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Preface

Porous media exist in different modern materials. They present great surface 
areas with small pore-size distribution. These types of materials with control-
lable and adjustable pore diameters have attracted a considerable amount of 
attention due to their desirable properties and applications in several fields. 
Porous materials have many applications in our daily lives. For instance, we 
use different types of porous materials to clean our drinking water.

This new research-oriented volume focuses on exploring a wide range of 
porous materials. In this volume, original contributions from international 
authors along with case studies on the synthesis, design, characterization, and 
applications of different types of porous materials and solids are presented in 
detail. The scope of this book is to cover different types of porous materials 
in a broad sense by considering experimental and theoretical aspects of 
materials science related to porous materials and solids. The book will help 
research students to approach characterizing a particular type of material for 
more in-depth analysis.

This book is divided into three parts to determine the best techniques for 
solving particular porous materials problems and in each part of this new 
book, fabrication and characterization of porous materials are explored with 
applications. This new reference book describes new methodologies to gain 
required information along with the limitations of various methods.

To make this new title, we have selected a very comprehensive range of case 
studies to create a practical reference book for research students, engineers, 
and scientists of different disciplines working with porous materials and 
solids. These case studies are designed to cover the basic concepts of porosity. 
They also describe different types of pores and surfaces to the readers.

This book will be useful in the design and synthesis of porous materials.
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CHAPTER 1

Mechanics and Physics of Porous Materials: Novel Processing Technologies and Emerging Applications. 
Chin Hua Chia, Tamara Tatrishvili, Ann Rose Abraham, & A. K. Haghi (Eds.)
© 2024 Apple Academic Press, Inc. Co-published with CRC Press (Taylor & Francis)

Porous Chitosan Adsorbents for 
Wastewater Treatment

SIEW XIAN CHIN1,4, CHIN HUA CHIA2,  
NURUL HAZWANI AMINUDDIN ROSLI2,3, and  
CHATCHAWAL WONGCHOOSUK4

1ASASIpintar Program, Pusat GENIUS@Pintar Negara,  
Universiti Kebangsaan Malaysia, Bangi, Selangor, Malaysia
2Materials Science Program, Department of Applied Physics,  
Faculty of Science and Technology, Bangi, Selangor, Malaysia
3Physics Department, Centre for Defence Foundation Studies,  
Universiti Pertahanan Nasional Malaysia, Kuala Lumpur, Malaysia
4Department of Physics, Faculty of Science, Kasetsart University, 
Bangkok, Thailand

ABSTRACT

Water pollution has become a major problem in the world. This is due to 
the rapid development and industrialization which have resulted in a huge 
amount of wastewater being discharged into the water system. Wastewater 
treatment is crucial to protect our environment, health of mankind, and 
maintain a balanced ecosystem. The development of a cost-effective and 
sustainable wastewater treatment method is necessary. Among all, adsorption 
method is the most used and investigated by researchers. Hydrogel is a three-
dimensional network structure material that could provide a good pollutant 
adsorption capacity, good swelling, and reversible swelling property. 
Chitosan is a biopolymer that produced via the de-acetylation of chitin. It 
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is abundantly available, low cost, highly porous, biodegradable, and can be 
functionalized easily due to hydroxyl and amino functional groups. Chitosan 
has been widely used as the starting materials to produce chitosan-based 
adsorbents, such as chitosan-based composite hydrogels, chitosan-based 
hydrogels beads, copolymeric chitosan-based hydrogels, membranes, 
and clays. This chapter summarizes the current trend and development of 
chitosan-based adsorbents for wastewater treatment toward different types 
of pollutants (heavy metal ions, dye, organic pollutants, etc.). Various 
modified forms of chitosan-based adsorbents are discussed with particular 
emphasis on their use toward different types of pollutants in wastewater. 
This chapter also provides a brief perspective on the potential of chitosan-
based adsorbents for wastewater treatment.

1.1 INTRODUCTION

Water is essential and vital for all life. Basically, it could be said that it is 
virtually impossible for biological life on Earth to live without aqueous 
media. However, wastewater contaminates with pollutants that are harmful 
to human health and biological life and ecology. The rapid globalization 
and industrialization are the main contributors. For instance, industrial 
wastewater (pharmaceutical industries, textiles, paper mills, metal plating 
and cleaning, battery manufacturing, wood and pulp, and food industries) 
comprised various hazardous heavy metal ions (such as mercury, copper, 
chromium, arsenic, lead, nickel, cobalt, etc.), pesticide residues, microplas-
tics, dyes, and other organic or inorganic compounds.55,58,106 Hence, it is 
crucial to remove pollutants from wastewater or at least minimize its amount 
before discharge into watercourse. Various wastewater treatment techniques 
are used for heavy metal ions and other pollutants’ removal, such as ion 
exchange,30,132 membrane filtration,142 electrochemical methods,32 membrane 
separation,143 chemical precipitation,63 chemical oxidation,124 photocatalytic 
degradation,114 and adsorption.125 Each method has its own advantages and 
disadvantages such as in term of high production of sludge, cost-effective, 
low or high removal efficiency, operation methods/procedures, and cost of 
maintenance.30 Recently, adsorption treatment has been studied and used 
widely due to its advantages, such as low cost and simple operation, good 
efficiency, and environment friendly. This treatment method could also offer 
reusability property via adsorption-desorption process in the wastewater 
treatment process.11
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The commonly used adsorbent materials are activated carbon, clay, 
alumina, and agricultural by-products, such as oil palm empty fruit bunch 
fiber, rice husks, corn cob, and fruit shell.21,52 In addition, the utilization of 
chitosan-based hydrogels or cellulose-based hydrogels as adsorbents for 
wastewater treatment has also received great attention from researchers. 
Natural-based polymers can also serve as alternative adsorbent due to their 
availability, renewability, and reusability.39,57,126

Chitosan is the second largest natural polymer with high molecular 
weight. It is a biodegradable polysaccharide with -(1-4)-linked glucosamine 
units which consist of (1 → 4)-2-acetamido-2-deoxy-β-d-glucan (N-acetyl 
d-glucosamine) and (1 → 4)-2-amino-2-deoxy-β-d-glucan (d-glucosamine) 
units.4,29 Chitosan is produced by the deacetylation of chitin.94 Chitin can be 
found mainly from invertebrates and is present in mushroom, green algae, 
yeast, and fungi. Marine products are the main contributors of chitin due 
to the increasing demand for seafood and causing the increase of seafood 
processing industry (especially from the exoskeletons of crab, shrimp).92 
Ocean ecosystem produces about 1012–1014 tons of chitin annually.31 
Commonly, chitosan is obtained from the alkaline de-acetylation (alkaline 
hydrolysis) of chitin. In de-acetylation process, the acetyl groups of chitins 
are hydrolyzed and turned into free amine groups. The degree of de-acetyla-
tion is highly depending on the parameters for hydrolysis process such as the 
concentration of sodium hydroxide, temperature, and reaction time. Hence, 
different grades/molecular weights of chitosan that can be found ranged 
from 10,000 to 1,000,000 Da.3

Chitosan is a biodegradable polymer with polycationic nature where it 
can be biodegraded by lysosomes via decomposition similar to other types 
of natural polymer such as collagen, cellulose, hemicellulose, and lignin.36 
In the view of biodegradability, renewability, and safety, chitin/chitosan have 
attracted a lot of attention as the raw materials for hydrogels, micro/nano-
composites, membranes, and sheets which could provide huge structural 
modification possibilities to tailor in broad scope of applications ranging 
from the field of material science to medicine.

As mentioned above, chitin is one of the polysaccharides that is available 
abundantly in nature, due to its poor solubility in solvent. Therefore, 
N-deacetylation of chitin to produce chitosan is necessary. Chitosan-based 
hydrogels (membrane, film, bead, imprinted, blended, composite, copolymeric, 
etc.) have excellent properties such as good water-holding, reversible swelling, 
biocompatibility, and biocompatibility with many amino and hydroxyl groups. 
The presence of hydroxyl and amino groups provides the capacity to introduce 
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different functional groups to improve the absorption capacity toward different 
pollutants through ion exchange mechanism. However, to further enhance 
the disadvantages of poor water solubility and selectivity of pollutants, 
modifications of chitosan-based adsorbents are necessary to produce a suitable 
adsorbent for adsorption process in wastewater treatment.136

1.2 PREPARATION OF CHITOSAN/SYNTHESIS AS ABSORBENT 
MATERIALS

Chitosan has been widely used as a bio-based material for various applica-
tions, such as bio-based ceramics and bio-adsorbent. Numerous innovative 
studies have been extensively conducted to study and modify the surface 
and structure of chitosan-based biomaterials to tailor their performance to 
suit different applications. The overview of the modifications (structural and 
chemical) of chitosan is discussed as follows:

Chitosan has been widely used as a starting material for the synthesis 
of hydrogels for different applications, such as tissue engineering, drug 
delivery, and wastewater treatment.28 Chitosan is rarely used singly due to 
some limitations. It is often being used as a starting material for the synthesis 
of hydrogel. The modification of chitosan-based hydrogels is important to 
improve its properties and improve its performance for specific applications. 
The chitosan-based hydrogels can be modified physically and chemically 
as shown in Figure 1.1. The structure of chitosan with abundant reactive 
amino and hydroxyl groups is thus making it suitable for both physical and 
chemical modifications. Hydrogel is a three-dimensional network structure 
with high porosity and specific surface area.123 However, all materials have 
its pro and cons, same goes to chitosan hydrogels which usually possess 
low mechanical strength, low thermal stability, and low stability in acidic 
medium. Therefore, chemical and physical networking methods have been 
proposed by researchers to enhance the properties of chitosan hydrogels for 
various applications. Chemical and physical networking methods can be 
summarized in Table 1.1. In general, physical networking method (formation 
of ionic cross-link) has lower stability as compared to chemical networking 
(covalently cross-linking).90 Types of cross-linkers, synthesis parameters, 
and degree of cross-linking of chitosan hydrogels are essential not only to 
improve the mechanical properties of chitosan hydrogels, without affecting 
the adsorption capacity for wastewater treatment. Researchers also need to 
take the balance between both mechanical properties and adsorption capacity 
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of chitosan-based adsorbents because the degree of cross-linking could 
affect the amount of free amino and hydroxyl group in the chitosan.59 The 
development of suitable functionalized hydrogels is essential to suit different 
types of pollutant absorption from the aqueous solution.

FIGURE 1.1  Physical and chemical modification of chitosan-based hydrogels.

The presence of amino groups on chitosan has been proven to be effective 
sorption for organic dyes and heavy metals ion. However, the cross-linking 
process to clarify hydrogels could lower down the amount of amino group in 
chitosan, thus lower down its absorption capacity.
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TABLE 1.1  Chemical and Physical Networking Methods for Formation of Chitosan 
Hydrogels.

Networking Mechanism Example (chemical networking 
agents/physical networking agents)

References

Chemical 
networking

Formation of cross-
linked polymers 
(irreversible covalent 
bonds)

N,N′-MBA [13]
Terephthalaldehyde [37]
EGDGE [119]
Formaldehyde [9,73]
GLA [79,98]
Genipin [35]
ECH [76]
Phenothiazine luminophore [12]

Physical 
networking

Molecular 
entanglements, 
ionic interactions 
(ionic cross-linked 
chitosan hydrogels, 
anionic cross-linkers), 
hydrogen bonding

Sodium tripolyphosphate [131]
Sodium citrate [49,54]
Sulfosuccinic acid [53]
Oxalic acid [97]

MBA: Methylenebisacrylamide; EGDGE: ethylene glycol diglycidyl ether; GLA: glutaraldehyde; 
ECH: epichlorohydrin.

On the other hand, several modifications of chitosan hydrogels had been 
introduced by researchers, such as decoration with polyethyleneimine,71,79 
polyvinyl alcohol,5 acrylic acid,51 and poly(N-methylaniline)88 to produce a 
hybrid biodegradable adsorbent. These modifications have then increased 
the desired functional groups/resin’s active sides to enhance the adsorption 
capacity of different types of pollutants via hydrogen bonding, electrostatic 
interaction, van der Waals force, and so on.

Meanwhile, impregnation of chitosan hydrogels with surfactants had 
been studied widely by many researchers. Mainly, there are three categories 
of surfactants, for example, anionic, cationic, and nonionic. The commonly 
used surfactants are hexadecyl trimethyl ammonium bromide,22,40 cetyl-
trimethyl ammonium bromide, sodium dodecyl sulfate,33 dioctyl sulfosuc-
cinate sodium salt,55 hexadecylamine,121 triton X-100,22,23 3-aminopropyl 
triethoxysilane,74,120 and tea saponin.82 The modification of chitosan-based 
hydrogels should be done carefully by studying the solubility of surfactants, 
the ionic (anionic or cationic) head group in the hydrogels, and the adsorp-
tion capacity. The pros and cons of each material need to be studied carefully 
to maximize the adsorption capacity of pollutants as well as their reusability.
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1.3 CHITOSAN-BASED HYDROGELS FOR WASTEWATER 
TREATMENT

As mentioned, chitosan-based hydrogels with high porosity and specific 
surface area are making them suitable candidates for wastewater treatment. 
Therefore, the chitosan-based hydrogels for wastewater treatment, including 
chitosan-based composite hydrogels, chitosan-based hydrogels beads, and 
copolymeric chitosan-based hydrogels for the adsorption of several types 
of pollutants, are discussed to provide a summary on the current trend of 
chitosan-based hydrogel for wastewater treatment.

1.3.1 CHITOSAN-BASED HYDROGEL FOR WASTE-WATER 
TREATMENT VARIOUS POLLUTANTS

1.3.1.1 HEAVY METALS

One of the concerning environmental contaminants is heavy metals, which 
are present in most industrial wastewaters and water supplies. Natural soil 
erosion, atmospheric precipitation, volcanic eruptions, and wastewater 
disposal from a variety of industries, such as smelting, foundries, tanning, 
photography, plastic manufacturing, production, and consumption of metal-
containing materials, are some of the processes by which heavy metals enter 
natural ecosystems.20,65 The utilization of chitosan-based hydrogels for heavy 
metals ion has been studied extensively. The amount of heavy metals ion 
present in wastewater is usually in low concentration. However, in long 
periods, it can cause extended harm to human health and aquatic ecology. 
Chitosan-based hydrogels have several advantages to be used as adsorbent 
materials due to high swelling capability in aqueous solution, biodegrad-
ability, and abundant functional groups, which are recyclable.19 Therefore, 
the removal of heavy metal ions from the wastewater has become a hot topic 
in scientific research area. Very often, the adsorption efficiency of chitosan-
based hydrogels toward heavy metals ion is very much dependent on the 
pH of the solution.117 Hence, fabrication and modification in preparing the 
chitosan-based hydrogels are crucial. Table 1.2 presents some recent experi-
ment findings on chitosan-based adsorbents for the removal of various types 
of heavy metal ions. Mainly, the adsorption mechanism of chitosan-based 
adsorbents toward heavy metals ion is via electrostatic attraction due to the 
protonation of the amino groups under acidic condition.
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TABLE 1.2  Partial Representative Chitosan-Based Adsorbents for Removal of Heavy Metal Ions.

Materials (chitosan based-adsorbents) pH Adsorbate Maximum adsorption capacity Reusability Reference
Magnetic (Fe3O4) poly(ethylenimine)/chitosan 
(PEI/CS) hydrogel (with gallic acid)

2 Cr (VI) 476.2 mg/g Up to 5 cycles [79]

Chitosan, polyvinyl alcohol (PVA), zeolite 
nanofibrous composite membrane

– Cr (VI), Fe (III), 
and Ni (II)

–Cr(VI), 100% (0.04 mmol/g) 
–Fe(III), 99% (0.019 mmol/g) –
Ni(II), 100% (0.02 mmol/g)

Up to 5 cycles [42]

Acrylic acid–chitosan blend hydrogel 5.5

5.7

Pb(II), Cu(II) 192 mg/g

171 mg/g

Up to 5 cycles [85]

Silicate–titanate nanotubes chitosan hydrogel 
beads

6.5 Cadmium, Cd2+ 656 mg/g 7 cycles [100]

Graphene oxide–chitosan–polyvinyl hydrogels 8 Cd2+

Ni2+

171.11 mg/g

70.37 mg/g

Up to 6 cycles [67]

Monolithic supermacroporous hydrogels (acrylic 
acid chains grafted onto the backbone of chitosan)

4–6 Cu2+

Pb2+

302.01 mg/g

611.94 mg/g

Up to 5 cycles [141]

Glucan/chitosan (GL/CS) hydrogels 7 Cu2+, Co2+, Ni2+, 
Pb2+, Cd2+

342 mg/g, 232 mg/g, 184 mg/g, 
395 mg/g, 269 mg/g

– [51]

Hydrogel chitosan beads cross-link with 
glutaraldehyde

4–5 Cu(II) Phosphate 129 mg/g 250 mg/g – [7]

Carboxymethyl chitosan–kaolinite composite 
hydrogel

2.5–6 Cu2+ 206 mg/g Up to 4 cycles [45]

Acrylic glucose–chitosan hydrogel 7 Co2+ 202 mg/g Up to 5 cycles [77]
Chitosan, sodium alginate, calcium ion double-
network hydrogel

3–7 Pb2+, Cu2+, Cd2+ 176.50 mg/g, 70.83 mg/g, and 
81.25 mg/g

– [116]
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Materials (chitosan based-adsorbents) pH Adsorbate Maximum adsorption capacity Reusability Reference
Magnetic bentonite, carboxymethyl chitosan, 
sodium alginate hydrogel beads

5 Cu(II) 56.79 mg/g Up to 4 cycles [135]

Thiophene–chitosan (TCS) hydrogel – Hg(II) 20.53 mg/g Up to 3 cycles [83]
Fluorescent chitosan-based hydrogel (titanate and 
cellulose nanofibers modified with carbon dots)

7 Cr(IV) 228.2 mg/g – [81]

Gallic acid–modified carboxymethyl chitosan/iron 
ion (GA–CMCS/FeIII) complex hydrogels

7 Pb2+, Cd2+, Cu2+ 97.15 mg/g, 99.75 mg/g ,  
98.50 mg/g 

Up to 10 cycles [130]

Glucose–chitosan–acrylic hydrogel 7 Cu(II), Co(II) 286 mg/g, 185 mg/g Up to 5 cycles [138]

TABLE 1.2  (Continued)
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As can be seen from Table 1.2, extensive research works have been 
conducted. The development of chitosan-based adsorbents/hydrogels is still 
a hot topic with many attractive advantages, such as biocompatibility, fast 
removal rate, high absorption capacity, and reusability. It can be seen clearly 
that the performance of the adsorbents could be enhanced by different func-
tionalizations (grafting of more functional groups) to suit different types of 
heavy metal ions adsorption.

1.3.1.2 DYE AND PIGMENT SORPTION

Organic dyes are one of the main types of contaminants emitted into 
wastewater from textile and other industrial activities.44 The removal of 
dye or pigment from the effluents from the industrial wastewater (such as 
textile, pharmaceutical, printing, and battery manufacturing) is an issue that 
needs to be dealt. Leaving this issue untreated could led to severe problem 
to living organisms and heath deterioration on human health such as skin 
allergies (dermatitis or irritation reaction), jaundice, heart defects, and even 
cancer.122 Numerous traditional materials, including metal oxides, organic 
substances, activated carbon, and zeolites, have so far been shown to be 
highly effective adsorbents in the removal of various dyes under specific 
circumstances.47 Adsorption by using chitosan-based hydrogels has again 
gained great attention of researchers due to its ability to have interaction with 
dyes via electrostatic attraction, hydrogen bonding, or van der Waals force.96 
The performance of adsorption is highly depending on the pH, functional 
groups of the adsorbents, nature of the dyes (cationic and anionic), and so on. 
Modification of chitosan with the combination of other materials is neces-
sary to increase the adsorption capacity. Thus, each combination of different 
materials needs to be investigated carefully to achieve the synergistic effect 
to maximize the adsorption capacity of the adsorbent.

From Table 1.3, chitosan-based adsorbents show good adsorption 
capability and capacity toward different types of dyes (anionic and cationic 
dyes). Modification of the chitosan-based adsorbents is necessary not only 
to improve their mechanical strength, adsorption capacity, and reusability.

1.3.1.3 OIL–WATER SEPARATION

Oily wastewater is one of the major problems in wastewater treatment. The 
main reason causing this pollution is due to illegal discharge of oil-containing 
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TABLE 1.3  Partial Representative Chitosan-Based Adsorbents for Removal of Dyes.

Chitosan-based hydrogels pH Adsorbate Maximum adsorption 
capacity

Reusability Reference

Carboxymethyl chitosan/phytic acid hydrogel 7 Methyl orange (MO) and 
Congo red (CR) dyes

13.62 mg/g 8.49 mg/g Up to 5 cycles [43]

Chitosan/hematite nanocomposite hydrogel 
capsules

2–7 Congo red (CR) 4705.6 mg/g – [95]

Chitosan/GO/Fe3O4 and acyl chloride  
hydrogel beads

3 Cationic ethylene blue (MB) 
and anionic eriochrome 
black T (EBT)

289 and 292 mg/g Up to 6 cycles [50]

HKUST-1/cellulose/chitosan aerogel 7 Methylene blue (MB) 526.3 mg/g Up to 5 cycles [76]
Graphene oxide (GO) cross-linked 
carboxymethyl cellulose and chitosan 
nanocomposites hydrogels

3–7 Methylene blue (MB) and 
methyl orange (MO)

655.98 mg/g  
404.52 mg/g

Up to 12 cycles [87]

Carboxymethyl cellulose and chitosan 
hydrogel

2–11 Acid orange (AO) and 
methylene blue (MB)

100 mg/g 120 mg/g Up to 5 cycles [127]

Carboxymethyl cellulose and chitosan–
montmorillonite nanosheets composite 
hydrogel

2–10 Methylene blue (MB) 283.97 mg/g Up to 5 cycles [128]

Trimellitic anhydride isothiocyanate-cross-
linked chitosan hydrogels

4 Congo red (CR) 63.05 mg/g Up to 3 cycles [89]

TiO2 nanoparticles dispersed in chitosan-
grafted polyacrylamide matrix hydrogels

2 Sirius yellow K-CF dye 1000 mg/g Up to 6 cycles [15]

Lamellar polysilicate magadiite encapsulated 
in chitosan hydrogel

4.5–6.5 Congo red (CR) and 
methylene blue (MB) dyes

135.77 and 45.25 mg/g – [91]

Iron(III) hydroxide doped chitosan via sodium 
dodecyl sulfate (SDS)

5 Alizarin red S (AR) 294 mg/g – [75]
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Chitosan-based hydrogels pH Adsorbate Maximum adsorption 
capacity

Reusability Reference

Magnetic iron oxide nanoparticles embedded 
in chitosan, graphene oxide hydrogels

4–11 Methylene blue (MB) 74.93 mg/g Up to 4 cycles [110]

Poly(vinyl imidazole) cross-linked chitosan 
hydrogel

4 Organic dye reactive black 
5 (RB 5)

478.4 mg/g Up to 4 cycles [86]

Scaffold chitosan hydrogel with activated 
carbon

3 Food blue 2 (FB2) and food 
red 17 (FR17)

1428 and 1370 mg/g Up to 5 cycles [38]

Chitosan–montmorillonite hydrogel beads 6 Methyl green (MG)  303.21 mg/g Up to 5 cycles [66]

TABLE 1.3  (Continued)
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wastewater into the water system, well drilling for natural gas extraction and 
mining, oil spilling during extraction and processing, as well as transportation. 
This could cause severe harm to marine wildlife and thus destroy aquatic 
ecosystem.105,108 Hydrogels have been widely used in oil–water separation 
because of its excellent properties, such as good water holding capacity 
and superoleophobic.27,102 Liu and coworkers reported the preparation of 
supramolecular hydrogel network (acrylamide, acrylic acid copolymers 
and chitosan, cross-linked by amino-functionalized silica nanoparticles). 
The hydrogel demonstrated that very good mechanical properties, low 
swelling rate, and the underwater superoleophobicity can be retained even 
at corrosive condition, such as acidic, alkaline, and salt solution with good 
oil–water selectivity above 98.7%.78 The same research group also reported 
a rubber-like, interpenetrating network poly(acrylamideco-acrylic acid) 
(P(AM-o-AA)/chitosan/methacryloxy propyl trimethoxyl silane (MPS)-
modified SiO2 nanocomposite hydrogel for oil–water separation. MPS-SiO2 
cross-linked P(AM-co-AA) covalent network could improve the mechanical 
properties of the hydrogel and thus improve its swelling properties and able 
to retain its superoleophobicity, and can be used after 50 cycles of separation 
with good separation efficiency (>99%).112

On the other hand, Lee and coworkers developed a chitosan–alginate 
hydrogel-coated mesh with excellent oil–water separation efficiency (>99%) 
under high flux. The produced hydrogel could offer some advantages, such 
as low cost, simple materials, and fabrication method while able to retain a 
good water superoleophobicity and good mechanical properties (stable and 
durable).72 Another strategy for oily wastewater treatment was proposed by 
Feng and coworkers through the formation of hydrogel layer by layer on poly-
acrylic acid grafted PVDF (PAA-g-PVDF) filtration membrane surface self-
assembly of sodium alginate, chitosan, and Fe3+. The composite membrane 
exhibited good oil–water separation efficiency (>99%) at separation flux of 
974 L/m2 h with good recyclability.34 Zhang and coworkers proposed another 
approach fabricating the membrane-based hydrogel on stainless steel mesh 
as the matrix, namely, PAAm/CS@SSM (polyacrylamide/chitosan@stain-
less steel mesh). The chitosan acts as the hydrophilic component, polyacryl-
amide as the superoleophobic membrane on the stainless steel mesh. The 
oil–water separation efficiency is more than 99% with good selectivity.139 
A lot of existing studies about modification of chitosan-based hydrogels for 
oil–water separation for water treatment can be found, ranging from grafting 
with monomer/polymer, formation of hydrogels on membrane, cross-linking 
with different types of cross-linkers, and so on.61,69,104 It can be concluded 
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that chitosan-based hydrogel is a good candidate for oil–water separation 
with good durability and recyclability.

