds the tubular fibrous carbon produced from cotton. The carbon 

composite foams thus obtained are designated as CCF-X, where X stands for the 

concentration of sucrose solution used for their preparation. 

3.2.5 Carbonization shrinkage 

The caramelization of sucrose in the sucrose-cotton composite does not produce 

any measurable shrinkage to the body. On the other hand, the cotton-caramel 

composites underwent considerable shrinkage in the filter-pressing and transverse 

directions during carbonization, except the one prepared at a sucrose solution 

concentration of 100 g L-1. The cotton-caramel composite prepared at 100 g L-1 

underwent a considerable expansion in the filter pressing direction instead of 

contraction. Here, the carbon produced from the small amount of sucrose retained 

in the filter-pressed body is not sufficient to properly hold the resilient tubular 

carbon fibres produced from cotton. Fig. 3.4 is the photograph of a cotton -sucrose 

composite (left) and carbon composite foam bodies at a sucrose solution 

concentration of 100 g L-1 showing expansion in the filter-pressing direction during 

carbonization (right). 

 

Fig. 3.4 Photograph of the cotton-sucrose composite body (left) and carbon composite 

foam (right) prepared at a sucrose solution concentration of 100 g L -1 

The observed diametrical carbonization shrinkage is in a narrow range of 23.6 to 

25.1 % at sucrose solution concentrations in the range of 100 to 700 g L-1. During 
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filter-pressing, the majority of the cotton fibres align perpendicular to the filter-

pressing direction. Therefore, carbonization shrinkage transverse to the filter-

pressing direction is governed by the linear shrinkage of cotton fibre. On other hand, 

the shrinkage in the filter-pressing direction increases from 15.5 to 32 % when the 

sucrose solution concentration increases from 200 to 700 g L-1. The carbonization 

shrinkage in the filter-pressing direction as a function of sucrose solution 

concentration is given in Fig. 3.5. 

 

Fig. 3.5 Variation of carbonization shrinkage in the filter-pressing direction as a function 

of sucrose solution concentration 

The shrinkage in the filter-pressing direction is mainly due to the shrinkage of 

caramel and diametrical shrinkage of cotton fibre during carbonization. The 

contribution from the diametrical shrinkage of cotton fibre is more or less the same 

in samples prepared at various sucrose concentrations. The increase in shrinkage in 

the filter-pressing direction with an increase in sucrose solution concentration is 

contributed by the caramel matrix. That is, shrinkage of the caramel matrix during 

carbonization brings the carbonized cotton fibres close to each other. Photograph 

showing a cotton-sucrose composite, a cotton-caramel composite and a carbon 

composite foam demonstrating shrinkage in the filter-pressing and transverse 

direction during carbonization is given Fig. 3.6. 
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Fig. 3.6 Photograph showing (a) cotton-sucrose composite (b) caramel-cotton 

composite (c) carbon composite foam 

The cotton-caramel composite prepared using sucrose solution of concentration  

100 g L-1 produced 15.2 wt. % carbon during pyrolysis at 900 °C. The carbon yield 

of cotton-caramel composites increases from 15.2 to 21.4 wt.% when the sucrose 

solution concentration increases from 100 to 700 g L-1. This is due to the increase 

in the concentration of sucrose in the body possessing a higher carbon yield.  

3.2.6 Density and porosity of carbon composite foam 

The density of the carbon foam body depends on the sucrose retained in the filter-

pressed body which in turn is decided by the solution concentration. The density of 

the carbon composite foam was calculated from the mass and volume of rectangular 

bodies. The foam density increases from 0.06 to 0.31 g cm-3 when the sucrose 

solution concentration increases from 100 to 700 g L-1. The increase in foam density 

is due to an increase in the concentration of carbon produced from caramel and an 

increase in shrinkage in the filter-pressing direction. Fig. 3.7 shows the effect of 

sucrose solution concentration on the carbon foam density.  

The total porosities were calculated from the bulk densities of the carbon composite 

foam and skeletal density of the carbon composite foam obtained from the gas 

pycnometer (1.95 g cm-3). The porosity of the carbon composite foams is in the 

range of 84 to 97 %. The porosity of the carbon composite foams decreases with 

increases in the sucrose solution concentration. 
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Fig. 3.7 Effect of sucrose solution concentration on carbon composite foam density 

3.2.7 XRD analysis 

To study the crystalline/amorphous nature of the carbon in the CCF-X, XRD 

analysis was done in three representative samples CCF-100, CCF-400 and CCF-

700. The XRD spectrum of the carbon composite foams shows two broad peaks at 

2 values of 23.7° and 44° corresponding to the reflections from (002) and (101) 

planes of turbostratic carbon(Barnakov et al., 2015; R Narasimman & Prabhakaran, 

2012). The XRD patterns of carbon foams prepared at various sucrose solution 

concentrations are shown in Fig. 3.8. The peaks in the XRD spectrum of carbonized 

cotton fibre are broader than that of carbonized sucrose. This indicates a more 

amorphous nature of cotton derived carbon than sucrose derived carbon due to poor 

stacking of graphene layers. The carbon composite foams exhibit sharper peaks due 

to the sucrose derived carbon. The inter-planar distance (d002) for the sucrose 

derived and cotton derived carbon are 0.367 and 0.390 nm, respectively.  The d002 

values of carbon composite foams are observed in between that of sucrose derived 

carbon and cotton derived carbon as expected.   
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Fig. 3.8 XRD patterns of carbonized cotton, carbonized sucrose and carbon composite  

Foams 

3.2.8 Raman spectra analysis 

The disordered nature of the carbon is further confirmed by the fact that the Raman 

spectrum of carbon composite foams shows intense D-band at 1345 cm-1 

corresponding to sp3 carbon in addition to the G-band at 1580 cm-1 corresponding 

to graphitic carbon(Dychalska et al., 2015; Marton et al., 2013). The Raman spectra 

of carbon composite foam, carbonized sucrose and carbonized cotton are given in 

Fig. 3.9. The ratio of the intensity of the D-band to the G-band (ID/IG) calculated 

from the full-width half maximum of the respective peaks is given in Table 3.1. 

The carbonized cotton shows a higher ID/IG ratio of 2.34 due to its more disordered 

nature however the carbon obtained from sucrose shows a lower value of 1.57. A 

decrease in ID/IG ratio from 2.32 to 2.06 is observed from CCF-100 to CCF-700 

due to an increase in the concentration of more ordered sucrose derived carbon in 

the composite.  
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Fig. 3.9 Raman spectra of carbonized cotton, carbonized sucrose and carbon composite 

foams 

Table 3.1 ID/IG ratio of CCF-X samples, carbonized cotton and sucrose 

Sample Name ID/IG 

CCF-100 2.32 

CCF-400 2.13 

CCF-700 2.06 

Carbonized cotton 2.34 

Carbonized sucrose 1.57 

3.2.9 Foam microstructure  

The SEM microstructures of the CCFs observed from the filter-pressing direction 

clearly shows the web-like random arrangement of tubular carbonized cotton fibres 

perpendicular to the filter-pressing direction. The carbonized cotton fibres are 

welded together at their contact points by the carbon produced from sucrose. The 

welding of carbonized cotton fibres at their contact points by the carbon produced 

from sucrose is evidenced in the SEM image of CCF-200 shown in Fig. 3.10a. The 

enhancement in bonding between the carbonized cotton fibres with carbon 

produced from sucrose achieved by the advancement of contact area between the 

fibres with an increase in sucrose concentration is evidenced from the SEM image 

of CCF-500 observed from the filter pressing direction as shown in Fig. 3.10b. The 
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SEM images of CCF-500 and CCF-700 observed transverse to the filter-pressing 

direction is as shown in Fig. 3.10c and Fig. 3.10d, respectively. These images 

further confirm transverse orientation and enhancement in bonding between the 

carbonized cotton fibres with an increase of sucrose concentration. The SEM 

analysis indicates two types of macropores in the CCFs. One type is the inter-fibre 

porosity created due to the web-like random arrangement of carbonized cotton fibre 

perpendicular to the filter-pressing direction and the stacking of the webs in the Z-

direction. The second type is the lumen of the tubular carbonized cotton fibre.   

 

 

Fig. 3.10 SEM images of CCF-200 (a) & CCF-500 (b) in the filter pressing direction and 

CCF-500 (c) & CCF-700 (d) in the transverse direction 

3.2.10 Textural properties 

The textural properties of CCFs were evaluated by N2 adsorption-desorption 

studies at 77 K. The N2 adsorption-desorption of carbonized cotton and carbon 

composite foams show a combination of type I and type IV isotherms with a sharp 

increase in the extent of adsorption at lower relative pressure and a prominent 

hysteresis loop at relative pressures in the range of 0.4-0.9. This indicates the 

presence of micro, meso and macropores in the CCFs. On the other hand, the 

carbonized sucrose shows type I isotherm indicating its microporous nature. The 

micropores in carbonized cotton and sucrose are generated by an in situ activation. 

That is, during carbonization of cotton and sucrose, the oxygen retained in the 

carbon structure by –OH condensation reacts with the carbon at higher temperatures 
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to form carbon monoxide which resulted in the formation of micropores(R. 

Narasimman et al., 2014). The broad hysteresis observed in adsorption-desorption 

isotherms of carbon composite foams may be due to the partial blocking of the 

mouth of mesopores in carbonized cotton by microporous carbon produced from 

sucrose. This makes the mesopores in the carbonized cotton ink-bottle type. The N2 

adsorption-desorption isotherm of CCFs is shown in Fig. 3.11a. The carbonized 

cotton fibre (CCF-0) exhibits the highest surface area, micropore volume and total 

pore volume of 897 m2g-1, 0.321 cm3g-1 and 0.486 cm3g-1, respectively. The 

corresponding values of carbon obtained by carbonization of sucrose at 900 °C are 

394 m2g-1, 0.144 cm3g-1 and 0.183 cm3g-1, respectively. The surface area, micropore 

volume and total pore volume of CCFs show a decreasing trend with an increase in 

sucrose concentration. This is due to the increase in the concentration of sucrose-

derived carbon possessing lower surface area and pore volume. The textural 

properties of CCFs are given in Table 3.2. Pore size distribution derived from the 

density functional theory (DFT) method is displayed in Fig. 3.11b. The DFT pore 

size distribution curves exhibit multiple peaks. Three major peaks are observed at 

1.23, 1.55 and 1.82 nm.  

 

Fig. 3.11 (a) N2 adsorption-desorption isotherms and (b) DFT pore size distribution of 

CCFs 
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Table 3.2 Textural properties of carbon composite foams 

Sample name 

BET surface 

area  

(m2g-1) 

Micropore 

area  

(m2g-1) 

Micropore 

volume 

(cm3g-1) 

Total pore 

volume 

(cm3g-1) 

Cotton 

carbonized 
897 703 0.321 0.486 

Sucrose 

carbonized 
394 339 0.144 0.183 

CCF-100 773 644 0.232 0.36 

CCF-200 637 541 0.196 0.279 

CCF-300 583 497 0.180 0.245 

CCF-400 576 490 0.178 0.235 

CCF-500 574 481 0174 0263 

CCF-600 550 470 0.170 0.248 

CCF-700 503 420 0.151 0.226 

3.2.11 Compressive strength 

Thermo-structural and EMI shielding applications demand good strength for the 

carbon foams. The carbon aerogels prepared from sodium chlorite-treated natural 

cotton reportedly exhibit very high and reversible compressibility. However, the 

compressive strength (stress at 10% strain) reported was very feeble (less than 0.1 

kPa) to use for any thermo-structural applications. The CCFs prepared by filter-

pressing at sucrose solution concentrations of 100 and 200 g L-1 exhibit reversible 

compressibility to limited strain values. The cyclic compression test indicates 

perfect reversibility up to strain values of 30 % and 20 % for CCF-100 and CCF-

200, respectively. The stress-strain graph of CCF-100 and CCF-200 demonstrating 

their reversible compressibility limit is shown in Fig. 3.12. Within the strain level, 
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the reversibility in compression persists in CCF-100 and CCF-200 over a large 

number of loading and unloading cycles. The stress-strain graph of CCF-100 and 

CCF-200 demonstrating their reversible compressibility over a large number of 

compression cycles is shown in Fig. 3.13. The compressive strength (stress at 10% 

strain) of CCF-100 and CCF-200 are 5 and 41.6 kPa, respectively.   

 

Fig. 3.12 Cyclic compression of CCF-100(a) and CCF-200(b) showing their 

reversibility limit 

 

Fig. 3.13 Stress-strain graphs of CCF-100(a) and CCF-200 (b) showing their 

reversibility over a large number of compression cycles 

The compressive strength of CCFs prepared at sucrose concentrations in the range 

of 300 to 700 g L-1 are measured in the filter-pressing and transverse directions. The 

CCF-300 to CCF-700 exhibit irreversible compression. Their stress-strain 

behaviour is similar to that of any other brittle foam material. That is, the stress-

strain graph has an initial linear region followed by a plateau and a final region of 

densification. The stress-strain graph of CCFs prepared at sucrose solution 

concentrations in the range of 300 to 700 g L-1 is shown in Fig. 3.14a. The slope of 

the initial linear region is taken as Young’s modulus and stress corresponding to the 

10% strain is considered as the compressive strength. The CCF-300 shows a 
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compressive strength of 0.34 MPa when measured in the filter-pressing direction. 

The compressive strength in the filter-pressing direction increases with an increase 

in sucrose solution concentration and reaches a value of 1.4 MPa for CCF-700. The 

corresponding increase in Young’s modulus is from 3 to 39 MPa. On the other hand, 

CCF-300 shows a compressive strength of 0.65 MPa, when tested in transverse to 

the filter-pressing direction. The compressive strength in the transverse direction 

increases from 0.65 to 2.26 MPa when the sucrose solution concentration increases 

from 300 to 700 g L-1. The corresponding increase in Young’s modulus ranges from 

12 to 182 MPa. The observed increase in compressive strength and Young’s 

modulus with an increase in sucrose solution concentration is due to an increase in 

foam density.  The higher compressive strength and Young’s modulus of carbon 

composite foam measured in the transverse direction compared to the filter pressing 

direction is due to the preferential orientation of the carbonized cotton fibres in the 

transverse direction. Fig. 3.14b shows the compressive strength and Young’s 

modulus of carbon composite foams as a function of their density.  

 

Fig. 3.14 Stress-strain graph (a) and the compressive strength and Young’s modulus (b) 

as a function of sucrose solution concentration of rigid carbon composite foams 

During consolidation, the cotton fibres are randomly assembled perpendicular to 

the filter-pressing direction to form a web-like structure. The stacking of the web-

like structure in the filter-pressing direction produces bodies of more or less the 

same fibre compaction, irrespective of the sucrose solution concentration. In the 

filter-pressed body, the inter-fibre space is filled with the sucrose solution. During 

freeze-drying, the sucrose present in the solution retained in the body either deposits 
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on the cotton fibre surface or remains in the inter-fibre space. The inter-fibre space 

is progressively filled by the sucrose as the solution concentration increases. During 

heat treatment at 160 °C, the sucrose melts before setting by caramelization. At low 

sucrose concentrations, the molten sucrose recedes to the fibre-to-fibre contact 

points and welds them during setting by caramelization. That is, in carbon-carbon 

composite foams prepared at low sucrose solution concentrations, the carbonized 

cotton fibres in the web are welded together only at their contact points. It has been 

demonstrated that the carbon foam produced by the carbonization of non-woven 

cotton fibre felt exhibit complete flexibility with very poor strength. However, 

welding of the fibres together at the contact points provides limited flexibility with 

reasonable improvement in compressive strength from 0.1 to 5 kPa. Partial 

flexibility of the carbon composite foams prepared at sucrose solution 

concentrations of 100 and 200 g L-1 is due to the welding of the carbonized cotton 

fibre in the web, only at the contact points. During compression, to a limited extent, 

the carbon fibre between the contact point bends without disrupting the weld. This 

reversible bending of carbon fibre is responsible for the reversible compression to 

a limited strain value. Compression beyond this strain value either disrupts the weld 

at contact points or breaks the carbonized cotton fibres that lead to failure. The 

fibre-to-fibre bonding area advances beyond the contact points with an increase in 

sucrose concentration. This transforms partially flexible carbon composite foam to 

a rigid one when the sucrose solution concentration increases from 200 to 300            

g L-1 and above. The welding of the carbonized cotton fibres at contacts points at 

low sucrose concentration and enhancement in the bonding of carbonized cotton 

fibres by filling the inter-fibre space with carbon produced from sucrose at higher 

concentrations is illustrated in Fig. 3.15. 

 

 

 

Fig. 3.15 Illustration of the bonding in carbon composite foam at low (a) and high 

(b) sucrose concentrations 

a b 
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3.2.12 Machinability 

Machinability is a desirable characteristic of foam materials for thermal protection, 

lightweight structure, acoustic absorption and EMI shielding applications. The 

foam materials prepared in simple shapes can be machined to desired contours 

provided they withstand stresses during the machining operations. The CCF-100 to 

CCF-400 set of foams cannot be mounted in conventional milling and drilling 

machines for machining as they are either partially flexible or do not have sufficient 

strength to resist damages while gripping in the machines. On the other hand,             

CCF-500, CCF-600 and CCF-700 have sufficient strength and rigidity to be 

mounted in machines for machining. Photographs of a CCF-500 body gripped on 

a milling machine and the body after machining showing slots made by milling and 

a hole made by drilling are presented in Fig. 3.16.  

 

Fig. 3.16 Photograph of (a) CCF-500 body gripped on a milling machine and (b) the 

body after machining showing slots made by milling and a hole made by drilling 

3.2.13 Thermal conductivity 

The high-temperature thermal protection materials demand low thermal 

conductivity and stability at high temperatures. The CCF-100 exhibited a low 

thermal conductivity of 0.069 W m-1K-1 at room temperature. The thermal 

conductivity increases with an increase in sucrose solution concentration and 

reaches a value of 0.185 W m-1K-1 for CCF-700. The observed increase in thermal 

conductivity is due to an increase in the density of CCFs. The density and thermal 

conductivity of the CCFs exhibits a near-linear relationship. A plot of thermal 
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conductivity of CCFs as a function of density is shown in Fig. 3.17. The observed 

thermal conductivity of CCFs is comparable to or lower than that of amorphous 

carbon foams of similar densities reported in the literature(R Narasimman & 

Prabhakaran, 2012; Wilson et al., 2018b). The carbon composite foams contain two 

types of macropores in addition to the micro and mesopores as evidenced by the 

SEM analysis and N2 adsorption-desorption studies. The macropores are due to the 

inter-fibre space of the web-like arrangement as well as the lumen of the carbonized 

cotton fibre. The lumen in the flattened carbonized cotton fibre can be considered 

as closed pore channels as the sucrose-derived carbon may close the mouth of the 

lumen, especially at higher sucrose concentrations. It is well known that foams with 

closed pores show lower thermal conductivity compared to the ones with open pores 

having the same porosity.  The lower thermal conductivity is attributed to the factors 

such as the amorphous nature of the sucrose and cotton-derived carbon, high 

porosity and the presence of closed porosity due to the lumen of the carbonized 

cotton fibre. The thermal conductivity measured in the transverse direction does not 

show a significant difference from the one measured in the filter-pressing direction.  

 

Fig. 3.17 Thermal conductivity of CCFs as a function of foam density 
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3.2.14 Electrical conductivity 

Carbon foams are electrically conducting due to the extended conjugated double 

bonds present in the graphene layers. The electrical conductivity depends on the 

crystalline nature of the carbon foam which in turn depends on the carbon precursor 

and heat treatment temperature. The amorphous carbon foams produced from 

synthetic polymers and biomasses show lower electrical conductivities compared 

to the graphitic foams produced from mesophase pitch. The electrical conductivity 

of CCF-X as a function of foam density is shown in Fig. 3.18. The electrical 

conductivity increases from 3.8 to 54.2 S cm-1 when the foam density increases 

from 0.16 to 0.31 g cm-3. As the density increases, inter-fibre bonding increases 

which leads to the improved electrical conductivity of the carbon composite foam. 

That is, an increase in inter-fibre bonding enhances the path for the movement of 

electrons.  

 

Fig. 3.18 Electrical conductivity of carbon composite foams as a function of density 

3.2.15 Oxidation resistance 

The drawback of carbon-based materials is that they undergo oxidation when 

exposed to air or oxygen atmosphere at higher temperatures. Generally, carbon-

based materials start oxidation at a temperature of ~ 400 °C.  The carbonized cotton 

fibre and carbon produced from sucrose are stable up to 550 °C as evidenced from 
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the thermogram. The thermograms of carbonized cotton fibre and CCF-700 in an 

air atmosphere are shown in Fig. 3.19. Further, an increase in temperature results 

in rapid weight loss due to their oxidation. 

 

Fig. 3.19 TGA of carbonized cotton and carbon composite foam 

3.2.16 Fire resistance 

Though CCF-X is are prone to oxidation at temperatures above 550 °C, they exhibit 

excellent fire resistance. They do not combust even when exposed to oxyacetylene 

flame. However, the portion in contact with the oxyacetylene flame undergoes 

oxidation which results in the formation of a hole. The time required for the flame 

to pierce through the foam depends on its density. The time for the flame to pierce 

through 2 cm thick CCF-100 of density 0.06 g cm-3 is 10 s.  The flame penetration 

time increases to 128 s when the foam density increases to 0.31g cm-3. Photographs 

of a CCF-X body exposed to oxyacetylene flame demonstrating its fire resistance 

and hole formed due to oxidation are shown in Fig. 3.20. 

 

Fig. 3.20 Photographs of CCF body exposed to oxyacetylene flame demonstrating its fire 

resistance (a) and a hole formed due to oxidation 
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3.2.17 Electromagnetic Interference Shielding 

Electromagnetic interference shielding refers to the protection of electronic and 

telecommunication devices against the penetration of interfering electromagnetic 

radiation. The fast-growing electronic and telecommunication industry demands the 

development of lighter materials with high EMI shielding effectiveness to combat 

this problem. Materials capable of reflecting and or absorbing the EM radiations 

are used for this purpose. In this connection, carbon foams and reduced graphene 

oxide have gained increasing attention owing to their high electrical conductivity, 

lightweight, porous structure and corrosion resistance.  Herein, we study the EMI 

shielding effectiveness of rigid CCF-x materials (CCF-300 to CCF-700) as we are 

unable to prepare thin samples from flexible foam bodies of low mechanical 

strength for EMI shielding measurements.   

When the incident electromagnetic wave falls on the carbon composite foams, three 

phenomena take place i.e. losses due to reflection (SER), absorption (SEA) and 

multiple internal reflections (SEM) within pores(Kumar et al., 2018c)(Kuruvilla et 

al., 2019).  

Fig. 3.21 is a typical graph showing the SER, SEA and SET of the CCF-700 in the 

X- band region. It is observed that the SET of all the samples is almost constant over 

the entire X-band range. The constant shielding effectiveness values observed are 

attributed to the homogenous and regular web-like conductive network. The effect 

of sucrose concentration on the EMI SE of rigid CCF samples at a frequency of 

11GHz is shown in Fig. 3.22. The rigid CCFs exhibit absorption dominated EMI 

shielding behaviour. The EMI SET of CCF materials increases from 21.5 to 38.9 

dB when the sucrose concentration increases from 300 to 700 g L-1. The absorption 

contribution to total EMI SE observed is in the ranges of 11.9 to 31.0 dB whereas 

the reflection contribution is in the narrow ranges of 9.6 to 7.8 dB. The absorption 

of EM waves is mainly due to dielectric and magnetic losses. Since CCFs are non-

magnetic, the EM absorption is primarily from the dielectric losses. The dielectric 

loss involves both relaxation and conduction losses. The relaxation loss is mainly 

due to the polarization which is caused by defects and functional groups present in 

the shielding materials. On the other hand, the reflection loss is due to the 

impedance mismatch at the carbon foam-air interface.  
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Fig. 3.21 EMI shielding effectiveness of CCF-700 as a function of frequency 

 

Fig. 3.22 EMI shielding effectiveness of carbon composite foams at 11 GHz frequency 

The relatively high surface area and porosities support impedance matching and 

permit the incident EM waves to enter the CCF with nominal surface reflection. 

The EM waves enter the carbon composite foams reflect back and forth within the 

pores resulting in enhanced absorption due to relaxation (due to oxygen-containing 

functional groups in carbon material) and conductive losses. The mechanism of 

EMI shielding is schematically represented in Fig. 3.23.  
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Fig. 3.23 Schematic representation of EMI shielding mechanism 

The increase in EMI SET of CCF with an increase in sucrose solution concentration 

is due to an increase in relaxation and conductive losses because of the increase in 

bulk density. The increase in conductive loss is supported by the fact that the 

electrical conductivity of the CCFs increases with an increase in sucrose solution 

concentration. This is due to the increase in foam density as well as an increase in 

the concentration of sucrose derived carbon having more crystalline nature. Specific 

shielding effectiveness is defined as the ratio of shielding effectiveness to the bulk 

density of the foam materials. The specific shielding effectiveness of CCF materials 

is in the range of 108-138 dB cm3g-1 which is comparable with other porous carbon 

materials reported in the literature. It has been reported that a minimum EMI SE of 

20 dB is required for materials to be considered for practical EMI shielding 

applications. In this regard, all the studied CCF-X qualify for practical applications. 

Moreover, the EMI SE of the CCF-X materials is comparable with the carbon 

foams derived from some of the other biomass precursors such as sucrose, tannin, 

bread, coconut shell, tissue paper and sugarcane(Letellier, Macutkevic, 

Paddubskaya, Plyushch, et al., 2015; R Narasimman et al., 2016; Vazhayal et al., 

2019; L. Wang et al., 2020; Y. Yuan et al., 2016).  

The observed low thermal conductivity, high fire-resistance and EMI shielding 

effectiveness coupled with reasonably high compressive strength make the CCFs a 
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candidate material for high-temperature thermal protection in aerospace, 

lightweight fire-resistant structure for shipbuilding and EMI shielding.   

3.3 Conclusions  

A filter-pressing method was studied for the preparation of robust carbon composite 

foams from natural cotton and sucrose.  Natural cotton fibres dispersed in the 

sucrose solution was consolidated by filter-pressing followed by freeze-drying 

produce cotton fibre-sucrose composite bodies. The carbon composite foams 

produced by carbonization of cotton–sucrose composites show flexible to rigid 

transition at sucrose concentration above 200 g L-1. The limited flexibility observed 

up to a sucrose solution concentration of 200 g L-1 is due to the welding of 

carbonized cotton fibres at their contact points by the carbon produced from 

sucrose. The advancement of the fibre-to-fibre bonding area at higher sucrose 

concentration makes the carbon composite foams rigid. The carbon composite foam 

exhibited an increase in density from 0.06 to 0.31 g cm-3 with an increase in the 

sucrose concentration from 100 to 700 g L-1. The increased density is responsible 

for the observed increase in compressive strength and thermal conductivity of 

carbon composite foams. The compressive strength and thermal conductivity of the 

carbon composite foams increases from 5 kPa to 1.4 kPa and  0.07 to 0.185 W m-

1K-1, respectively, when the density increase from 0.06 to 0.31 gcm-3. The higher 

compressive strength measured transverse to the filter-pressing direction is due to 

the preferential transverse orientation of cotton fibre during filter-pressing. Both 

inter-fibre porosity and porosity due to the lumen of the carbonized cotton fibre are 

responsible for the low thermal conductivity of the carbon composite foams. The 

carbon composite foams show excellent fire resistance as they do not catch fire 

when exposed to oxyacetylene flame. The carbon composite foams obtained at 

sucrose solution concentration in the range of 500 to 700 g L-1 are amenable to 

machining such as milling and drilling using conventional machines and tools. The 

CCFs exhibit absorption dominated EMI shielding with shielding effectiveness and 

specific shielding effectiveness in the ranges of 21.5 to 38.9 dB and 108-138 dB 

cm3 g-1, respectively. The prepared carbon composite foam can be a candidate 

material for high-temperature thermal protection in aerospace, lightweight fire-
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resistant structure for building compartments in ships and EMI shielding materials 

in electronic equipment.    
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CHAPTER-4 

CARBON COMPOSITE FOAM FROM SAWDUST  

4.1 Introduction 

Wood is a naturally renewable lignocellulosic material with a unidirectional aligned 

cellular pore structure. Pyrolysis of wood results in cellular carbon materials with 

unidirectionally aligned pores(Byrne & Nagle, 1997). The cellular carbon with 

unidirectionally aligned pores obtained by pyrolysis of wood gives rise to 

anisotropic thermal, electrical, mechanical and acoustic properties(Byrne & Nagle, 

1997; Li Chen et al., 2018; F. Shen et al., 2016; Xue et al., 2017; Y. Yuan et al., 

2017). However, the carbonization of large wood pieces results in cracking and 

warpage. Ultrasonic impregnation of wood with phenolic resin before carbonization 

is used to suppress the warpage and formation of crack during carbonization(Okabe 

et al., 1996).  However, the dependence on wood for the production of cellular 

carbon materials leads to excessive deforestation. Sawdust is a powder form of 

wood generated as waste in the wood industry. The sawdust is utilized for the 

preparation of carbon foams through a liquefaction process(W. Li et al., 2015; R. 

Wang et al., 2012). In this, liquefied sawdust is polymerized using formaldehyde 

and the resulting polymer is subjected to foaming, setting and carbonization to 

produce carbon foams. Nevertheless, the liquefaction and further polymerization of 

the liquefied sawdust uses phenol and formaldehyde, respectively. Ozbay et al 

reported carbon foam by high-pressure foaming of bio-pitch prepared from 

pyrolytic oil of spruce sawdust(Ozbay & Yargic, 2019). 

The microstructure examination of sawdust indicates that the cellular pore structure 

of wood is preserved in the particles. Therefore, bodies with randomly oriented 

cellular pores can be fabricated by consolidating the sawdust particles dispersed in 

a liquid medium and cementing them with a carbonaceous material. The subsequent 

carbonization results in a carbon foam body with randomly oriented pores.  The 

present chapter reports the preparation of carbon composite foams from sawdust by 

filter-pressing using sucrose as a carbonaceous binder.  The density, compressive 
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strength, thermal conductivity and EMI shielding effectiveness of the carbon 

composite foams are evaluated as a function of sucrose solution concentration and 

discussed.  

4.2 Results and discussion 

4.2.1 Characterization of sawdust 

The grinding and sieving of the sawdust collected from the sawmill produce 

elongated particles of length and width in the ranges of 0.26 to 0.9 and 0.07 to 0.55 

mm, respectively, as evidenced by the SEM photomicrograph shown in Fig. 4.1. 

The grinding does not affect the pore channels present in the sawdust particles. The 

pore channels in sawdust particles are visible in the high magnification SEM image 

is shown in Fig. 4.2. The sawdust powder on carbonization at 900 oC yield 27.5 

wt.% carbon.  

 

Fig. 4.1 SEM photograph of sawdust particle 
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Fig. 4.2 High magnification SEM image of sawdust 

4.2.2 Processing of carbon composite foam 

The sawdust particles easily disperse in sucrose solution when mixing using a 

mechanical stirrer. Filter-pressing of the sawdust powder slurries in sucrose 

solution consolidates the particles into bodies. The cohesive strength of particles in 

wet filter-pressed bodies provides adequate robustness for easy removal from the 

filter-pressing set-up and further handling. The conventional drying of filter-

pressed sawdust body at room temperature and in an air oven produces a non-

uniform distribution of sucrose. During drying, the sucrose solution moves to the 

surface by capillary action and water evaporates from the surface depositing the 

sucrose. This leads to a concentration gradient of sucrose in the dried body with a 

very low concentration at the centre and a high concentration at the periphery. 

However, freeze-drying produces sucrose bonded sawdust bodies containing a 

uniform concentration of sucrose throughout. The concentration of sucrose in the 

body increases from 16 to 58 wt% when the sucrose solution concentration 

increases from 100 to 700 g L-1. The concentration of sucrose retained in the body 

as a function of sucrose solution concentrations is shown in Fig. 4.3. On heating at 

160 °C, the sucrose in the sucrose bonded sawdust body undergoes caramelization. 

The caramelization involves the decomposition of sucrose to glucose and fructose 

anhydride and their subsequent polymerization through –OH condensation to 
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produce infusible products such as humin or caramelin of average molecular 

formula C125H188O80(Darder & Ruiz-Hitzky, 2005; R Narasimman & Prabhakaran, 

2012). These polymeric structures strongly bind the sawdust particles. On heating 

at 900 °C, the sawdust and caramel in the caramel bonded sawdust undergo 

carbonization and the carbon produced from caramel binds the porous carbon 

obtained from the sawdust particle. The sawdust derived carbon composite foams 

are designated as SDC-X, where X stands for the sucrose solution concentration in 

g L-1. 

 

Fig. 4.3 Concentration of sucrose retained in the body as a function of sucrose solution 

concentration 

4.2.3 Shrinkage of the carbon composite foam 

The bodies does not undergo any significant shrinkage during caramelization 

whereas a remarkable shrinkage is observed during carbonization. The shrinkage 

marginally increases with an increase in sucrose solution concentration. The 

diametrical shrinkage of the bodies increases from 23.7 to 24.9% when the sucrose 

solution concentration increases from 100 to 700 g L-1. On the other hand, the 

bodies exhibit slightly higher shrinkage in the filter pressing direction. The 

shrinkage in the filter pressing direction increases from 26.5 to 30.4 % when the 

sucrose solution concentration increases from 100 to 700 g L-1. A photograph 
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containing the filter-pressed sawdust body, caramel bonded sawdust body and 

carbon foam showing their relative sizes is shown in Fig. 4.4. 

 

 

Fig. 4.4 Photograph of filter pressed sawdust(a), caramel bonded sawdust(b) and 

carbon foam bodies (c) 

4.2.4 Density and porosity 

The density of the SDC-X depends on the amount of sucrose in the sucrose bonded 

sawdust body which is in turn decided by the sucrose solution concentration. The 

density of the SDC-X increases from 0.15 to 0.35 g cm-3 when the sucrose solution 

concentration increases from 100 to 700 g L-1. Fig. 4.5 shows the effect of sucrose 

solution concentration on the density of the resulting carbon composite foam. The 

carbon produced from the sucrose deposits in the inter-particle region binds the 

macroporous carbon particles produced from sawdust. As the sucrose concentration 

increases, more sucrose derived carbon deposits in the inter-particle region result in 

a decrease of inter-particle porosity.  This leads to an increase in foam density. The 

skeletal density of the carbon foams measured using a helium pycnometer is in the 

range of 2.01 to 2.08 g cm-3, with an average value of 2.04 g cm-3. The porosity 

calculated from the average skeletal density and bulk density of the carbon 

composite foam is in the range of 82.8 to 92.6 %.  
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        Fig. 4.5 Effect of sucrose solution concentration on carbon foam density  

4.2.5 Microstructure  

The SEM microstructure of the carbon composite foam bodies shows the random 

orientation of the carbonized sawdust particles. Fig. 4.6a-d shows the low 

magnification SEM microstructures of carbon composite foams prepared at various 

sucrose solution concentrations. The decrease in inter-particle porosity with an 

increase in sucrose solution concentration is evidenced in the microstructures.  