1.3.1.4 SEAWATER DESALINATION

Water scarcity, or the lack of access of fresh and clean water, has become 
a concerning issue due to rapid industrialization. About 75% of the earth is 
covered with water. However, only a fraction of water can be used directly 
as a result of various types of pollution and the content of salt is high in 
the seawater.26,46 Hence, seeking of suitable solution is necessary to tackle 
this issue. Desalination is one of the suitable solutions for this. However, the 
process of desalination could be very complex and require expensive equip-
ment with high energy consumption.6,70 Hydrogel has been used for the reverse 
and forward osmosis. For instance, forward osmosis, hydrogel, is modified 
with different draw agents to produce desalinated water. Hydrogel could 
offer some advantages, such as good water holding capacity, high swelling 
and reversible swelling behavior, low cost, and biodegradable. Sorour and 
coworkers fabricated chitosan alginate hydrogel grafted with acrylamide and 
used as softeners for saline solution and reverse osmosis desalination brine. 
They found that the produced hydrogel shows a promising adsorption capacity 
of calcium (54 mg/g) and magnesium (316 mg/g) as compared to commercial 
resins.111 Li and coworkers investigated the use of hydrogel particles (carbon 
filler mixed with hydrogel) as the draw agents for forward osmosis. The addi-
tion of carbon filler in the hydrogel is able to improve the swelling pressures 
and directly boost the water flux for FO desalination.68

Distillation is one of the key approaches for desalination process. 
However, distillation process involves a high amount of energy for heating 
and vaporization process which could result in high operating expenses 
with low return margin.107 Solar evaporator has attracted great attention 
from researchers due to its low cost and simple operation procedure and 
its sustainability.41,101 Yu and coworkers fabricated a molybdenum carbide/
carbon-based chitosan hydrogel for solar absorber and water evaporation 
accelerator. The excellent salt-resistant property can be achieved due to the 
unique pore structure of the hydrogel, resulting in high daily evaporation 
yield (13.68 kg/m2). The hydrogel provides a good solar–thermal conversion 
efficiency (96.15%) with a water evaporation rate up to 2.19 kg/m2 h.133 
Another approach is proposed by Ren and coworkers by fabricating an 
aerogel-based solar evaporator (chitosan-based aerogel, with gold deposited 
through sputtering). This aerogel could be used for desalination as well as 
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heavy metal ions removal. This aerogel evaporator provides an excellent 
evaporation rate up to 3.12 kg/m2 h with good stability (maintain over 
88.2%) and high salt resistance (maintain 80% at 200 g/kg) even after 10 
days of water evaporation process. This is a great alternative for desalination 
and water purification process.101 On the other hand, Xu and coworkers 
reported a chitosan-based hydrogel containing acrylamide, N,N′-methylene 
bisacrylamide, and ammonium persulfate with pyrrole monomer, namely, 
chitosan/PAAm/PPy hydrogel evaporator. This hydrogel evaporator provides 
a high water evaporation rate of 2.41 kg/m2 h without a significant decay 
in term of its performance even after 14 days of continuous evaporation 
experiments in simulated marine water.129

Obviously, there are still a lot of opportunities and applications for 
chitosan-based hydrogels in water applications. However, the process could 
be challenging and requires more investigations for a better enhancement of 
the materials.

1.4 OTHER TYPES OF CHITOSAN-BASED ADSORBENTS

1.4.1 CHITOSAN-BASED MAGNETIC ABSORBENTS

Magnetic absorbents have attained high attention due to their magnetic 
nature, which makes it easier to be separated and removed the adsorbent via 
an external magnetic field.115,140 Magnetic adsorbents have been developed to 
remove heavy metal, oil, dyes, hazardous organic compounds, and pharma-
ceuticals.60 There are three categories of magnetic materials: ferromagnetic, 
paramagnetic, and diamagnetic materials. The magnetic properties of these 
materials are mostly influenced by their particle size.115 Iron oxides, such 
as magnetite (Fe3O4) and maghemite (Fe2O3), have been investigated exten-
sively among magnetic materials because of their robust superparamagnetic 
activity, ease of synthesis, high thermal stability, and low toxicity. Due to 
their sensitivity to acidic environments, these magnetic particles’ capacity to 
be separated magnetically may be decreased.118

Furthermore, chitosan-based magnetic absorbance is used for the 
removal of diverse types of pollutants, such as heavy metals, dyes, and 
organic contaminants from water. With the application of a magnetic field, 
magnetic adsorbents can be separated from an aqueous solution, giving them 
a substantial advantage over other adsorbents.

There are many types of pollutants that can be found in the water system. The 
rapid development and industrialization have caused the urge for researchers 
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to study various types of pollutants in wastewater and explore the harm of 
these pollutants to living organisms. Antibiotics pollution in water has become 
the concerning issue as the high content of antibiotic could cause increased 
emergence of resistant pathogenic bacteria; this will directly affect the sustain-
ability of the environment.62 The process to separate or remove antibiotics 
from the contaminated water could be very challenging. The development of 
suitable treatment methods can raise the water quality. Adsorption is again the 
most common approach investigated by many researchers. Lu and coworkers 
demonstrated the grafting of AMPS onto the CTS using the Pickering-HIPEs 
test plate. A porous chitosan-g-poly(2-acrylamide-2-methylpropanesulfonic 
acid) (CTS-g-AMPS) hydrogel. The hydrogel shows a good adsorption 
capacity of tetracycline (TC) and chlorotetracycline (CTC) (806.60 and 
876.60 mg/g, respectively) in a pH range ranging from 3.0 to 11.0. The adsorp-
tion equilibrium can be attained within 90 min for TC and 50 min for CTC. 
After five successive adsorption cycles, the magnetic porous adsorbent still 
managed to maintain its adsorption capacities without reducing significantly 
(TC: 759.82, CTC: 842.99 mg/g).80

Ahamad et al.2 fabricated a magnetic chitosan composite hydrogel from 
chitosan, diphenylurea, and formaldehyde with magnetic nanoparticles 
containing manganese iron oxide (MnFe2O4) to create a magnetic composite 
(CDF@MF) through condensation polymerization in an acidic medium. The 
CDF@MF provides a rapid removal of TC from aqueous solutions with the 
maximum adsorption capacity of 168.24 mg/g. From the obtained result, the 
adsorption kinetics and process followed a pseudo-first-order model. After 
seven cycles of regeneration, the CDF@MF exhibits an adsorption capacity 
of 157.97 mg/g at room temperature. The porous magnetic nanocomposite, 
CDF@MF, is a cost-effective adsorbent and could be a potential candidate 
for the removal of TC due to its stability and reusability. On the other 
hand, Zhang et al.137 demonstrated the grafting of copolymerization onto 
the surface of chitosan/Fe3O4 composite particles and produced magnetic 
composite adsorbents with the core–brush structure (CS–MCP). The 
produced magnetic composite hydrogel was then used to remove diclofenac 
sodium and TC hydrochloride from water. A good adsorption ability can be 
observed, and it was attributable to the anionic contaminant species and the 
positively charged brushes’ electrostatic affinity to one another.

Besides antibiotics, there are many other types of organic pollutants 
(microplastics, pesticides, phenol, organic acid, etc.) in the freshwater 
resources. A lot of existing and ongoing studies with the aim to develop a 
renewable and reusable absorbent are using chitosan as the raw material.
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1.4.2 CHITOSAN AS MODIFIER FOR BIOCHARS

Biochar is a solid material with a high carbon content produced when biomass 
is thermochemically converted at temperatures below 700°C in the absence 
oxygen.99 Typically, leaves, crop stalks, animal carcasses, manure, and wood 
chips are used as the raw materials for making biochar. Potentially hazardous 
elements (PTE) in water can be removed using biochar as an adsorbent by 
physical adsorption as well as chemical reactions, such as ion exchange, 
electrostatic attraction, complexation, precipitation, and redox.134 Though 
biochar has a limited adsorption capacity, the density of the functional groups 
on its surface depends on the pyrolytic temperature, with a general loss of 
these functional groups as the pyrolytic temperature rises (da Silva Alves et 
al., 2021). To produce more effective adsorbents, substantial effort has been 
given to modify the biochar synthesis process and alter the surface by oxida-
tion and/or functionalization. Chitosan has been used as a dispersing and 
stabilizing agent to create chitosan-modified biochar composites (CMBCs) 
by coating the biochar surfaces. The biochar particles are hard to be removed 
from aqueous solutions, but when the biochar is mixed with the chitosan, the 
solution phase can be easily separated (da Silva Alves et al., 2021).

Chitosan-modified biochar was created by Shi et al.109 and utilized to 
remove dissolved organic matter (DOM) from biotreated coking wastewater 
(BTCW) that was obtained from a full-scale coking wastewater treatment 
facility. The maximum removal effectiveness of DOM in BTCW by biochar 
was enhanced after chitosan modification and increased from 12% to 52%. 
The biochar demonstrated a better affinity for all DOM components than 
unmodified.

Afzal et al.1 developed chitosan/biochar hydrogel beads (CBHB) for 
the removal of ciprofloxacin (CIP) from aqueous solutions. From an initial 
concentration of 160 mg/L, it was discovered that the highest sorption capacity 
was >76 mg/g. The adsorption capacity dropped from 34.90 mg/g to 15.77 
mg/g in the presence of 0.01 N Na3PO4. By eliminating CIP through electron 
donor–acceptor contact, hydrogen bonding, and hydrophobic interaction, 
CBHB demonstrated a multimodal mechanism. The adsorption capacity 
of CBHB was reduced to 32.69 mg/g and 29.29 mg/g by reforming it with 
methanol and ethanol instead of water. After the regeneration process, the 
capacity was slightly dropped >64% (25.73 mg/g) after six regeneration 
cycles. The effectiveness of CBHB for CIP removal demonstrated its value as 
a cost-effective and long-lasting adsorbent.

Bombuwala Dewage et al.18 presented a new CMBC made from pinewood, 
assessed its batch and column sorption capability, and clarified the sorption 
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pathways for Pb2+. The process of lead removal showed pH-dependent and 
endothermic behavior at pH 5 and 318 K. The adsorption studies that a fixed-
bed column revealed a 5.8 mg/g capacity of Pb2+. Based on FTIR and XPS 
data, the coordination between chitosan amine groups and Pb2+ ions was the 
primarily responsible for controlling the Pb2+ adsorption mechanism on the 
CMBC biochar.

Heavy metals and other contaminants can be effectively removed 
from aqueous solutions using chitosan–biochar composites. Due to their 
exceptional qualities, chitosan–biochar composites have become standard 
sustainable materials for environmental clean-up.

1.4.3 CHITOSAN-BASED NANOCOMPOSITES

Recently, chitosan-based nanocomposites have been widely developed by 
combining chitosan polymer and nanomaterials. In addition to enhancing 
chitosan’s physical, mechanical, and thermal durability, the scattered nano-
materials in the chitosan polymer matrix provide unique intrinsic qualities 
to the chitosan, such as high surface area with exceptional physicochemical 
properties. Chitosan nanocomposites were produced via physical or chemical 
interaction between the chitosan and nanomaterials.64

1.4.3.1 CHITOSAN–GRAPHENE OXIDE NANOCOMPOSITE

Graphite is oxidized to produce graphene oxide (GO) using the well-known 
modified Hummers’ process. As the graphite is oxidized, the interlayer gap 
widens, resulting in GO sheets that may be exfoliated using a relatively 
straightforward liquid-phase process. Chitosan–GO composites are easily 
made by combining the GO sheets with chitosan because they are stable in 
colloidal solutions (da Silva Alves et al., 2021).

The use of chitosan-grafted GO (chitosan–GO) nanocomposite was 
examined by Samuel et al.103 for the adsorption of hexavalent chromium 
(Cr(VI)). With a capacity of 104.16 mg/g that succeed at pH 2.0 in the contact 
time of 420 min, chitosan–GO demonstrated strong monolayer adsorption. 
According to the results of the desorption and regeneration investigations, 
the chitosan–GO material can be recycled up to 10 times with no loss in 
adsorption capacity. Kamal et al.56 produced chitosan–GO nanocomposites 
to remove Congo red (CR) from aqueous solutions. According to the find-
ings, the chitosan–GO membrane has a removal efficiency of >90% for the 
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CR dye. The greatest CR loading capacity on the chitosan–GO membrane 
was 175.9 mg/g.

1.4.3.2 CHITOSAN–CARBON NANOTUBE NANOCOMPOSITE

Carbon nanotube (CNT) has very high surface area and stability, therefore 
great interest in creating adsorbent materials by mixing CNT with chitosan. 
There are two types of CNTs, that is, single-walled (SWCNT) and multi-
walled (MWCNT), which can be synthesized. CNT can be evenly distributed 
throughout chitosan to increase the solubility and thus reduce agglomeration 
(da Silva Alves et al., 2021).64

Chatterjee et al.25 studied the adsorption capacity of chitosan hydrogel 
impregnated with MWCNT for the removal of CR as an anionic dye. 
According to the adsorption experiments, 0.01% CNT impregnation was the 
optimum content of CNT in the chitosan for the highest adsorption capacity. 
The Langmuir model estimated a maximum adsorption capacity of 450.4 
mg/g for the chitosan–CNT beads. Therefore, CNT impregnation might be 
a useful technique to improve the mechanical strength and mass transfer 
rate of chitosan hydrogel beads. Masheane et al.84 prepared antimicrobial 
chitosan–alumina/functionalized-multiwalled carbon nanotube (f-MWCNT) 
nanocomposites through a simple phase inversion method. The produced 
chitosan–alumina/f-MWCNT nanocomposites demonstrated the suppression 
of the twelve tested bacterial strains. Hence, the nanocomposites demonstrate 
a potential for usage as a biocide in water treatment for the elimination of 
bacteria under various environmental conditions.

1.4.3.3 CHITOSAN–CLAY NANOCOMPOSITE

A subset of clay minerals is the phyllosilicate or sheet silicate family of 
minerals, which are distinguished by their layered structures made up of 
polymeric sheets of silica (SiO4) tetrahedra connected with octahedra sheets 
[including aluminum (Al), magnesium (Mg), and iron (Fe)]. The chemical 
weathering of other silicate minerals found on the Earth’s surface results in 
the formation of these layered-type aluminosilicate minerals.14,48 In addition 
to being inexpensive and readily available, clay minerals also have additional 
catalytic capabilities. They are naturally occurring substance that is utilized 
for water treatment.
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Clay minerals have been utilized as a coagulant to help in the removal of 
harmful substances, such as pesticides, herbicides, heavy metals, and color.113 
However, compared to zeolites and activated carbon, neat clay minerals are 
less effective in removing micropollutants from water, which limits their 
application. Smaller surface areas, difficulty in recovering after adsorption, 
weak affinity for organic compounds due to hydration of the clay mineral 
surface, and a significant reduction in adsorption capability after regen-
eration rarely fulfill the criteria of wastewater treatment systems. Therefore, 
nanocomposites of chitosan and clay have recently gained popularity due 
to their high availability, simplicity of manufacturing, and effectiveness as 
adsorbents.16

Nassar et al.93 investigated the adsorptive removal of Mn(II) ions 
from contaminated aqueous medium utilizing native Egyptian glauconite 
clay (G) and its nanocomposites with modified chitosan. The removal of 
Mn(II) ions from the aqueous medium was demonstrated by the adsorp-
tion experiments, and it was found that the surfactant-modified chitosan/
glauconite nanocomposite exhibited the highest adsorption capacity 27.74 
mg/g. Azzam et al.10 investigated the Cu(II) ion adsorption from an aqueous 
solution using chitosan/metal nanoparticles/clay composite. The chitosan/
silver nanoparticles/clay composite was found to have a maximum Cu(II) 
ion absorption of 181.5 mg/g. The adsorption effectiveness of Cu(II) ions by 
produced chitosan/silver nanoparticles/clay and chitosan/gold nanoparticles/
clay is more than that of the individual chitosan/clay nanocomposite, demon-
strating the importance of metal nanoparticles in enhancing the adsorption 
performance of the nanocomposites.

Chitosan–clay composites were used to successfully adsorb selenium 
from water, as reported by Bleiman and Mishael.17 Chitosan–montmorillonite 
composites had the best adsorption efficiency. Chitosan composites containing 
Al oxide and Fe oxide showed good agreement with the Langmuir model on 
the adsorption of selenate ions, giving adsorption capacities of 18.4, 17.2, and 
8.2 mg/g, respectively. In addition, Auta and Hameed8 prepared a modified ball 
clay–chitosan composite (MBC–CH) adsorbent for the adsorption of methy-
lene blue. The adsorption capacity of MB on MBC–CH was 159% greater than 
that of MBC. After five regeneration cycles, the MBC–CH demonstrated more 
resilience than the MBC in terms of adsorption efficiency. This demonstrated 
that MB in an aqueous solution can be successfully absorbed utilizing MBC–
CH several times before being discarded.

Chitosan-based nanocomposite can be formed in various combinations, 
such as chitosan–GO, chitosan–CNT, and chitosan–clay for removing 
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different pollutants for wastewater treatment applications. The chitosan 
polymer matrix contains scattered nanoparticles that not only increase the 
physical, mechanical, and thermal stability of chitosan but also provide the 
composite its inherent qualities, such as high surface area and remarkable 
physicochemical properties.

1.5 CONCLUSION

Chitosan-based adsorbents have gained tremendous interest and attention 
for the application in wastewater treatment, due to its excellent properties, 
including high porosity, high surface area, good adsorption capacity, renew-
ability, availability, and reusability. In this chapter, the modification of chitosan-
based adsorbents for the adsorption of various types of pollutants (heavy metal 
ions, dye, organic compounds, oil–water separation, and desalination) had 
been covered. We have highlighted the potential of chitosan-based adsorbents 
and summarized many modification approaches (grafting, polymerization, 
embedded with nanomaterials) in optimizing and maximizing the adsorption 
capacity, mechanical properties as well as its reusability to produce an economic 
feasible adsorbent.
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CHAPTER 2

ABSTRACT

Wastewater is a mixture of liquid or water-borne waste removed from 
homes, institutions, commercial and industrial organizations, as well as 
groundwater, surface water, and storms. Water is necessary for human 
survival and well-being; hence, appropriate water supplies are crucial. 
Controlling pollution’s negative consequences and enhancing human living 
conditions are thus critical. Wastewater contains heavy metals, inorganic 
chemicals, organic pollutants, and a range of other complicated molecules. 
Water contamination is one of the most pressing issues today, as a result of 
industrialization and human activity. Nanofibers are becoming more widely 
used as a result of their unique qualities, such as their high surface-to-volume 
ratio, surface modification capabilities, and conversion to small mesh mats. 
Because of their appealing features, such as small diameters (at the micro- 
and nanoscale), substantial porosity, and a huge surface area available for 
chemical functionalization, polymer nanofibers have been proven to be 
extremely appropriate for this purpose. In this regard, the current chapter 
looks at different types of composite nanofibers, as well as their adsorption 
performance and applications for heavy metals, dyes, and other pollutants.
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2.1 INTRODUCTION

The modern world is dealing with a number of environmental pollution 
issues, and water pollution is one of the biggest threats to both aquatic life and 
human health. As garbage from these sources is typically dumped through 
pipes into rivers, reservoirs, or streams, factories, power plants, and waste 
processing facilities are the main contributors of water pollution. Typically, 
these pollutants include metals, dyes, certain oils, pharmaceutical wastes, 
and others. Heavy metals are naturally occurring track materials in the fluvial 
environment, but due to anthropogenic activities, including industrial waste, 
agriculture, and mining, their amounts are rising. One of the key factors that 
eat up the majority of water, poison waterways, and harm the environment 
is the textile industry. Different types of organic and inorganic dyes are 
released during the wet processing of textiles, and these dyes quickly reduce 
the BOD and COD levels of water. Oils and pharmaceutical wastes are also 
to blame for polluting the water. Therefore, to ensure the safety of their use 
and to maintain a clean and tidy environment, these contaminants should be 
removed from water bodies.1–4

Many techniques for treating wastewater have been developed throughout 
the years, including ion exchange, biological treatment, chemical precipita-
tion, membrane separation, reverse osmosis, adsorption, coagulation, and 
flocculation filtration, among others. Adsorption was discovered to be an 
economical and environmentally favorable way for removing contaminants 
from wastewater. Nanofibers created using electrospinning procedures 
are crucial in the treatment of wastewater. They may be transformed into 
mats or membranes to remove contaminants from aqueous solutions and 
have a high specific surface area, high porosity, and superior functional 
capability.5–7 While conventional adsorption has numerous advantages, it 
also has drawbacks, including low efficiency, higher energy consumption, 
and a difficult recycling process. However, by using nanofiber technology, 
these issues have been eliminated. Nanofibers created using the electrospin-
ning technique, which spins fiber and uses an electric field to draw charged 
threads out of polymer solutions.8

Nanofibers are good supporting materials for loading functional mate-
rials or being modified with various chemical groups in water treatment 
applications due to their high surface area to volume ratio, great flexibility, 
porous structure, reusability, nontoxicity, and low cost. The nanofibers used 
as filtering medium give high contact between adsorbent and aqueous media, 
improving adsorption capacity with the ease of recovery and recycling. This 
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is made possible by their increased surface area and pore volume. The sepa-
ration capacity can be significantly increased by adding different functional 
groups (carboxylate, amino, acid, and hydroxyl groups) or integrating adsor-
bents like metal oxides, graphene, graphene oxide (GO), and metal–organic 
frameworks in the nanofibers.9,10

2.2 SOME TYPES OF WATER POLLUTANTS

2.2.1 ORGANIC POLLUTANTS

The household sewage system, agricultural, food, paper, and leather 
industries can all release organic contaminants into water, including colors, 
phenols, detergents, and medications. Because the oxidative degradation of 
such pollutants requires a lot of oxygen, the amount of dissolved oxygen 
in the water diminishes, endangering the survival of aquatic creatures and 
ecosystems. The majority of these dyes have hydrophobic qualities, collect 
in the water, and can permeate the tissues of some aquatic species and people 
when they are introduced to surface water, where they can form degradable 
byproducts that may have carcinogenic effects.11–14 Additionally, dyes are 
highly harmful pollutants that are released into the environment and water 
supplies by a variety of businesses, including the textile, rubber, and plastics 
industries. Humans suffer severe injury as a result of the discharge of such 
materials into the water. The dyes also hinder light from permeating water, 
which limits photosynthesis in aquatic plants, one of their more severe 
impacts. It is crucial to remove dyes from colored water. This is due to the 
fact that dye in water will block sunlight from penetrating the water, even at 
low concentrations. As a result, aquatic species’ lives will be in danger. Addi-
tionally, the colors in drinking water may have cancer-causing effects.15,16

2.2.2 INORGANIC POLLUTANTS

The discharge of effluents loaded with poisonous heavy metal ions into water 
bodies is one of the riskiest consequences of many sectors’ explosive growth, 
including electroplating, tanneries, battery production, electroplating, and so 
on. All living things, including people, animals, and plants, are affected by the 
presence of these toxins in the aquasphere, even at extremely low quantities. 
Heavy metals can have harmful effects on the environment and people’s 
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health due to their carcinogenic and poisonous properties. Human kidneys 
and central nervous systems can be harmed by some metal cations.17–20 It 
is thought that exposure to these metal ions, even at low amounts, poses 
dangers to aquatic, terrestrial, and human organisms. In addition to the 
growing issues with water shortages, eliminating these toxins from water is 
a critical necessity and continues to be significant for scientists.