 

Fig. 4.6 Low magnification SEM photomicrograph of carbon foam prepared at a sucrose     

solution concentration of 200 g L-1 (a), 400 g L-1 (b), 600 g L-1 (c) and 700 g L-1 
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The orientation of the carbonized sawdust particles in different directions is 

evidenced in the high magnification SEM image shown in Fig. 4.7a. Although the 

random orientation of carbonized sawdust particles is evident in the microstructure, 

a slight preference in an orientation transverse to the filter-pressing direction exists 

due to the elongated nature of the particle. The random orientation of the particles 

leads to the orientation of pore channels in all possible directions. The high 

magnification SEM microstructure shown in Fig. 4.7b clearly shows that the pore 

channels are perfectly preserved in the carbonized sawdust particles even at the 

highest sucrose solution concentration of 700 g L-1. The pore channels have close 

to a rectangular shape. The average breadth and width of the rectangular pore 

channels calculated from the SEM microstructures are 15 and 10 m, respectively. 

 

Fig. 4.7 High magnification SEM images of carbon foam at 700 g L-1 showing the 

orientation of carbonized particles in different directions(a) and pore channel(b)    

The high magnification SEM analysis was conducted to understand the seeping of 

sucrose solution into the pore channels of sawdust. Fig. 4.8 shows the SEM 

microstructure of a pore channel in carbon composite foams prepared at a sucrose 

solution concentration of 400 g L-1. Fine island-like deposits of carbon, probably 

produced from sucrose is observed on the pore channel surfaces. This indicates that 

the sucrose solution seeps into the pore channels of sawdust.  To study the effect of 

sucrose concentration on the thickness of the fine island-like deposit, a high 

magnification image of pore channel surface SEM was analysed. 
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Fig. 4.8 SEM microstructure of pore channel in carbon foam prepared at a sucrose 

solution concentration of 400 g L-1 

The pore channel surface of the carbonized sawdust particles is smooth (Fig. 4.9a). 

On the other hand, island-like carbon deposits of nearly 50 nm thickness are 

observed on the pore channel surface of carbon foam prepared at a lower sucrose 

solution concentration. These carbon deposits spread over the whole pore channel 

surface when the sucrose solution concentration increases to 700 g L-1 as evidenced 

from the high magnification SEM images. The high magnification SEM 

microstructures of pore channel surfaces of carbon composite foams prepared at 

various sucrose solution concentrations are shown in Fig. 4.9b-d. However, the 

amount of sucrose solution that seeps into the pore channels is only sufficient to 

make a ~50 nm coating of carbon on the pore channel surface even at a sucrose 

solution concentration of 700 g L-1. This further confirms the fact that the majority 

of the carbon produced from sucrose is present in the inter-particle region and bind 

the carbonized sawdust particles.  
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Fig. 4.9 High magnification SEM microstructure of a pore channel surface in carbon 

foam prepared at sucrose solution concentrations of 0 g L-1(a), 200 g L-1(b), 400 g L-1(c) 

and 700 g L-1(d) 

4.2.6 XRD analysis 

 The crystallinity in carbon composite foam was studied by XRD analysis. The 

XRD spectra of the carbon composite foams show two broad peaks at 2 values of 

24.2° and 43.3° corresponding to the reflections from (002) and (101) planes of 

turbostratic carbon(Barnakov et al., 2015). The XRD patterns of carbonized 

sawdust and carbon composite foams are displayed in Fig. 4.10. The carbonized 

sawdust shows very broad peaks indicating the presence of a more disordered 

graphene layer. On the other hand, sharper and more intense (002) and (101) peaks 

are observed for carbon composite foams prepared at higher sucrose solution 

concentrations. This indicates that the carbon produced from sucrose has a more 

ordered structure compared to that obtained from sawdust. The d-spacing values are 

calculated from (002) reflections using Bragg’s equation. The observed d- spacing 
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of the carbon composite foams is 0.38 nm. The observed high d-spacing value 

indicates poor stacking of graphene layers in the turbostratic carbon.  

 

Fig. 4.10 XRD patterns of carbon composite foams derived from sawdust 

4.2.7 Raman spectra analysis 

The turbostratic nature of the carbon is further confirmed by the fact that the Raman 

spectra of carbon composite foams show intense D-band at 1345 cm-1 

corresponding to sp3 carbon in addition to the G-band at 1580 cm-1 corresponding 

to graphitic carbon(Konstantin et al., 2008). Raman spectra of composite foams are 

displayed in Fig. 4.11. The ratio of the intensity of the D-band to the intensity of 

the G band (ID/IG) was calculated from the full-width half maxima. The observed 

ID/IG of the carbon composite foams decreases from 2.64 to 1.74 when the sucrose 

solution concentration increases from 0 to 700 g L-1. Table 4.1 shows the ID/IG ratio 

of carbon composite foams.  
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Fig. 4.11 Raman spectra of carbon foams prepared at various sucrose solution 

concentrations  

Table 4.1 ID/IG  ratio of carbon composite foams 

Sample Name  ID/IG ratio 

SDC-0 2.65 

SDC-400 2.45 

SDC-700 1.74 

4.2.8 Compressive strength  

The practical utility of the carbon foams in thermo-structural applications demands 

reasonably good mechanical strength. The carbon foams prepared without sucrose 

does not have any integrity and crumple into powder while handling. On the other 

hand, the carbon composite foam prepared at a sucrose solution concentration of 

100 g L-1 has adequate handling strength. However, it fails while cutting and 

finishing samples for compressive strength measurements. The carbon composite 

foams prepared at sucrose solution concentrations in the range of 200 to 700 g L-1 

exhibits robustness. The compressive stress-strain graph of carbon composite foams 

prepared at various sucrose solution concentrations is shown in Fig. 4.12. The 

stress-strain graphs obtained are typical of brittle foam materials. The compressive 

stress-strain of carbon composite foams have an initial linear region followed by a 
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plateau and a region of densification. The stress corresponding to the plateau region 

is considered as compressive strength and the slope of the initial linear region is 

taken as Young’s modulus.  

 

Fig. 4.12 Compressive stress-strain graph of carbon foams prepared at a various sucrose 

solution concentration 

The carbon composite foams show slight anisotropy in the compressive strength 

and Young’s modulus. The compressive strength and Young’s modulus measured 

in the filter-pressing direction is lower than those measured in the transverse 

direction.  The carbon composite foam prepared at a sucrose solution concentration 

of 200 g L-1 shows nearly the same compressive strength values in both filter-

pressing and transverse directions. The compressive strength in the filter pressing 

direction increases from 0.22 to 1.76 MPa when the sucrose solution concentration 

increases from 200 to 700 g L-1. On the other hand, in the transverse direction, the 

compressive strength increases from 0.24 to 3.2 MPa when the sucrose solution 

concentration increases from 200 to 600 °C. Further increase in sucrose solution 

concentration to 700 g L-1 decreases the compressive strength value to 2.8 MPa. 

Young’s modulus in the filter-pressing direction increases from 5.5 to 81.5 MPa 

when the sucrose solution concentration increases from 200 to 700 g L-1. On the 

other hand, Young’s modulus in the transverse direction increases from 6 to 80.5 

MPa when the sucrose solution concentration increases from 200 to 600 g L-1. 

Further, an increase in sucrose solution concentration to 700 g L-1 decreases 
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Young’s modulus value to 66.6 MPa. The compressive strength and Young’s 

modulus of carbon composite foams are presented as a function of sucrose solution 

concentration and measurement direction in Fig. 4.13. 

 

Fig. 4.13 Effect of sucrose solution concentration on the compressive strength and 

Young’s modulus of carbon composite foams measured in the filter-pressing and 

transverse directions  

The increase in compressive strength and Young’s modulus with an increase in 

sucrose solution concentration is due to an increase in carbon composite foam 

density as well as an increase in bonding between the carbonized sawdust particles 

by the sucrose derived carbon. It appears that the bonding between the carbonized 

sawdust particles by the sucrose derived carbon reaches saturation at a sucrose 

solution concentration of 600 g L-1. Further increase in sucrose solution 

concentration increases only the density of the carbon composite foam by filling the 

inter-particle pores. The higher compressive strength and Young’s modulus 

observed in the transverse direction is due to the elongated nature of the sawdust 

particle. The elongated sawdust particles exhibit some preference to orient 

perpendicular to the filter pressing direction. However, the observed anisotropy in 

our sawdust-based carbon composite foams is much lower than that observed in the 

cellular carbon monolith obtained by the carbonization of mulberry wood. In the 

present work, the highest ratio of compressive strength in the transverse direction 

to the filter pressing direction is observed in carbon composite foam prepared at a 

sucrose solution concentration of 600 g L-1 and the value is 1.6. On the other hand, 
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the ratio of compressive strength in the longitudinal to the transverse direction in 

mulberry wood-derived cellular carbon monolith is in the range of 13.9 to 22.3(Y. 

Yuan et al., 2017).  

4.2.9 Thermal conductivity 

Low thermal conductivity, excellent ablative property and fire resistance are the 

key advantages of amorphous carbon foams. The thermal conductivity of carbon 

composite foams prepared at various sucrose solution concentrations is presented 

as a function of density in Fig. 4.14. The carbon composite foam prepared at a 

sucrose solution concentration of 200 g L-1 shows a low thermal conductivity of 

0.12 W m-1 K-1. The thermal conductivity increases from 0.12 to 0.20 W m-1 K-1 

when the sucrose solution concentration increases from 200 to 700 g L-1. The low 

thermal conductivity of the sawdust derived carbon foam is due to the inherent pore 

channels and the presence of fine carbon deposits which enhance the phonon 

scattering. The increase in thermal conductivity with an increase in sucrose solution 

concentration is due to the decrease in porosity as pores are responsible for the 

scattering of phonons.  

 

Fig. 4.14 Thermal conductivity of carbon composite foams as a function of sucrose 

solution concentration 
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4.2.10 Electrical conductivity 

Electrical conductivity is one of the parameters that contribute to the EMI shielding 

effectiveness of materials. The electrical conductivity of carbon composite foams 

as a function of sucrose solution concentrations is shown in Fig. 4.15.  The electrical 

conductivity of the carbon composite foams increases from 18.2 to 33.8 S cm-1 

when the sucrose solution concentration increases from 200 to 700 g L-1. The 

electrical conductivity of the carbon composite foam is due to the proper bonding 

of sawdust derived carbon with sucrose derived carbon. Another reason for 

electrical conductivity is the presence of graphitic domains in the matrix due to 

sucrose derived carbon. The increase in electrical conductivity with an increase in 

sucrose solution concentration is due to the decrease in porosity of the carbon foam, 

increase in the concentration of more conducting sucrose derived carbon and firm 

bonding of sawdust-based carbon by the sucrose derived carbon.   

 

Fig. 4.15 Variation of electrical conductivity of carbon composite foams with sucrose 

solution concentration 

4.2.11 Oxidation resistance 

The oxidation behaviour of the carbon composite foams is studied by TGA analysis 

in air. The TGA graph of carbon foam prepared at various sucrose solution 

concentrations is shown in Fig. 4.16. The TGA graphs show weight loss due to 

oxidation of carbon from 400 °C onwards indicating their thermal stability in the 

air up to 400 °C. The complete burnout of carbon occurs at 650 °C leaving a small 

ash residue. The ash residue from the carbon composite foam decreases when the 
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sucrose solution concentration increases. The carbon produced from sawdust leaves 

an ash residue of 4.8 wt.%. On the other hand, carbon produced from sucrose does 

not leave any ash. This very well explains the decreases in ash residue of carbon 

foam from 4.8 to 2.5 wt.% when the sucrose solution concentration increases from 

0 to 700 g L-1. The ash content in carbon composite foams prepared at various 

sucrose solution concentrations is given in Table 4.2.  

 

Fig. 4.16 TGA graph of carbon composite foams prepared at various sucrose solution 

concentrations in air atmosphere 

Table 4.2 Ash content of carbon composite foams prepared at the various sucrose 

solution concentration 

Sucrose solution concentration 

(g L-1) 

Ash content(wt.%) 

0 4.8 

100 4.3 

200 2.9 

300 2.9 

400 2.8 

500 2.8 

600 2.7 

700 2.5 
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4.2.12 Fire resistance 

The carbon composite foam samples do not catch fire even when exposed to the 

oxy-acetylene flame. However, the flame pierces through the carbon foam body due 

to the oxidation of carbon.  The time required for the flame to pierce through the 

carbon foams of identical thickness increases with an increase in foam density. The 

time required for the flame to pierce through a 20 mm thick carbon foam body 

increases from 123 to 190 seconds when the foam density increases from 0.17 to 

0.35 g cm-3. A photograph showing the fire resistance of the carbon composite foam 

and the foam body after the fire resistance test containing a hole created by the 

flame is shown in Fig. 4.17. 

 

Fig. 4.17 Photograph of a carbon composite foam body exposed to oxy-acetylene flame 

(a) and after the flame, exposure showing fire resistance   

4.2.13 EMI shielding effectiveness 

Carbon foams are excellent electromagnetic interference (EMI) shielding materials 

due to their high electrical conductivity, low density, corrosion resistance and 

stability at high temperatures(Fang et al., 2007)(Chung, 2001). A typical graph 

showing the absorption (SEA) and reflection (SER) contributions and total shielding 

effectiveness (SET) of one of the SDC-X as a function of frequency in the X-band 

region is shown in Fig. 4.18a. The SDC-X show more or less constant shielding 

behaviour in the entire X-band frequency. This signifies the homogeneity within 

the SDC-X as well as alludes to the fact that the polarization relaxation component 

of EM wave attenuation is significantly small. The shielding effectiveness of SDC-

X is shown in Fig. 4.18b. The SET of the SDC-X increases from 25 to 53 dB when 
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X increases from 200 to 700 g L-1. The linear relationship between SET and X is 

largely due to the increase in density of the carbon foam. Denser materials provide 

a much larger solid phase for ohmic and polarization losses to occur. The SER 

contribution towards the SET is relatively low and within a narrow range of 5.5 to 

9.3 dB. The highly porous SDC-X permits the EM waves to penetrate the material 

due to impedance matching rather than reflection at the incident surface. The EM 

waves enter inside the SDC-X undergoes multiple internal reflections within the 

pores channels leading to enhanced absorption. In addition, the island-like carbon 

deposits on the pore channel surfaces provide additional interfaces for the 

attenuation of EM waves.  The SEA increases from 19.7 to 44 dB when X increases 

from 200 to 700 g L-1. It is reasonable to infer that the SDC-X exhibit an absorption 

dominated EMI shielding. That is, the high absorption dominated SEA of SDC-X is 

due to the superior impedance matching, relatively high electrical conductivity, 

multiple internal reflections of EM waves within the pore channels and polarization 

relaxation due to the island-like nanostructures on the pore channel surfaces.  

 

Fig. 4.18 A typical graph showing the EMI shielding effectiveness as a function of the 

frequency of a sawdust-based carbon composite foam (a), the effect of sucrose solution 

concentration on the EMI shielding effectiveness (b) 

In comparison, nitrogen-doped cellular carbon monoliths decorated with silver 

nanowires prepared from mulberry wood is reported to exhibit an EMI shielding 

effectiveness of ~60 dB. The aerogel–like cellular carbon materials prepared from 

sugar cane by Li et al through a tedious process involving hydrothermal 

carbonization, freeze-drying and high-temperature heat treatment exhibited 
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absorption dominated EMI shielding effectiveness of 51 dB at a sample thickness 

of 10 mm(Y.-Q. Li et al., 2015). That is, the maximum EMI shielding effectiveness 

obtained with sawdust-based carbon foam is comparable to that reported for cellular 

carbon monoliths prepared from mulberry wood and aerogel-like cellular carbon 

prepared from sugar cane(Y.-Q. Li et al., 2015; Y. Yuan et al., 2017). Specific 

shielding effectiveness (SSE), characterised as the ratio of shielding effectiveness 

to the density of a material is an important shielding performance parameter of 

porous materials. The SDC-X shows relatively high specific shielding effectiveness 

and the values obtained are in a close range of 149 to 152 dB g-1cm3.  

The current method for preparation of carbon foam has remarkable advantages such 

as (1) the raw materials used are low cost and naturally renewable, (2) avoids 

processes involving liquefaction of sawdust and blowing of the resin which uses 

expensive and environmentally hazardous synthetic chemicals, and (3) the filter-

pressing process is scalable. In addition, the sawdust based lightweight carbon foam 

with reasonably high mechanical strength possessing low thermal conductivity and 

excellent fire resistance can be a candidate for fire-resistant structural material for 

building compartments in the ship and high-temperature thermal protection material 

in aerospace application. Moreover, high EMI shielding capability coupled with 

low density and corrosion resistance make these carbon foams excellent candidates 

for building EMI enclosures for electronic equipment in aircraft.  

4.3 Conclusions 

Thermally insulating amorphous carbon composite foams are prepared by 

cementing sawdust particles with sucrose by filter-pressing followed by drying, 

caramelization and carbonization. The sawdust powder dispersed in sucrose 

solution consolidated by filter-pressing form sawdust-sucrose composites of 

uniform composition on freeze-drying.  The density of the carbon foams is 

modulated in the range of 0.17 to 0.35 g cm-3 using the sucrose solution of 

concentrations in the range of 200 to 700 g L-1. The compressive strength in the 

transverse direction (0.24 to 3.2 MPa) is higher than that in the filter-pressing 

direction (0.22 to 1.76 MPa) due to the preferential orientation of elongated sawdust 

particles transverse to the filter-pressing direction. The Young’s moduli in the filter-
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pressing and transverse direction are in the ranges of 5.5 to 81.7 MPa and 6 to 80.5 

MPa, respectively. SEM analysis reveals the random orientation of sawdust derived 

carbon particles in the composite foam with slight preferential orientation 

transverse to the filter pressing direction. It also revealed that the sucrose solution 

seeps into the pore channels creates island-like carbon deposits of ~50 nm thickness 

on the pore channel surfaces. The carbon foams exhibit excellent fire resistance and 

low thermal conductivity in the range of 0.12 to 0.20 W m-1 K-1. The electrical 

conductivity increases from 18.2 to 33.8 S cm-1 when the foam density increases 

from 0.15 to 0.35 g cm-3. The carbon foams exhibited an absorption dominated EMI 

shielding with a shielding effectiveness of 5 mm thick carbon foams increases from 

25 to 53 dB when the sucrose solution concentration increases from 200 to 700 g L-

1. The increase in EMI shielding with an increase in sucrose solution concentration 

is due to the combined effect of an increase in foam density, increase in electrical 

conductivity and island-like carbon deposited on the pore-channel surfaces which 

creates additional interfaces for the attenuation of EM waves. The lightweight 

carbon foam material with moderate compressive strength, high fire resistance, low 

thermal conductivity and excellent EMI shielding effectiveness can be a candidate 

for building compartments in ships, thermal protection material in aerospace and 

EMI shielding materials in aircraft.    
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CHAPTER-5 

CARBON-SILICA AND CARBON-SILICON 

CARBIDE COMPOSITE FOAMS FROM  

RICE HUSK 

5.1 Introduction 

Rice husk is an agro-waste produced during rice processing. Since rice is the second 

most consumable, rice husk is produced in huge quantities all over the world. The 

annual production of rice husk in India and the globe is estimated to be 24 and 120 

million tonnes, respectively(Gidde & Jivani, 2007).  The main constituents of rice 

husk are cellulose (25-35%), hemicelluloses (18-21%), lignin (26-31%) and silica 

(15-17%)(Singh, 2018). The rests are soluble components and moisture. A major 

portion of this rice husk is burnt to produce thermal energy and the resulting silica-

rich ash obtained is used as a substitute for Portland cement in concrete, a source of 

pure silica, in brick making and to produce ceramic insulators (Bakar et al., 2016; 

Jittin et al., 2020; Sembiring et al., 2016; Sobrosa et al., 2017; Zareei et al., 2017). 

A variety of silicon-containing compounds such as silicon carbide, silicon nitride, 

silicon tetrachloride and pure silicon are developed from the silica obtained from 

rice husk(Alweendo et al., 2019; Hernández-Martínez et al., 2020; Mochizuki et al., 

2020; I. A. Rahman & Riley, 1989). The biochar obtained by pyrolysis of rice husk 

and rice husk ash are used as adsorbents for environmental remediation 

(Swarnalakshmi et al., 2018). The rice husk ash and the silica produced from rice 

husk are used as fillers/reinforcement in polymers to produce polymer matrix 

composites (Fuad et al., 1995; Sethuramalingam et al., 2021; Yam & Mak, 2014). 

Nevertheless, no previous attempts have been reported in the literature for the 

processing of monolithic carbon foams from rice husk. The present chapter reports 

a cleaner production method for carbon-silica and carbon-silicon carbide composite 

foam monolith from rice husk. In this, rice husk particles are bonded by sucrose to 

produce a rice husk-sucrose composite. Carbon-SiO2 (C/SiO2) composite foams are 

produced by the carbonization of the rice husk-sucrose composites. The silica 

present in C/SiO2
 composite foams is reduced carbothermal by high-temperature 
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heat treatment to produce carbon-silicon carbide (C/SiC) composites foams. The 

C/SiO2 and C/SiC composite foams are evaluated for their compressive strength, 

thermal conductivity and EMI shielding performance and discussed as a function 

of sucrose solution concentration. 

5.2 Results and discussion 

5.2.1 Size and morphology of particles in rice husk powder 

The rice husk powder obtained by grinding the rice husk in a flour mill contains 

particles of elongated shape. An optical micrograph of the rice husk powder 

showing the size and shape of the particles is shown in Fig. 5.1. The majority of the 

particles are in the size span of 1 to 2 mm in length and nearly 0.5 mm in width. 

 

Fig. 5.1 Optical micrograph of rice husk powder 

5.2.2 Processing of C/SiO2 and C/SiC composite foams 

The rice husk particles are readily wetted by sucrose solution and dispersed well in 

the solution on mechanical mixing.  The filter pressing of the dispersions produces 

cylindrical bodies having good shape-stability for taking away from the setup and 

subsequent handling before freezing except at a sucrose solution concentration of 

100 g L-1. The filter-pressed body prepared at a sucrose solution concentration of 

100 g L-1 fails during removal from the filter-pressing set-up due to the poor 

adhesion of particles.  That is, the sucrose solution retained in the body functions 

as an adhesive to stick the rice husk particles together before freezing. The solid 

sucrose produced during freeze-drying binds the rice husk particle to form a rice 

husk-sucrose composite. The quantity of sucrose retained in the body varies with 
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the concentration of sucrose solution. When the concentration of sucrose solution 

increases from 200 to 700 g L-1, the retention of sucrose in the rice husk-sucrose 

composite increases from 31.2 to 51.2 wt.%. The annealing of the rice husk-sucrose 

composites at 160 °C results in the melting and caramelization of sucrose. During 

the caramelization, molten sucrose first decomposes to glucose and fructose 

anhydride and then undergoes –OH condensation to produce infusible polymeric 

structures called humin with molecular formula C125H188O80(Darder & Ruiz-

Hitzky, 2005; Wilson et al., 2018b). The composites formed at 200 to 600 g L-1 

sucrose solution concentrations retain their shape during annealing. On the other 

hand, the composite prepared at 700 g L-1 shows a slight deformation. This indicates 

that at 700 g L-1 the samples are overloaded with sucrose such that the melt 

produced during annealing at 160 °C induces flow. 

During inert atmosphere heat treatment at 900 °C, the organic matter 

(lignocellulosic part) present in the rice husk undergo carbonization to form carbon-

silica composite particles. These particles are bonded together by the carbon 

produced from the caramel. In the case of the sample prepared at 700 g L-1, a small 

deformation observed during annealing at 160 °C is further worsened during 

carbonization whereas all other samples undergo uniform shrinkage. A photograph 

of the C/SiO2-700 composite foam showing the deformation during carbonization 

is given in Fig. 5.2. Nevertheless, the samples prepared up to 200 g L-1 sucrose 

solution concentrations does not have sufficient strength for evaluation of 

properties and therefore discarded from further studies. The carbon composite foam 

bodies heat-treated at 900 °C and 1600 °C are designated as C/SiO2-X and C/SiC-

X, respectively, where X denotes the sucrose solution concentration.  

 

Fig. 5.2 Photograph of C/SiO2-700 showing the deformation during carbonization 
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5.2.3 Carbonization shrinkage  

The shrinkage of the bodies during carbonization marginally increases with an 

increase in the concentration of sucrose solution from 300 to 600 g L-1. The 

shrinkage during carbonization observed in the filter-pressing and transverse 

directions are in the ranges of 19.4 to 22.7 % and 18.4 to 20.7%, respectively.  A 

photograph of a rice husk-sucrose composite body and carbon-silica composite 

foam obtained by its carbonization showing the carbonization shrinkage is 

displayed in Fig. 5.3. However, further heat treatment at 1600 °C in an inert 

atmosphere did not make any significant change in the shape and size of the 

carbonized bodies. On the other hand, weight losses in the range of 29.5 to 22.4 

wt.% are observed due to the carbothermal reduction of amorphous silica present 

in the carbonized rice husk particles as per the reaction shown in Equation (5.1).  

3C+SiO2                             SiC+2CO                           (Equation 5.1) 

  

 

 

Fig. 5.3 Photograph of rice husk-sucrose composite (a)  and C/SiO2 composite foam(b)   

5.2.4 XRD spectra 

The carbon- silica composite foams exhibit two broad peaks in the XRD spectrum. 

The XRD spectra of C/SiO2 composite foams are shown in Fig. 5.4a. The broad 

peak that appeared at 2θ in the range from 19 to 27° is due to the amorphous silica 

and reflection from the (002) plane of turbostratic carbon(Sompech et al., 2016). 

The second broad peak that appeared at 43° is due to the reflection from the (100) 
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plane of turbostratic carbon. Upon heat treatment at 1600 °C, sharp peaks appear in 

the XRD spectra corresponding to SiC. The XRD spectrum of C/SiC composite 

foams are presented in Fig. 5.4b. Besides the XRD peak corresponding to carbon, 

the five peaks observed at 2θ of 35.6°, 41.4 °, 60.6°, 71.7° and 75.5° are due to the 

reflections from  (111), (200), (220), (311) and (222) planes of β-SiC(PDF 00-004-

0757)(Peng et al., 2010).  The d- spacing corresponding to each peak in the C/SiC 

composite was calculated by using Bragg’s equation (Equation 5.2) and presented 

in Table 5.1. The calculated d-spacing values are in agreement with the reported 

values (Pujar & Cawley, 1995; Schulte-Fischedick et al., 2002).  

Table 5.1 d-spacing of C/SiC composite foam 

Sl.No. Angle, 2θ ( °) d-spacing(nm) Plane 

1 25.7 0.347 (002) 

2 33.8 0.265 (101) 

3 35.5 0.252 (111) 

4 43.3 0.209 (100) 

5 60.6 0.154 (220) 

6 71.9 0.131 (311) 

 

A small peak observed at the 2θ value of 33.6° is due to the reflection from the (101) 

plane of α-SiC indicating the formation of a trace amount of -SiC(Izhevskyi et al., 

2000). The broad peaks corresponding to (002) and (100) reflections of turbostratic 

carbon in C/SiO2 composite foam became sharper after heat-treatment at 1600 °C. 

This indicates the formation of micro-graphite in turbostratic carbon due to the 

ordering of graphene layers at high temperatures. 
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Fig. 5.4 XRD spectra of C/SiO2 (a)   and C/SiC(b)  composite foams 

5.2.5 Raman spectra  

The Raman spectra of C/SiO2 and C/SiC composite foams are shown in Fig.5.5a 

& 6b, respectively. The peak near 1340 cm-1 (D-band) is related to defects and 

disordered carbon in the graphitic structure. The observed peak at 1580 cm-1                     

(G-band) is ascribed to the vibration of sp2 bonded carbon in a 2D hexagonal 

lattice(Marton et al., 2013). Besides these peaks, a sharp peak at 785 cm-1 and a 

small hump at 956 cm-1 are observed in C/SiC composite foams. These peaks 

correspond to the transverse optic and longitudinal optic vibration modes, 

respectively, of β-SiC (L. Liu et al., 2010). The broad D-band and G-band observed 

in C/SiO2  composite foam become sharp in C/SiC composite foam. The ratio of 

the intensity of D-band to G-band (ID/IG) calculated from the Raman spectra of 

C/SiO2 composite foams decreases from 1.81 to 1.53 when the sucrose solution 

concentration increases from 300 to 600 g L-1. This indicates that the carbon 

produced from sucrose is more ordered compared to that produced from rice husk. 

The ID/IG ratio of C/SiC composite foams decreases from 0.86 to 0.65 when the 

sucrose solution concentration increases from 400 to 600 g L-1. That is, ID/IG ratio 

observed for C/SiC composite foam samples is lower than that of the corresponding 

C/SiO2 composite foams. This is due to an increase in the ordering of graphene 

layers during the high-temperature heat treatment. Table 5.2 gives the comparison 

of the ID/IG values of C/SiO2 and C/SiC composite foams prepared at various 

sucrose solution concentrations. 
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Fig. 5.5 Raman spectra of C/SiO2 (a) and C/SiC(b) composite foams 

Table 5.2 ID/IG ratio of C/SiO2 and C/SiC composite foams 

Sucrose 

concentration 

ID/IG ratio 

C/SiO2 composite 

foam 

C/SiC composite foam 

300 

400 

1.81 

1.78 

- 

0.86 

500 1.76 0.68 

600 1.53 0.65 

 

5.2.6 Silica and silicon carbide content  

The SiO2 content in C/SiO2 and SiC content in the C/SiC composite foams was 

estimated gravimetrically by burning off carbon in a silica crucible.  The C/SiO2 or 

C/SiC foam taken in a previously weighed silica crucible (W1) was accurately 

weighed (W2) and then heated in a muffle furnace at 800 °C for 6 hours to burn off 

the carbon. The crucible with residue (SiO2 or SiC) retained (W3) after burning off 

the carbon was accurately weighed after cooling the furnace to room temperature.  

The SiO2 or  SiC content was calculated using the formula (Equation 5.2):  

SiO2 or SiC content (wt.%)=
W3- W1

W2-W1

X100       (Equation 5.2) 

 The obtained values are given in Table 5.3. The silica content in C/SiO2 decreases 

from 24.7 to 16.7 wt.% when the sucrose solution concentration increases from 300 

to 600 g L-1. On the other hand, the SiC content in C/SiC composite foam decreases 
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from 25 to 15 wt.% with an increase in sucrose solution concentration from 300 to 

600 g L-1. 

Table 5.3 SiO2 and SiC contents in the C/SiO2 and C/SiC composite foams, 

respectively 

 

Sucrose concentration 

(g L-1) 

SiO2 content  

(wt.%) 

SiC content  

(wt.%) 

300 24.8 25.0 

400 19.4 17.0 

500 18.5 15.6 

600 16.7 15.0 

5.2.7 Morphology  

Morphology and pore structure of the carbon composite foams were analysed on 

fractured surfaces using a scanning electron microscope. Typical low magnification 

SEM images of C/SiO2 and C/SiC composite foam are shown in Fig. 5.6. The 

random assembly of elongated carbonized rice husk particles perpendicular to the 

filter pressing directions is evidenced by the microstructure. These randomly 

assembled particles are bonded together at their junction by carbon produced from 

sucrose. The bonding of the carbonized rice husk particles by carbon produced from 

sucrose provides sufficient strength for the C/SiO2 composite foam bodies.  The 

C/SiC composite foam shows more or less the same morphology as the C/SiO2 

composite foam.  

 

Fig. 5.6 Low magnification fractograph of C/SiO2-500 (a) and C/SiC-500 (b) composite 

foam 



111 
 

The high magnification SEM images indicate that the inherited corrugated structure 

of the outer epidermis of rice husk and the oval-shaped pore channels remain 

unaltered after carbonization. The major diameter of the oval-shaped pore channels 

observed is in the range of 1.4 to 9.1 µm. The minor diameter is in the range of 2.8 

to 4.8 µm.  The high magnification SEM images showing the corrugated surface 

features and oval-shaped pore channels in carbonized rice husk are shown in                  

Fig. 5.7a and 7b, respectively. These microstructure features such as the corrugated 

surface structure and pore channels remain unaltered in C/SiC composite foams. 

The C/SiO2 and C/SiC composite foams mainly contain two types of pores. The 

primary source of porosity is the inter-particle space. That is a large volume of 

macropores created by the random assembly of elongated rice husk particles 

preferentially oriented perpendicular to the filter-pressing direction. The second 

source is the pore channels inherited in the rice husk particles.  

 

Fig. 5.7 High magnification image showing corrugated surface structure (a) and pore 

channel (b) of C/SiO2 composite foam 

5.2.8 Microstructure    

The microstructure of the carbon composite foam was studied using TEM.  The 

presence of silica and silicon carbide particles in the carbon matrix is evidenced 

from the transmission electron micrographs shown in Fig. 5.8a and 8b, 

respectively. The low magnification TEM image of C/SiO2 composite foam shows 

uniform distribution of silica particles of size in the range of 20 to 61 nm in the 

carbon matrix. On the other hand, the SiC is found more diffused into the carbon 

matrix of C/SiC composite foams. 
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Fig. 5.8 Low magnification TEM images of C/SiO2 (a) and C/SiC (b) composite foams 

The high magnification image of the C/SiO2 composite foam shows mostly 

amorphous regions. However, lattice fringes of SiC are observed in the high 

magnification TEM images of the C/SiC composite foam. The lattice spacing of 

0.26 nm measured from the high magnification TEM image is in agreement with 

the d-spacing of the (1 1 1) plane of β-SiC. In addition, lattice fringes corresponding 

to graphite microcrystals in amorphous carbon matrix is observed in the high 

magnification TEM image of C/SiC composite foam. The high magnification TEM 

images showing the amorphous nature of C/SiO2, lattice fringes of SiC and micro-

graphite are shown in Fig. 5.9a to c. 

The selected area electron diffraction pattern (SAED) of C/SiC shown in Fig. 5.10 

further supports the formation of the crystalline SiC phase during high-temperature 

heat treatment. The d-spacing calculated from the SAED pattern is 0.255 nm. This 

is in good agreement with the d-spacing calculated from the XRD spectra (0.256 

nm) 
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Fig. 5.9 High magnification TEM image of C/SiO2 composite foam(a) and C/SiC 

composite foam (b) showing lattice fringes of SiC and lattice fringes of microcrystalline 

graphite (c) 

 

Fig. 5.10 SAED pattern of C/SiC composite foam  

5.2.9 Foam Density  

 Aerospace applications demand foams of low density.  The prepared C/SiO2 and 

C/SiC composite foams exhibited low density. The density of C/SiO2 and C/SiC 

composite foams with respect to the concentration of sucrose solution is presented 

in Fig. 5.11.  The density of the C/SiO2 and C/SiC composite foams depends on the 
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concentration of sucrose solution used for their synthesis. C/SiO2 composite foams 

exhibit a density from 0.26 to 0.37 g cm-3 when the concentration of sucrose 

solution varies from 300 to 600 g L-1. The density of C/SiC composite foams exhibit 

the same trend but the values are lower than that of the corresponding C/SiO2 

composite foams. The density of C/SiC composite foams observed varies from 0.18 

to 0.29 g cm-3. The filter-pressing of rice husk powder produces a body with a 

certain volume of inter-particle porosity. As the sucrose solution concentration 

increases, the inter-particle pores are gradually filled by sucrose. This results in the 

formation of more carbon at the inter-particle pores during carbonization leading to 

a rise in foam density. The lowering of density during heat treatment at 1600 oC is 

because of mass loss due to the carbothermal reduction of SiO2 to SiC without any 

volume shrinkage of the body.  