2.2.3 OIL POLLUTION

The primary source of crude oil and its byproducts is the processing of 
natural oil. Oil usage and transportation-related leakage and spill incidents 
have contaminated the water and land, harming living things. Oil and water 
can be separated using a variety of processes, such as in-situ burning, 
filtration, centrifugation, neutralization, and so on. However, these methods 
have some drawbacks, including inefficient operation, high prices, long 
processing times, and secondary contamination. Additionally, the oil that 
failed to properly separate from the water still poses threats to both aquatic 
life and human health.21–23 Therefore, governments and researchers must look 
into effective and environmentally friendly materials and treatment methods 
right away. Scientists are currently researching and producing many types 
of innovative polymeric nanomaterials that have good physicochemical 
qualities and may be employed in diverse applications, utilizing cutting-edge 
methodologies. As a result, new technologies have been established.24,25

2.3 ELECTROSPUN NANOFIBERS FOR WATER TREATMENT

One of the many well-established methods for creating fibers at the micro- 
or nanoscale is electrospinning. Excellent control over the fiber diameters, 
nanostructures, and morphology is made possible by the adaptability of 
electrospinning, which also improves the materials’ catalytic, mechanical, 
electrical, biomedical, optical, and adsorptive capabilities.26 The electrospin-
ning process may produce nanofibers into a variety of intriguing forms for 
a variety of applications since it has access to a large selection of polymers 
and the tools for additive incorporation. Recent developments in the electro-
spinning process have made it possible to create intriguing nanostructures 
that can be used to improve pollutant removal by drawing inspiration from 
natural items. The branch and trunk fibers make up the tree-like structure. 
The thin branches serve as connections, reduce membrane pore size, and 
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increase surface area, while the trunk fibers, which serve as supports, can 
enhance mechanical properties. The nanofibers formed the spider web-like 
pattern. Hierarchical bio-inspired composite nanofibers made of PVA, PAA, 
GO–COOH, and polydopamine showed an effective adsorption capacity for 
removing dye while using an eco-friendly and controllable manufacturing 
technique.27

2.4 ELECTROSPINNING BIO-BASED POLYMERS FOR WATER 
TREATMENT

Bio-based polymers like cellulose, chitosan, zein, collagen, silk, hyaluronic 
acid, alginate, and DNA have been extensively employed to create nanofi-
brous composite membranes as a result of sustainability and environmental 
concerns. The advantages of biocompatibility, biodegradability, safety, and 
nontoxicity have led to a growth in the commercialization of these poly-
mers’ applications in water filtering over the past few years.28 The presence 
of diverse functional groups in bio-based polymers, which can be used for 
pollution collection, is one of their distinctive characteristics. Chemisorption 
or physisorption are two possible dye adsorption methods onto polymers. 
The former is irreversible and frequently associated with strong bonds (like 
covalent or ionic bonds). The latter is better because it can be reversed. Van 
der Waals forces, hydrogen bonds, hydrophobic interaction, and electrostatic 
attraction control the physisorption.29

2.5 CARBON NANOFIBERS AS SUPPORTING MATERIALS

Applications for catalysis, the environment, and energy have all made use of 
carbon nanofibers with distinctive and adaptable morphologies. Nanofibers 
made of polyacrylonitrile (PAN) have been widely used as a productive 
precursor in the production of CNF. Catalytic and bioactive compounds have 
been loaded onto CNFs in an effective manner. For applications involving 
dye removal, a variety of metal oxide nanoparticles have been immobilized 
in/onto CNFs. Electrodeposition, chemical synthesis, and dry synthesis are 
the principal methods used to adorn CNFs with active chemicals. It is inter-
esting to note that the CNFs also have an adsorption capacity, which results 
from the aromatic rings of the CNFs and the adsorbate binding together via 
a stacking relationship. The excellent conductivity and chemical inertness 
of CNFs improve their use in photocatalytic dye degradation and support 
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reusability. Before being broken down by photocatalysts placed on the 
surface of the nanofibers, the dye molecules have a high probability of being 
drawn to CNFs with a negative conjugative structure.30,31

2.6 ELECTROSPUN NANOFIBERS FOR WATER TREATMENT

Demand for high-quality water has rapidly increased recently all throughout 
the world. Decontaminating wastewater that has been released into rivers, 
reservoirs, or streams from diverse sources has thus been the focus of numerous 
works. As a result, researchers are looking for and creating new, affordable, 
sustainable technologies to treat or recycle wastewater. The primary class of 
ions that significantly affects ecosystems and human health is the class of 
heavy metal ions. Furthermore, organic contaminants have severe toxicity 
impacts on both human health and the environment at low concentrations. 
As a result, the need for water treatment has increased. As a result, there is 
an urgent need for the development of effective and cutting-edge filtration 
and separation techniques to address the problems associated with water 
purification. The fabricated electrospun nanofiber mats have been regarded 
as suitable platforms to combine filtration and adsorption techniques—with 
significant purification efficiency—to remove organic pollutants and heavy 
metal ions from contaminated water because of their special qualities and 
potential benefits. However, in order for nanofiber membranes to be the 
best possible material for eliminating such contaminants, they need to have 
a large number of interaction sites. As a result, researchers have given the 
manufacturing of innovative nanofiber architectures a lot of attention. The 
main pollutant-removal method is anticipated to be the adsorption process, 
via electrostatic interactions, ion exchange, or chelation, when electrospun 
nanofibers are used as ultrafiltration membranes in water purification 
operations. Furthermore, size-based rejection must be taken into account if 
electrospun nanofibers are employed as NF/RO membranes.32

2.6.1 REMOVAL OF DYES AND ORGANIC POLLUTANTS

It has been evaluated whether several innovative and promising nanofibers 
and their prospective alterations could be used to remove various organic 
contaminants from wastewater. Tetracycline (TC) removal from wastewater 
has been studied using self-sustained electrospun PAN nanofiber-supported 
polyamide (PA) thin-film composite (PA/PAN-eTFC) membranes. Initially, 
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electrospinning was used to create the PAN nanofiber’s support (Figure 2.1). 
After that, a paper laminator was used to laminate the resulting PAN 
nanofiber mat. With a water contact angle of 32.3 1.3, a stress of 13 0.77 
MPa, and a strain of 68 0.28 percent, respectively, the laminated nanofiber 
support demonstrated hydrophilicity and mechanical characteristics. When 
using 2.0-M sodium chloride as the draw solution, the PA composite mat 
that was created on top of it obtained >57 LMH water flux and displayed 
low structural characteristics (S = 168 m) and increased perm selectivity 
(A = 1.47 LMH bar, B = 0.278 LMH). The manufactured PA/PAN-eTFC 
membranes had a high TC rejection rate (>99.9%), and the FO-MD hybrid 
technique allowed for a 15–20% water recovery after 7 h.33

FIGURE 2.1  Schematic illustration of the fabrication (a) of electrospun nanofiber-supported 
TFC membrane and (b–d) of the cross-linked poly-CD nanofibrous web.33

Source: Reprinted/Modified with permission from Ref. [33]. Copyright 2016. Elsevier B.V.
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In a study by Zhao et al., a facile strategy was used to prepare posi-
tively charged PES nanofibrous membranes (NFMs) containing different 
amounts of quaternary ammonium salt (QAS) polymer (PMETAC). The 
detailed procedures for the preparation of electrospinning solution and 
fabrication of positively charged NFMs are illustrated in Figure 2.2.34 The 
electrospun nanofiber membrane of poly(l-lactic acid) (PLLA) covered 
with p-toluenesulfonic acid-doped polyaniline (pTSA-PANI), which is used 
to remove MO, is another significant example of such modified materials. 
The interactions between dye–benzene rings and pTSA-PANI rings and the 
superior wettability features of pTSA-PANI/PLLA membranes as compared 
to PLLA membranes provide evidence that the loading of PLLA membranes 
with pTSA-PANI increases the removal efficiency of the membranes. 
Additionally, by combining electrospinning with the in-situ cross-link 
polymerization of poly[2-(methacryloyloxy)-ethyl] trimethyl ammonium 
chloride (PMETAC) in poly(ether sulfone) (PES) solution, positively 
charged nanofibrous membranes (NFMs) have been created. As shown, 
the NFMs were given positive charges by the quaternary ammonium salt 
polymer of PMETAC, enabling them to kill bacteria and absorb anionic 
dyes. By oxidatively polymerizing o-, p-, and m-PDA onto the surface of 
electrospun carbon nanofibers to create PPDA-g-ECNFs, the grafting of 
poly(para-, ortho-, and meta-phenylenediamin (PPDA)) was studied. On the 
other hand, employing a vanillin biomass-derived polymer as the starting 
material through an electrospinning technique, aldehyde-containing nano-
fiber membranes were created.34

2.6.2 REMOVAL OF METALS

A lot of researchers have concentrated on employing electrospun nanofibers 
to remove inorganic contaminants from wastewater over the past 10 years. To 
remove different kinds of inorganic pollutants, multifunctional electrospun 
nanofibers have been created and used extensively in recent years. These 
pollutants include lanthanides and actinides, Pb2+ (with other metal ions) 
Cu2+, Cd2+, Ni2+, Cd2+, Zn2+, and so on.35,36

2.6.3 LANTHANIDE AND ACTINIDE

A poly(vinyl alcohol)/sodium hexametaphosphate hydrogel nanofiber 
(PVA/SHMP HENF) with a 3D structure was created for lanthanide and 
actinide using an electrospinning process. Citric acid (CA) served as 
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FIGURE 2.2  (a) Schematic illustration for the fabrication of electrospinning solution 
and fabrication of positively charged PES NFMs; (b) representative optical images of the 
as-prepared large-sized NFM, and twisted and folded NFMs; and (c) SEM images and the 
corresponding nanofiber diameter distributions curves for the different NFMs.34

Source: Reprinted/Adapted with permission from Ref. [34]. Copyright 2019. Elsevier Inc.

the cross-linking agent during the heat processing used to carry out the 
cross-linking reaction. The created PVA/SHMP HENF showed impressive 
removal for several lanthanide metals, including La3+, Tb3+, and Nd3+, as 
well as good swelling characteristics and high pH stability. Additionally, 
it has an eight-cycle regeneration and reuse lifespan. To increase its 
effectiveness against lanthanide ions like Eu3+ and Y3+, PAN-272 nanofiber 
membranes were also created by combining PAN electrospun nanofiber 
with a commercial organic extractant, Cyanex272. The collected findings 
demonstrate the fabrication of a nanofiber membrane as a suitable material 
for lanthanide metal ion recovery. The application of polymer (PAN) 
nanofibers with lower pressure-reactive filtration to adsorb uranium(VI) 
(U6+) was achieved, however, through chemical modification. The binding 
agents were hexadecylphosphonic acid, which included phosphorus, or 
nitrogen-based Aliquat®336(Aq) (HPDA).37,38
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2.6.4 REMOVAL OF HEAVY METALS

Heavy metals are regarded as a serious environmental pollutant and provide 
a significant threat to both human health and the health of other living things. 
Electrospun nanofibers serve crucial roles in decreasing and removing heavy 
metals from wastewater. A significant class of inorganic contaminants that 
pollute water and have hazardous physiological effects as well as posing serious 
challenges to water resources include heavy metal ions like Cd, Cu, Pb, and Hg. 
They also collect in the bodies of organisms and are difficult to disintegrate. 
The amounts of these metal ions in natural drinking water frequently exceed 
permissible limits. Different nanofibrous nanomaterials created by electros-
pinning methods have recently come to be recognized as incredibly effective 
materials that may be used to remove heavy metal ions. An illustration of these 
promising nanofibers is the −Fe2O3/PAN nanofibers, which are produced using 
the electrospinning technology and a straightforward hydrothermal process. 
This method removes Pb2+ from wastewater by anchoring a PAN nanofiber 
mesh with −Fe2O3 (−Fe2O3/PAN) as an efficient adsorbent.39,40

2.6.5 OIL/WATER SEPARATION

Large amounts of oily sewage are released into the environment on a yearly 
basis as a result of oil spill accidents and other oil-related operations, 
including those of the food, textile, tannery, and metallurgy sectors, which 
have led to major water pollution issues. Therefore, to address these issues, 
scientists focus on the treatment and separation of oil–water mixtures using 
various technologies.41–43 To detoxify and separate oil–water mixtures, a 
variety of nanomaterials, nanofibers, and methods have been created. Due to 
their special qualities and benefits, such as their higher porosity with a high 
internal area, low density, reusability, and controllable porosity size, electro-
spun nanofibrous materials play a crucial role and have attracted significant 
interest as oil absorbents used to collect oil spills from water surfaces. The 
literature reports that nanofiber membranes are successful at removing oil 
spills from the water’s surface on a wide scale, with promising outcomes.44–47

2.7 CONCLUSIONS

Nanofibers are regarded as a promising new class of nanomaterials with a 
variety of uses, including water filtration, because of their distinctive properties. 
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Submicron polymeric nanofibers have been produced using a variety of tech-
niques, including nanolithography, self-assembly, multicomponent spinning, 
flash spinning, electrospinning, and so on. Compared to other conventional 
techniques, it is clear that electrospinning processes are extraordinarily versa-
tile in the fabrication of a wide variety of polymeric nanofiber nanomaterials, 
and they can be viewed as a reliable and multifunctional method of water filtra-
tion without the need for significant infrastructure. Many constraints still need 
to be resolved despite the enormous efforts made to create and enhance the 
distinctive structures and capabilities of the nanofibers utilized for wastewater 
treatment and O/W separation. The chemical and physical characteristics of 
the media as well as the environment have a considerable impact on the char-
acteristics of polymer, composite, and nanofiber membranes. The availability, 
long-term durability, and cost-effectiveness of the manufactured nanofibers, 
as well as their eco-friendliness, degradability, renewability, lack of toxicity, 
mechanical properties, and thermal properties, should all be taken into account 
and further optimized to overcome the other drawbacks. The development 
and synthesis of novel nanofiber materials with particular properties and self-
cleaning capabilities are required to address other significant challenges facing 
wastewater treatment, such as the adhesion of pollutants, microbial contami-
nations, biofilm formation, and eventual fouling during treatment processes. 
These challenges must be addressed using various multifunctional electrospun 
nanofiber materials. To lessen the fouling, additional efforts should be made to 
enhance the surface-coating and impregnation processes.
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CHAPTER 3

ABSTRACT

Polymer nanocomposites have outstanding features that their components 
individually lack. The properties, namely, shape, size, surface area, and 
optical and catalytic activity, can be fine-tuned for desired applications. 
Their light weight and flexibility make them suitable for environmental and 
industrial applications. One of the major environmental issues, we are facing 
today, is water pollution. Proper water management and reclamation are very 
important. The best method to conserve water is wastewater recycling. The 
use of polymer nanocomposites for water treatment and remediation offers a 
solution to recycling. This chapter highlights various aspects of water treat-
ment by polymer nanocomposites.

3.1 INTRODUCTION

In the present scenario, we are facing an alarming increase in environmental 
pollution, owing to widespread industrialization and agricultural activities. 
Nowadays, nanotechnology has emerged as a solution to minimize the effects 
of pollutants, and remedial measures based on this strategy were highly 
successful in preventing further damages to the environment. In a quest for 
maximizing water resources, nanotechnology has gained special attention 
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for the treatment and remediation of wastewater. Due to the anthropogenic 
activities, freshwater sources undergo continuous fall in both quantity and 
quality.1

Polymer nanocomposites have emerged as a promising candidate for 
wastewater remediation and treatment. The selectivity, remediation capacity, 
and reusability are influenced by polymer nanocomposite modification 
strategies. Nanocomposites with a polymer matrix and a nanofiller exhibit 
certain characteristics such as improved antifouling property, permeability, 
excellent mechanical strength, thermal stability, adsorption, good pore forma-
tion features, and easiness in functionalization.2 Particle size, morphology, 
interaction with the polymer matrix, and concentration of the nanofillers have 
crucial role in determining the overall performance of the polymer nano-
composites.3,4 In the following section, various aspects of water treatment, 
namely, dye removal, removal of metal ions, and microorganism from water, 
by using polymer nanocomposites, have been discussed in detail.

3.2 POLYMER NANOCOMPOSITES AS ADSORBENT MATERIAL

Adsorption is the basic process employed in wastewater treatment strategies. 
The process has been found to be very effective for the removal of organic/
inorganic components from wastewater. Polymer nanocomposites have been 
proven to be very effective for the adsorption process, owing to their high 
specific area, tunable surface chemistry, and active sites of adsorption.5 
In addition to that, they are highly stable to various treatment conditions. 
Literature reports reveal that a variety of polymer nanocomposites have been 
developed for removing pollutants from water/wastewater. They have been 
employed for the removal of organic dyes, heavy metals, pharmaceuticals, 
oils, greases, and some other organic and inorganic constituents.6–10 Adsorp-
tion process is controlled by various factors such as pH of the solution, 
temperature, contact time, speed of agitation, and concentration of adsorbent.

The metal ion extraction from solution is pH dependent, and it influences 
metal ion solubility, degree of adsorbate ionization, and concentration of 
the counter-ions on the polymer nanocomposites. The functional groups of 
the polymer nanocomposites or any groups grafted onto it have crucial role 
in the removal of components. Various processes/interactions take place in 
the adsorption including complexation reactions, electrostatic interactions, 
hydrogen bonding, reduction, and hydrophobic effect.11–13 Hence, a combi-
nation of two or more processes has been involved for the adsorption to 
attain equilibrium. So, the adsorption process has more than one mechanism 
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for maximum efficient removal. Removal is very efficient if the process is 
spontaneous and fast. While implementing a lab-scale process to an industrial 
scale, the process time is always a challenging factor. The reaction kinetics 
and equilibrium conditions should be optimized during the removal process. 
The desired characteristics of an efficient removal include the following: 
the process should be spontaneous, less contact time, excellent percentage 
removal, and reuse capability.

3.3 DYE REMOVAL BY USING POLYMER NANOCOMPOSITES

Industries such as textiles, paper, coating, and cosmetics are major contribu-
tors of organic synthetic dyes. They make use of various dyes to impart 
color to the product and the discharged wastewater from these industries 
creates severe environmental issues. Water polluted with organic dyes is 
toxic and carcinogenic. Hence, it is very important to remove these dyes 
and make wastewater reusable for industrial purpose, to prevent environ-
mental impacts. Extensive research work has been going on in this regard by 
employing polymer nanocomposites.14–16 The dye adsorbing material should 
possess large surface area, number of active sites, and thermal and chemical 
stability.17

A recent work by Srivastava et al. demonstrated the development of 
chitosan/CuO nanocomposite beads for the removal of dyes, namely, Congo 
red and eriochrome black T.18 Ninety-seven percent dye removal efficiency 
has been achieved within 2 h. An amount of 120 mg/g of Congo red and 236 
mg/g eriochrome black T was adsorbed onto the polymer nanocomposite 
beads. The dye adsorption has been influenced by certain features such as 
surface properties of the adsorbent, hydrophilicity/hydrophobicity of both the 
adsorbent and adsorbate, charge of the dye molecule, electrostatic interaction, 
hydrogen bonding, and van der Waals interactions.19 The possible interaction 
between chitosan/CuO nanocomposite beads and the dye molecules has been 
depicted in Figure 3.1.

There occurs an electrostatic interaction between the negatively charged 
dye molecules and positively charged adsorbent, chitosan. In addition to 
this, strong hydrogen bonding exists between N of the dye molecules and 
hydroxyl group of chitosan. These interactions make favorable adsorption 
of dyes onto the chitosan-based polymer nanocomposites. Chitosan/CuO 
nanocomposite beads exhibit higher dye adsorption rate and percentage 
dye removal in comparison with virgin chitosan. The CuO nanoparticles in 
the nanocomposite act as a supporting medium and facilitate the settling of 
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dyes onto the adsorbent. Highly electronegative oxygen atom of CuO offers 
further possibility of hydrogen bonding with the hydroxyl and amine group 
of dye molecules.

FIGURE 3.1  Mechanism of (a) Congo red and (b) eriochrome black T dye adsorption onto 
chitosan/CuO nanocomposite beads.

Source: Reprinted with permission from Ref. [18]; copyright © Elsevier.



Porous Nanocomposite Polymers for Water Treatment	 55

Table 3.1 shows the effect of initial dye concentration on the percentage 
removal. It has been observed that the percentage dye removal is inversely 
related to their initial concentration. At lower dye concentrations, the active 
sites on the adsorbent are vacant, and as the dye concentration increases, 
more and more active sites are occupied.20 Owing to the higher concentration 
gradient, the dye molecules get diffused into the inner pores of the beads and 
operate the dye molecules to the activated adsorption sites.

TABLE 3.1  Percentage Dye Removal as a Function of Dye Concentration (Reprinted with 
Permission from Ref. [18]; copyright © Elsevier).

Sl. 
no.

Concentration 
of dyes (mg/L)

Concentration of 
the adsorbent (g)

% Dye removal
Chitosan beads Chitosan–CuO 

nanocomposite beads
CR EBT CR EBT CR EBT

1 10 0.05 1.0 17.62 33.22 69.86 98.01
2 20 0.05 1.0 14.06 32.72 49.88 98.88
3 30 0.05 1.0 12.66 29.09 42.78 98.83
4 40 0.05 1.0 10.94 28.93 39.78 98.11
5 50 0.05 1.0 9.11 28.69 34.23 97.56

CR: Congo red; EBT: eriochrome black T.

Chitosan–TiO2 nanocomposites have been developed for the removal of 
Rose Bengal dye from industrial water.21 The nanocomposites possess an 
average surface area of 95 m2/g and uniform mesoporous structure allows 
excellent dye adsorption. Kinetics of dye removal has been investigated 
by pseudo first order, pseudo second order, and Weber–Morris models and 
found that the results, well matched with the pseudo-second-order model, 
indicate the monolayer adsorption of the dye molecules. Figure 3.2a shows a 
comparison of the percentage of dye removal by chitosan and chitosan/TiO2 
nanocomposites. Compared to pure chitosan, chitosan/TiO2 nanocomposites 
exhibited a higher percentage of dye removal. Fifty-three percent of Rose 
Bengal dye removal by chitosan is attributed to the electrostatic interactions 
among positively charged chitosan and negatively charged dye molecules. 
A maximum dye adsorption of 98.8% has been observed for the chitosan/
TiO2 nanocomposites, owing to the attraction of dye molecules into the 
mesoporous cavities of the nanocomposites.

After each cycle of dye removal, its adsorption onto the nanocomposites 
get decreased till 63%; the catalyst can be reused for four cycles as indicated 
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by Figure 3.2b. Selective removal of Rose Bengal from a mixture of alizarine 
red and methylene blue is also possible. To assure the complete removal of 
the dyes, the samples were further stirred under UV irradiation for 60 min 
to decompose methylene blue. This leads to 10% increase in dye adsorption 
efficiency as shown in Figure 3.2c.

FIGURE 3.2  (a) Percentage adsorption of Rose Bengal dye on chitosan and chitosan/TiO2 
nanocomposites, (b) regeneration cycle of the nanocomposites, and (c) removal efficiency of 
different dyes by chitosan/TiO2 nanocomposites 

Source: Reprinted with permission from Ref. [21]; copyright © Elsevier.

Chitosan/ZnO nanocomposites have been prepared for the removal of 
methylene blue dye from industrial water.22 The optimum conditions for the 
methylene blue degradation by chitosan/ZnO nanocomposites were found to 
be 20 mg/L of the dye and 60 mg/L nanocomposites at pH 9 for 1 h. Chitosan/
ZnO nanocomposites exhibit a dye removal of 96.5%, while pure chitosan 
shows 81% efficiency. Enhanced dye removal by the nanocomposites has 
been attributed to the combined effect of adsorption and photocatalytic 
degradation of methylene blue by ZnO nanoparticles. A complexation 
reaction occurs between chitosan and surface Zn2+ ions of ZnO, namely, 
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ligand substitution reaction. The coordinated H2O molecule on Zn2+ ions is 
being substituted by the functional group in chitosan as shown in Figure 3.3.

FIGURE 3.3  Complexation reaction between chitosan and Zn2+ ions of ZnO nanoparticles

Source: Reprinted with permission from Ref. [22]; copyright © Elsevier.

Cellulose/Graphene oxide nanocomposites have been reported to be a 
promising candidate for azo dye removal. The nanocomposite was devel-
oped by modified Hummer’s method.23 Graphite is oxidized to graphene 
oxide and the negatively charged functional groups present on the graphene 
oxide make hydrogen bonding with cellulose. As the concentration of the 
cellulose/graphene oxide nanocomposite increases from 20 to 30 mg/L, 
there is a significant enhancement in the dye removal efficiency. Maximum 
efficiency (91%) has been obtained for 30 mg/L of the nanocomposites. This 
may be due to the increase in number of active sites available for dye adsorp-
tion. However, when the concentration of the nanocomposites reaches to 45 
mg/L, there is no considerable enhancement in the efficiency of dye removal. 
At higher concentration, there are chances for agglomeration of chitosan/
graphene oxide particles, and active sites for dye adsorption get saturated 
and lead to a reduction in the dye removal. Alkaline pH has been found to be 
more favorable for the process. Temperature also influences dye adsorption; 
both are directly related. The optimum temperature has been found to be 
20–40°C.

Chinthalapudi et al. reported the synthesis of cellulose fiber/Ag 
nanocomposites for malachite green removal.24 The effect of contact time, 
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concentration of cellulose/Ag nanocomposites, pH, temperature, and 
initial concentration of the malachite green on the dye removal has been 
investigated. The equilibrium time for the dye removal has been found 
to be 100 min. As the concentration of the dye increases from 20 to 100 
mg/L, removal efficiency decreases. The optimum pH has been observed 
to 8. Depending on the structure of the cellulose adsorbent and malachite 
green dye, three possible interactions of malachite green with cellulose have 
been put forward. These include ion–dipole interaction, hydrogen bonding, 
and electrostatic interactions. The hydrogen bonding operates between 
hydroxyl groups of cellulose, hydroxyl layer around positively charged Ag 
nanoparticles, and lone pair of electrons in nitrogen (tail end) of the malachite 
green.25 Oxygen atom of the hydroxyl group and positively charged nitrogen 
atoms of malachite green create ion–dipole interactions.

The kinetics of dye degradation has been evaluated by fitting with pseudo-
first-order and pseudo-second-order equations. Correlation coefficient of 
pseudo-first-order model (R2 = 0.998) is higher than those of pseudo-second-
order model (R = 0.987). This suggests that the adsorption process is well 
fitted with pseudo-first-order model. Table 3.2 shows a comparison of the 
rate constant and correlation coefficient calculated with both models. Figure 
3.4a shows log (qe − qt) versus time plot (corresponding to pseudo-first-order 
kinetics) and 4 (b) t/qt versus time plot (corresponding to pseudo-second-
order kinetics).