 

Fig. 5.11 Variation of density with respect to sucrose solution concentration 

5.2.10 Compressive strength evaluation 

The carbon composite foams for thermo-structural applications require structural 

integrity and reasonable strength. The structural integrity and strength in the C/SiO2 

composite foams are achieved by the binding of carbonized rice husk particles by 

sucrose derived carbon. In the case of C/SiO2-200, the carbon derived from a low 

concentration of sucrose in the composite body is not adequate to provide structural 
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integrity. Hence, they crumble during the preparation of samples for compressive 

strength measurements and therefore are discarded from further evaluation. The 

stress-strain graphs of C/SiO2-300 to C/SiO2-600 are similar to that of the foam 

materials with brittle nature. Hence, there is an initial elastic region followed by a 

serrated long plateau up to ~40% strain and thereafter a densification zone. The 

serrated plateau region is due to the layer-by-layer brittle failure of the foam 

structure.  The compressive stress-strain graph of C/SiC foams also exhibits similar 

behaviour. Nevertheless, the plateau is attained at low-stress levels. The 

compressive stress-strain graphs of C/SiO2 and C/SiC composite foams are shown 

in Fig. 5.12a and Fig. 5.12b, respectively. The stress at 20% strain is taken as the 

compressive strength and the slope of the initial linear region is considered as  

Young's modulus.   

 

Fig. 5.12 Compressive stress-strain graph of C/SiO2 (a) and C/SiC composite foams 

prepared at various sucrose solution concentrations(b) 

The compressive strength and Young’s modulus of C/SiO2 and C/SiC composite 

foams are presented as a function of their density in Fig. 5.13. The compressive 

strength of C/SiO2 composite foams increases from 0.32 to 1.67 MPa when the 

foam density increases from 0.255 to 0.365 g cm-3. The corresponding increase in 

Young’s modulus is from 1.9 to 41.1 MPa. Regarding C/SiC foams, compressive 

strength and Young’s modulus rises from 0.19 to 1.19 and 1.43 to 36.8 MPa, 

respectively, when foam density increases from 0.175 to 0.286 g cm-3. It is an 

interesting observation that the specific strength of C/SiO2 and C/SiC composite 

foams observed are more or less in the same range. The specific strength of C/SiO2 
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and C/SiC composite foams are in the ranges of 1.42 to 4.57 MPa g-1cm3 and 1.08 

to 4.16 MPa g-1cm3, respectively.   

 

Fig. 5.13 Effect of density on the compressive strength (a)and Young’s modulus 

(b) of C/SiO2 and C/SiC composite foams 

5.2.11 Thermal conductivity 

The low density, thermal conductivity and high strength are the essential 

requirements for the foams to be used for thermo-structural applications in the 

aerospace industry. Fig. 5.14 shows the thermal conductivity of C/SiO2 and C/SiC 

composite foams as a function of density.  The thermal conductivity of C/SiO2 

foams increases from 0.150 to 0.205 W m-1K-1 with an increase in density from 

0.255 to 0.365 g cm-3. The low thermal conductivity is mainly attributed to the 

strong scattering of phonon due to the high porosity and the amorphous SiO2 in the 

carbonized rice husk particles. However, the C/SiC composite foams exhibit higher 

thermal conductivity values even though their densities are lower. The thermal 

conductivities of C/SiC composite foams increase from 0.165 to 0.431 W m-1K-1 

when the density increases from 0.175 to 0.286 g cm-3. The higher thermal 

conductivity of C/SiC composite foam is due to the presence of SiC and 

microcrystalline graphite having higher thermal conductivity in place of amorphous 

silica and carbon in C/SiO2 composite foam. 
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Fig. 5.14 Effect of density on the thermal conductivity of C/SiO2 and C/SiC composite 

foams  

5.2.12 Oxidation and fire resistance 

The oxidation resistance of the carbon composite foam was studied by 

thermogravimetric analysis. The TGA graph of C/SiO2 and C/SiC composite foams 

in an air atmosphere are shown in Fig. 5.15. The C/SiO2 composite foam is stable 

up to 490 °C.  The major weight loss occurs from 490 °C onwards. The complete 

burnout of carbon from the C/SiO2 composite foam takes place at 670 °C. On the 

other hand, C/SiC composite foam is stable up to 520 0C.  A major weight loss due 

to burnout of carbon takes place at a temperature in the range of 520 to 720 oC. The 

higher oxidation resistance of carbon in C/SiC is due to more ordering of graphene 

layers during heat-treatment at 1600 °C. The C/SiO2 and C/SiC composite foams 

have excellent fire resistance. They do not catch fire even when exposed to 

oxyacetylene flame. However, the flame pierces through the foam body on 

prolonged exposure due to oxidation of carbon and melting of silica or SiC.  Fig. 

5.16 shows exposure of C/SiO2 composite foam to the oxyacetylene flame and the 

foam body after flame exposure showing the hole created by the piercing of the 

flame.  
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Fig. 5.15 TGA graph of C/SiO2 and C/SiC composite foam 

.  

Fig. 5.16 Photograph showing C/SiO2 composite foam during (a) and after (b)exposure to 

oxyacetylene flame 

5.2.13 Electrical conductivity  

 The electrical conductivity of C/SiO2 and C/SiC composite foams is plotted as a function 

of sucrose solution concentration in Fig. 5.18. The electrical conductivity of C/SiO2 

composite foams increases from 19 to 94 S cm-1 when the sucrose solution concentration 

increase from 300 to 600 g L-1. The observed enhancement in electrical conductivity is due 

to an increase in foam density and reduction in silica content with an increase in the 

concentration of sucrose solution. C/SiC composite foams show higher electrical 

conductivity compared to the corresponding C/SiO2 composite foam samples. The 

electrical conductivity of the C/SiC composite foams is in the range of 102 to 371 S cm-1. 

The greater electrical conductivity of C/SiC composite foam samples is due to the 

formation of graphite micro-crystals during heat-treatment at 1600 °C for carbothermal 

reduction.   
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Fig. 5.17 Variation of electrical conductivity of C/SiO2 and C/SiC composite foams with 

the concentration of sucrose solution 

5.2.14 EMI shielding effectiveness  

The composition, microstructural features and electrical conductivity of C/SiO2 and 

C/SiC composite foams are suitable for EMI shielding application. That is, the 

carbon in the composite materials contributes to EMI shielding by conduction 

losses whereas the silica and SiC being dielectric materials contribute by dipolar 

relaxation. The pore channels and corrugated surface structure in the carbonized 

and carbothermal reduced rice husk particles create a large area of interfaces for the 

attenuation of EM waves. Besides, the inter-particle pores facilitate multiple 

internal reflections leading to improved absorption of EM waves. 

A representative graph showing EMI shielding effectiveness of C/SiO2 composite 

foam as a function of frequency in the 8-12 GHz range (X-band) is shown in Fig. 

5.18 a. The C/SiO2 composite foams show more or less uniform values of shielding 

effectiveness throughout the entire X-band region indicating the homogeneity of 

the composition and pore structure of the foam material.  The EMI shielding of the 

C/SiO2 composite foams is dominated by the absorption contribution. The C/SiO2 

composite foams at various sucrose solution concentrations exhibit more or less the 

same reflection component (~ 8dB) to the total EMI shielding effectiveness. 

However, the absorption component of the total EMI shielding effectiveness of 

these C/SiO2 composite foams increases from 11 to 30.5 dB when the sucrose 

solution concentration increases from 300 to 600 g L-1. The total shielding 

effectiveness observed is in the range of 18 to 38.5 dB. The increase in shielding 
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effectiveness is due to an increase in foam density.  The EMI shielding effectiveness 

at 11 GHz as a function of sucrose solution concentration is exhibited in Fig. 5.18b. 

The specific shielding effectiveness obtained by dividing shielding effectiveness 

with foam density is in the range of 76.2 to 106.9 dB g-1cm3.    

 

Fig. 5.18 Typical EMI shielding effectiveness as a function of frequency (a)and EMI 

shielding effectiveness as a function of sucrose solution concentration of C/SiO2 

composite foams(b) 

The low strength of C/SiC-300 does not allow the preparation of thin samples for 

EMI shielding measurements.  All the remaining C/SiC composite foam samples 

show low and more or less the same (9 to 9.4 dB) reflection contribution to the total 

shielding effectiveness. The total EMI shielding effectiveness of C/SiC composite 

foams increase from 20 to 43.7 dB when the concentration of sucrose solution varies 

from 400 to 600 g L-1.  That is, the total EMI shielding effectiveness of C/SiC 

composite foams is dominated by the absorption contribution (11 to 34.3 dB). The 

typical graph of shielding effectiveness with the frequency in the X-band and the 

shielding effectiveness at 11 GHz vs concentration of sucrose solution is presented 

in Fig. 5.19.  The specific shielding effectiveness of C/SiC composite foams is in 

the range of 100 to 152.8 dB g-1cm3. The specific shielding effectiveness is higher 

than that observed for the corresponding C/SiO2 composite foams. The increase in 

specific shielding effectiveness is due to an increase in electrical conductivity of the 

samples as a result of the formation of the graphite micro-crystals during heat 

treatment at 1600 oC. 
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Fig. 5.19 The EMI shielding effectiveness as a function of the frequency of  C/SiC-600 

(a)  and (b) the EMI shielding effectiveness as a function of sucrose solution 

concentration of C/SiC composite foams 

5.3 Conclusions 

Robust C/SiO2 and C/SiC composite foam monoliths are prepared from rice husk 

powder through an eco-friendly processing route. The C/SiO2 and C/SiC composite 

foams are obtained by the carbonization and subsequent carbothermal reduction, 

respectively,  of rice husk-sucrose composites prepared by filter-pressing rice husk 

powder dispersion in sucrose solutions. The uniform distribution of sucrose in the 

rice husk-sucrose composite is ensured by freeze-drying. The XRD analysis 

indicates the amorphous nature of silica in C/SiO2 composite foam and -SiC and 

microcrystalline graphite in  C/SiC composite foams. The formation of  -SiC and 

graphite microcrystals is further confirmed by HR-TEM analysis and Raman 

spectra. The uniform distribution of SiO2 and SiC particles in the carbon matrix is 

evidenced from the TEM analysis. The lattice fringes of SiC and the 

microcrystalline graphite are observed in the TEM images of C/SiC composite 

foams. The density of C/SiO2(0.26 to 0.37 g cm-3) and C/SiC (0.18 to 0.29 g cm-3) 

composite foams increases with an increase in the concentration of sucrose solution 

(300 to 600 g L-1). The electrical conductivity of C/SiO2  increases from 19 to 94 S 

cm-1 when the sucrose solution concentration increase from 300 to 600 g L-1. The 

C/SiC composite foams show higher electrical conductivity in the range of  102 to 

371 S cm-1 due to the formation of graphite micro-crystals during heat-treatment at 
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1600 oC for carbothermal reduction. The compressive strength, thermal 

conductivity and EMI shielding effectiveness of the carbon composite foams 

increase with an increase in density. The compressive strength, thermal 

conductivity and EMI shielding effectiveness of the C/SiO2 composite foams are 

in the ranges of 0.32 to 1.67 MPa, 0.150 to 0.205 Wm-1K-1 and 18 to 38.5 dB, 

respectively. The compressive strength decreases to the range of 0.19 to 1.19 MPa 

and thermal conductivity and EMI shielding effectiveness increase to the ranges of 

0.165-0.431 Wm-1K-1 and 20 to 43.7 dB, respectively, by carbothermal reduction 

of silica in the C/SiO2 composite foam to SiC. The inherited pore channels and 

corrugated surface features of rice husk and the inter-particle porosity contribute to  

EM absorption by promoting multiple internal reflections and providing additional 

interfaces for attenuation. The dielectric SiO2 and SiC contribute by dipolar 

relaxation and carbon contributes by conductive loss to the total EMI shielding 

effectiveness. The lightweight, low thermal conductivity, high-temperature stability 

and absorption dominated EMI shielding effectiveness make the carbon composite 

foams attractive for high-temperature thermal insulation and EMI shielding in 

aerospace and defence. 
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CHAPTER-6 

CARBON- GEHLENITE COMPOSITE FOAMS 

FROM NEWSPAPER 

 

6.1 Introduction 

Paper waste is creating major concerns for most of the municipalities all over the 

world. The newspaper contains cellulose and inorganic filler materials(Sahin & 

Arslan, 2008). Cellulose is a well-known carbon precursor. Preparation of carbon-

based products utilizing newspaper waste not only generate wealth but also helps 

the management of solid waste. In addition, this avoids the generation of carbon 

dioxide during the biodegradation of paper waste dumped in the land(Katinas et al., 

2019). Preparation of cellulose aerogels from paper waste is well reported in the 

literature(Y. Chen et al., 2020; Zhanying Li et al., 2018; Nguyen et al., 2013; K. Shi 

et al., 2019). In the majority of the reported methods, waste paper dispersed in 

NaOH/urea solution is refrigerated for 24 hours followed by thawing and 

coagulation in ethanol to form a gel.  This gel is subsequently solvent exchanged 

with de-ionized water and freeze-dried to produce the cellulose aerogels(L. Li et 

al., 2017; Nguyen et al., 2013). Feng et al produced cellulose aerogels by cross-

linking the waste paper dispersed in water with Kymene followed by freeze-

drying(Feng et al., 2015). Jin et al used an ionic liquid-based process for the 

preparation of cellulose aerogel from the waste newspaper. These aerogels are used 

as recyclable oil absorbers after modifying their surfaces to hydrophobic with 

molecules such as trimethylchlorosilane and methyl trimethoxy silane(Jin et al., 

2015). The cellulose-based aerogels are also used as low-temperature thermal 

insulation materials(Fischer et al., 2006; Gupta et al., 2018; Seantier et al., 2016). 

In an alternative approach, the cellulose aerogels produced from paper waste are 

converted into flexible carbon aerogels by pyrolysis and then used as recyclable oil-

absorbing materials(Han et al., 2016).  However, the carbon aerogels reported from 

the paper waste are having a very low density (6 to 24 mg cm-3)(Bi et al., 2014; L. 

Li et al., 2017). Therefore, they do not possess adequate mechanical strength to use 

in any thermo-structural applications. In the present chapter, the preparation of 
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mechanically robust carbon composite foams from the waste newspaper is 

presented. In this, filter-pressing of newspaper pulp prepared in sucrose solution 

followed by drying and carbonization is used for the preparation of robust carbon 

composite foams.  The density, compressive strength, thermal conductivity and 

EMI shielding effectiveness of the carbon composite foams are evaluated as a 

function of sucrose solution concentration and discussed.  

6.2 Results and discussion 

6.2.1 Characterization of newspaper ash  

The TGA graph of the newspaper is shown in Fig. 6.1. The newspaper is thermally 

stable up to 200 oC in air. A rapid weight loss of ~60% is observed in the 

temperature range of 200 to 310 °C due to oxidation of cellulosic component. 

Further increase of temperature results in a slow weight loss of ~28% up to 600 oC. 

The ash content of ~12 wt.% is remained at 900 oC. 

 

Fig. 6.1 TG curve of newspaper 

The XRD spectrum of the ash obtained by burning off the organic matter present in 

the newspaper at 900 oC indicates the presence of gehlenite as a major phase. 

Besides this, calcium aluminium silicate (PDF 00-062-0853) and silica (PDF 01-
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073-3466) are also present. The kaolinite and calcium carbonate generally used as 

additives in newspapers undergo thermal decomposition on heating at 900 °C to 

form metakalonite(Al2O3.2SiO2) and lime. These two further react to form 

gehlenite. (Ptáček et al., 2013). The XRD pattern of the newspaper ash is shown in 

Fig. 6.2. The standard XRD spectra of gehlenite, calcium aluminium silicate and 

silica overlaid and provided as an inset in Fig.6.2. 

 

Fig. 6.2 XRD pattern of newspaper ash 

The SEM image shows that the newspaper ash contains a mixture of spherical and 

irregular particles. The SEM micrograph of newspaper ash is shown in Fig. 6.3.  
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Fig. 6.3 SEM micrograph of newspaper ash 

The EDAX analysis of the ash shows the presence of calcium, aluminium, silicon 

and oxygen with atomic percentages of 22.25, 10.9, 19.19, and 47.99, respectively. 

The EDAX graph of the ash is shown in Fig. 6.4.  

 

Fig. 6.4 EDAX spectrum of newspaper ash 

The particle size of the newspaper ash was measured using the laser scattering 

method. The particle size distribution of the newspaper ash is displayed in Fig. 6.5. 

The newspaper ash contains particles in the size range of 0.4 to 22.5 µm. The 

average particle size observed is 5.2  m. 
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Fig. 6.5 Particle size distribution of the newspaper ash 

6.3.2 Preparation and characterization of newspaper pulp 

The newspaper soaked in sucrose solution for 1 hour turned into a pulp up on 

thorough mixing using a kitchen mixture for 5 minutes. The SEM analysis of 

samples prepared by drop-casting the newspaper pulp indicated the presence of 

micro-ribbons.  For the preparation of the sample for SEM, the water present in the 

newspaper pulp prepared at zero sucrose solution concentration was exchanged 

with acetone before drop-casting. The exchange of water with acetone was carried 

out by repeated dispersion and centrifugation of the newspaper pulp in acetone.  The 

SEM photomicrograph of the newspaper pulp is shown in Fig. 6.6. The width of 

micro ribbons measured from the SEM image is ~ 15 m.  In addition to the micro-

ribbons, some smaller fibres and particles formed from the newspaper is also seen 

in the SEM micrograph. That is, during the mixing with sucrose solution, the wet 

newspaper splits mainly into micro-ribbons of ~ 15 m width. 
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Fig. 6.6 SEM image of newspaper pulp  

The newspaper pulp prepared in sucrose solution shows sufficiently low viscosity 

to pour into the PVC pipe of the filter-pressing setup. The pulps show highly shear-

thinning flow behaviour with high viscosities in the range of 2.2 to 4.5 Pa.s at a low 

shear rate of 4.65 s-1 and low viscosities in the range of 0.31 to 0.45 Pa.s at a high 

shear rate of 93 s-1. The rapid decrease in viscosity with an increase in shear rate is 

due to the disentanglement of the newspaper micro-ribbons at higher shear rates. 