TABLE 3.2  Rate Constant and Correlation Coefficient Calculated with Kinetic Models 
(Reprinted with Permission from Ref. [24]; Copyright © Elsevier).

Order Equation Rate constant R2

Pseudo first order
( ) 1    log log

2.303e t e
Kq q q t− = −

0.0532 min−1 0.998

Pseudo second order
0.7068 0.00273

t

t t
q
= +

1.23 mol/L min 0.987

qe and qt are the amounts of dye adsorbed at equilibrium and at any time “t,” respectively.

Cellulose/Acid-activated clay nanocomposites were employed for 
rhodamine B degradation from industrial water.26 It was found that the pH, 
temperature, concentration of the nanocomposites, and time influence the dye 
degradation. Due to the anionic carboxylic form of rhodamine B, sorption 
was more favorable at acidic pH as reported earlier.27 When the pH is greater 
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than 4, there is a possibility of zwitterion formation and photocatalytic 
activity getting decreased. The effect of pH on the sorption of rhodamine 
dye has been presented in Figure 3.5a. Sorption of dye molecule and sorbent 
dose are inversely related. The effect sorbent dose on the photocatalytic 
activity has been shown in Figure 3.5b. Maximum activity was observed at 
lower dose. As the sorbent dose increases, aggregation happens and causes 
a reduction in the photocatalytic activity.28 Figure 3.5c shows the sorption 
capacity versus temperature plot. The color of rhodamine B before sorption 
was shown in Figure 3.5d and after sorption in Figure 3.5e.

FIGURE 3.4  (a) log(qe − qt) versus time plot and (b) t/qt versus time plot. 

Source: Reprinted with permission from Ref. [24]; copyright © Elsevier.

Photocatalyst such as nano-TiO2, ZnO, and CuO degrades the organic dye 
molecules by generating hydroxyl ions. So, when polymer nanocomposites 
are used for dye removal, most suitable approach is the adsorption of the 
dye molecules onto the active site of polymer nanocomposites followed by 
photocatalytic degradation of the dye molecule. Poly(1-naphthylamine)/TiO2 
nanocomposites were employed for the degradation of methylene blue dye, 
under visible light.29 The nanocomposites exhibited a degradation efficiency 
of 60%. After 60 min, most of the dye molecules undergo decomposition on 
PNA/TiO2 nanocomposites, after that the degradation will be slow till 160 
min, having a maximum value of 60%. PNA, having conjugated π electron 
systems, gets excited under visible light irradiation. Then, the π* electrons 
from PNA are transferred to the conduction band of TiO2. On the other hand, 
hole (h+) is formed by the transfer of valence band electrons of TiO2 to PNA 
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π orbital for regeneration of electrons. The electrons in the conduction band 
react with oxygen molecules to form superoxide (O2

−·) radicals. Simulta-
neously, the holes in the valance band of titania react with H2O molecules 
to form hydroxyl radical. PNA involves charge transfer and facilitates the 
photocatalytic activity with excellent charge separation between electron–
hole pairs. The generation of highly reactive oxyradicals and hydroxyl 
radical degrades the dye molecules.30

FIGURE 3.5  (a) Effect of pH on sorption capacity, (b) sorption capacity with composite 
dose, (c) sorption capacity versus temperature plot, (d) color of rhodamine B before sorption, 
and (e) rhodamine B after sorption. Composites 1 and 2 contain different compositions of clay.

Source: Reprinted with permission from Ref. [26]; copyright © Elsevier.

Polylactic acid (PLA)/TiO2 nanocomposites were developed by in-situ 
polymerization of lactic acid in the presence of TiO2.

31 Lactic acid coor-
dinates with the TiO2 nanoparticles via its carboxylic group as shown in 
Figure 3.6. Photocatalytic activity of the developed nanocomposites has 
been investigated by using model dyes, namely, malachite green and methyl 
orange under UV and visible light. It was found that under UV irradiation, 
complete decolorization of methyl orange happens in 30 min and malachite 
green in 15 min. However, under sunlight, the same dyes undergo complete 
decolorization by 20 and 8 min, respectively.
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FIGURE 3.6  TiO2 nanoparticles grafting onto PLA. 

Source: Reprinted with permission from Ref. [31]; copyright © Wiley online library.

Kinetics of degradation has been found to follow first-order kinetics and 
Figure 3.7 shows the 

0

log tA
A

 versus “t” plot. A straight line with negative 
slope has been observed in both cases.

FIGURE 3.7  Kinetics of degradation: (a) methyl orange and (b) malachite green [dye 
concentration: 10−4 M (10 mL); PLA/TiO2 nanocomposite (50 mg)]. 

Source: Reprinted with permission from Ref. [31]; copyright © Wiley online library.
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Figure 3.8 shows the recyclability results of PLA/TiO2 nanocomposites. 
Degradation percentage of both the dyes by the photocatalyst after four 
cycles was almost similar to those with fresh catalyst. Only a slight reduction 
occurs due to the loss of catalyst during separation process.

FIGURE 3.8  Recyclability results of the PLA/TiO2 nanocomposites: (a) methyl orange and 
(b) malachite green. 

Source: Reprinted with permission from Ref. [31]; copyright © Wiley online library.

Karagoz et al. reported the fabrication of polycaprolactone/Ag/TiO2 
nanocomposites (PCL/Ag/TiO2) for photocatalytic degradation of methylene 
blue.32 Figure 3.9 shows the result of photocatalytic activity studies. Figure 
3.9a corresponds to the UV visible spectra of methylene blue dye over 
PCL/Ag/TiO2 nanocomposites at different time intervals. As time goes on, 
the intensity of characteristic peak of methylene blue gets decreased. The 
solution becomes completely decolorized after 160 min. From Figure 3.9b, 
it was clear that the degradation efficiency increases with an increase in 
Ag concentration, due to the synergy between Ag and TiO2 nanoparticles. 

Figure  3.9c shows the 0log
C
C

 versus “t” plot and kinetics of degradation 

has been found to be pseudo first order. Rate constant of the photocatalytic 

reaction has been calculated from the slope of 0log
C
C

 versus “t” plot and 

presented in Figure 3.9d. Half-life of the reaction is calculated as33:

	 0.6931/ 2t
K

= 	 (3.1)

Polyaniline/TiO2 nanocomposites (PANI/TiO2) were developed for the elec-
trocatalytic decomposition of Congo red in industrial water.34 TiO2/PANI in 
2:1 ratio showed 60% decolorization after 90 min. Kinetics studies of the 
dye removal revealed that the dye degradation follows pseudo-second-order 
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reaction. Figure 3.10 represents the Congo red decolorization by TiO2/PANI 
nanocomposites in different ratio of TiO2 and PANI, namely, 2:1, 4:1, and 
6:1, respectively. Dye removal efficiency of all the ratios was higher for 
the initial 10 min of the reaction; 2:1 and 4:1 TiO2/PANI nanocomposites 
gradually loss their activity after 10 min. However, 6:1 system exhibits 
higher activity throughout the reaction.

FIGURE 3.9  (a) UV–visible spectrum of methylene blue dye over PCL/Ag/TiO2 
nanocomposites at different time intervals; (b) percentage photodegradation of methylene blue 
over P CL nanofiber mat, PCL/TiO2 nanocomposites, and PCL/Ag/TiO2 nanocomposites; (c) 

0log C
C

 versus “t” plot (d) pseudo-first-order rate constant; and (e) half-life of photodegradation 

reaction. 

Source: Reprinted with permission from Ref. [32]; copyright © Elsevier.

An article by Reddy et al. reported the photocatalytic activity evaluation 
of TiO2/PANI nanocomposites prepared via oxidative polymerization of 
aniline by oxidant ammonium persulfate, in the presence of nano-TiO2.

35 The 
dispersion of TiO2 nanoparticles in PANI matrix has been evaluated by TEM 
analysis. Methylene blue, rhodamine B, and phenol were used as model 
pollutants. Photocatalytic activity studies show that TiO2/PANI nanocom-
posites (20 wt% TiO2) exhibit higher dye degradation efficiency than pure 
TiO2 nanoparticles. The reason for enhanced photoactivity of TiO2/PANI 
nanocomposite is as follows: (1) the coupling between conjugated polymer 
PANI and inorganic semiconductor metal oxide TiO2 facilitates effective 
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charge separation between photogenerated holes and electrons; (2) uniform 
dispersion of TiO2 nanoparticles into PANI matrix enhances the dye adsorp-
tion onto the nanocomposite surface; and (3) optical properties of TiO2/PANI 
system are entirely different from those of pure TiO2. The nanocomposites 
absorb near IR and visible light in addition to UV absorption. This result 
indicates that PANI acts as a photosensitizer for TiO2. (4) TiO2 band gap has 
been reduced by PANI and hence photocatalytic activity gets increased.

FIGURE 3.10  Decolorization of Congo red by 2:1, 4:1, and 6:1 TiO2/PANI nanocomposites 
developed by cyclic voltammetry. 

Source: Reprinted with permission from Ref. [34]; copyright © Elsevier.

Table 3.3 gives a detailed literature analysis of polymer nanocomposites 
employed for organic dye degradation from industrial wastewater.

3.4 POLYMER NANOCOMPOSITES FOR METAL ION REMOVAL

Advancements in industrialization and urbanization are the main cause of 
heavy metal ion pollution. Various anthropogenic activities such as mining, 
smelting, use of fertilizers and pesticides, and industrial effluents and 
chemicals lead to the contamination of heavy metal ions such as Pb2+, Cd2+, 
Cu2+, Ni2+, and Cr+.54 Presence of toxic metal ions has negative impact on 
water bodies. They are non-biodegradable and carcinogenic.55,56 Cd2+ and 
Pb2+ have been reported to be most toxic and threat to the environment. 
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TABLE 3.3  Polymer Nanocomposites for Organic Dye Degradation.

Polymer nanocomposites Dyes used Inference Refereces

Polyhydroxy butyrate/TiO2 Methylene blue 96% of methylene blue degradation with 1 h of visible light illumination [36]

Polydimethylsiloxane  
(PDMS)/TiO2

Methylene blue Methylene blue undergoes degradation when PDMS content is lower than 
60%, under UV light illumination

[37] 

Poly(3-hexylthiophene)/TiO2 Methyl orange 88% dye degradation within 10 h, under visible light illumination [TiO2/
poly(3-hexylthiophene ratio: 75:1]

[38]

Polyethylene (PE)/TiO2 Methylene blue Visible light photocatalytic activity. Degradation of 0.3 mg of dye in 1 h [39]

Chitosan/CdS Congo red 85% degradation of the dye within 180 min at pH 6 [40]

Cellulose/ZnO Methylene blue 
Malachite green

93.5% degradation of methylene blue and 99% degradation of malachite 
green within 5 min

[41] 

PMMA/ZnO Methylene blue 100% methylene blue degradation by 80 min [42]

PMMA/CNT Methyl green An adsorption capacity of 6.8 mmol/g at room temperature [43] 

Polypyrrole/zeolite Reactive blue 
Reactive red

86% of reactive blue and 88% of reactive red undergoes degradation [44]

Polylactic acid/Graphene oxide Crystal violet 98% of crystal violet has been removed [45]

Polyacrylic acid/Fe3O4/starch Congo red Methylene 
violet

93% Congo red degradation and 99% methylene violet degradation [46] 

Polyacrylic acid/Fe3O4/
carboxylated cellulose

Methylene blue An adsorption capacity of 330 mg/g [47] 

Polystyrrene/N-doped TiO2 Methylene blue 30% degradation of methylene blue under visible light illumination for 
180 min

[48] 

Polyacrylamide/ZnS Congo red Methyl 
orange

75% degradation of Congo red within 2 h and 69% degradation of methyl 
orange within 4 h

[49] 
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Polymer nanocomposites Dyes used Inference Refereces

Polypyrrole/TiO2 Rhodamine B 85% rhodamine B degradation with 120 min UV irradiation 
Photocatalytic reaction follows pseudo-second-order kinetics

[50] 

PVA/TiO2/Graphene-
multiwalled carbon nanotube

Methylene blue 70 % methylene blue degradation under UV irradiation [51]

Polyether sulfone/TiO2 Methyl orange 100% methylene blue degradation at acidic pH. Follows pseudo-first-
order kinetics

[52]

Polyaniline/Fe Methylene blue, 
malachite green, and 
methyl orange

Complete decolorization of all the dyes within 90 min UV irradiation [53]

TABLE 3.3  (Continued) 



Porous Nanocomposite Polymers for Water Treatment	 67

Cu2+ ions are essential trance elements for drinking water; however, their 
excess concentration causes iron disorder and damage to cell membranes.57,58 
Table 3.4 gives a brief idea about some heavy metal ions in wastewater, their 
sources, health effects, and allowed quantity in drinking water.

Removal of heavy metals from water can be achieved via various processes 
such as adsorption, precipitation, ion exchange, solvent extraction, reverse 
osmosis, and electrochemical methods. Adsorption is relatively simple, cost-
effective, and excellent removal potential and can be implemented easily.59 
Adsorption mechanism has been defined by the physicochemical feature of 
both the adsorbent and heavy metals and the operating conditions such as 
pH of the solution, temperature, contact time, concentration of the adsorbent, 
and initial concentration of the adsorbate. Figure 3.11 shows a schematic 
representation of an adsorption process.59,60 Metal ions of wastewater get 
adhered to the surface of high surface area porous adsorbent. The adsorption 
process is highly selective, that is, one or more metal ions can be selectively 
removed from a mixture of metal ions.

Polymer nanocomposites were reported to be very effective for metal 
ion removal, and the basic mechanism is the adsorption of these metal ions 
onto the nanocomposite surface. Compared to neat polymers, polymer 
nanocomposites exhibit higher adsorption capacity, owing to the presence 
of a greater number of active surface groups for interactions. An article by 
Saad et al. reported the development of ZnO@chitosan core–shell-structured 
nanocomposites for the removal of heavy metal ion from wastewater.64 The 
synthesis strategy has been presented in Figure 3.12. Chitosan, the natural 
polymer has hydroxyl (–OH) and amino groups (–NH2) in their structure, 
which acts as active sites for the dye adsorption.65

The adsorption studies were performed by means of batch experiments 
with Cu2+, Cd2+, and Pb2+ ions. The rate of removal has been assessed in terms 
of various parameters such as pH, time of contact, dose of adsorbent, and 
initial concentration of the metal ions, and the results have been presented 
in Figure 3.13.

For Pb2+ ions, 90% removal has been achieved at pH 6. However, for Cd2+ 
and Cu2+ ions, the pH for obtaining maximum percentage removal is 6.5 and 4, 
respectively, as indicated by Figure 3.13a. For Cu2+ ions, after pH 6 formation 
of precipitate occurs. In the case of Pb2+ and Cd2+, adsorption increases when 
pH increases from 3 to 6, after that it shows a decreasing trend. At a pH less 
than 3, chitosan amino groups get protonated to form NH3

+, leading to a reduc-
tion in percentage adsorption.66 As the pH increased, the competition between 
the toxic ions and protons decreased. The equilibrium time was 30 min for 
Pb2+ and 60 min for both Cd2+ and Cu2+ ions (Figure 3.13b). The optimum 
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TABLE 3.4  Typical Heavy Metal Ions in Wastewater, Their Health Issues, and Permitted Limits in Drinking Water as Per WHO Organizations.

Metal ions Sources61–63 Affected organs/systems Permitted 
level (µg)61–63

Pb (lead) Batteries, alloys, solder, and rust inhibitors Kidney, bone, hematological systems, cardiovascular, 
and reproductive systems

10

As (arsenic) Electronic components and production of glass Lungs, skin, brain, cardiovascular, and immunological 
systems

10

Cu (copper) Cable and electronic industry, plumbing products 
(corroded)

Liver, cornea, gastrointestinal systems, lungs, 
immunological, and hematological systems

2000

Ni (nickel) Production of nickel alloys and stainless steel Gastrointestinal diseases, lungs, kidneys, pulmonary 
fibrosis, and skin

70

Hg (mercury) Agricultural and landfills runoffs, production of 
chlorine and caustic soda, refineries, laboratory 
apparatus, and electrical instruments

Liver, kidney, brain, immunological, cardiovascular, 
endocrine, and reproductive systems

6

Cr (chromium) Steel and pulp mills Kidney, lungs, brain, skin, pancreas, reproductive, and 
gastrointestinal systems

50

Cd (cadmium) Plastic industries, steel industries, metal refineries, 
paints, batteries, and galvanized pipes

Liver, kidney, lungs, testes, bones, immunological, and 
cardiovascular systems

3

Zn (zinc) Cosmetics, deodorants, rubber products, and brass 
coatings

Vomiting, nausea, anemia, stomach cramps, and skin 
irritations

3000
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removal was observed at lower adsorbent dosage. Maximum removal of Pb2+ 
is at 0.1 g/L and both Cu2+ and Cd2+ are at 0.5 g/L of the adsorbent as indicated 
by Figure 3.13c. Increasing the initial metal ion concentration causes a reduc-
tion in the efficiency of removal, owing to the decrease in number of active 
sites for adsorption in the nanocomposites (Figure 3.13d).

FIGURE 3.11  Schematic representation of an adsorption process.

FIGURE 3.12  Development of ZnO@chitosan core–shell-structured nanocomposites.

Source: Reprinted with permission from Ref. [64]; copyright © Elsevier.

An interesting article by Mohammadnezhad et al. reported the fabrication 
of PMMA/MCM-41 silica and polystyrene (PS)/MCM-41 silica nanocom-
posites for the removal of Cd2+ metal ions.67 Initially, the MCM-41 silica 
particles were treated with a silane coupling agent APTS (3-animopropyl 
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triethoxy silane) to anchor PMMA and PS. A schematic representation of the 
synthesis strategy has been depicted in Figure 3.14.

FIGURE 3.13  Effect of (a) pH, (b) time, (c) dose of adsorbent, and (d) initial concentration 
of heavy metals on rate of removal by ZnO@chitosan nanocomposites. 

Source: Reprinted  with permission from Ref. [64]; copyright © Elsevier.

Effect of pH, initial concentration of the metal ion, and contact time on 
adsorption efficiency have been investigated. At lower pH, adsorption is not 
efficient, owing to the greater interaction of H+ ions with Cd2+ ions. The 
optimum pH for maximum adsorption was found to be 5, with 240 min. 
The maximum adsorption capacity of PMMA and PS nanocomposites has 
been observed to be 10.5 and 26.8 mg/g, respectively. Also, it was found 
that the mechanical characteristics of the nanocomposites were significantly 
improved compared to neat PMMA and PS.

In another study, a series of polymer nanocomposites, namely, APTS-
MCM-41/PMMA, APTS-MCM-41/PS, APTS-MCM-PVA, and APTS-
MCM-Nylon 6, have been developed for the removal of Cr6+ ions.68 Figure 3.15 
shows the effect of pH on the percentage removal of the nanocomposites.
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FIGURE 3.14  Development of APTS-MCM-41/PMMA and APTS-MCM-41/PS nano-
composites for Cd2+ ion removal. 

Source: Reprinted with permission from Ref. [67]; copyright © Elsevier.

FIGURE 3.15  pH versus percentage removal plot of nanocomposites based on PMMA, 
PVA, nylon 6, and PS (m: APTS). 

Source: Reprinted  with permission from Ref. [68]; copyright © American Chemical Society.
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pH and percentage removal exhibit an inverse relationship. A sudden 
rise in removal (%) has been observed in the pH range 1–2. Further increase 
in pH causes a reduction in the removal efficiency, for all the nanocompos-
ites. Therefore, the optimum pH was found to be 2. At lower pH, that is, 
less than 2, Cr(6+) exists in the form Cr2O7

2−, CrO4
2−, and HCrO4

−, whereas 
HCrO4

− in the pH range 2–5. When the pH is greater than 5, the main form 
of Cr(6+) is CrO4

2− ions. At lower pH, the functional groups of nanocom-
posites get protonated to a greater extent and it favors the adsorption of 
Cr(6+) ions, owing to the interaction between the oppositely charged ions. 
When the pH increases, this interaction decreases, causing a reduction in 
the Cr(6+) adsorption. The removal efficiency of the nanocomposites has 
been observed to be in the range of 61–85; however, no systematic study 
has been reported on the reusability of the nanocomposites for Cr(6+) 
removal.

Nanocomposites containing zirconium phosphate nanoparticles (ZrP–Cl, 
ZrP–N, ZrP–S) and macroporous PS resins having different surface groups 
(CH2Cl and –CH2N

+(CH3)3) were developed for Pb2+ ion removal.69 The 
results proved that, for better dispersion of zirconia nanoparticles, charged 
functional groups (–CH2N

+(CH3)3) were more effective than neutral func-
tional groups (CH2Cl). ZrP–N and ZrP–S showed greater removal efficiency 
of Pb2+ ions than ZrP–N.

3.5 POLYMER NANOCOMPOSITES FOR WATER DISINFECTION

The microorganisms in the drinking water influence human health to a 
greater extent. Therefore, removal of these microorganisms by killing the 
pathogens or their deactivation is highly essential. In view of this, several 
polymer nanocomposites, showing antibacterial activity, have been reported 
to be a promising candidate for disinfecting drinking water. Cellulose/Ag 
nanocomposites which exhibit antimicrobial properties and excellent water 
permeability have been utilized for water treatment.79 Figure 3.16 shows a 
comparison of antibacterial activity of the cellulose nanofibers and cellulose/
Ag nanocomposites. It has been observed that after 48 h, there are no bacte-
rial colonies in cellulose/Ag nanocomposite systems.

An interesting article by Munnawar et al. reported the fabrication of 
polyethersulfone antifouling membranes, by incorporating chitosan/ZnO 
onto polyether sulfone matrix.80 Figure 3.17 shows the permeability of the 
samples with respect to chitosan/ZnO hybrid nanoparticle content. As the 
chitosan/ZnO content increases, the water flux also increases. The lowest 
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water flux has been observed for MH0 sample, due to the hydrophobic nature 
of the polyether sulfone membranes, and the highest water flux for MH3, 
which contained 15 w/w% chitosan/ZnO hybrid nanoparticles. Improved 
pore size and hydrophilicity make better attraction of water molecules and 
increased permeability.

TABLE 3.5  Some Polymer Nanocomposites Employed for Removing Heavy Metals.

Polymer nanocomposites Metal ions Inference References
Polyaniline/rGO  
(reduced graphene oxide)

Hg2+ Adsorption capacity was 1000 mg/g [70]

Chitosan/GO/ferrite Cr4+ An adsorption capacity of 270 mg/g 
at pH 2

[71]

Cellulose/TiO2 
nanocomposites

Zn2+

Cd2+

Pb2+

Adsorption capacity for Zn2+, Cd2+, 
and Pb2+ was 102.02, 102.05, and 
120.5 mg/g, respectively

[72]

Polyacrylamide/
Montmorillonite 
nanocomposites

Co2+  
Ni2+

98. 7% of Co2+ and 99.3% Ni2+ have 
been removed at pH 6

[73]

PMMA/Silica 
nanocomposites

Cu2+ The nanocomposites exhibited a 
maximum adsorption capacity of 42 
mg/g at pH 4 within 140 min

[74]

Polyaniline/ZnO Cr6+ Maximum adsorption capacity of 
345 mg/g of Cr6+

[75]

Polyacrylamide/Bentonite 
hydrogel nanocomposites

Cd2+ 
Pb2+

Within the initial 20 min, more than 
95% of Pb2+ and Cd2+ ions were 
removed. Maximum adsorption 
capacity for Pb2+ and Cd2+ was found 
to be 138 and 200 mg/g, respectively

[76]

Bacterial cellulose/TiO2 Pb2+ 90% of Pb2+ removal within 120 min 
at pH 6

[77]

Poly(acrylic acid)/Starch/
Fe3O4

Cu2+ 
Pb2+

88% Pb2+ and 95% Cu2+ have 
been removed at pH 5.5 and 6, 
respectively

[78]

The antibacterial results have been presented in Figure 3.18. The zone 
of inhibition increased with an increase in nanoparticle content. Further, the 
diameter of zone in Gram-positive bacteria is higher than those in Gram-
negative bacteria. ZnO produces reactive oxygen species; Gram-negative 
bacteria are more resistant because their cell walls have outer membrane and 
are more complex.
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FIGURE 3.16  (a) Bacterial colonies in water, in contact with cellulose nanofibers and (b) 
water in contact with cellulose nanofibers/Ag nanocomposites (Ag: 3.6 wt%). 

Source: Reprinted with permission from Ref. [79]; copyright © Elsevier.

FIGURE 3.17  Water flux versus chitosan/ZnO hybrid nanoparticles loading in polyether 
sulfone matrix. 

Source: Reprinted with permission from Ref. [80]; copyright © Elsevier. (MH0: polyether 
sulfones without chitosan/ZnO; MH1: 5 w/w% chitosan/ZnO; MH2: 10 w/w% chitosan/ZnO; 
MH3: 15 w/w % chitosan/ZnO).

In another study, polycaprolactone/ZnO nanocomposite membranes which 
exhibit antibacterial activity against Staphylococcus aureus and Escherichia 
coli have been developed.81 Polypyrrole/carbon nanotube (CNT)/Ag 
nanocomposites were developed via oxidative polymerization of pyrrole with 
silver nitrate in presence of CNT.82 The nanocomposites were employed for the 
removal of bacteria in water, and the removal efficiency was found to be 87%.
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FIGURE 3.18  Antibacterial activity of chitosan/ZnO–polyether sulfone membranes: (a) 
Staphylococcus aureus, (b) Bacillus cereus, (c) Escherichia coli, and (d) Salmonella typhi.
Source: Reprinted with permission from Ref. [80]; copyright © Elsevier.

Even though the nanocomposites exhibit good antimicrobial properties 
that have been used for treating water, their large-scale production with 
minimal cost is highly challenging. The following things should be 
considered, such as (1) nanocomposites showing activity against larger 
number of microorganisms and (2) evaluation of the antibacterial activity 
by employing advanced techniques to understand the deeper idea about the 
mechanism of antibacterial activity.

3.6 CONCLUSIONS AND FUTURE PERSPECTIVES

This chapter highlights the present scenario of employing polymer nano-
composites for wastewater treatment and remediation. Application of 
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nanomaterials in various field increases exponentially, day by day. Polymer 
nanocomposites have great significance in the development of materials 
science. Excellent physical and chemical characteristics of the partners of 
polymer nanocomposites make them smart materials. We have seen the use 
of a variety of polymer nanocomposites for wastewater remediation and 
treatment. They were found to be very apt for organic dye removal from 
industrial water and heavy metal ion removal from water/wastewater and 
also can act as antifouling membrane for water purifications.

Wastewater treatment and remediation by polymer nanocomposites 
are very safe; special attention has to be taken during the development, 
reuse potential, and environmental and human health impacts. In-depth 
analysis has to be done on the influence of polymer chemistry on the 
dispersion and distribution of nanoparticles and the effect of nanoparticle 
immobilization on the properties of nanocomposites. The interaction 
between the polymer nanocomposites and targeted pollutants should be 
analyzed by modern analytical tools. The extension of laboratory-scale 
experiments into industrial processes is highly challenging. So, multidis-
ciplinary research among academics, research institutions, government, 
and industries is essential to mitigate water scarcity issues and related 
problems.
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CHAPTER 4

ABSTRACT

This chapter presented the structure, classification, and chemical composition 
of various organo-mineral composite materials and a descriptive analysis of 
their adsorption behavior. This work is devoted to the synthesis and research 
of the adsorption properties of composite materials based on silica and 
aluminosilicate minerals of Ukraine immobilized by different methods in 
their surface layer with polymers of different chemical natures in relation 
to toxic metal ions. The main factors influencing the adsorption properties 
of such organo-mineral composites are considered, namely, the chemical 
nature of the polymer, the inorganic carrier, and the method of fixing the 
polymer on the surface. This chapter confirmed that modified forms of clay 
minerals have excellent feasibility in removing different toxic aquatic metal 
pollutants.
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4.1 INTRODUCTION

The constant increase in the volume of polluted natural and wastewater 
due to anthropogenic influence requires the search for new safe methods 
of their treatment. Existing chemical and physicochemical methods of 
cleaning polluted water (chlorination, ozonation, osmosis, etc.), consisting 
of active chemical action or physical impact on water, allow to remove 
pollutants from it. At the same time, the physical and chemical proper-
ties of water deteriorate and the natural balance of salts dissolved in it is 
disturbed. The set of these factors has already begun to have a significant 
impact on the state of local water ecosystems and the Earth’s hydrosphere 
as a whole.

At the same time, in nature, there are safe methods of water purifica-
tion with equalization of the salt balance in it when water passes through 
surface and underground horizons of minerals that have great adsorption 
properties for anthropogenic toxic substances (clays, aluminosilicates, 
zeolites, etc.). Such a mechanism worked and ensured a balance between 
the planet’s geospheres throughout their existence. Accordingly, its reason-
able use should form the basis of the most modern technologies of water 
purification. The addition of such natural mineral adsorbents during the 
purification of wastewater and polluted natural waters at the settling stage 
allows to get rid of dangerous anthropogenic pollutants by adsorption 
without adding chemical reagents and to improve the structure and miner-
alization of water.1

As ecologically safe industrial adsorbents-cleaners, the use of natural 
aluminosilicate minerals of Ukraine, such as saponite (the largest deposits 
are in the Khmelnytskyi region of Ukraine), Transcarpathian clinoptilolites 
of the Sokyrnytskyi and Tushinsky deposits, bentonite, vermiculite, colored 
clays of the Luhansk region and Crimea, is promising. These minerals are 
widely known for their adsorption properties for a number of toxic organic 
substances, toxic metal ions, pathogenic bacteria, and so on.2–8 However, 
their natural properties can be improved, in particular, by fixing on their 
surface homo- or copolymers of different chemical natures, which are able to 
participate in the processes of complex formation or ion exchange, resulting 
in composite materials with valuable sorption properties.

The main drawback of the development of new wastewater treatment 
technologies, which include adsorption processes, is the emergence of a 
new type of waste—the solid phase of the adsorbent. In our opinion, the 
insufficient practical use of Sokyrnytsky clinoptilolite, whose deposits have 
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long been industrially developed, is caused by this very reason. Today, the 
question of the patterns and conditions of possible desorption of toxic ions 
and substances from the surface of this zeolite remains open, and as a result, 
the safety conditions of its burial and storage with adsorbed toxicants are 
unclear.

In Ref. [1], we showed that the granular fraction of Sokyrnytskyi 
clinoptilolite without additional thermal or chemical treatment can be used 
for further purification of wastewater from heavy metal cations that enter 
biological treatment facilities after treatment by physicochemical methods. 
This process occurs by adding clinoptilolite to water and contact in a static 
mode with periodic movement during one day from Mn(II), Cu(II), and 
Pb(II), during 5 days—from Fe(III) and Zn(II). After that, the solid phase 
of clinoptilolite can be used as a component of hard road surface and in 
technical construction, since the adsorbed ions of toxic metals are practically 
not washed off the surface of this zeolite by precipitation (rain and melt 
water).

In Ref. [8], we found that Podilsky saponite and clinoptilolites of the 
Sokyrnytskyi and Tushinsky deposits show adsorption activity for oxoanions 
Cr(VI), Mo(VI), W(VI), and As(V) and can be effectively used to clean 
polluted natural water bodies (lakes, ponds, small rivers) and sewage sludge.

The main methods of fixing polymers on the surface of inorganic matrices 
are physical and chemical fixation, sol–gel method, and in-situ immobiliza-
tion. Each of these methods has its advantages and disadvantages.

Fixation on the surface of porous inorganic matrices of polyelectrolytes 
with a quaternary nitrogen atom either in the side chain (polycations) or 
in the main chain (polyionenes) allows to obtain effective adsorbents with 
ion-exchange properties for anionic forms of such anthropogenic inorganic 
pollutants as acid residues of mineral acids (in particular, nitrates, phosphates, 
arsenates) or oxoanions of multivalent metals (chromates, molybdates, tung-
states, vanadates, and their polyanions).9

In Refs. [10–12], we showed that in-situ immobilization of the surface 
of saponite from the Tashkiv deposit (Khmelnytskyi region, Ukraine) and 
clinoptilolite from the Sokyrnytsky deposit (Transcarpathia, Ukraine) with 
polyaniline leads to an increase in the sorption capacity of these minerals for 
phosphate and arsenate ions in neutral aqueous environment in 2–3 times.

Immobilization of polymers with nitrogen-, sulfur-, or oxygen-containing 
groups in the main chain, which can be ligands, allows to obtain adsorbents 
with complexing properties, which effectively remove cations of transition 
toxic metals from wastewater.
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4.2 EXPERIMENTAL METHODS AND MATERIALS

4.2.1 METHODS

4.2.1.1 FTIR SPECTRA

FTIR spectra of the samples of composite and the original mineral were recorded 
using an IR spectrometer with Fourier transformation (Thermo Nicolet Nexus 
FT-IR, USA). For this purpose, the samples were ground in an agate mortar 
and pressed with KBr. The FTIR spectra were recorded in the spectral range of 
500–4000 cm−1 with 16 scans per spectrum at a resolution of 4 cm−1.

4.2.1.2 THERMAL ANALYSIS

The amount of immobilized polymer on the surface of the modified saponite was 
evaluated by thermogravimetric analysis, which was obtained on a synchronous 
TG/DTA analyzer “Shimadzu DTG-60 H” (Shimadzu, Japan) in the temperature 
range 15–1000°C. The heating rate of the samples was 10°/min.

Differential scanning calorimetry was performed on an instrument “STA 
449 Jupiter F1” (Netzsch, Germany) with a mass spectroscopic attachment 
“QMS 403C” (Germany).

4.2.1.3 LOW-TEMPERATURE ADSORPTION–DESORPTION OF NITROGEN

The values of the specific surface area and the average pore diameter were 
calculated from the isotherms of low-temperature adsorption–desorption of 
nitrogen using sorbometer software “ASAP 2420 V1.01” (Micromeritics, 
USA). Before measurement, the samples were degassed at 100°C for 24 h.

4.2.1.4 SURFACE MORPHOLOGY ANALYSIS

The surface morphology of composite was observed by using a scanning 
electron microscope (SEM, LEO 1430VP, Carl Zeiss, Germany).

4.2.1.5 DESCRIPTION OF ADSORPTION PROCESSES

Properties of the obtained composite to adsorb Cu(II), Pb(II), Cd(II), and 
Fe(III) were studied in static mode. Working solutions of nitrates of the 
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corresponding metals were prepared in volumetric flasks of 25, 50, or 100 
ml, diluting the solutions to the mark with water, and then added the required 
volume to flat-bottomed flasks containing 0.1 g of adsorbent. The reaction 
was proceeding while the flasks were shaken mechanically. Equilibrium 
concentrations of ions were measured using atomic absorption methods.

Working nitrate solutions of Cu(ІІ), Pb(II), and Fe(ІІІ) are prepared with 
the sets of “standard sample solutions” of these salts on 1 М НNO3 back-
ground (produced by A.V. Bogatsky FHI in Odesa) with concentrations of 1 
and 10 mg/ml.

4.2.1.6 ANALYSIS OF ION CONCENTRATIONS

Sorption capacity (A) was calculated by the following formula:

	 A = (c0 − [М])V/m	 (4.1)

where c0 is the concentration of the metal in the starting solution, [М] is the 
concentration of the metal at equilibrium, V is the volume of the starting 
solution, and m is the mass of the сomposite.

Atomic absorption spectrophotometer “C115-M” (Ukraine) in the flame of 
a mixture of “acetylene–air” was used to measure the equilibrium concentra-
tion of copper(II), cadmium(II), lead(II), and iron(III). Equilibrium concentra-
tion in solutions was calculated by comparing the intensities of spectral lines 
with those for standard solutions. Maxima wavelengths were 324.7 nm for 
Cu(II), 228.8 nm for Cd(II), 283.3 nm for Pb(II), and 248.3 nm for Fe(III), 
aperture being 0.5 cm wide.

4.3 RESULTS AND DISCUSSION

4.3.1 SYNTHESIS, STUDY OF THE STRUCTURE, AND SORPTION 
PROPERTIES OF A COMPOSITE BASED ON CLINOPTILOLITE OF THE 
TUSHINSKY DEPOSIT WITH IN-SITU IMMOBILIZED POLY 
[N-(4-CARBOXYPHENYL)METHACRYLAMIDE] WITH RESPECT  
TO CU(II), PB(II), AND CD(II) IONS

Poly[n-(4-carboxyphenyl)methacrylamide]-clinoptilolite composite (hereafter 
clinoptilolite]‒PKSF-MKA) was synthesized by radical polymerization of 
4-carboxyphenylmethacrylamide, carried out in the presence of clinoptilo-
lite from the Tushinsky deposit.13 The scheme of in-situ immobilization of 
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poly[n-(4-carboxyphenyl)methacrylamide] on the surface of clinoptilolite is 
presented in Figure 4.1.

FIGURE 4.1  Reaction scheme of in-situ polymerization of 4-carboxyphenylmethacrylamide 
on the surface of clinoptilolite.

The fact of in-situ polymerization on the surface of clinoptilolite was 
established by means of a comparative analysis of the IR spectra of the 
original (a) and modified (b) clinoptilolite (Figure 4.2). The comparative 
analysis of the IR spectra proves that in the spectrum of the composite clino-
ptilolite]‒PKSF-MKA, on unlike the original clinoptilolite, a broad absorp-
tion band is observed in the region of 3400 cm−1, which appeared as a result 
of the formation of a hydrogen bond between the polymer and clinoptilolite. 
The absorption band in the region of 2930 cm−1 can be attributed to valence 
vibrations υ(С–H) bonds. The band in the region of 1660 cm−1 is due to 
υ(С=О) bonds and in the region of 1510 cm−1 due to the vibrations of the 
amide system “2” (υ(C–N) + υ(NH). In the spectrum of the composite in the 
region from 1410 to 1180 cm−1, there are intense absorption bands that can be 
attributed to the vibrations of the aromatic system of the polymer,16 and the 
band around 800 cm−1 to the deformation vibrations of the CH– bonds of the 
polymer. Also, both spectra show an intense absorption band in the region of 
1080 cm−1—this is υ(Si–O) (please refer to Figure 4.2).

In order to determine the amount of immobilized polymer, a thermogravi-
metric analysis of the original clinoptilolite and the synthesized clinoptilo-
lite]‒PKSF-MKA composite was carried out. The resulting thermograms are 
shown in Figures 4.3 and 4.4. From the given thermograms, it can be seen 
that the majority of the immobilized polymer decomposes in the temperature 
range from 100 to 500°C. At the same time, 18.6 ± 0.1 wt% of the mass of the 
composite is lost. Taking into account the fact that the mass loss of the original 
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clinoptilolite in this temperature range is 8.9 ± 0.1 wt%, the mass fraction of 
the immobilized polymer in the synthesized composite was calculated, which 
is 9.7 ± 0.1 wt%.

FIGURE 4.2  IR spectra of the original clinoptilolite (a) and the clinoptilolite]‒PKSF-MKA 
composite (b).

FIGURE 4.3  Thermogram of the original clinoptilolite.

Figure 4.5a shows the thermogram of the clinoptilolite]‒PKSF-MKA 
composite combined with the mass spectrum in 3D format, and Figure 
4.5b shows the mass spectrum of the synthesized composite in 2D format. 
Mass spectral studies show that thermal degradation of the polymer is 
mainly observed at a temperature higher than 400°C. At the same time, the 
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main products with a relative mass of 28 Da are CO and (or) N2, 44—СО2, 
18—water.

FIGURE 4.4  Thermogram of the clinoptilolite]‒PKSF-MKA composite.

	 (a)	 (b)

FIGURE 4.5  TG–MS-3D (a) and MS-2D (b) composite clinoptilolite]‒PKSF-MCA.

The number of carboxyl groups in the composition of poly[N-(4-car-
boxyphenyl)methacrylamide] immobilized on the surface of clinoptilolite 
was determined by acid–base titration with 0.01 N NaOH. According to 
the results of the calculations of the obtained experimental titration data 
(excluding the titration data of the original clinoptilolite), it was found that 
the number of carboxyl groups, which is equal to the number of active ones in 
terms of participation in the complexation of the centers of the immobilized 
polymer in the composition of the composite, is 0.17 mmol/g.
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To study the surface morphology of the clinoptilolite]‒PKSF-MKA 
composite, nitrogen adsorption–desorption isotherms of the original clino-
ptilolite and composite were obtained. The obtained isotherms are similar 
and belong to type III isotherms according to the IUPAC classification.14 The 
obtained data indicate that the immobilized polymer practically does not 
affect the structure of the surface layer of clinoptilolite.

A detailed comparison of the surface parameters of the original clinopti-
lolite and the synthesized composite (clinoptilolite]‒PKSF-MKA) based on 
the conducted research and literature data is presented in Table 4.1. From the 
data in this table, it can be concluded that

•	 the surface area after immobilization is insignificantly reduced, which 
is a logical result of fixation on the surface of a nonporous polymer;

•	 pores with a size of 30–40 nm prevail in this composite. Therefore, 
after polymer modification, the surface of clinoptilolite has a macro-
porous character;

•	 polymer modification “smoothes out” the pores of the original 
mineral, reducing their depth and expanding them. This is evidenced 
by a simultaneous 2.5-fold increase in the size of pores and a halving 
of their volume.

TABLE 4.1  Comparison of Surface Parameters of the Original Clinoptilolite and Composites 
Synthesized on Its Basis.

Sample Sspecific surface (m
2/g) Average pore 

volume (cm3/g)
Average pore 
size (nm)According to 

the isotherm
BJH Langmuir

The original 
clinoptilolite

13 23 14 0.04 13

Clinoptilolite]‒
PKSF-MKA

3 3 5 0.02 32

Changes in the surface morphology of clinoptilolite after modification 
with poly[p-(4-carboxyphenyl)methacrylamide] were monitored using scan-
ning electron microscopy (SEM). SEM photo of the original clinoptilolite 
and clinoptilolite]‒PKSF-MCA is shown in Figure 4.6. Analysis of these 
photographs confirms the above assumption about changes in the porosity 
of the original mineral as a result of surface modification with the selected 
polymer. At the same time, the method of placing the polymer on the surface 
can be attributed to the “film” method, which is the best option for placing 
the polymer on a solid surface for participation in complexation processes.
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FIGURE 4.6  SEM image of the original clinoptilolite (magnification 5000×) (a) and the 
clinoptilolite]‒PKSF-MCA composite (magnification 50,000) (b).

Sorption characteristics of the clinoptilolite]‒PKSF-MKA composite 
with respect to Cu(II), Cd(II), Pb(II), Mn(II), and Fe(III) ions were studied 
in static mode according to the method described in detail in Ref. [13]. When 
the synthesized composite came into contact with NaHCO3 solution (pH 
8.1), partial washing of the immobilized polymer was observed, as a result 
of which the solution took on a yellow color.

The results of studies of the sorption capacity of the clinoptilolite]‒
PKSF-MKA composite for Cu(II), Pb(II), Mn(II), Fe(III), and Cd(II) ions at 
different values of acidity and chemical composition of the medium proved 
that the synthesized composite shows the highest sorption activity for trace 
amounts of all investigated metals in a neutral environment without the 
addition of buffer solutions. However, the maximum sorption of Fe(III) ions 
was recorded in a weakly acidic environment in the presence of a phthalate 
buffer. Therefore, further study of the sorption properties of the clinoptilo-
lite]‒PKSF-MKA composite was carried out with initial solutions of Cu(II), 
Pb(II), and Cd(II) salts without adding buffers.

As a result of studies of the dependence of the degree of sorption of Cu(II), 
Pb(II), and Cd(II) ions on the surface of the clinoptilolite]‒PKSF-MKA 
composite on the contact time in the static mode, it was found that all studied 
ions are maximally sorbed within 30 min of contact. After that, the sorption 
equilibrium is established and the degree of sorption changes slightly. In order 
to establish the values of the sorption capacity of the modified clinoptilolite 
with respect to selected transition metal ions, their sorption isotherms were 
constructed and compared with the isotherms for the original clinoptilolite. 
The obtained Cd(II) ion sorption isotherms are presented in Figure 4.7 as an 
example.
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FIGURE 4.7  Cd(II) ion sorption isotherm on the original clinoptilolite (1) and the clinoptilo-
lite]‒PKSF-MKA composite (2).

Based on the obtained isotherms, a preliminary conclusion can be made 
that the sorption capacity of clinoptilolite after modification with poly[N-
(4-carboxyphenyl) methacrylamide] increases with respect to all studied 
ions. This phenomenon is most likely explained by complexation processes 
with nitrogen or oxygen atoms of the immobilized polymer. All obtained 
isotherms belong to the 2L type, which allows to calculate the sorption 
capacity of the composite with respect to the selected metal ions.

The sorption capacity of the modified mineral with respect to each of the 
studied transition metal ions was calculated from the data of the sorption 
isotherms and presented in Table 4.2. The data in Table 4.2 allow us to assert 
that the sorption capacity of clinoptilolite after in-situ modification with 
poly[N-(4-carboxyphenyl)methacrylamide] in the molar ratio increases by 
1.9 times with respect to Pb(II) ions, 1.4 times with respect to Cd(II) ions, 
and 1.8 times with respect to Cu(II) ions.

Comparing the data in Table 4.2 with the concentration of complexation-
active centers in the composition of immobilized poly[N-(4-carboxyphenyl)
methacrylamide] on the surface of clinoptilolite (found according to acid–
base titration data (0.17 mmol/g)), it can be stated that a small part (less 
than 10%) of these active centers took part in complexation with the studied 
ions. Taking into account the rather successful (“film”) arrangement of the 
polymer on the surface of clinoptilolite for complexation processes, the 
obtained results can be explained by the chemical nature of the polymer.
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TABLE 4.2  Comparison of the Sorption Capacity of the Clinoptilolite]‒PKSF-MKA 
Composite and the Original Clinoptilolite with Respect to Cu(II), Pb(II), and Cd(II) Ions.

Cation Sorption capacity
Clinoptilolite Clinoptilolite]‒PKSF-MKA

mmol/g mg/g mmol/g mg/g
Pb(ІІ) 0.010 1.982 0.019 3.952
Cd(ІІ) 0.022 2.463 0.030 3.345
Cu(ІІ) 0.009 0.576 0.016 1.024

4.3.2 SYNTHESIS, STUDY OF THE STRUCTURE, AND SORPTION 
PROPERTIES OF COMPOSITES BASED ON CLINOPTILOLITE FROM 
THE TUSHINSKY DEPOSIT WITH IN-SITU MODIFIED AND ADSORBED 
POLY[8-OXYQUINOLINE METHACRYLATE] WITH RESPECT TO CU(II), 
PB(II), FE(III), AND MN(II) IONS

By radical polymerization of 8-oxyquinoline methacrylate, carried out 
in the presence of clinoptilolite from the Tushinsky deposit, a composite 
clinoptilolite-poly[8-oxyquinoline methacrylate] (hereinafter, clinoptilo-
lite]‒POKSYN-MK (in situ)) was synthesized.15 Figure 4.8 shows the reac-
tion scheme of in-situ polymerization of 8-oxyquinoline methacrylate on the 
mineral surface.

FIGURE 4.8  Reaction scheme of in-situ polymerization of 8-oxyquinoline methacrylate on 
the surface of the mineral.

By adsorption on the surface of this clinoptilolite poly[8-oxyquinoline 
methacrylate], clinoptilolite]‒POKSYN-MK (absorb) was synthesized.16

The fact of immobilization of poly[8-oxyquinoline methacrylate] on the 
surface of clinoptilolite in both cases was confirmed by comparative analysis 
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of the IR spectra of the original mineral and the synthesized composites. 
A comparative analysis of the IR spectra of the synthesized composites 
and the original clinoptilolite proves that a number of new absorption 
bands are observed in the spectra of the composites. The most informative 
for confirming the presence of poly[8-oxyquinoline methacrylate] in the 
surface layer of the selected mineral are a number of bands in the region of 
1200–1800 cm−1, which can be interpreted as follows:

•	 vibrations at 1590–1598 cm−1 correspond to valence vibrations υ(С–N) 
of the quinoline aromatic system;

•	 absorption bands at 1652 cm−1 and 1712 cm−1 correspond to valence 
vibrations of C=O groups;

•	 absorption bands in the region of 1750–1758 cm−1 can be attributed to 
valence vibrations of υ(Ar–COO–R);

•	 absorption bands in the range from 1390 to 1505 cm−1 correspond to 
skeletal vibrations of C–C bonds of the quinoline aromatic system.16

The presence of these absorption bands in the IR spectra of the synthe-
sized composites can be evidence of the presence of poly[8-oxyquinoline 
methacrylate] in their composition.

In order to determine the mass fraction of the polymer in the composition 
of the synthesized composites, their thermogravimetric analysis was carried 
out. The obtained thermograms are shown in Figures 4.9 and 4.10. As follows 
from the data in Figure 4.9, the most intensive thermal destruction of in-situ 
immobilized poly[8-oxyquinoline methacrylate] occurs in the temperature 
range from 120 to 370°С. At the same time, 11.1 ± 0.1 wt% of the mass of 
the composite is lost. Taking into account the fact that the mass loss of the 
original mineral in this temperature range is 8.9 ± 0.1 wt%, respectively, it 
can be concluded that the mass of the in-situ immobilized polymer in the 
composition of the composite is 2.2 ± 0.1 wt%

Figure 4.10 shows that thermal destruction of adsorbed poly[8-oxyquin-
oline methacrylate] occurs in the temperature range from 148 to 417°С. At 
the same time, the mass loss of the composite clinoptilolite]‒POKSYN-MK 
(absorb) is 30.3 ± 0.1 wt%, and the mass loss of the original clinoptilolite 
is 8.9 ± 0.1 wt%. Therefore, the mass fraction of adsorbed polymer in the 
composition of this composite is 21.4 ± 0.1 wt%.

In order to detail the process of thermal destruction of both synthesized 
composites based on clinoptilolite, their thermograms, combined with the 
mass spectrum, were obtained in 3D format (Figure 4.11a and 12a) and a 
number of mass spectra in 2D format at different temperatures, an example 
of which is shown in Figures 4.11b and 4.12b. The analysis of the obtained 
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mass spectra shows that the thermal destruction of the in-situ immobilized 
polymer occurs with the formation of two main compounds, which corre-
spond to the most intense mass peaks (see Fig. 4.11b): at mass 18, which 
corresponds to the formation of water, and at mass 44, which corresponds to 
the release of carbon dioxide.

FIGURE 4.9  Thermogram of the composite clinoptilolite]‒POKSYN-MK (in situ).

FIGURE 4.10  Thermogram of the composite clinoptilolite]‒POKSYN-MK (absorb).