Fig. 6.7 shows the viscosity versus shear rate plots of newspaper pulp prepared at 

various sucrose solution concentrations. The viscosity of the newspaper pulp 

initially shows a decrease with an increase of sucrose solution concentration up to 

200 g L-1. Further increase in sucrose solution concentration increases the viscosity 

of the pulp. The initial decrease in viscosity observed is attributed to the 

improvement in the dispersion of newspaper micro-ribbons due to the hydrophilic 

sucrose molecules. However, the increase in viscosity of the dispersion medium at 

sucrose solution concentrations higher than 200 g L-1 overshadows the observed 

decrease in viscosity due to the improvement of dispersion at lower sucrose 

concentrations.   
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Fig. 6.7 Variation of sucrose solution concentration on the viscosity at various shear rates 

of newspaper pulp 

 

6.3.3 Consolidation of newspaper pulp and compressive strength 

of consolidated wet-bodies  

The vacuum filtration of the newspaper pulp using the filter-pressing setup 

consolidates the micro-ribbons into a cylindrical wet body. A slight pressing by the 

piston over the pulp towards the end of consolidation prevents the lateral shrinkage, 

resulting in a wet body with a uniform cylindrical shape. The filter pressed wet 

bodies are likely to have a network of newspaper micro-ribbons and the space in 

between them is filled with the sucrose solution. The filter-pressed bodies are 

sufficiently stable for easy removal from the PVC pipe and further handling without 

any deformation. This is further evidenced by their compressive stress-strain 

measurements. The filter-pressed wet bodies prepared at sucrose solution 

concentrations in the range of 0 to 700 g L-1 show compressive stress of nearly 1kPa 

at 10 % strain. The compressive stress-strain graphs of filter-pressed wet bodies 

prepared at 0 and 700 g L-1 are shown in Fig. 6.8.  
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Fig. 6.8 Compressive stress-strain graph of filter-pressed wet bodies 

6.3.4 Newspaper-sucrose composite 

Newspaper-sucrose composite was formed as a result of drying of the filter-pressed 

wet bodies at 70°C. During drying of the filter pressed wet bodies, the sucrose binds 

the newspaper micro-ribbons to form newspaper-sucrose composites. A photograph 

of the wet filter-pressed body and newspaper-sucrose composite is shown in                   

Fig. 6.9. 

 

Fig. 6.9 Photograph showing wet filter-pressed body (a) and  newspaper-sucrose 

composite(b) 
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As the weight of the newspaper is constant, the amount of sucrose retained in the 

body depends on the sucrose solution concentration. An estimate of sucrose 

concentration in the composite is obtained from the final weight of the newspaper-

sucrose composite and the initial weight of the newspaper taken. The weight 

percentage of sucrose in the composites increases from 0 to 66 % when the sucrose 

solution concentration increases from 0 to 700 g L-1. Fig.  6.10 depicts a variation 

of sucrose retained in the body as a function of sucrose solution concentration. 

 

Fig. 6.10 Variation of sucrose retained in the body as a function of sucrose solution 

concentration 

A considerable shrinkage of the wet-filter pressed body was observed during the 

drying process. The drying shrinkage of the filter-pressed wet bodies as a function 

of sucrose solution concentration is shown in Fig. 6.11. The wet filter-pressed 

bodies show a major linear (filter pressing direction) shrinkage and a marginal 

diametrical shrinkage during drying. The linear shrinkage decreases rapidly from 

45.8 to 32.0% when the sucrose solution concentration increases from                                     

0 to 100 g L-1. Further increase in sucrose solution concentration to 700  g L-1 slowly 

decreases the linear shrinkage to 15.2%. The filter pressed wet bodies prepared at 

zero sucrose solution concentration shows a diametrical drying shrinkage of 1.6 

wt.%. The diametrical drying shrinkage decreases marginally from 1.6 to 0.43% 

when the sucrose solution concentration increases from 0 to 700 g L-1. The low 

diametrical drying shrinkage indicates that the majority of newspaper micro-
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ribbons orient themselves in the X-Y plane (perpendicular to the filter pressing 

direction) during the filter pressing. The decrease in drying shrinkage with an 

increase in sucrose solution concentration shows that the sucrose precipitated in 

between the newspaper micro-ribbons during drying prevents the shrinkage. 

 

Fig. 6.11 Effect of sucrose solution concentration on the drying shrinkage of wet bodies 

obtained by filter-pressing of newspaper pulp 

This study evidences that the shrinkage in the filter pressing direction is governed 

by the sucrose solution concentration whereas the diametrical shrinkage is 

controlled by the orientation of newspaper micro-ribbons perpendicular to the filter 

pressing direction. The microstructure of the dried filter-pressed body prepared at 

zero sucrose solution concentration clearly shows the orientation of the newspaper 

micro-ribbons perpendicular to the filter pressing direction. The large volume of 

pores in between the micro-ribbons is visible in the microstructure. These pores are 

progressively filled by sucrose with an increase in sucrose solution concentration. 

At a sucrose solution concentration of 700 g L-1, the pores created by the newspaper 

micro ribbons are almost filled by the sucrose. The SEM microstructure of 

newspaper-sucrose composites prepared at sucrose solution concentrations of 0 and 

700 g L-1 are shown in Fig. 6.12. 
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Fig. 6.12 SEM micrograph of newspaper-sucrose composites prepared at sucrose solution 

concentrations of 0 g L-1 (a) and  700 g L-1(b) 

The density of the newspaper-sucrose composite depends on the amount of sucrose 

retained in the body during filter-pressing as well as the shrinkage during drying. 

The density of the newspaper-sucrose composites increases from                                            

0.27 to 0.59 g cm-3 when the sucrose solution concentration increases from                  

0 to 700 g L-1. The increase in density is due to the progressive filling of the pores 

created by the assembly of newspaper micro-ribbons by sucrose with an increase in 

sucrose solution concentration. The density of the newspaper-sucrose composite as 

a function of sucrose solution concentration is shown in Fig. 6.13. 

 

Fig. 6.13 Variation of density as a function of sucrose concentration 
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The compressive stress-strain curves of the newspaper-sucrose composites are 

displayed in Fig. 6.14. The newspaper-sucrose composite prepared at sucrose 

solution concentrations in the range from 0 to 300 g L-1 shows a slow and linear 

increase of stress with strain up to the point of strain hardening. The bending of the 

newspaper microribbons is responsible for the linear region at low-stress values. On 

the other hand, newspaper-sucrose composites prepared at sucrose solution 

concentrations in the range of 400 to 700 g L-1 show a rapid increase in stress with 

strain in the beginning up to a yield point followed by strain hardening. The strain 

hardening is due to the densification of the composite. The slope of the initial linear 

region is taken as Young’s modulus and the stress at 10% strain is taken as the 

compressive strength. 

 

Fig. 6.14 Stress-strain curve of the newspaper-sucrose composite 

The compressive strength of the newspaper-sucrose composites increases slowly 

from 0.4 to 0.9 MPa when the sucrose solution concentration increases from 0 to 

500 g L-1. Further increase in sucrose solution concentration to 700 g L-1 rapidly 

increases the compressive strength to 3.43 MPa. Young’s modulus also shows a 

similar trend as that of compressive strength data. That is, Young’s modulus slowly 

increases from 5.2 to 23 MPa when the sucrose solution concentration increases 

from 0 to 500 g L-1. Further increase in sucrose solution concentration to 700 g L-1 

rapidly increases Young’s modulus value to 95.3 MPa. The compressive strength 
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and Young’s modulus of the newspaper-sucrose composites prepared at various 

sucrose solution concentrations are shown in Fig.6.15. 

 

Fig. 6.15 The compressive strength and Young’s modulus of newspaper-sucrose 

composites as a function of sucrose solution concentration 

6.2.5 Newspaper-caramelin composite 

On annealing at 160 °C, sucrose in the newspaper-sucrose composites melts before 

caramelization. The caramelization involves the decomposition of sucrose to 

glucose and fructose anhydride and their subsequent condensation to form 

compounds such as caramelan and caramelen with the molecular formula C24H36O18 

and C36H50O25, respectively. These compounds undergo further condensation with 

their precursors to produce infusible polymeric compounds such as humin or 

carameline with an average molecular formula of C125H188O80(DeMan, 1999; R 

Narasimman & Prabhakaran, 2012). The colour of the newspaper-sucrose 

composites turned dark brown during the annealing due to oxidation. No 

deformation or bloating of the composites is observed during the caramelization. In 

addition, no molten sucrose oozes out as the newspaper micro-ribbon assembly acts 

like a sponge to contain the molten sucrose. 

The SEM microstructure of the newspaper-caramel composites prepared at sucrose 

solution concentrations of 300 g L-1 and 700 g L-1 are shown in Fig. 6.16. From the 

microstructure, it is evident that the newspaper micro-ribbons in the composites are 
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properly welded together by the melting and caramelization of the sucrose. As the 

sucrose content increases, the bonding between the newspaper microribbon and 

caramel enhances and the inter-newspaper micro ribbon spaces are progressively 

filled with caramelin. 

 

Fig. 6.16 SEM micrograph of the newspaper-caramel composite prepared at sucrose 

solution concentrations of 300 g L-1(a)  and 700 g L-1(b) 

6.2.6 Carbon- gehlenite composite foams  

6.2.6.1 Carbonization shrinkage  

The caramelized sucrose and newspaper micro-ribbons in the newspaper-caramel 

composites undergo carbonization during heating in an inert atmosphere to form 

composite foams consisting of carbon and gehlenite (inorganic matter present in the 

newspaper). The carbon composite foam yield (percentage weight retention after 

carbonization) observed is in the range of 26.15 to 28.45% of the newspaper-

sucrose composite. The newspaper-caramel composites do not show any 

deformation during the carbonization. However, there is a uniform shrinkage during 

the carbonization. The newspaper composite prepared at zero sucrose solution 

concentration shows the lowest linear shrinkage of 36.6% during carbonization. The 

linear shrinkage increases to 44.6% when the sucrose solution concentration 

increases to 100 g L-1. Further increase in sucrose solution concentration to 700 g 

L-1 gradually decreases the linear shrinkage to 36.8%. Unlike the marginal 

diametrical shrinkage observed during drying, the newspaper-sucrose composites 

undergo considerable diametrical shrinkage during carbonization. The diametrical 

carbonization shrinkage decreases from 23.8 to 21.8 % when the sucrose solution 

concentration increases from 0 to 700 g L-1. That is, the variation of diametrical 
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shrinkage with sucrose solution concentration is again marginal. This indicates that 

the diametrical shrinkage during carbonization is also controlled by the newspaper 

micro-ribbons oriented perpendicular to the filter-pressing direction. The effect of 

sucrose solution concentration on linear and diametrical shrinkage during 

carbonization are shown in Fig. 6.17. The newspaper micro-ribbons in the 

newspaper composite prepared at zero sucrose solution concentration form a very 

compact structure during drying as evidenced from the observed highest drying 

shrinkage. The observed lower linear carbonization shrinkage at zero sucrose 

solution concentration is due to the compact structure of the newspaper micro-

ribbons before the carbonization. On the other hand, at a sucrose solution 

concentration of 100 g L-1, the sucrose precipitated in between the micro-ribbons 

during drying prevents their close packing. The increase in linear shrinkage during 

carbonization when the sucrose concentration increases from 0 to 100 g L-1 is due 

to the poor packing of the micro ribbons in the newspaper-sucrose composites.  

Further increase in sucrose solution concentration progressively fills the voids 

between micro-ribbons with sucrose resulting in a gradual decrease of linear 

carbonization shrinkage 

 

Fig. 6.17 Effect of sucrose solution concentration on carbonization shrinkage of 

newspaper-sucrose composite 
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6.2.6.2 XRD and Raman spectra  

Like other carbon foam materials, carbon composite foams exhibited two broad 

peaks at 2 values of ~ 23.5° and 44° in XRD spectrum corresponding to (002) and 

(100) plane, respectively, of turbostratic carbon(Barnakov et al., 2015a). In addition 

to these, some peaks are also visible in the XRD spectrum corresponding to the 

gehlenite present in the carbon composite foam. Fig. 6.18 depicts the XRD 

spectrum of a typical carbon- gehlenite composite foam. The d- spacing values 

calculated from (002) reflection of the carbon composite foams prepared at sucrose 

solution concentrations of 0, 300 and 700 g L-1 are 0.367, 0.378 and 0.376 nm, 

respectively. The obtained values confirm poor stacking of graphene layers in the 

turbostratic carbon. 

 

Fig. 6.18  XRD spectra of the carbon composite foams 

The crystalline nature of the carbon composite foam is further confirmed by Raman 

spectra. Similar to other carbon foam materials, the newspaper derived composite 

foams show two broad peaks at 1345 cm-1 (D band) and 1590 cm-1 (G band) 

corresponding to disordered (sp3) and the graphitic (sp2) carbon, 

respectively(Konstantin et al., 2008). Fig. 6.19 shows Raman spectra of the 

representative carbon composite foams. ID/IG ratio of the carbon composite foams 

are in the narrow range of 2.20 to 2.18. This indicates that the carbon in carbon-

gehlenite composite foams prepared at all sucrose solution concentrations are more 

or less equally disordered. 
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Fig. 6.19 Raman spectra of the carbon composite foams 

6.2.6.3 Microstructure  

During the carbonization, newspaper micro-ribbons form carbon-gehlenite 

composite micro-ribbons. That is, the carbon composite foam prepared at zero 

sucrose solution concentration contains an assembly of carbon-gehlenite composite 

micro-ribbons.  The pores created in between the micro-ribbons are progressively 

filled by carbon produced by the pyrolysis of sucrose. This is evidenced by the SEM 

micrograph of the carbon- gehlenite composite foams as shown in Fig. 6.20. The 

macropores produced in between the carbonized newspaper micro-ribbons are 

visible in the SEM micrograph of carbon composite foam prepared without sucrose. 

These macropores are progressively filled by the carbon produced from the sucrose 

in samples prepared at higher sucrose solution concentrations. In carbon composite 

foam prepared at the sucrose solution concentration of 700 g L-1, the carbon 

produced from sucrose dominates and cover the carbonized newspaper micro-

ribbons. However, the quantification of macropore pore size from the SEM images 

is not possible due to their irregular shape. In addition to the macropore formed by 

the assembly of carbon composite micro-ribbons, the high magnification SEM 

micrographs show the presence of mesopores. The size of mesopores measured 

from the SEM image using ImageJ software is in the range of 5 to 27 nm. These 

mesopores are formed due to the smaller bubbles formed in sucrose by the water 



140 
 

vapour produced due to –OH condensation during the caramelization. It is reported 

that the preparation of carbon foams by thermo-foaming demonstrate the formation 

of bubbles of large size (>100 nm) in molten sucrose due to water vapour generated 

by –OH condensation. In the present work, the sucrose was deposited in between 

the newspaper microribbons. It appears that the newspaper micro-ribbons restrict 

the bubble growth in molten sucrose during the caramelization resulting in bubbles 

of less than 50 nm size.  A typical high magnification SEM micrograph of carbon 

composite foam is shown in Fig. 6.21.   

 

Fig. 6.20 Low magnification SEM micrograph of carbon-gehlenite composite foams 

prepared at sucrose solution concentrations of (a) 0 g L-1 and (b) 700 g L-1 

 

 

Fig. 6.21 A typical high magnification image showing porous nature of carbon-gehlenite 

composite foam 
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6.2.6.4 Textural properties  

The porous structure of the carbon composite-gehlenite foams is also demonstrated 

from the N2 adsorption-desorption isotherms evaluated at 77 K. The carbon-

gehlenite composite foams show a combination of type I and type IV adsorption 

isotherms typical for samples with a combination of micro and mesopores. The 

microporous nature is evidenced from adsorption-desorption isotherms, showing a 

rapid uptake of N2 gas at lower relative pressures and hysteresis at higher relative 

pressures. The shape of the hysteresis loop indicates the presence of narrow slit-like 

pores made by the stacking of the newspaper microribbons. It also reveals the 

presence of internal voids with broad pore size distribution (Cychosz et al., 2017; 

Thommes & Cychosz, 2014). The adsorption-desorption isotherm of the carbon-

gehlenite composite foams prepared at various sucrose solution concentrations is 

shown in Fig. 6.22 and the textural properties are given in Table 6.1.  The carbon-

gehlenite composite foam prepared without sucrose shows a specific surface area 

of 251 m2 g-1. The specific surface area of the carbon-gehlenite composite foams 

increases from 251 to 400 m2g-1 when the sucrose solution concentration increases 

from 0 to 700 g L-1. The ash (gehlenite) obtained by burning off the carbon shows 

a surface area of 3.9 m2g-1. That is, 42.8 wt.% gehlenite and 57.8 wt.% carbon 

present contribute 1.66 m2 and 249.34 m2 towards the specific surface area of the 

carbon-gehlenite composite foam prepared without sucrose. This indicates that the 

carbon obtained from the newspaper has a specific surface area of 435.9 m2g-1. On 

the other hand, the carbon obtained by the carbonization of sucrose at 900 °C shows 

a specific surface area of 367 m2g-1. Therefore, the observed increase in surface area 

of the carbon-gehlenite composite foams with an increase in sucrose solution 

concentration is due to the decrease in the concentration of gehlenite having low 

surface area. The total pore volume of carbon-gehlenite composite foams obtained 

from the N2 adsorption-desorption studies are not strictly following any specific 

trend, However, the values of total pore volume observed are in a close range of 

0.159 to 0.239 cm3g-1. The carbon-gehlenite composite foam prepared at zero 

sucrose solution concentration shows a micropore volume of 0.078 cm3 g-1. The 

micropore volume increases from 0.078 to 0.15 cm3g-1 when the sucrose solution 

concentration increases from 0 to 700 g L-1. The micropores are formed by an in 
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situ activation. That is, the oxygen retained in the form of C-O-C linkages as a result 

of –OH condensation reacts with the carbon at higher temperatures to form CO, 

which results in the formation of micropores(R Narasimman et al., 2014a). The 

micropore volume of the carbon produced from the newspaper was calculated by 

excluding the 42.8 wt.% of gehlenite present in carbon composite foam prepared at 

zero sucrose solution concentration is 0.135 cm3 g-1. On the other hand, the carbon 

produced by the carbonization of sucrose at 900 oC exhibited a micropore volume 

of 0.18 cm3 g-1. The observed increase in micropore volume of the carbon-gehlenite 

composite foams with an increase in sucrose solution concentration is due to a 

decrease in the concentration of gehlenite and an increase in the concentration of 

carbon produced from sucrose. The DFT pore size distribution of the carbon-

gehlenite composite foams is shown in Fig. 6.23. The DFT plots do not show 

prominent peaks in the microporous region (< 2nm). However, there is a prominent 

peak in the pore size range of 2.5 to 2.8 nm. In addition, broad peaks are observed 

at pore sizes in the range of 4 to 110 nm. The steep uptake of N2 gas at lower relative 

pressures observed in N2 adsorption-desorption isotherm is not reflected in the DFT 

pore size distribution. It appears that the micropores in the carbon composite foams 

are in the ultramicropore range (<1 nm).   