As can be seen from Figure 4.12b, there are three intense peaks in the 
mass spectrum of the composite clinoptilolite]‒POKSYN-MK (absorb), 
which indicate that the thermal destruction of the adsorbed polymer occurs 
mainly with the formation of water (mass peak at 18), carbon(II) oxide (mass 
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peak at 28), and carbon dioxide (mass peak at 44). The two peaks of low 
intensity present in the spectrum can be attributed to the formation of soot 
(mass peak at 12) and ethane (mass peak at 30).

	 (а)	 (b)

FIGURE 4.11  TG–MS-3D (а) and MS-2D (b) of the composite clinoptilolite]‒POKSYN-MK 
(іn situ).

	 (а)	 (b)

FIGURE 4.12  TG–MS-3D (а) and MS-2D (b) of the composite clinoptilolite]‒POKSYN-MK 
(absorb).

The low-temperature nitrogen adsorption–desorption method was used 
to study the surface parameters of clinoptilolite before and after poly[8-
oxyquinoline methacrylate] immobilization. A comparison of the obtained 
nitrogen adsorption–desorption isotherms for the synthesized composites 
based on clinoptilolite and the original mineral shows that these isotherms 
are similar and belong to type IV isotherms according to the IUPAC 
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classification.14 The similarity of nitrogen adsorption–desorption isotherms 
indicates that the surface structure of clinoptilolite does not change as a 
result of polymer fixation.

The values of the surface area of the synthesized composites, the average 
volume, and the pore size of its surface, calculated by computer processing 
using various methods from the data of nitrogen adsorption–desorption 
isotherms, are shown in Table 4.1.

From the data in Table 4.1, it follows that as a result of in-situ immobili-
zation of poly[8-oxyquinoline methacrylate] on the surface of clinoptilolite, 
the specific surface area decreases by 5.7 times, the average pore volume 
decreases by 1.5 times, and the average pore diameter increases by 2.2 times. 
That is, in the case of in-situ polymerization, the immobilization of a small 
mass (2.2%) of the polymer led to a slight decrease in the porosity of the 
mineral surface.

In the composite clinoptilolite]‒POXYN-MK (absorb), the specific 
surface area and average pore volume decrease significantly, and the average 
pore size increases sharply compared to the parameters of the original 
mineral, that is, the porosity of its surface after adsorption of a large mass 
of poly[8-oxyquinoline methacrylate] (21.4% in the composition of the 
composite) sharply decreased.

Changes in the surface morphology of clinoptilolite after in-situ modifi-
cation and adsorption of poly[8-oxyquinoline methacrylate] were monitored 
using SEM. SEM photos of the surfaces of the synthesized composites are 
presented in Figures 4.13 and 4.14. As can be seen from the photos shown 
in Figure 4.13, the in-situ immobilized polymer covers the porous surface of 
the mineral with a thin layer. As a result, the structure of its surface does not 
change but is only slightly smoothed, which is in good agreement with the 
data in Table 4.1.

And the photos shown in Figure 4.14 confirm the fact that a large amount 
of adsorbed polymer tightly covers the porous surface of the mineral, 
significantly reducing its porosity, which also correlates well with the data 
in Table 4.1.

The immobilized polymer in the synthesized composites contains 
oxyquinoline groups, which should easily form complexes with many 
transition metal ions. To confirm these considerations, we investigated the 
sorption of Cu(II), Pb(II), Mn(II), and Fe(III) ions, which have a high affinity 
for 8-oxyquinoline.17 The study of the sorption capacity of the synthesized 
composites with respect to the listed metal ions included the study of the 
sorption rate of selected ions on the surface of the synthesized composites in 
a static mode from aqueous solutions of nitrates, the construction of sorption 
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isotherms for each of the studied metal ions on the surface of the synthesized 
composites from aqueous solutions of nitrates, the determination of the sorp-
tion capacity of the composites with respect to of each of the investigated 
metal ions, and comparing these values with those for the original mineral.

	 (a)	 (b)

FIGURE 4.13  SEM photo of the surface of the clinoptilolite]‒POKSYN-MK composite (іn 
situ): a (magnification 10,000×) and b (magnification 50,000×).

	 (a)	 (b)

FIGURE 4.14 SEM photo of the surface of the clinoptilolite]‒POKSYN-MK composite 
(absorb): a (magnification 10,000×) and b (magnification 50,000×).

It was experimentally found that the time of optimal sorption of Cu(II) 
and Pb(II) ions on the surface of a composite based on clinoptilolite with 
in-situ immobilized poly[8-oxyquinoline methacrylate] in the static mode is 
1 h, and Fe(III) and Mn(II) 2 h. The established optimal time of contact of all 
metal ions with the surface of the composite was taken into account during 
the experiments of constructing sorption isotherms.
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In order to establish the values of the sorption capacity of the synthesized 
composites with respect to selected ions of transition metals, their sorption 
isotherms were constructed. All obtained isotherms made it possible to 
unambiguously establish the sorption capacity of composites with in-situ 
immobilized and adsorbed poly[8-oxyquinoline methacrylate] for selected 
ions. The values of the sorption capacity of the original mineral and the 
synthesized composites for Pb(II), Cu(II), and Fe(III) ions, which are calcu-
lated from the sorption isotherms, are presented in Table 4.3.

TABLE 4.3  Comparison of the Sorption Capacity of the Original Clinoptilolite and Composites 
Based on It with In-Situ Immobilized and Adsorbed Poly[8-Oxyquinoline Methacrylate] for 
Cu(ІІ), Pb(ІІ), and Fe(ІІІ) Ions.

Cations Sorption capacity (mmol/g)
Original 
clinoptilolite

Clinoptilolite]‒
POKSYN-MK (In Situ)

Clinoptilolite]‒
POKSYN-MK (Absorb)

Сu2+ 0.009 0.067 0.094
Fe3+ 0.008 0.011 0.018
Pb2+ 0.010 0.024 0.034

The following conclusions can be drawn from the data in Table 4.3:

•	 In-situ immobilization and adsorption of poly[8-oxyquinoline 
methacrylate] on the surface of clinoptilolite leads to an increase in 
the sorption capacity for Pb(II), Cu(II), and Fe(III) ions compared to 
the original mineral. No increase in sorption capacity was recorded for 
Mn(II) ions. Moreover, the greatest increase was recorded for Cu(II) 
ions, which can be explained by the greatest stability of complexes of 
this metal with oxyquinoline groups.

•	 The sorption capacity of the composite with adsorbed poly 
[8-oxyquinoline methacrylate] for Pb(II), Cu(II), and Fe(III) ions 
is higher (approximately 1.5 times) than that of the composite with 
in-situ immobilized poly[8-oxyquinoline methacrylate], which can be 
explained by a much larger amount of adsorbed polymer compared to 
the in-situ immobilized polymer.

Considering that the mass of poly[8-oxyquinoline methacrylate] adsorbed 
on the surface of clinoptilolite is 10 times greater than that of the in-situ 
immobilized polymer, and the sorption capacity of the in-situ immobilized 
polymer is only 1.5 times lower with respect to Pb(II), Cu( II), and Fe(III), 
we can conclude: the efficiency of active sorption centers during in-situ 
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immobilization is several times higher than as a result of adsorption of the 
finished polymer.

A comparison of the data in Tables 4.2 and 4.3 shows that the composite 
based on clinoptilolite with in-situ immobilized poly[8-oxyquinoline 
methacrylate] is a significantly more effective sorbent for Cu(II) and Pb(II) 
ions than the composite based on clinoptilolite with in-situ immobilized 
poly[N-(4-carboxyphenyl)methacrylamide].

4.3.3 SYNTHESIS, STUDY OF THE STRUCTURE, AND SORPTION 
PROPERTIES OF A SAPONITE-BASED COMPOSITE WITH IN-SITU 
IMMOBILIZED POLY[N-(4-CARBOXYPHENYL)METHACRYLAMIDE]

The composite poly[N-(4-carboxyphenyl)methacrylamide]-saponite (here-
inafter, saponite]‒PKSF-MKA) was synthesized by radical polymerization 
of 4-carboxyphenylmethacrylamide, carried out in the presence of saponite, 
according to the method given in Ref. [18]. The fact of in-situ polymerization 
on the saponite surface was established by comparative analysis of the IR 
spectra of the original (1) and modified (2) saponite, shown in Figure 4.15.

FIGURE 4.15  IR spectra of the original saponite (1) and the saponite]‒PKSF-MKA 
composite (2).

Comparative analysis of the obtained IR spectra proves that in the spec-
trum of the saponite]‒PKSF-MKA composite, unlike the original saponite, 
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there is a broad absorption band in the region of 3440 cm−1, which appeared 
due to the formation of hydrogen bonds between the polymer and the sapo-
nite. The absorption band in the region of 2930 cm−1 can be attributed to 
valence vibrations of (C–H) bonds, the band in the region of 1654 cm−1 to 
υ(СО) bonds (amide I), the band in the region of 1500 cm−1 to vibrations 
of the amide 2 system (υ(C–N) + υ(N–H)). And the band around 860 cm−1 
corresponds to the deformation vibrations of CH bonds of the polymer. Also, 
both spectra show an intense absorption band in the region of 1020–1030 
cm−1, which corresponds to υ(Si–O–Si).16

To determine the concentration and limits of the thermal stability of the 
immobilized polymer, a thermogravimetric analysis of the original saponite 
and the saponite]‒PKSF-MKA composite was performed. The resulting ther-
mograms are shown in Figures 4.16 and 4.17. From the given thermograms, 
it is clear that the majority of the immobilized polymer decomposes in the 
temperature range from 150°С to 500°С. At the same time, 16.9 ± 0.1% of 
the mass of the composite is lost. Taking into account the fact that the mass 
loss of the original saponite in this temperature range is 10.5 ± 0.1 wt%, the 
mass fraction of the immobilized polymer in the synthesized composite was 
calculated, which is 6.4 ± 0.1 wt.%.

FIGURE 4.16  Thermogram of the original saponite.

Figure 4.18a shows the thermogram of the composite combined with the 
mass spectrum in 3D format, and Figure 4.18b shows its mass spectrum 
in 2D format. Mass spectral studies show that thermal degradation of the 
polymer is mainly observed at a temperature higher than 400°C. At the same 
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time, the main products with a relative mass of 18 and 44 Da are water and 
CO2.

FIGURE 4.17  Thermogram of the saponite]‒PKSF-MKA composite.

FIGURE 4.18  TG–MS-3D (а) and MS-2D (b) of the saponite]‒PKSF-MKA composite.

Nitrogen adsorption–desorption isotherms of original saponite and 
the composite saponite]‒PKSF-MKA were obtained to study the surface 
morphology of the composite. All of the isotherms are similar and belong to 
IV type of isotherms and exhibit H3-type hysteresis according to the IUPAC 
classification.14 The shapes of the isotherms indicate that the pores of both 
the saponite and the composite consist of plane-parallel layers, which is in 
a good agreement with the literature data.5–7 The obtained experimental data 
indicate that the immobilized copolymer does not significantly affect the 
surface layer structure of saponite.
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A detailed comparison of original saponite surface parameters and 
composite saponite]‒PKSF-MKA based on our investigations and on the 
literature data is presented in Table 4.4. The data indicate the following:

•	 the surface area after immobilization of the polymer decreases 3.5 
times, which is a logical result of attachment of a nonporous polymer 
on the surface;

•	 modification increases the pore size of saponite, which before and 
after modification has both micro- and mesoporous character.

Analysis of Table 4.4 data allows us to conclude that polymer modifica-
tion “smoothes out” the pores of original mineral, simultaneously reducing 
their depth and expanding them, as evidenced by a simultaneous 1.5-fold 
increase in the size of the pores and a halving of their volume.

TABLE 4.4  Surface Parameters Comparative Characteristics for Original Saponite and the 
Synthesized Composites.

Sample Spit (m
2/g) Average 

pore volume 
(cm3/g)

Average 
pore size 
(nm)

Calculated 
from isotherm

BJH Langmuir

Original saponite 41 42 65 0.08 8
Saponite]‒PKSF-MKA 12 12 18 0.04 10–12
Saponite]‒PMCNM-AzoB 8 8 14 0.04 18
Saponite]‒POQ-MA (іn 
situ)

2 2 2.3 0.01 23

Saponite]‒POQ-MA 
(absorb)

1 1 1.3 0.01 42

Saponite with in-situ 
immobilized copolymer 
poly(4-vinylpyridine-cо-
styrene)

3 3 6.4 0.01 1.4

Changes in saponite surface morphology after modification with poly[N-
(4-carboxyphenyl)methacrylamide] were monitored using SEM. SЕМ photo 
of original saponite and composite saponite]‒PCPh-MAА is presented in 
Figure 4.19.

These photos, first, confirm the above-mentioned assumption about 
changes in the porosity of the original mineral as a result of surface modifica-
tion with the polymer. Second, it allows us to say about the “linear” placing 
the polymer on the saponite surface.
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	 (a)	 (b)

FIGURE 4.19  SEM-photo of the original saponite (a) (magnification 50,000×) and 
composite saponite]‒PKSF-MKA (b) (magnification 50,000×).

Sorption characteristics of saponite]‒PKSF-MKA toward Cu(II), 
Cd(II), Pb(II), and Fe(III) ions were studied in static mode according to 
the method described in Ref. [18]. It was found that partial washing of 
the immobilized polymer was observed at a contact of the synthesized 
composite with NaHCO3 solution (pH 8.1) resulting a yellow color of 
solution acquired.

The sorption capacity of saponite]‒PKSF-MKA for Cu(II), Pb(II), Fe(III), 
and Cd(II) ions was studied at different values of acidity and chemical 
composition of the medium. We have shown that saponite]‒PKSF-MKA 
exhibits the highest sorption activity for microquantities of all investigated 
metals in a neutral medium. Taking into account all of the above, further 
studies of the sorption properties of modified saponite were carried out with 
solutions of Cu(II), Pb(II), Cd(II), and Fe(III) salts without adding buffers.

Studying of the sorption degree dependence from the contact time with the 
surface of saponite]‒PKSF-MKA in the static mode made for Cu(II), Pb(II), 
Fe(III), and Cd(II) ions demonstrated that all the ions are maximally sorbed 
within 30 min contact, and then the sorption equilibrium is established.18

In order to establish the values of the sorption capacity of the composite 
with these ions of transition metals, their sorption isotherms were constructed 
and compared with the sorption isotherms of the original mineral. Examples 
of isotherms of Cd(II) ions are shown in Figure 4.20.

Based on the obtained isotherms, a preliminary conclusion was made 
that the sorption capacity of saponite after in-situ modification with poly[N-
(4-carboxyphenyl)methacrylamide] increases toward Cd(II), Cu(II), and 
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Fe(III) ions and practically does not changes to Pb(II) ions. All obtained 
isotherms belong to the 2L type, which allows us to unambiguously establish 
the value of the sorption capacity of the synthesized composite for each of 
the selected ions.

FIGURE 4.20  Sorption isotherms for Cd(ІІ) ions on the original saponite surface (number 
1) and composite saponite]‒PKSF-MKA (number 2).

The sorption capacity18 of the modified saponite calculated from the 
data of the sorption isotherms is summarized in Table 4.5. The data in 
the table allow us to state that the sorption capacity of the saponite after 
the modification with poly[N-(4-carboxyphenyl)methacrylamide] in the 
molar ratio increases for Fe(III) ions in 1.7 times, for Cd(II) and Cu(II) 
ions in 2 times.

TABLE 4.5  Sorption Capacity Values Comparison for Saponite]‒PCPh-MAА and Original 
Saponite toward Cu(ІІ), Pb(ІІ), Cd(ІІ), and Fe(IІІ) ions.

Cation Sorption capacity
Saponite Saponite]‒PKSF-MKA

mmol/g mg/g mmol/g mg/g
Fe(ІІІ) 0.014 0.78 0.024 1.34
Pb(ІІ) 0.016 3.31 0.018 3.73
Cd(ІІ) 0.002 0.30 0.005 0.59
Cu(ІІ) 0.017 1.08 0.033 2.09
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4.3.4 SYNTHESIS, STRUCTURE INVESTIGATIONS, AND SORPTION 
PROPERTIES OF SAPONITE CLAY IN SITU MODIFIED WITH 
POLY[4-METHACRYLOYLOXY-(4′-CARBOXY-2-NITRO-5-METHYL)
AZOBENZENE] TOWARD CU(II), MN(II), PB(II), AND FE(III) IONS

Preliminarily model studies showed that the composite based on silica gel, in 
situ modified with poly[4-methacryloyloxy-(4′-carboxy-2-nitro-5-methyl)
azobenzene], showed the best sorption properties concerning toxic metal 
ions among the other composites of silica gels in situ modified with various 
polymer azodyes.19

Therefore, it was expedient to establish how the saponite properties will 
improve after the modification of their surface with poly[4-methacryloyloxy-
(4′-carboxy-2-nitro-5-methyl)azobenzene] (PMCNM-AzoB). For this purpose, 
a composite (saponite]‒PMCNM-AzoB) based on saponite was synthesized 
by in-situ immobilization of poly[4-methacryloyloxy-(4′-carboxy-2-nitro-5-
methyl)-azobenzene]. In-situ immobilization was realized during the initiated 
(AIBN was used as an initiator) radical polymerization of 4-methacryloyloxy-
(4′-carboxy-2-nitro-5-methyl)azobenzene (MCNM-AzoB) monomer in the 
presence of saponite.

The scheme of in-situ immobilization process during the polymerization 
of poly[4-methacryloyloxy-(4′-carboxy-2-nitro-5-methyl)-azobenzene] on 
the saponite surface is shown in Figure 4.21.

The fact that the MCNM-AzoB polymerization reaction took place on the 
saponite surface was established by comparative analysis of the IR spectra 
of the original saponite and the saponite]‒PMCNM-AzoB composite. It 
is shown that in the spectrum of the composite, there are new absorption 
bands in the region from 1405 to 2962 cm−1. The absorption band at 1405 
cm−1 can be attributed to the characteristic vibration of the υ(N=N) bond 
of azo-group. The absorption band at 1651 cm−1 corresponds to stretching 
asymmetric vibrations of the nitro group υас(NO2). The absorption bands in 
the region from 2833 to 2962 cm−1 can be attributed to the stretching vibra-
tions of sp3-hybridized carbon υ(C–H) of the main polymer chain.16 These 
absorption bands presented in the spectrum of the composite confirm the 
presence of a polymer PMCNM-AzoB on the saponite surface.

A thermogravimetric analysis of the synthesized composite was carried 
out in order to determine the concentration of the immobilized polymer. The 
thermogram of saponite]‒PMCNM-AzoB is shown in Figure 4.22. These 
data obtained under similar conditions were compared with the thermogram 
of original saponite. As one can see, a thermal destruction of the immobilized 
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polymer occurs in the temperature range from 220 to 480°C. Decomposition 
with an exothermic effect occurs in the range from 400 to 500°С. At the same 
time, about 13.5 ± 0.1% of composite weight is lost. Taking into account the 
fact that original saponite loses 10.5 ± 0.1 wt% in this temperature range, the 
weight fraction of the immobilized polymer in the synthesized composite 
was calculated as 3.0 ± 0.1 wt.%.

FIGURE 4.21  Scheme of in-situ immobilization process of poly[4-methacryloyloxy-(4′-
carboxy-2-nitro-5-methyl)-azobenzene] during the polymerization of MCNM-AzoB on the 
saponite surface.

A carboxyl group content in the polymer PMCNM-AzoB immobilized 
on the saponite surface was determined by acid–base titration with 0.01 N 
NaOH. According to the results of the obtained experimental titration data 
(excluding titration data of original saponite), it was found that the number 
of carboxyl groups, which is equal to the number of active centers of the 
immobilized polymer, is 0.26 mmol/g. The method of low-temperature 
adsorption–desorption of nitrogen was used to determine parameters of 
the saponite surface after immobilization of the polymer PMCNM-AzoB. 
Comparison of the obtained isotherms of the original and modified saponite 
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allows us to state that they are similar and belong to type IV isotherms and 
at the same time exhibit H3-type hysteresis according to the IUPAC clas-
sification.14 The shapes of both isotherms indicate that saponite pores consist 
of plane-parallel layers. The obtained data indicate that the immobilized 
polymer practically does not affect the structure of the saponite surface.

FIGURE 4.22  Thermogram of synthesized composite [saponite]‒PMCNM-AzoB.

The obtained nitrogen adsorption–desorption isotherms for original sapo-
nite and the synthesized composite were processed using several computer 
programs. The values of the surface area, average volume, and surface pore 
size of the synthesized composite calculated by computer processing of the 
isotherm data are shown in Table 4.4. The data obtained indicate that after 
poly[4-methacryloyloxy-(4′-carboxy-2-nitro-5-methyl)-azobenzene] immo-
bilization, saponite surface area decreased from 42 to 8 m2/g. From the data 
in this table, we can also conclude that polymer modification “smoothes out” 
the pores of the original mineral, reducing their depth and expanding them. 
This is evidenced by a simultaneous 2.2-fold increase in the size of pores and 
a halving of their volume.

Changes in saponite surface morphology after modification with PMCNM-
AzoB were monitored using SEM. An SEM photo of the composite surface 
at a magnification of 10,000 times is shown in Figure 4.23. As we can see, 
the polymer on the mineral surface has an “island” or “globular” placement.

As was expected, synthesized composite saponite]‒PMCNM-AzoB 
should exhibit sorption capacity for metal ions due to the complexing 
activity of the immobilized polymer and due to the adsorption of the original 
complexes in the pores of the mineral. The study of the sorption properties 
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of this composite to Cu(II), Mn(II), Pb(II), and Fe(III) ions was carried out 
in a static mode in an aqueous medium without any buffer addition, similarly 
to the experimental conditions used for the composite based on silica with 
in-situ immobilized PMCNM-AzoB.20

FIGURE 4.23  SEM-photo of composite saponite]‒PMCNM-AzoB (magnification 10,000×).

Dependence of ions Cu(II), Pb(II), Fe(III), and Mn(II) sorption degree on 
the contact time with the surface of saponite]‒PMCNM-AzoB in the static 
mode shows that Pb(II) ions are quantitatively sorbed during the first minutes 
of contact with the surface of the composite, Cu(II) ions—within an hour, 
and Mn(II) and Fe(III) ions—within a day of contact. At the optimal sorp-
tion time, sorption isotherms of these ions on the saponite]‒PMCNM-AzoB 
surface and the original saponite were constructed. The sorption isotherms 
of Pb(II) ions on the saponite surface (1) and the saponite]‒PMCNM-AzoB 
composite (2) are shown in Figure 4.24.

All of the isotherms belong to the 2L type, which is typical for porous 
inorganic matrices modified with complexing substances, and allowed to 
establish the sorption capacity of saponite]‒PMCNM-AzoB for each of 
the investigated ions. In Table 4.6, it is shown a comparison of the sorption 
capacity values for the original saponite and synthesized composite to Cu(II), 
Pb(II), Mn(II), and Fe(III) ions found from the data of sorption isotherms.
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FIGURE 4.24  Sorption isotherms of Pb(ІІ) ions on the parent saponite (1) and composite 
saponite]‒PMCNM-AzoB (2) surface.

TABLE 4.6  Sorption Capacity Comparison for Original Saponite and Saponite]‒PMCNM-
AzoB toward Cu(II), Mn(II), Pb(II), and Fe(III) Ions.

Cation Sorption capacity
Original saponite Saponite]‒PMCNM-AzoB

mmol/g mg/g mmol/g mg/g
Fe(ІІІ) 0.014 0.78 0.016 0.89
Pb(ІІ) 0.016 3.31 0.019 3.93
Mn(ІІ) 0.016 0.88 0.017 0.94
Cu(ІІ) 0.017 1.09 0.035 2.24

The data in this table allow us to state that the sorption capacity of 
saponite after modification with poly[4-methacryloyloxy-(4′-carboxy-2-nitro-
5-methyl)-azobenzene] toward Cu(II) ions increases by more than 2 times, 
toward Pb(II)—by 18% and toward Fe(III) ions—only by 14%. Undoubtedly, 
this is the result of immobilization on the saponite surface of an azopolymer 
capable of complex formation. The increase in the sorption capacity of the 
modified saponite, in comparison with the original one toward Mn(II) ions, 
is within the experimental error. Therefore, it can be assumed that surface 
modification of saponite with poly[4-methacryloyloxy-(4′-carboxy-2-nitro-5-
methyl)-azobenzene] does not lead to improvement of its sorption capacity for 
Mn(II) ions.
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Comparing the data from Table 4.6 with the concentration of complex-
ation-active centers found according to the data of acid–base titration (0.26 
mmol/g) in the composite, it can be stated that 13 ± 1% of these active centers 
took part in the complex formation with Cu(II) ions, and only 6 ± 1% with 
Fe(III) and Pb(II) ions. Such results can be explained by steric hindrances 
(low accessibility of active centers for “large” aqua complexes) as a result of 
the globular arrangement of the polymer on the saponite surface.

4.3.5 SYNTHESIS, STRUCTURE INVESTIGATIONS, AND SORPTION 
PROPERTIES OF SAPONITE CLAY IN SITU MODIFIED BY POLY 
(8-METHACROYLOXYQUINOLINE) TOWARD CU(II), PB(II), MN(II), 
AND FE(III) IONS

A composite saponite]-poly(8-methacroyloxyquinoline) (saponite]‒POQ-MA 
(in situ)) was synthesized by radical polymerization of 8-methacroyloxyquino-
line using AIBN as an initiator in the presence of saponite from the Tashkiv 
deposit (Khmelnytskyi region, Ukraine).21 The reaction scheme of in-situ 
polymerization of 8-oxyquinoline methacrylate on the saponite surface is 
similar to the one depicted in Figure 4.8. By adsorption on the saponite surface 
of the preliminarily obtained poly(8-methacroyloxyquinoline), synthesized 
similarly, but without a solid carrier, a composite saponite]‒POQ-MA (absorb) 
was synthesized.