 

Fig. 6.22 N2 adsorption-desorption isotherms of carbon composite foams 
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Fig. 6.23 DFT pore size distribution curve of carbon-gehlenite composite foams 

Table 6.1 Textural properties of carbon-gehlenite composite foams 

Concentration 

of sucrose  

(g L-1) 

BET Surface 

area  

(m2 g-1) 

Micropore 

area  

(m2 g-1) 

Total pore 

volume  

(cm3 g-1) 

Micropore 

volume  

(cm3 g-1) 

0 251 172 0.205 0.078 

100 256 196 0.171 0.096 

200 252 200 0.159 0.10 

300 274 212 0.167 0.09 

400 306 227 0.196 0.11 

500 315 245 0.181 0.12 

600 369 298 0.222 0.14 

700 400 329 0.239 0.15 

 

6.2.6.5 Density  

The carbon-gehlenite composite foam prepared at zero sucrose solution 

concentration shows a bulk density of 0.18 g cm-3. The carbon-gehlenite composite 

foam density increases slowly from 0.18 to 0.22 g cm-3 when the sucrose solution 

concentration increases from 0 to 300 g L-1. Further increase in sucrose solution 

concentration to 700 g L-1 rapidly increases the carbon-gehlenite composite foam 
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density to 0.39 g cm-3. Fig. 6.24 depicts the effect of sucrose solution concentration 

on the density of the carbon - gehlenite composite foams. 

The skeletal density of the carbon-gehlenite composite foam samples decreases 

from 2.52 to 2.26 g cm-3 when the sucrose solution concentration increases from 0 

to 700 g L-1. The observed skeletal density is more than the density of graphite. This 

is due to the presence of gehlenite with a higher theoretical density of 2.98 g cm-3.  

The porosity of the carbon composite foams, calculated from their bulk and skeletal 

densities, decreases from 92.3 to 84.6% when the sucrose solution concentration 

increases from 0 to 700 g L-1. Table 6.2 summarizes the density, skeletal density 

and porosity of the carbon-gehlenite composite foams prepared at various sucrose 

solution concentrations. 

 

Fig. 6.24 Effect of sucrose solution concentration on bulk density of carbon-

gehlenite composite foams 
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Table 6.2 Density and porosity of carbon-gehlenite composite foams 

Sucrose solution 

concentration 

(g L-1) 

Bulk density 

(g cm-3) 

Skeletal 

density 

(g cm-3) 

Porosity 

(%) 

0 0.18 2.28 92.3 

100 0.20 2.26 91.0 

200 0.21 2.28 90.7 

300 0.22 2.31 90.4 

400 0.26 2.33 88.9 

500 0.32 2.36 86.4 

600 0.35 2.28 84.7 

700 0.39 2.52 84.6 

6.2.6.6 Compressive strength  

Mechanically robust materials are required for thermo-structural application. The 

compressive stress-strain graph of the carbon-gehlenite composite foams is shown 

in Fig. 6.25. The compressive stress-strain graph of carbon- gehlenite composite 

foam is different from that of brittle carbon foams. Instead of the serrated plateau 

region due to the brittle failure, smooth curves with a positive slope over the whole 

deformation range is observed. During the compression of the carbon-gehlenite 

composite foams, densification occurs due to the bending and deformation of the 

carbon-gehlenite microribbons rather than the pore collapse by the failure of the 

brittle pore walls in conventional carbon foams.  The carbon-gehlenite composite 

foams prepared at sucrose solution concentrations in the range of 0 to 300 g L-1 

shows a slow and linear increase of stress with strain up to the point of strain 

hardening. On the other hand, the foams prepared at sucrose solution concentrations 

in the range of 400 to 700 g L-1 show a rapid increase in stress with strain in the 

beginning up to a yield point. Thereafter, the stress slowly increases with strain up 

to the point of strain hardening. The slope of the initial linear region is taken as 

Young’s modulus and the stress at 10% strain is taken as the compressive strength.  

The compressive strength and Young’s modulus of carbon-gehlenite composite 
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foams as a function of sucrose solution concentration are shown in Fig. 6.26. The 

compressive strength and Young's modulus increases slowly with an increase in 

sucrose solution concentration up to 300 g L-1 and thereafter rapidly up to                       

700 g L-1. The carbon-gehlenite composite foam prepared without sucrose shows a 

compressive strength and Young’s modulus of 0.2 and 3.44 MPa, respectively. The 

compressive strength and Young’s modulus slowly increase to 0.32 and 8 MPa, 

respectively, when the sucrose solution concentration increases to 300 g L-1. Further 

increase in sucrose solution concentration to 700 g L-1 results in a rapid increase of 

compressive strength and Young’s modulus to 1.7 and 69.9 MPa, respectively.  The 

carbon aerogels prepared from waste paper reported in the literature shows 

compressive stress of less than 1 kPa at 10 % strain. Nevertheless, our carbon-

gehlenite composite foams are not exhibiting reversible compressibility unlike the 

carbon aerogels reported from waste paper. Hence, the prepared carbon-gehlenite 

composite foam is mechanically robust for thermo-structural applications. 

 

Fig. 6.25 Compressive stress-strain curve of carbon-gehlenite composite foams 
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Fig. 6.26 Effect of sucrose solution concentration on compressive strength and Young’s 

modulus of carbon-gehlenite composite foams  

6.2.6.7 Machinability 

The ability to produce in required contour is one of the important criteria for a 

material to be used in practical applications. The carbon-gehlenite composite foams 

are amenable to minor machining operations such as cutting with a blade, shaping 

using abrasive paper etc. However, they damage when attempted to hold them in a 

lath, a milling machine or a drilling machine due to the relatively low compressive 

strength. On the other hand, the compressive strength and Young’s modulus of 

newspaper-sucrose composites are sufficient for holding them in the lathe, milling 

machine and drilling machine without any damage. The newspaper-sucrose 

composites prepared at sucrose solution concentrations in the range of                                      

400 to 700 g L-1 are amenable for machining. The recessed steps, a cylindrical hole 

and rectangular slots are made on the newspaper-sucrose composites by lathing, 

drilling and milling, respectively, using conventional machines and tools. The 

machined newspaper-sucrose composite bodies undergo uniform shrinkage 

retaining their shape during subsequent carbonization. Fig. 6.26 is a photograph 

showing recessed steps, a cylindrical hole and rectangular slots made on newspaper-

sucrose composites and the carbon-gehlenite composite foams produced by 

carbonizing the machined bodies. Therefore, machining the newspaper-sucrose 
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composite followed by carbonization is the right strategy to fabricate carbon 

composite foams with contoured surfaces. 

 

Fig. 6.27 Photograph showing machinability of  newspaper-sucrose composites and the 

carbon-gehlenite composite foams produced by carbonizing the machined composite 

6.2.6.8 Thermal conductivity 

The amorphous carbon foams are candidate materials for high-temperature thermal 

insulation and fire-resistant lightweight structural applications due to their low 

thermal conductivity. The thermal conductivity of carbon-gehlenite composite 

foams is presented as a function of their density in Fig. 6.27. The thermal 

conductivity shows an increasing trend with an increase in density. The carbon-

gehlenite composite foam prepared at zero sucrose solution concentration shows a 

thermal conductivity of 0.096 W m-1K-1. The thermal conductivity of the carbon-

gehlenite composite foams increases with an increase in foam density due to an 

increase in sucrose solution concentration. The thermal conductivity increases to 

0.2 W m-1K-1 when the foam density increases to 0.39 g cm-3 as a result of an 

increase in the sucrose solution concentration to 700 g L-1. The thermal conductivity 

values observed are lower than that of some of the amorphous carbon foams of 

similar densities reported in the literature(R Narasimman & Prabhakaran, 2012, 

2013; Tondi et al., 2009; Wilson et al., 2017). The lower thermal conductivity 
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values are due to the micro and mesoporous structure in the carbon composite foams 

which may restrict the heat transfer by convection. 

 

Fig. 6.28 Effect of density on thermal conductivity of carbon-gehlenite composite foams 

6.2.6.9 Oxidation resistance   

The oxidation resistance of the carbon composite was evaluated by TG analysis in 

the air atmosphere. The carbon-gehlenite composite foam exhibit slow and a small 

weight loss ( ~2.4%) due to the elimination of moisture and slight oxidation of 

carbon up to 450°C. It means that the composite foam has thermal stability up to 

450°C in an air atmosphere. Further, an increase in temperature results in rapid 

weight loss due to the oxidation of carbon. The weight loss completes at a 

temperature of 650 oC. The TGA graph of carbon-gehlenite composite foams 

prepared at various sucrose solution concentrations is shown in Fig. 6.28. The 

residue that remains after 650 oC is due to the gehlenite present in the newspaper. 

The gehlenite content in carbon-gehlenite composite foams estimated from TGA is 

given in Table 6.3.  The carbon-gehlenite composite foam prepared at zero sucrose 

solution concentration shows a gehlenite content of 41.8 wt.%. The gehlenite 

content decreases rapidly from 41.8 to 24.10 wt.% when the sucrose solution 

concentration increases from 0 to 200 g L-1. Further increase in sucrose solution 

concentration to 700 g L-1 slowly decreases the gehlenite content to 13.6 wt.%. The 
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decrease in gehlenite content is due to the increase in the concentration of carbon 

produced from sucrose which does not leave any ash during oxidation.  

 

Fig. 6.29 TGA graph of carbon composite foams prepared at various sucrose solution 

concentrations 

Table 6.3 Gehlenite content in carbon-gehlenite composite foams prepared at various 

sucrose solution concentrations  

Sucrose  

concentration 

(g L-1) 

Gehlenite  

Content 

 (wt.%) 

0 41.8 

100 32.7 

200 24.1 

300 22.7 

400 18.8 

500 15.0 

600 14.1 

700 13.6  
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6.2.6.10 Fire resistance 

The fire resistance was tested by exposing the carbon-gehlenite composite foam to 

oxyacetylene flame. The carbon foams do not catch fire when exposed to 

oxyacetylene flame. The splashing of oxyacetylene flame oxidizes a thin layer of 

carbon from the surface leaving white patches of gehlenite. However, the flame 

pierces through the carbon-gehlenite composite foam due to oxidation of carbon 

and melting & evaporation of gehlenite. The oxyacetylene flame takes nearly 65 s 

to pierce through a carbon-gehlenite composite foam body of 12 mm thickness 

prepared at a sucrose solution concentration of 300 g L-1. Photographs showing the 

fire resistance of the carbon composite foam and a hole produced due to the piercing 

of the oxyacetylene flame is shown in Fig. 6.30. 

 

 

Fig. 6.30 Photographs showing fire resistance of carbon composite foam(a)  and a hole 

formed due to the piercing of oxyacetylene flame(b) 

6.2.6.11 EMI shielding effectiveness 

The EMI shielding effectiveness of the carbon-gehlenite composite foams was 

analysed over the entire X- band region. Fig. 6.31 is a typical graph showing the 

variation of SER, SEA and SET as a function of frequency in the X- band region. EMI 

shielding effectiveness,  SER, SEA, SET  of carbon-gehlenite composite foam is 

more or less constant over the entire X- band region. The steady EMI shielding 

effectiveness of the carbon-gehlenite composite is attributed to its homogeneous 

structure. Fig. 6.32 shows the effect of sucrose solution concentration on the  EMI 

shielding effectiveness of carbon-gehlenite composite foam at 11 GHz. The carbon-

gehlenite composite foams at various sucrose solution concentrations exhibit more 
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or less the same reflection contribution. The reflection contribution to the total EMI 

shielding effectiveness observed is in the narrow range of 3.5 to 5.7 dB.  The total 

EMI shielding effectiveness of carbon-gehlenite composite foams increases from 

15.9 to 44.9 dB when sucrose solution concentration increases from                                       

0 to 700  g L-1.  The absorption contribution to the total EMI shielding effectiveness 

increases from 12.6 to 41.9 dB when the sucrose solution concentration increases 

from 0 to 700 g L-1. That is, the carbon-gehlenite composite foams exhibited 

absorption dominated EMI shielding effectiveness over the entire X- band region.  

 

Fig. 6.31 A Typical graph of variation of SER, SEA and SET as a function of frequency in 

the X- band region 

 

Fig. 6.32 Effect of sucrose solution concentration on SER, SER and SET carbon-gehlenite  

composite foams at 11 GHz 
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When EM waves strike the surface of carbon-gehlenite composite foam, a major 

portion of the waves penetrate because of the better impedance matching due to the 

highly porous nature and the remaining is reflected from the surface. The EM waves 

penetrated the carbon-gehlenite composite will be attenuated by conductive losses 

due to carbon, dielectric loss due to the gehlenite and polarization losses at a large 

area of interfaces present between carbon and gehlenite. The large surface area, 

defects and oxygen-containing functional groups also contribute to EM absorption 

by polarization. The EM waves enter the pores undergo multiple internal reflections 

leading to absorption of its major portion rather than transmitting. The increase in 

total EMI shielding effectiveness with an increase in sucrose solution concentration 

is due to an increase in foam density and an increase in the concentration of 

conductive carbon (decrease in the concentration of gehlenite).  The specific EMI 

shielding effectiveness obtained by dividing total shielding effectiveness with a 

density of the foam is in the range of 88.9 to 115.1 dB g-1cm3.  The observed EMI 

shielding effectiveness and specific shielding effectiveness are comparable to that 

of carbon foams of a similar density range reported in the literature(Q. Li et al., 

2016a; R Narasimman et al., 2015, 2016).  

The low density, high thermal stability, low thermal conductivity, excellent fire 

resistance, high EMI shielding effectiveness and reasonably high compressive 

strength of carbon-carbon-gehlenite composite foam make it a candidate material 

for thermo-structural and EMI shielding applications in aerospace.  

6.3 Conclusions 

The waste newspaper has been successfully used for the preparation of 

mechanically robust carbon-gehlenite composite foams by filter-pressing and 

subsequent carbonization. The pulp obtained by mixing shredded newspaper and 

sucrose solution contains newspaper micro-ribbons of width ~15 µm. The filter-

pressing of the pulp prepared at sucrose solution concentrations in the range of 0 to 

700 g L-1 produces wet bodies with adequate strength (~ 1 kPa) for withstanding 

stresses during removal from the filter-pressing setup and further handling during 

dying. The newspaper micro-ribbons preferentially orient perpendicular to the 

filter-pressing direction. The carbonization of the newspaper-sucrose composite at 
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900 oC produces carbon-gehlenite composite foam with a density in the range of 

0.18 to 0.39 g cm-3. The shrinkages in the filter-pressing direction during drying 

and carbonization are governed by sucrose solution concentration whereas the 

diametrical shrinkage is controlled by the newspaper micro-ribbons oriented 

perpendicular to the filter-pressing direction. The carbon-gehlenite composite 

foams show compressive strength and Young’s modulus in the ranges of 0.2 to 1.7 

MPa and 3.4 to 69.9 MPa, respectively. The newspaper-sucrose composites 

obtained by drying the filter-pressed bodies prepared at sucrose solution 

concentrations in the range of 400 to 700 g L-1 are amenable for machining using 

conventional tools and equipment. The machined materials perfectly retained their 

shape after the carbonization. The carbon-gehlenite composite foams show a room 

temperature thermal conductivity in the range of 0.1 to 0.2 W m-1K-1 and excellent 

fire resistance, suitable for lightweight fire-resistant structural and thermal 

protection applications. The carbon-gehlenite composite foam exhibited absorption 

dominated EMI shielding. The total EMI shielding effectiveness increases from 

15.9 to 44.9 dB when sucrose solution concentration increases from 0 to 700 g L-1. 
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CHAPTER -7 

CONCLUSIONS AND FUTURE SCOPE 

7.1 Conclusions 

Carbon foams are three-dimensional rigid macroporous materials. These are getting 

renewed interest due to their unique properties such as lightweight, chemical 

inertness, high-temperature tolerance, tuneable electrical and thermal 

conductivities, fire resistance, low thermal expansion coefficient, high 

electromagnetic interference shielding effectiveness and acoustic absorption. 