Mobilization of poly(8-methacroyloxyquinoline) on the saponite surface 
for both composites was confirmed by IR spectroscopy and thermogravi-
metric analysis combined with mass spectrometry. The obtained thermo-
grams of saponite]‒POQ-MA (in situ) and saponite]‒POQ-MA (absorb) 
composites are shown in Figures 4.25 and 4.26, respectively.

Comparison of thermograms shown in Figures 4.25 and 4.26 shows that 
the thermal destruction of both composites has a similar nature and occurs 
in the temperature range from 100 to 700°С, which is caused by the destruc-
tion of the immobilized polymer and the loss of structured water in the 
composition of saponite. But the majority of immobilized poly (8-methac-
royloxyquinoline) is destroyed in the temperature range from 350 to 500°С. 
At the same time, the saponite]‒POQ-MA composite (in situ) loses 20.6 ± 
0.1% of its weight. Taking into account the fact that the original saponite 
loses 10.5 ± 0.1 wt% in this temperature range, the weight fraction of the 
immobilized polymer in the composite saponite]‒POQ-MA (in situ) is 10.1 
± 0.1 wt%. The total weight loss for the composite saponite]‒POQ-MA 
(absorb) according to the data in Figure 4.26 is 33.5 ± 0.1%, and then the 
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weight fraction of adsorbed polymer in the composite is 23.0 ± 0.1 wt%. 
Therefore, poly(8-methacroyloxyquinoline) is almost completely adsorbed 
on the saponite surface. In case of in-situ immobilization method, the yield 
of the polymerization reaction is about 70%.

FIGURE 4.25  Thermogram of composite saponite]‒POQ-MA (іn situ).

FIGURE 4.26  Thermogram of composite saponite]‒POQ-MA (absorb).

In order to detail the process of thermodestruction of poly(8-methacroy-
loxyquinoline) in-situ immobilized on the saponite surface as well as adsorbed, 
thermograms of both composites combined with the mass spectrum in 3D 
format (Figs. 4.27a and 4.28a) and mass spectra in 2D formats at different 
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temperatures were obtained, examples of which are shown in Figures 4.27b 
and 4.28b.

	 (a)	 (b)

FIGURE 4.27  (a) TG–MS-3D data of saponite]‒POQ-MA (іn situ) and (b) MS-2D data of 
saponite]‒POQ-MA (іn situ).

The analysis of the obtained mass spectra shows that thermodestruction 
of the in-situ immobilized polymer occurs mainly with the formation of two 
main compounds—carbon dioxide and water, which correspond to the most 
intense mass peaks at 44 and 18 Da (see Fig. 4.27b).

	 (a)	 (b)

FIGURE 4.28  (a) TG–MS-3D data of saponite]‒POQ-MA (absorb) and (b) MS-2D data of 
saponite]‒POQ-MA (absorb).

As can be seen from Figure 4.28b, three intense peaks are present in 
the mass spectrum of the composite based on saponite with adsorbed poly 
(8-methacroyloxyquinoline), which indicates that the thermal destruction of 
the immobilized polymer occurs with the formation of CO and/or nitrogen, 
carbon dioxide, and water. Moreover, the signal at 28 Da is the most intensive 
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in contrast with the spectrum of in-situ immobilized polymer with the most 
intensive signal at 44 Da.

The analysis of saponite surface parameters after loading of poly 
(8-methacroyloxyquinoline) in various ways was carried out by methods 
of low-temperature nitrogen adsorption–desorption and SEM. The values 
of specific surface area and the average volume calculated by computer 
processing of low-temperature nitrogen adsorption–desorption isotherm 
data of composites saponite]‒POQ-MA (in situ) and saponite]‒POQ-MA 
(absorb) and surface pore size calculated from the pore distribution diagrams 
are given in Table 4.4. It follows from the data of the Table 4.4, the specific 
surface area and average pore volume significantly decrease, and the average 
pore size increases sharply both in the case of in-situ immobilization and 
adsorption of poly(8-methacroyloxyquinoline) on the saponite surface. This 
indicates that the surface porosity of the original mineral after immobili-
zation of poly(8-methacroyloxyquinoline) is sharply reduced, which is a 
logical result of fixing a large amount of nonporous polymer on its surface.

At the same time, adsorbtion on the saponite surface twice the mass of 
the polymer in comparison with in-situ immobilized leads to half the value 
of the specific surface area of the modified saponite.

SEM photos of composites saponite]‒POQ-MA (in situ) and saponite]‒
POQ-MA (absorb) surfaces are presented in Figures 4.29 and 4.30, respectively. 
Comparison of SEM photos shows that a smaller amount of in-situ immobilized 
poly(8-methacroyloxyquinoline) covers the porous surface of the mineral with 
a thin layer, only slightly smoothing the pores of the saponite surface, while a 
large amount of the adsorbed polymer tightly covers the surface of the mineral, 
significantly reducing its porosity, which is in good agreement with the data 
presented in Table 4.4. Thus, the obtained results of a low-temperature nitrogen 
adsorption–desorption and SEM correlate well with each other.

The difference in the morphology of the saponite surface after poly 
(8-methacroyloxyquinoline) immobilization in various ways definitely 
affects the sorption properties of the synthesized composites to metal ions.

The sorption capacity study of the synthesized composites toward 
Pb(II), Cu(II), and Fe(III) ions should be carried out similarly to the study 
of the sorption properties of composites based on clinoptilolite, namely, in 
an aqueous medium without adding any buffers to the initial solutions of 
nitrates of these metals.

All isotherms made it possible to unambiguously establish the sorption 
capacity of the synthesized composites for each of the studied metal ions. 
The values of the sorption capacity for Pb(II), Cu(II), and Fe(III) ions, deter-
mined from the sorption isotherms, are shown in Table 4.7.
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	 (a)	 (b)

FIGURE 4.29  SEM photo of the composite saponite]‒POQ-MA (іn situ) surface: а (magni-
fication 5000×) and b (magnification 10,000).

	 (a)	 (b)

FIGURE 4.30  SEM-photo of the composite saponite]‒POQ-MA (absorb) surface: (а) magni-
fication 2500× and (b) magnification 50,000×.

TABLE 4.7  Sorption Capacity toward Cu(II), Mn(II), Pb(II), and Fe(III) Ions Comparison 
for Original Saponite and Composites Based on Saponite with In-Situ Immobilized and 
Absorbed Poly(8-Methacroyloxyquinoline).

Cation Sorption capacity (mmol/g)
Original saponite Saponite]‒POQ-MA  

(absorb)
Saponite]‒POQ-MA  
(іn situ)

Сu2+ 0.017 0.075 0.064
Fe3+ 0.014 0.027 0.025 
Pb2+ 0.016 0.016 0.021
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As can be seen from Table 4.7, the sorption capacity of saponite after 
adsorption of poly(8-methacroyloxyquinoline) on its surface increases toward 
Cu(II) ions by 4.4 times and toward Fe(III) ions by 1.9 times instead to Pb(II) 
ions remains unchanged. A comparison of the obtained data with the sorption 
capacity of saponite modified in situ with poly(8-methacroyloxyquinoline) 
proves that the sorption capacity of saponite]‒POQ-MA (absorb) for Cu(II) 
ions is slightly higher (by 1.17 times) than that of saponite modified in situ 
with this polymer. Regarding Fe(III) ions, the sorption capacity of both 
composites is practically the same. And for Pb(II) ions, the sorption capacity 
of composite saponite]‒POQ-MA (absorb) is lower than that of saponite, 
in-situ-modified poly(8-methacroyloxyquinoline).

The obtained results can be explained as follows: original saponite removes 
these metal ions due to their physical adsorption into the pores. According 
to Ref. [8], in the case of in-situ modification, the polymer partially covers 
the surface of the mineral. Therefore, the adsorption of metal ions occurs by 
two parallel mechanisms—physical adsorption into the pores and due to the 
formation of multiligand complexes with polymeric molecules. It leads to an 
improvement in the sorption characteristics of the composite for all studied 
ions. However, a large amount of synthesized polymer in the composite 
surface of mineral is almost completely covered by the polymer. In such 
a case, the first mechanism of adsorption (into the pores of the mineral) is 
practically negligible and extraction of metal ions occurs only through the 
formation of various ligand complexes with adsorbed polymer molecules.

4.3.6 SYNTHESIS, STRUCTURE INVESTIGATIONS, AND SORPTION 
PROPERTIES OF SAPONITE CLAY IN SITU MODIFIED BY COPOLYMER 
POLY(4-VINYLPYRIDINE-CO-STYRENE) WITH MOLAR RATIO  
4-VP:ST = 3:1 TOWARD CU(II), PB(II), MN(II), AND FE(III) IONS

Pyridine and its derivatives are well-known ligands which form strong 
complexes with most transition metal ions. Processes of complex formation 
are also typical for pyridine-containing polymers. Therefore, the modifica-
tion of the surface of porous inorganic materials by pyridine-based polymers 
is a perspective approach to produce new composite materials that can be 
used as effective sorbents of metal cations due to their complexation with 
nitrogen atoms of pyridine function in immobilized polymer.22–24

Saponite-based composite was synthesized using original mineral saponite 
from Tashkiv deposit (Ukraine) by in-situ immobilization of 4-vinylpyridine 
(4-VP) and styrene (St) copolymer. Copolymerization was carried out by 
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radical polymerization of 4-VP and styrene solution in CCl4 at the starting 
molar ratios of comonomers St:4-VP = 1:3 in the presence of saponite 
according to the method described in Ref. [25].

On a basis of comparison of thermograms for the original saponite and 
organo-mineral composite, it was proved that thermal decomposition predom-
inantly occurs in the temperature range 150–630°C. The weight fraction of 
copolymer in the synthesized material was calculated as 8.5 ± 0.1 wt%.25

It was established that copolymer immobilization on a saponite surface 
leads to a decrease of the surface area from 41 to 3 m2/g. At the same time, the 
average pore volume decreased from 0.085 to 0.012 cm3/g, and the average 
pore diameter decreased from 8 to 1.4 nm (see Table 4.4).

Changes in the surface morphology of saponite after its modification 
with a copolymer poly(4-vinylpyridine-co-styrene) were recognized using 
SEM technic. As one can see from SEM photo presented in Figure 4.31, the 
copolymer on the saponite surface is located in the form of elongated and 
aggregated short chains.

(a) (b)

(c) (d)
FIGURE 4.31  SEM photo of the original saponite (a, b) and saponite modified with copolymer 
poly(4-vinylpyridine-co-styrene) and (c, d) surface (magnification 10,000× and 2500×).
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The sorption characteristics of the synthesized composite toward Cu(II), 
Pb(II), Mn(II), and Fe(III) ions were investigated in a static mode in aqueous 
solutions without buffer addition. Based on the experimental dependence 
of sorption degree of Cu(II), Pb(II), Mn(II), and Fe(III) ions on the in-situ-
modified saponite surface on the contact time in the static mode, it was 
established that Cu(II) ions are quantitatively sorbed by the composite within 
120 min of contact. After that, the sorption equilibrium is established. Fe(III) 
ions are sorbed by 75% during 120 min of contact, and their quantitative 
sorption is achieved only within a day. Sorption of Pb(II) and Mn(II) ions 
increases gradually during the day and reaches its maximum at the level of 
70% (see Figure 4.32).

In order to establish the sorption capacity values of the synthesized 
composite toward mentioned above ions of transition metals, their sorption 
isotherms were built and the value of the sorption capacity toward each of 
metal ion was calculated. The values of the sorption capacity of saponite 
modified in situ with a copolymer of 4-VP and styrene for Pb(II), Cu(II), 
Mn(II), and Fe(III) ions, determined from the sorption isotherms, are shown 
in Table 4.8.

As one can see from Table 4.8, the sorption capacity of saponite 
increases by 29%, 21%, and 20% compared to Cu(II), Fe(III), and Pb(II) 
ions, respectively, after in-situ surface modification with 4-VP-containing 
copolymer.

This growth can be explained by complexation of metal ions with pyri-
dine moiety of an immobilized copolymer. Since the stability of pyridine 
complexes of Cu(II), and Fe(III) is higher than for Pb(II) ions, it increases 
the sorption capacity of the composite toward Cu(II) and Fe(III) ions.

As follows from Table 4.8, the growth of sorption capacity of modi-
fied saponite in comparison with the original mineral toward Mn(II) ions 
is within the experimental error. Since the stability of Cu(II) and Fe(III) 
pyridine complexes is higher than that of Pb(II), it could be an explana-
tion of higher sorption capacity increase toward Cu(II) and Fe(III) ions 
in comparison with Pb(II). An increase of the sorption capacity for the 
modified saponite in comparison with the original saponite toward Mn(II) 
ions is within the experimental error. Therefore, it can be asserted that the 
modification of saponite surface with a copolymer poly(4-vinylpyridine-
co-styrene) does not lead to an improvement in sorption capacity toward 
Mn(II) ions.

Nevertheless, in-situ immobilization of poly(4-vinylpyridine-co-styrene) 
on the saponite surface from the Tashkiv deposit was obtained as an 
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inexpensive sorbent suitable for wastewater treatment from excess concen-
trations of Cu(II), Pb(II), and Fe(III) ions.

FIGURE 4.32  Dependence of Cu(ІІ), Pb(ІІ), Mn(ІІ), and Fe(III) ions adsorption degree 
from the contact time with modified saponite in static mode:

Experimental conditions: msorb= 0.1 g, Vsolution = 25 ml, m0
M = 100 μg.

TABLE 4.8  Adsorption Capacity Comparison for Original Mineral Saponite and Saponite 
with In-Situ Modified Surface toward Cu(II), Mn(II), Pb(II), and Fe(III) Ions.

Cation Adsorption capacity
Original saponite Modified saponite

mmol/g mg/g mmol/g mg/g
Fe(ІІІ) 0.014 0.78 0.017 0.95
Pb(ІІ) 0.015 3.11 0.018 3.73
Mn(ІІ) 0.016 0.88 0.018 0.97
Cu(ІІ) 0.017 1.09 0.022 1.41

Comparing the data in Tables 4.4–4.8, the following conclusions can be 
drawn:

•	 all saponite-based composites have a higher sorption capacity toward 
such toxic ions as Pb(II), Cu(II), and Fe(III) (the mentioned ions have 
polluted of surface natural waters of Ukraine in multi-ton quantities 
and their removal using cheap sorbents still remains actual) compared 
to the original saponite;
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•	 among all synthesized composites based on saponite, composites with 
in-situ immobilized and adsorbed poly[8-oxyquinoline methacrylate] 
have the highest sorption capacity for Pb(II), Cu(II), and Fe(III) ions. 
At the same time, the composite with in-situ immobilized poly[8-
oxyquinoline methacrylate] is the most effective for the sorption of 
Pb(II) ions, and the composite with adsorbed poly[8-oxyquinoline 
methacrylate] is the most effective for Cu(II) and Fe(III) ions.

The obtained data can be explained in the same way as for organo-
mineral composites based on poly(8-methacroyloxyquinoline): adsorption of 
transition metal ions on the synthesized composite surface could be realized 
in two ways—by metal ions complexation with immobilized organic polymer 
and absorption of metal ions into the pores and channels of minerals. When 
the presynthesized polymer is adsorbed on the surface, a significant degree 
of coverage of the mineral surface is achieved, while the second mechanism 
stops working. Therefore, the sorption of metal ions occurs only due to 
complexation. In the case of in-situ immobilization of the polymer, pores 
of the mineral carrier remain open and the sorption of metal ions occurs in 
both ways and better sorption characteristics of the organo-mineral sorbents 
could be achieved.

4.4 CONCLUSION

Vast amounts of industrial, agricultural, and domestic wastewater need to 
be treated before being discharged into the hydrosphere. Polymer-modified 
clay composites remain the adsorbents of choice for heavy metal and cationic 
dye removal. The specificity and selectivity of clay composites for tested 
pollutants mainly depend on the corresponding adsorption mechanism, 
which in turn is determined by the modification method employed. Ion 
exchange, electrostatic attraction, hydrogen bonding, and pore-filling 
are the predominant mechanisms controlling the adsorption of targeted 
pollutants. Ion exchange, electrostatic attraction, hydrogen bonding, and 
pore-filling are the predominant mechanisms controlling the adsorption 
of targeted pollutants. Modification of natural clays is an alternative to 
enhancing their properties for application in wastewater treatment. Overall, 
modified clay composites represent promising candidates for the removal 
of heavy metals, phenolic compounds, and dyes from various types of 
industrial wastewater.
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CHAPTER 5

ABSTRACT

The synthesis and physicochemical properties of chemically cross-linked 
hydrogels based on polyacrylamide and chitosan are considered in the work. 
Interpenetrating polymer networks of both cross-linked polyacrylamide and 
polyacrylamide grafted on chitosan by radical polymerization were obtained. 
It was studied that equilibrium swelling properties depend on the pH value 
of the solution and the composition of the gels. The chemical structure of the 
obtained hydrogels was characterized using IR spectroscopy.

5.1 INTRODUCTION

Hydrogels are three-dimensional hydrophilic polymer networks that can 
hold a large amount of water or biological fluids and have a soft and rubbery 
consistency, so they resemble living tissues.1,2 Nowadays, remarkable works 
published about hydrogels based on interpenetrating polymer networks (IPN 
hydrogels) by reason of their improved sensitivity and mechanical properties 
that distinguish them from hydrogels based on mono-networks. An IPN is 
a mixture of two or more polymers in a network, where at least one of the 
systems is synthesized in the presence of the other.3 This conducts to the 
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formation of a physically cross-linked network, where the polymer chains 
of the other system become entangled or penetrate the network of the first 
polymer. Each individual network retains its individual properties, so it 
is possible to observe synergistic improvements in physical and chemical 
properties.4 The mechanical properties, swelling capacity, and reusability of 
hydrogels were further improved by synthesizing gels using both natural and 
synthetic polymers.

Hydrogels based on interpenetrating polymeric networks can be divided 
into the following classes: IPN hydrogels based on polysaccharides (algi-
nate, starch, and derivatives, other polysaccharides), IPN hydrogels based on 
protein, IPN hydrogels based on synthetic polymers.

According to the chemical synthetic methods, hydrogels can be classified 
into (a) simultaneous IPN, when the reagents of both networks are mixed 
and two networks are synthesized simultaneously and independently of 
each other, by irrespective methods;4,5 (b) sequential IPN, which are usually 
obtained by swelling a single polymer network in a solution containing a 
mixture of monomer, initiator, and activator in the presence or absence of a 
cross-linking agent.3,6,7 When a linear polymer (synthetic or biopolymer) is 
entrapped in a matrix, a hydrogel of semi-IPN is formed.

Chitosan (Ch) (Figure 5.1), a linear cationic polysaccharide obtained 
by alkaline deacetylation of chitin, consisting of units β-(1→4)-2-amino-2-
deoxy-d-glucopyranose and β-(1→4)-2-acetamido-2-deoxy-d-glucopyranose 
randomly distributed along the polymer chain. It is used by scientists due to 
its specific biological properties, such as biodegradability, biocompatibility, 
and antibacterial activity.

FIGURE 5.1  Chemical structure of chitosan.



Synthesis and Investigation of Cross-Linked Hydrogels	 129

The ratio between the two units is considered the deacetylation degree. 
When the deacetylation degree of Ch reaches approximately 50%, it becomes 
soluble in an aqueous acidic medium.8 Amino groups (pKa from 6.2 to 
7.0) are fully protonated in acids with pKa less than 6.2, which makes Ch 
soluble. Ch is insoluble in water, organic solvents, and alkalis, and soluble in 
acids such as acetic, nitric, hydrochloric, and phosphoric acids. When Ch is 
dissolved in an acidic medium, the amino groups in the chain are protonated 
and the polymer becomes cationic, allowing it to interact with different types 
of molecules as a single cationic polysaccharide. It is suggested, that this 
positive charge is responsible for its antimicrobial activity through interac-
tion with the negatively charged cell membranes of microorganisms.8

Due to the high content of amino and hydroxyl functional groups, Ch 
also attracts attention as a biosorbent, which shows a high potential for the 
adsorption of proteins, dyes, and metal ions.9,10 Also, during the creation of 
new and more effective drug release systems, IPN hydrogels based on Ch 
and other polysaccharides or their derivatives were synthesized. In particular, 
cellulose11 or acrylamide-g-dextran12 was first mixed with Ch, and then Ch 
was selectively cross-linked with glutaraldehyde.

The production of Ch-based hydrogels is accomplished by mixing Ch 
solutions with crosslinking agents or charged polymers under specific reaction 
conditions, such as pH, temperature, and so on, to form a viscous gel. Physical 
cross-linking of Ch through H-bonding interaction without the use of toxic 
cross-linking agents is the preferred approach due to safety in clinical practice. 
However, by controlling the amount of chemical cross-linking agents, such as 
glutaraldehyde, or using biologically permissible cross-linking agents, such 
as genipin, biocompatible hydrogels can be made.

Ch hydrogels are also prepared by cross-linking with glutaraldehyde, 
diglycidyl ether, diisocyanate, diacrylate, etc.,13 but their use in pharma-
ceuticals is limited because these hydrogel products must undergo strict 
purification before administration. In some cases, cross-linking reagents 
can also interact with the drug, deactivating or limiting its therapeutic level.

Although the cross-linking density, hydrogel porosity and rigidity can be 
adjusted in IPN hydrogels based on Ch according to the intended application, 
the encapsulation of sensitive biopharmaceuticals turns out to be complicated. 
During the preparation of IPN, toxic agents that initiate or catalyze polym-
erization or cross-linking can lead to reduced biocompatibility. The removal 
of initiators and catalysts can be improved by washing with solvents, ionic 
substances, or changing the pH after the reaction. However, their complete 
removal is a difficult task, which makes their clinical application problematic.



130	 Mechanics and Physics of Porous Materials

When cross-linking during the polymerization of nonionic monomers in 
the presence of Ch, such monomers as acrylamide (AA),14 N-isopropylacryl-
amide,15 N,N-dimethylacrylamide,16 and 2-hydroxyethyl methacrylate17 are 
most often used. Variations in mechanical properties and water content are 
expected for them. One of the main goals is their use in biomedical applications, 
such as controlled drug release systems and as scaffolds in tissue engineering.

Our chapter presents the creation and research of polymer hydrogels 
based on polyacrylamide and Ch as materials that can satisfy the require-
ments for wound dressings, in particular, to be suitable for the atraumatic 
treatment of affected skin areas, ensuring their disinfection and treatment.

5.2 EXPERIMENTAL METHODS AND MATERIALS

5.2.1 MATERIALS

Ch with a deacetylation degree >90% (Glentham Life Sciences), AA, 
N,N′-methylene-bis-acrylamide (MBA), acetic acid, nitric acid (HNO3), 
and cerium(IV) ammonium nitrate (CAN) (Sigma-Aldrich) were used for 
the synthesis. Double-distilled water was used to synthesize and study the 
swelling kinetics of the hydrogels.

5.2.2 SYNTHESIS OF HYDROGELS

A series of chemically cross-linked hydrogels were synthesized by radical 
polymerization of AA in the presence of the cross-linking agent MBA, 
which was taken at a concentration of 0.4% of the total mass of AA and 
Ch (Figure 5.2). The redox system Ce(IV)/HNO3 was used as an initiator. 
Ch (0.05, 0.1, or 0.2 g) was placed in 15 ml of distilled water in a 50-ml 
beaker; then 1 ml of concentrated acetic acid was added dropwise. The 
mixture was left for 24 h for the complete dissolution of Ch. After that, when 
heated to 50°C, argon was passed for 20 min, while stirring on a magnetic 
stirrer. About 10 ml of an aqueous solution of AA (3.5–3.35 g) and MBA 
was added to the reaction mixture and continued to pass argon for 10 min. 
CAN was dissolved in 1 ml of 0.125 N HNO3 and added to the reaction 
mixture dropwise while stirring and passing argon. The reaction mixture was 
left overnight and further the formed hydrogels were transferred to distilled 
water to remove unreacted monomers, ethanoic acid, and initiator residues. 
Distilled water was changed three times a day for several days.
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As a result, three samples of hydrogels based on interpenetrating polymer 
networks with different concentrations of Ch were obtained. They were 
designated as PAA-Ch-0.05, PAA-Ch-0.1, PAA-Ch-0.2, according to a 
contained amount of Ch.

FIGURE 5.2  Scheme of a possible reaction.

For comparison, a hydrogel based on cross-linked PAA polyacrylamide 
was obtained.

The obtained samples were characterized by FTIR spectroscopy and the 
swelling behavior in different environments was investigated.

5.2.3 FTIR SPECTRA

FTIR spectra of the obtained hydrogels were recorded in KBr powder using 
a BrukerVector-22 spectrometer in the range of 400–4000 cm−1.

5.2.4 SWELLING STUDY

Swelling properties are quantitatively characterized by the swelling degree 
S (%):

	 0

0

100, %S m m
m
−

×= 	 (5.1)

where m is the mass of the swollen sample, g; m0 is the mass of the polymer 
sample before swelling.
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The rate of limited swelling is described by the first-order kinetic equation 
(5.2):

	 max( )dS k S S
dτ

= − 	 (5.2)

where dα/dτ is the rate of limited swelling in time τ; S is the swelling degree 
in time τ; Smax is the maximum swelling degree. On the graph, this equation 
is represented by a straight line in coordinates dS/dτ – S, where the segment 
cutting off the ordinate is equal to kSmax, and the tangent of the angle of 
inclination of the line is equal to k. At the same time, the segment that cuts 
off the straight line is equal to Smax.