Hence, they find applications in various fields such as thermal protection and 

ablative systems in aircraft, fire-resistant structures, EMI shielding materials in the 

electronic industry, acoustic protection, heat sink, radiators and host for phase 

change materials. The carbon foams are also used as an adsorbent material for the 

removal of trace contaminants from water, catalytic support and electrodes in 

energy storage devices. Generally, carbon foams are prepared either from synthetic 

polymers such as polyimide, polybenzoxazine, phenol-formaldehyde resin or 

pitches. Synthetic polymers yield amorphous carbon foams whereas pitches 

produce graphitic carbon foams. Fossil fuels which are the sources of synthetic 

organic polymers and pitches are depleting as a consequence of rapid 

industrialization. Researchers are focusing on alternative precursors of carbon 

foams for sustainable development. Biomasses are good candidate precursors for 

valuable carbon products because they are available in large quantities at low cost, 

renewable and environmentally friendly. Biomasses such as tannin, lignin, cellulose 

and sucrose are widely studied for the preparation of carbon foams. The general 

strategy for the preparation of carbon foams involves foaming and setting of the 

precursor resins followed by pyrolysis and graphitization. Polymer foam replication 

using polyurethane foams as a template is used for the preparation of reticulated 

carbon foams. In this, the carbon precursor resin coated on the webs of polyurethane 

foam template by impregnation followed by squeezing by rolling and curing is 

pyrolyzed to produce carbon foam which is a replica of the polyurethane foam. 

Additives such as graphite particles, graphene, clay, CNTs, and iron-containing 
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compounds are incorporated in carbon foams to modulate their structural and 

functional properties 

The agricultural residues such as rice husk, cotton, sawdust and newspaper are 

either unutilized or underutilized. The effective utilization of these materials helps 

waste management as well as generate wealth. This thesis investigates the eco-

friendly processing of carbon composite foams by using agricultural residues such 

as newspaper, cotton, sawdust and rice husk. Sucrose, an agricultural product with 

42 wt% carbon content is used as a binder for the preparation of carbon composite 

foams. The produced composite carbon foams are well characterized and evaluated 

for thermal insulation and EMI shielding applications. 

Chapter 1 gives a brief review of porous carbon materials with a focus on carbon 

foams, their precursors and processing methods. The chapter briefly introduces the 

properties and applications of carbon foams. A review of carbon foams produced 

from biomasses is also presented in Chapter 1. 

The materials, processing methods and characterization details are described in 

Chapter 2.  

Processing and characterization of carbon composite foams from natural cotton and 

sucrose by filter-pressing are discussed in Chapter 3. The filter-pressing of natural 

cotton fibre dispersed in sucrose solution of concentrations in the range of 100 to 

700 g L-1 followed by freeze-drying produces cotton-sucrose composites. The 

cotton fibres in the cotton-sucrose composites are preferentially oriented transverse 

to the filter pressing direction. The caramelization of sucrose in the cotton-sucrose 

composite followed by carbonization produce carbon composite foams. The carbon 

yield from the cotton-sucrose composites increases from 15.2 to 21.4 wt. % when 

the sucrose solution concentration increase from 100 to 700 g L-1. The tubular 

carbon fibres formed from cotton are welded at their contact points by the 

amorphous carbon produced from sucrose. This leads to partially reversible 

compressibility at low sucrose solution concentrations.  Advancement of fibre- to- 

fibre bonding area results in rigid carbon composite foams at sucrose concentration 

above 200 g L-1. The density of carbon composite foam increases from 0.06 to 0.31 

g cm-3 when sucrose solution concentration increases from 100 to 700 g L-1. The 

carbon composite foams processed at sucrose solution concentrations in the range 
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of 100 to 700 g L-1 exhibits a reasonably high compressive strength in the range of 

5 kPa to 2.2 MPa. The N2 adsorption-desorption of carbonized cotton and carbon 

composite foams shows a combination of type I and type IV isotherms with a sharp 

increase in the extent of adsorption at lower relative pressure and a prominent 

hysteresis loop at relative pressures in the range of 0.4-0.9. This indicates the 

presence of micro, meso and macropores in the carbon composite foams. The DFT 

pore size distribution curves exhibit multiple peaks, with three major peaks at 1.23, 

1.55 and 1.82 nm. The carbon composite foams prepared at a sucrose solution 

concentration of 500 g L-1and above are amenable to machining using conventional 

machines and tools. The carbon composite foams processed at sucrose solution 

concentrations in the range of 100 to 700 g L-1 exhibits excellent fire resistance and 

low thermal conductivity in the range 0.069 to 0.185 W m-1K-1. The porosity in the 

inter-fibre space and lumen of the carbonized cotton fibre contributes to the low 

thermal conductivity. The electrical conductivity increases from 3.4 to 54.2 S cm-1 

when sucrose solution concentration increases from 0.16 to 0.31 g cm-3. As the 

density increases, inter-fibre bonding also increases which facilitate the improved 

electron movement. The rigid carbon foams show absorption dominated EMI 

shielding effectiveness and specific shielding effectiveness in the ranges of 21.5 to 

38.9 dB and 108-138 dB cm3g-1, respectively.  

Chapter 4 describes the processing and characterization of carbon composite foams 

from sawdust and sucrose by filter-pressing. Composites are prepared by cementing 

sawdust particles with sucrose by filter-pressing sawdust powder dispersions in 

sucrose solution followed by freeze-drying. The caramelization of sucrose in the 

sawdust-sucrose composites followed by carbonization produces carbon composite 

foams. The carbon composite foams produced at sucrose solution concentrations 

less than 200 g L-1 are not robust. The density of the carbon composite foams is 

modulated in the range of 0.17 to 0.35 g cm-3 by using a sucrose solution of 

concentrations in the range of 200 to 700 g L-1. The sucrose solution seeps into the 

pore channels and produces ~50 nm thick deposits of carbon on the pore channel 

surfaces. The compressive strength in the transverse direction (0.24 to 3.2 MPa) is 

higher than that in the filter-pressing direction (0.22 to 1.76 MPa) due to the 

preferential orientation of elongated sawdust particles transverse to the filter-
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pressing direction. The Young’s moduli in the filter-pressing and transverse 

direction are in the ranges of 5.5 to 81.7 MPa and 6 to 80.5 MPa, respectively. The 

carbon foams exhibited excellent fire resistance and low thermal conductivity in the 

range of 0.12 to 0.20 W m-1 K-1 at sucrose solution concentration in the range of 

200 to 700 g L-1.  The electrical conductivity of the carbon composite foam 

increases from 18.2 to 33.8 S cm-1 when sucrose solution concentration increases 

from 200 to 700 g L-1. The carbon composite foams showed absorption dominated 

EMI shielding. The EMI shielding effectiveness increases from 25 to 53 dB when 

sucrose solution concentration increases from 200 to 700 g L-1. The increase in EMI 

shielding effectiveness with an increase in sucrose solution concentration is due to 

the combined effect of an increase in foam density, increase in electrical 

conductivity and island-like carbon deposited on the pore-channel surfaces which 

creates additional interfaces for the attenuation of EM waves. 

Processing and characterization of carbon-silica (C/SiO2) and carbon-silicon 

carbide (C/SiC) composite foam from rice husk and sucrose are discussed in 

Chapter 5. The rice husk-sucrose composites are obtained consolidating rice husk 

powder dispersed in sucrose solution by filter-pressing followed by freeze-drying. 

The C/SiO2 and C/SiC composites are obtained by caramelization of the sucrose 

followed by carbonization and carbothermal reduction, respectively. The C/SiO2 

composites prepared at sucrose solution concentrations of 100 and 200 g L-1 lacks 

mechanical robustness. On the other hand, severe deformation was observed during 

the carbonization of rice husk sucrose composite prepared at a sucrose solution 

concentration of 700 g L-1.  The elongated rice husk derived carbon-SiO2 composite 

particles are welded at their contact points by sucrose derived carbon. The shrinkage 

of the bodies during carbonization marginally increases with an increase in the 

concentration of sucrose solution from 300 to 600 g L-1. The shrinkage during 

carbonization observed in the filter-pressing and transverse directions are in the 

ranges of 19.4 to 22.7 % and 18.4 to 20.7%, respectively. However, further heat 

treatment at 1600 °C in an inert atmosphere did not make any significant change in 

the shape and size of the carbonized bodies. On the other hand, weight losses in the 

range of 29.5 to 22.4 wt.% are observed due to the carbothermal reduction of 

amorphous silica present in the carbonized rice husk particles. The silica content in 
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C/SiO2 and SiC content in C/SiC composite foams decreases from 24.7 to 16.7 and 

from 25 to 15 wt.%, respectively, with an increase of sucrose solution concentration 

from 300 to 600 g L-1. The amorphous nature of silica in C/SiO2 and the presence 

of -SiC in C/SiC are evidenced from XRD, Raman spectral and TEM analysis. 

The compressive strength and thermal conductivity are depending on the foam 

density which is tailored by sucrose solution concentration. The compressive 

strength in the ranges of 0.32 to 1.67 and 0.19 to 1.19 MPa are observed for C/SiO2 

and C/SiC composite foams, respectively, with density in the ranges of 0.26 to 0.37 

and 0.18 to 0.29 g cm-3. The C/SiO2 and C/SiC composite foams exhibited thermal 

conductivity in the ranges of 0.150 to 0.205 and 0.165-0.431 Wm-1K-1, respectively. 

The electrical conductivity of C/SiO2 composite foams increases from 19 to 94          

S cm-1 when the sucrose solution concentration increase from 300 to 600 g L-1.The 

observed enhancement in electrical conductivity is due to an increase in foam 

density and the reduction in silica content with an increase in the concentration of 

sucrose solution. C/SiC composite foams show higher electrical conductivity (102 

to 371 S cm-1) compared to the corresponding C/SiO2 composite foam samples due 

to the formation of graphite micro-crystals during heat-treatment at 1600 oC.  The 

C/SiO2 and C/SiC composite foams show absorption dominated EMI shielding 

effectiveness in the ranges of 18 to 38.5 and 20 to 43.7 dB, respectively. The 

inherent pore channels and corrugated surface structure in rice husk, electrically 

conducting carbon and dielectric SiO2 and SiC contribute to the total EMI shielding 

effectiveness.  

Processing and characterization of carbon–gehlenite composite foams from 

newspaper waste and sucrose are described in Chapter-6.  The newspaper contains 

~12 wt.% of gehlenite. The pulp prepared by mixing newspaper waste with sucrose 

solution contains newspaper micro ribbons of ~15 m width.  The consolidation by 

vacuum filtration followed by filter-pressing and drying results in the newspaper –

sucrose composites. The caramelization of sucrose in the newspaper-sucrose 

composites followed by carbonization produces carbon-gehlenite composite foams. 

The gehlenite content in the carbon composite foams decreases from 41.8 to 13.6 

wt.% when the sucrose solution concentration increases from 0 to 700 g L-1.  The 

drying and carbonization shrinkage in the filter-pressing direction depends on the 



160 
 

sucrose solution concentration. However, the diametrical shrinkage during drying 

(marginal) and carbonization was controlled by the newspaper micro-ribbons in the 

pulp oriented perpendicular to the filter-pressing direction. The newspaper-sucrose 

composites prepared at sucrose solution concentrations in the range of 400 to 700 

g L-1 were amenable to machining using conventional machines and tools. The 

density, compressive strength and Young’s modulus of the carbon composite foams 

increase with an increase in sucrose solution concentration and the values observed 

were in the ranges of 0.18 to 0.39 g cm-3, 0.2 to 1.7 MPa and 3.4 to 69.9 MPa, 

respectively. The carbon composite foams had a hierarchical micro, meso and 

macropore structure as evidenced from SEM analysis and N2 adsorption-desorption 

isotherms. The carbon- gehlenite composite foams show excellent fire resistance 

and low thermal conductivity values in the range of 0.1 to 0.2 W m-1K-1. The 

carbon-gehlenite composite foam exhibited absorption dominated EMI shielding. 

The total EMI shielding effectiveness increases from 15.9 to 44.9 dB when sucrose 

solution concentration increases from 0 to 700 g L-1.  

The thermal conductivity and EMI shielding effectiveness of carbon composite 

foams prepared from natural cotton, sawdust. rice husk and waste newspaper as a 

function of density is presented in Fig. 7.1a-b for comparison. The carbon- 

gehlenite composite foam prepared from newspaper waste shows the lowest thermal 

conductivity at a particular foam density. The carbon composite foams prepared 

from natural cotton, sawdust and C/SiO2 composites of similar density range 

exhibited thermal conductivity in the more or less same range. On the other hand, 

the C/SiC composite foam produced by carbothermal reduction of C/SiO2 

composite foams exhibited higher thermal conductivity than all others of similar 

density. In the case of EMI shielding effectiveness, the carbon composite foams 

derived from sawdust exhibited the highest value compared to others of similar 

density. The carbon composite foams produced from natural cotton and newspaper 

waste show    more or less the same EMI shielding effectiveness at density in the 

range of 0.20 to 0.25 g cm-3. At density higher than 0.25 g cm-3, the carbon 

composite foams produced from natural cotton demonstrates higher EMI shielding 

effectiveness than the newspaper derived carbon foam. The C/SiO2 and C/SiC 

composite foams show lower values of EMI shielding effectiveness than that of 
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others at a lower density range. However, the values overtake that of cotton derived 

and newspaper derived carbon composite foams at higher density ranges.   

 

 

Fig 7.1 Variation of thermal conductivity(a) and EMI shielding effectiveness of carbon 

composite foams as a function of density 

The thermal conductivity and EMI shielding effectiveness of carbon foams 

prepared from various precursors reported in the literature are presented in                    

Table 7.1 in comparison with that of the carbon composite foams prepared in the 

present work. The carbon composite foams prepared in the present work shows 

thermal conductivity lower than that of most of the carbon foams of similar density 

ranges reported in the literature. The EMI shielding values obtained are also 

comparable with that of the majority of carbon foams reported in the literature. 

Table 7.1 Density, EMI shielding effectiveness and thermal conductivity of carbon foams 

from various precursors reported in the literature 

Sl. 

No. 

Precursors Thermal 

conducti

vity 

(Wm-1K-

1) 

EMI shielding 

effectiveness (dB) 

Density 

(gcm-3) 

Ref 

1. Tannin 0.35 - 0.07 (Tondi et al., 

2009) 
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2. Fe 

graphitized 

wood derived 

0.7 - 0.59 (Ramirez-

Rico et al., 

2016) 

3 phenolic 

resin and 

cenospheres 

into 

polyurethane 

(PU) foam 

substrate 

0.02 - 0.30  

4 Cotton with 

graphene 

oxide 

- 36 0.05 (Gu et al., 

2020) 

5 
Ti3C2Tx MXe

ne/starch 

 

- 75 0.32 (Qi et al., 

2021) 

6 
Ti3C2Tx Mxe

ne/ 

compressed 

wood 

 

- 25-44.4 0.15 (Jia et al., 

2021) 

7 Lignin -GO - 28.5-70.5  (Z. Zeng et 

al., 2018) 

8 Bread - 16.3-17.2 0.08-0.27 (Y. Yuan et 

al., 2016b) 

9 Adenine 

building 

block with 

polyimide 

- 41.1 0.018 (C. Li et al., 

2019) 
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10 Polyimide 

and GO 

0.08-

0.17 

54 0.07-0.09 (Y. Li et al., 

2016) 

11 Platanus 

Orientalis 

fruits 

- 14.0-16.0 0.54-0.58 (Farhan et 

al., 2018) 

12 Sucrose by 

NaCl particle 

templating 

- 24.7 to 41.7 0.1-0.21 (Wilson et 

al., 2018b) 

13 Sucrose with 

MWCNT 

0.22-

0.67 

20-38 0.23-0.26 (R. 

Narasimma

n et al., 

2016) 

14 Sucrose with 

graphene 

0.09-

0.23 

25-38.6 0.13-0.25 (R 

Narasimma

n et al., 

2015) 

15 wood - - 0.12-0.17 (Zimmerma

nn et al., 

2020) 

16 

 

 

Phenolic 

resin with red 

mud 

- 20.8-49.0 0.30-0.46 (Kumar et 

al., 2020) 

17 Natural 

cotton 

0.069-

0.185 

21.5 to 38.9 0.06-0.31 Present 

work  

 18 Sawdust 0.12-

0.20 

25-53 0.15-0.35 
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19 Rice husk  0.150-

0.205 

18-38.5 0.255-

0.365 

(C/SiO2) 

Present 

work  

 

Present 

work  

Present 

work  

  0.165-

0.431 

20-43.7 0.18-0.29 

(C/SiC) 

21 Newspaper 

waste 

0.096-

0.2 

15.9-44.9 0.18-0.39 

7.2 Future scope of work  

The carbon composite foams prepared from the agricultural residues exhibit 

excellent fire resistance, reasonably high compressive strength and low thermal 

conductivity.  The present study prepares cylindrical composite foam bodies of 

smaller sizes. However, real thermal protection applications demand carbon-

composite foams of large sizes in diverse shapes. Extension of the filter-pressing 

process for the production of large bodies in various simple shapes is proposed as 

one of the future studies. The evaluation of the thermal protection capability of 

carbon composite foams in the actual system would be another future scope of the 

study. Sandwich composites using the prepared lightweight carbon composite 

foams as the core would be a good thermo-structural material. It proposed to 

fabricate sandwich composites using carbon composite foams and evaluate their 

performance as thermo-structural material. The carbon composite foams of high 

surface area and good textural properties can be candidates for electrodes in energy 

storage systems. It is also proposed to evaluate the electrochemical performance of 

the carbon composite foams for their possible applications in energy storage 

systems.  
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