5.3 RESULTS AND DISCUSSION

5.3.1 SYNTHESIS OF IPN HYDROGELS BASED ON AA AND CH

Ch-based hydrogels are obtained using homo- and copolymerization methods 
to obtain networks, which possess the functionality of both materials. During 
synthesis, Ch previously swells in an aqueous solution of monomers, which 
are then radically polymerized to form a physically entangled polymer 
network known as an interpenetrating polymer network. The scheme of 
a possible polymerization reaction is shown in Figure 5.3. It indicates the 
formation of a free macroradical initially with the AA monomer, which 
is continuously added to the Ch molecule. Cross-linking during the graft 
copolymerization of AA on Ch can lead to interpenetrating networks of 
cross-linked chitosan-g-polyacrylamide and cross-linked polyacrylamide, 
which are entangled polymers. The synthesis of IPN hydrogels based on AA 
and Ch took place according to the following possible scheme:

Samples of hydrogels with different concentrations of Ch are marked 
as PAA-Ch-0.05, PAA-Ch-0.1, and PAA-Ch-0.2. Cross-linked PAA, which 
represents a mono-network, was obtained as a sample for comparison. During 
the synthesis, the concentration of the cross-linker remained constant and 
was 0.4% as optimal for obtaining cross-linked hydrogels based on PAA.18

5.3.2 FTIR CHARACTERIZATION OF HYDROGELS

In the IR spectrum of AA (Figure 5.3), valence vibrations of the NH group 
of the primary amide are observed: asymmetric at 3198 cm−1 and symmetric 
at 3198 cm−1. The overlap of the C=O valence vibration band and the first 
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amide band is observed at 1680 cm−1. The second amide band is observed at 
1617 cm−1; the band of N–H deformation out-of-plane vibration corresponds 
to 700–600 cm−1.

FIGURE 5.3  FTIR spectrum of acrylamide.

In the FTIR spectra of the studied samples (Figures 5.4 and 5.5), valence 
vibrations of NH groups at 3400 cm−1 are observed. The peak at 2900 cm−1 
indicates the presence of CH2 groups in polymer chains and cross-links. 
Deformation and valence vibrations of the amide group are observed at 
1600–1660 cm−1.

The structure of chitosan-g-polyacrylamide IPN hydrogels was confirmed 
by comparing their FTIR spectra with the spectrum of Ch (Fig. 5.5). The spec-
trum of Ch shows characteristic absorption bands at 1655 cm−1 (amide) and 
1597 cm−1 (amine). These two peaks are slightly shifted and are more distinct 
in the hydrogel spectrum, as confirmed by the peak at 3206 cm−1 (amide).

In addition, bending vibrations of C–H and O–H are observed at 
1300–1400 cm−1 with a sharp peak at 1383 cm−1. However, this sharp peak 
corresponds to the O–H group, confirmed by two sharp peaks at 1159 and 
1082 cm−1 (alcohol and ester valence vibrations, respectively) and which are 
not present in the hydrogel spectrum. This means that the hydroxyl group 
of Ch is a better site for the reaction with the cross-linking agent and the 



134	 Mechanics and Physics of Porous Materials

grafting of AA caused by the lower steric hindrance of the primary hydroxyl 
group.

FIGURE 5.4  IR spectrum of cross-linked PAA.

FIGURE 5.5  FTIR spectra of chitosan and cross-linked IPN chitosan-PAA.
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5.3.3 SWELLING PROPERTIES OF HYDROGELS

Transparent gel samples were dried and their swelling kinetics in distilled 
water at a temperature of 25°C was investigated.

As shown in Figure 5.6, the swelling percentage first increased and then 
reached a plateau. The equilibrium swelling percentage was reached after 
immersing the IPN hydrogel in water for 3 × 103 min. This behavior can be 
explained by the high hydrophilicity of polyacrylamide chains and the high 
capacity of the chitosan-g-polyacrylamide structure to retain water. Thus, 
the difference in osmotic pressure between the gels and the solvent can be 
reduced due to the strengthening of the polymer–solvent interaction. As a 
result, the rate of absorption from water will increase. However, a further 
increase in time leads to a balance of osmotic pressure, so swelling will 
remain constant.

FIGURE 5.6  Swelling curves of 1—PAA; 2—PAA-Ch-0.05; 3—PАА-Ch-0.1; and 4—
PАА-Ch-0.2 in distilled water.

As is known, Ch is positively charged at low pH, but uncharged and 
insoluble at neutral and high pH. As can be seen from Figure 5.6, the slight 
presence of Ch in PAA network and its gradual increase leads to a decrease 
in hydrophilicity and, accordingly, a decrease in the swelling degree. This 
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feature is confirmed by the results obtained for pure cross-linked PAA, taken 
as a sample for comparison. The equilibrium swelling degree Seq and the 
swelling rate constant k for PAA are higher than for samples containing Ch. 
As can be seen in Table 5.1 for PAA, PAA-Ch-0.05, and PAA-Ch-0.1, Seq is 
1380%, 1335%, and 1280%, respectively.

TABLE 5.1  Hydrogel Swelling Parameters.

Sample % of 
chitosan

Seq (%) k (min−1)  
(in dist. water)рН = 4.76 рН =7 рН = 9.25 0.8% NaCl

PАА 0 1650 1380 2750 1360 0.4232
PАА-Ch-0.05 1.4 1600 1335 2600 1300 0.3976
PАА-Ch-0.1 1.8 1550 1280 2500 1210 0.3624
PАА-Ch-0.2 3.6 1780 1535 3100 1500 0.4555

However, a significant concentration of Ch, on the contrary, led to a 
significant increase in the equilibrium swelling degree in the hydrogel, as 
shown for the sample PAA-Ch-0.2, Seq is 1535%.

Obviously, this fact can be explained by the decrease in cross-linking 
during polymerization. A higher concentration of Ch in an aqueous solution 
(>3.6%) during polymerization led to the formation of colloidal solutions 
with high viscosity, which prevents the movement of free radicals and 
monomer molecules and their effective interaction.

In this regard, it was not possible to obtain high-quality samples with an 
even higher concentration of Ch.

A similar dependence was observed for the IPN hydrogels based on Ch 
and polyacrylamide obtained by other methods.19

Figure 5.7 shows the swelling of PAA-Ch-0.1 depending on pH. The 
effect of pH on the swelling degree was studied in buffer solutions.

Ammonium acetate buffer solutions were used:

1.	 Acetate buffer mixture (CH3COOH (acid) + CH3COONa (base)), pH 
= 4.76;

2.	 Ammonia buffer mixture (NH3·H2O (base) + NH4Cl (acid)), pH=9.25.

The highest equilibrium swelling degree Seq = 2500% was achieved in an 
alkaline medium (pH = 9.25). In acidic conditions, the amide groups of AA 
are converted into carboxyl groups (COO–). Therefore, the hydrogel consists 
of Ch as a cationic (NH3

+) and acrylic acid as an anionic (COO−) polyelec-
trolyte.20 However, in acidic conditions at pH = 4.76, the cationic nature of 
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the hydrogel (NH3
+) prevails. Therefore, NH3

+–NH3
+ electrostatic repulsion 

increases the osmotic pressure inside the gel relative to the solution. The gel 
achieves osmotic pressure equilibrium by swelling. But at pH = 9.25, the 
percentage of swelling increased, probably due to the predominance of the 
anionic nature of the hydrogel (COO−).

FIGURE 5.7  Swelling degree at different pH for PAA-Ch-0.1.

The swelling of hydrogels was studied in a physiological solution 
of 0.8% sodium chloride. It was found that the hydrogel swelling degree 
in physiological solution is less than in distilled water and is 1210% 
(Table 5.1). This well-known phenomenon can be explained by a decrease in 
the osmotic pressure between the internal and external solutions of the mesh 
in the presence of salt, and therefore the percentage of swelling decreases. A 
similar observation was previously obtained in hydrogels based on PAA and 
dextran-g-PAA.21

The phenomenon of the dependence of swelling of Ch-based hydrogels 
on various conditions allows changing the content of water or solution in 
IPN by changing the medium. These features of “smart” hydrogels make it 
possible to use them as biomaterials to create new and more effective drug 
release systems.
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5.4 CONCLUSION

Chemically cross-linked hydrogels based on interpenetrating polymer 
networks of Ch and polyacrylamide, which differed in the quantitative 
composition of polymers, were synthesized by radical polymerization 
using a redox system as initiator. In the swelling study of hydrogels, it was 
found that a slight increase in the concentration of Ch during synthesis 
naturally reduces the swelling degree of the samples. This regularity is 
contravened when significant amounts of Ch are used during synthesis. 
It was shown that Ch-containing hydrogels are pH-sensitive and swell 
best in acidic and alkaline mediums, which indicates their behavior as 
polyelectrolytes due to a change in the degree of their ionization (as 
polyampholytes).

The obtained results indicate a high potential ability of the synthesized 
polymer hydrogels based on polyacrylamide and Ch to meet the require-
ments of materials for biomedical applications.
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CHAPTER 6

ABSTRACT

The pore size, surface area, and density of silica gel were controlled by drying 
silica alcogel in ambient conditions and using supercritical ethanol extraction 
to obtain silica xerogel and silica aerogel, respectively, in the present study. 
The samples were characterized by N2 gas adsorption at −196°C, scanning 
electron microscopy and Fourier transform infrared (FTIR) spectroscopy and 
diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy. The 
effect of time on surface characteristics of silica aerogel up to three-month 
storage time was investigated by N2 gas adsorption. The functional groups 
of the xerogel and silica aerogel and a commercial mesoporous silica gel 
were examined by FTIR transmission spectroscopy. The effects of pressure, 
relative humidity, and temperature on hydration–dehydration behavior of 
silica aerogel and silica xerogel were investigated using a temperature and 
pressure-controlled chamber in diffused reflectance cell of FTIR spectro-
photometer. It was observed that free water was eliminated from the samples 
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under vacuum at ambient temperature. Hydrogen-bonded OH groups and 
isolated OH groups were eliminated partially by heating the samples up to 
500°C. The samples heated up to 500°C and cooled to ambient conditions 
had still had the capability of adsorbing free water.

6.1 INTRODUCTION

Aerogels applied in different fields, such as1,2

•	 supercapacitors,
•	 -refrigerators, hydrophobic adsorbents for nonpolar compounds,
•	 Cerenkov radiation detector media in high energy physics, or inertial 

confinement fusion targets for thermonuclear fusion reactions,
•	 thermal insulation in solar window systems,
•	 catalytic supports,
•	 acoustic barriers.

For silica aerogels and xerogels, the drying process was studied for the 
first time by Ru et al.3 In such a drying approach, the conventional and CO2 
along with ethanol supercritical drying method or (SCD methods) was used.

It should be noted that silica is often used as inorganic simple oxides. 
Nowadays, silica aerogels have been studied progressively due to their unique 
properties. For this reason, they have the potential to be used in different 
technological sectors. It is worth mentioning that our nanostructured mate-
rial in the form of silica aerogels has the following characteristics4:

•	 a low density,
•	 a high porosity,
•	 a high specific surface area,
•	 an insignificant dielectric constant, and
•	 appropriate heat insulation properties.

As reported by previous studies that aerogel has

•	 elevated thermal insulation value 0.005 W/m K,
•	 high porosity 80–99.8%, low density ~0.003 g/cm3,
•	 high specific surface area between 500 and 1200 m2/g,
•	 ultralow dielectric constant k = 1.0–2.0, and
•	 modest index of refraction practically equal to 1.05.

An aerogel is the outcome of the removal of the liquid part of an alcogel 
without harming the spectroscopy solid material (frequently by supercritical 
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removal). In the course of SCD, mainly under elevated pressure and elevated 
T, not merely drying even so the chemical reaction of alcogel component 
and supercritical extraction takes place. This drying process is related to 
the removal of the solvent from wet gel.5 The texture of the dried material 
will be conserved in this process. Practically speaking, it strongly lower the 
pore collapse. SCD comprises heating a gel in a device such as autoclave, 
prior to the pressure and temperature outreached the critical temperature Tc 
and critical pressure Pc of the liquid entrapped in the gel pores. It should be 
noted that the aerogel shows an elevated surface area along with remarkable 
nanoporosity. This is observed by the lack of capillary forces. The surface 
forces captivating the solid as well as the liquid phases were not evident. 
This is, in general, due to gas phase and the solid existed over the critical (T). 
During drying, the shrinkage of the gels is driven by the capillary pressure, 
P. This is shown by Equation (6.1). Capillary force can also be evaluated by 
contact angle (please refer to Eq. (6.2)):
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where Vp is the pore volume and Sp is the surface area.
Iswar et al.7 investigated the effect of aging silica alcogels before drying 

on pore volume of silica gels. The specific surface area decreased with 
aging time due to Oswald ripening phenomena in conventional dried gels. 
However, it was not affected in supercritical carbon dioxide–dried gels. The 
capability of the gel particle network to hold out against irreversible pore 
collapse during ambient pressure drying is increased by aging of alcogels.

DNA adsorption by silica aerogel was investigated by Yetgin and 
Balkose.8,9 Silica aerogel adsorbed more DNA than mesoporous DNA due to 
its high pore volume.8,9 Dehydration behavior of zeolites and zinc borates11 
was also investigated by diffuse reflectance infrared Fourier transform 
(DRIFT) spectroscopy.
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He et al.12 investigated the effect of heat treatment in hydrophobic silica 
gels. Silica hydrogels from water glass exchanged solvent and surface was 
modified with trimethylchlorosilane, and dried in ambient conditions. The 
obtained hydrophobic aerogels were heated in a temperature-controlled oven. 
When the heat treatment temperature was lower than 350°C, the properties 
of the silica aerogels showed little change. With a further increase in the heat 
treatment temperature, secondary particles consolidation with each other and 
mesopores were demolished and surface area decreased.12

Alcaniz-Monge et al.13 studied the impact of pore size scattering on water 
adsorption for a series of relatively dehydroxylated silica gels with various 
pore structures. It was observed that unspecified silica gels present adsorption 
of water mainly in the first range of correlative pressures (correlative 
pressure: 0.0–0.6), while other silica gels also represent adsorption of water 
at elevated relative pressures. Comparison of the N2 and water adsorption 
isotherms indicates that only silica gels contain mesoporosity; meanwhile, it 
shows water adsorption at relative pressures higher than 0.6. Nevertheless, 
an adequate relation among the primary part of water adsorption isotherms 
(relative pressure: 0.0–0.3) and CO2 adsorption isotherms has been 
determined (the greater the CO2 adsorption capacity, the greater the water 
adsorption capacity at low pressure).13 DRIFT spectroscopic characterization 
of silica gels was carried out in a spectrometer Mattson infinities (MI60). 
Powdered samples were located in a controlled environment chamber 
available in this equipment. Measurements were carried out under N2 flow 
(60 mL/min) and at a temperature of 623 K. The signal related to OH groups 
appears in the region between 3800 and 3000 cm−1. Each sample shows a 
sharp peak around 3750 cm−1 attributed to free OH groups, and a broad band 
between 3700 and 3000 cm−1, related to hydrogen-bonded OH groups.13 
Garbasi et al.14 investigated surface modification of silica gel with methyl 
trichlorosilane (MTCS), dimethyl dichloro silane (DCDMS), trimethyl 
chlorosilane (TMCS), and tetrachlorosilane (TCS). DRIFT spectroscopy 
was used to examine the modified silica gels. Isolated surface hydroxyls 
are responsible for the narrow band at 3746 cm−1, internal hydroxyls give 
rise to the band at 3650–3670 cm−1 and vicinal hydroxyls correspond to the 
absorption at 3540–3550 cm−1. DRIFT spectra of silica samples treated with 
TMCS, DCDMS, MTCS, or TCS showed two main effects: the disappearance 
or decrease of the band assigned to isolated hydroxyls and the occurrence of 
a series of absorptions in the 2900–3100 cm−1 region. The strongest peak, 
occurring at 2962 cm−1, was attributed to asymmetric stretching of methyl, 
while its companion near 2920 cm−1 is due to CH3 symmetric stretching. A 
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third small peak at 2858 cm−1 was probably due to CH2 stretching, originated 
by some residual n-heptane used to wash silica after treatments. Such bands 
provide direct evidence for methyl silyl formation at the silica surface.14

While Fourier transform infrared (FTIR) gives information about the 
vibrations of the bulk material, DRIFT spectroscopy gives information about 
the surface of the material. DRIFT spectroscopy was used for quantification of 
maximal chemisorption of 3-aminopropylsilyl groups on silica by Bukleski et 
al.15 and for identification of chemically modified silica by Fursgerber et al.16 and 
high-temperature properties of silica by Chunxiao et al.17 Catalyst evaluation 
for hydrocarbon synthesis was made by DRIFT spectroscopy.18–20 Lewis and 
Brønsted acid groups on silica/zirconia catalyst were investigated using DRIFT 
spectroscopy by Ma et al.21 Lewis acid cites were converted by hydrogen 
treatment to Brønsted acid cites of tungsten oxide supported on mesoporous 
spherical silica nanoparticles as shown by in-situ ammonia adsorption in 
DRIFT cell of infrared spectrophotometer.22 Amine-functionalized silica was 
synthesized and shown by DRIFT spectroscopy; they had C–H stretching band 
at a range of 2850–3000 cm−1 and C–N stretching mode at ~1250 cm−1.23

Wang et al.24 classified the silanol groups of silica as isolated, geminal, 
chained, and terminal. The engineering properties of silica surface alongside 
with its physical and chemical properties are highly affected by the surface 
silanol groups. Therefore, the surface of silica under ambient condition was 
covered by a layer of adsorbed water molecules. The absorbed water was 
combined with hydrogen-bonded (H-bonded) silanol groups emerging in a 
broad band in infrared spectrum (3700–3000 cm−1). All samples annealed 
using the temperature range of 480°C to remove the water effect. Throughout, 
the thermal treatment, the surface of silica experienced many transitions that 
were

•	 removal of weakly H-bonded hydroxyls,
•	 isolated hydroxyls in vicinity,
•	 the elimination of water, and
•	 removal of strongly H-bonded hydroxyls

In the present study, silica aerogel and silica xerogel were obtained by 
supercritical ethanol drying of the silica alcogel from tetraethoxysilane and 
by conventional drying. The gel samples were characterized by nitrogen gas 
adsorption, and scanning electron microscopy (SEM), transmission infrared 
spectroscopy to observe the drying method on their properties. The effect of 
aging time on aerogels surface properties was also aimed to be investigated. 
The dehydrating behavior of silica gel samples by heating under high vacuum 
were investigated in situ by DRIFT spectroscopy.
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6.2 EXPERIMENTAL METHODS AND MATERIALS

6.2.1 MATERIALS

Silica (Sigma Aldrich-Silica gel, Grade 7744 pore size 60 Å, 70–230 mesh) 
was used as commercial mesoporous silica gel.

Silica aerogel was prepared by controlled hydrolysis and condensation 
reactions of tetraethyl orthosilicate (TEOS). In Table 6.1, properties of used 
materials for silica aerogel and xerogel preparation are given.

TABLE 6.1  Properties of Used Materials for Silica Aerogel and Xerogel Preparation.

Materials Abbreviation Specifications
TEOS Si(OC2H5)4 98%, M = 208.3, d = 0.934 g/cm3 (Aldrich)
EtOH C2H5OH 99.8%, M = 46.07, d = 0.79 g/cm3 (Riedel)
Ammonium hydroxide NH4OH 28–30% NH3, M = 35.05, d = 0.9 g/cm3 (Aldrich)
Hydrochloric acid HCl 37% M = 36.46, d = 1.9 g/cm3 (Merck)

TEOS = Tetraethyl orthosilicate, EtOH = ethyl alcohol.

6.2.2 METHODS

6.2.2.1 SILICA AEROGEL

Silica aerogel was obtained using the following two steps of sol–gel 
procedure:

At first, hydrochloric acid was applied as an acid catalyst of the hydrolysis.
Then, the TEOS, ethanol (EtOH), distilled water, and hydrochloric acid 

were all mixed in a 250-cm3 glass bottle at a molar ratio of 1:6:4:10−3 (to be 
stirred for 30 min, until a hydrolysis solution was reached).

For the second step:

•	 ammonia (as a base catalyst) was added drop-wise into the solution 
(resulting from the first step, at the molar ratio of TEOS:NH4OH equals 
to 1:10−2).

•	 A white precipitate was seen right away.
•	 The mixture was more stirred for 2 min (and then kept for gelation).

The set gel is known as the alcogel and contained some amount of water.

•	 The alcogel was washed five times by holding in contact with 40 cm3 
fresh ethanol for 5, 7, 9, 12, and 39 days for the removal of water.
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•	 Right after the washing approach, the alcogel, having 84.3% ethanol, 
1.1% water, and 14.6% silica, was dried by two techniques: ethanol 
SCD technique and normal-condition drying technique.

•	 The samples were considered as aerogel and xerogel (as respectively 
based on drying technique).

Ethanol SCD system is shown in Figure 6.1.

Nitrogen Source

FIGURE 6.1  Ethanol supercritical drying system.

The supercritical ethanol drying set-up is shown in Figure 6.1. The 
system has a temperature-controlled 300-cm3 PARR 4561 reactor and a 
300-cm3 PARR expansion vessel. In a typical experiment, approximately 
5.0 g of silica alcogel and 100 cm3 ethanol was placed in the reactor. First 
nitrogen gas was passed from the system by opening valves 1, 2, 3, and 4 
to remove oxygen from the system. Then all the valves were closed and the 
reactor is heated to 250°C and 7.2 MPa pressure. The supercritical tempera-
ture and pressure of ethanol are 241°C and 6.36 MPa, respectively. Thus 
ethanol was brought to a supercritical state. The ethanol and silica alcogel 
mixture was stirred at 600 rpm during heating. The valve 2 is opened at this 
temperature. The gauge pressure in the system was decreased to zero in this 
process. The ethanol in supercritical state is expanded into expansion vessel 
and condensed there as a liquid. Heating is stopped and the system was 
opened when it was cooled to room temperature. The silica aerogel particles 
were collected from the reactor and the ethanol phase was taken from the 
expansion vessel.25

Silica aerogel that was in the cooled first vessel was transferred to a 
desiccator for storage. The surface characteristics of stored gels up to three 
months were measured to see the effect of aging time.
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6.2.2 SILICA XEROGEL

The washed alcogel was dried at ambient conditions to obtain the xerogel.

6.2.3 CHARACTERIZATION

6.2.3.1 NITROGEN GAS ADSORPTION

Specific surface area, pore diameter, and pore volume of the commercial silica 
gel, silica aerogel, and silica xerogel were obtained by using the physical 
adsorption of nitrogen technique at 77 K, using Micromeritics ASAP 2010. 
Pore-size analysis of mesoporous materials from adsorption isotherms is a 
specific technique based on capillary condensation, evaporation, and associ-
ated hysteresis phenomena of the adsorbed gases such as nitrogen (N2).

6.2.3.2 TAPPED DENSITY

The tap densities of commercial silica gel and silica aerogel were measured 
by filling a known volume of a glass cylinder and by weighing the samples.

6.2.3.3 TRANSMITTANCE FTIR SPECTROSCOPY

Transmittance infrared spectra of commercial silica gel, silica aerogel, and 
silica xerogel were obtained by the standard potassium bromide (KBr) pellet 
method in the region of 400–4000 cm−1 after 40 scans at 4 cm−1 resolution at 
room temperature on a spectrometer equipped with a deuterated triglycine 
sulfate detector (FTS 3000 MX, Digilab Excalibur Series). Prior to the 
analyses, 1 mg of dehydrated silica gel samples was ground with 150 mg of 
KBr and the powder mixtures were pressed into pellets of 13 mm in diameter 
under 4 t/cm2 by a hydraulic press.

6.2.3.4 TEMPERATURE-PROGRAMMED DIFFUSE REFLECTANCE FTIR 
SPECTROSCOPY

The dehydration behavior of the samples was determined by an in situ 
temperature-programmed DRIFT infrared spectroscopy method. The samples 



Study of Dehydration Behavior of Silica Xerogel	 149

were heated in situ from room temperature up to 500°C at a heating rate of 
2°C/min under vacuum (10−2 mbar) in a praying mantis diffuse reflection 
attachment (Harrick Scientific Products Inc., Ossing, NY) equipped with 
a high-temperature, low-pressure reaction chamber (HVC-DRP, Harrick 
Scientific Products Inc.). The reaction chamber has two CaF2 windows and 
one glass window for observation. The temperature of the sample in the 
sample cup of the reaction chamber was measured by a K-type thermocouple 
and controlled by a low-voltage heating cartridge using a single-loop 
proportional–integral–derivative (PID) temperature controller (Series 989, 
Watlow, Winona, MN). The pressure in the chamber was measured by a 
Pirani vacuum gauge (measurement range: 5 × 10−4–1,000 mbar, Thermovac 
TR 216 S, Oerlikon Leybold, Cologne, Germany) and Penning vacuum 
gauge (measurement range: 10−9–10−3 mbar, PTR 225, Oerlikon Leybold). 
The DRIFT spectrum of the sample was obtained at different temperatures 
during its dynamic heating. The ambient conditions in the laboratory were 
20–25°C temperature and 60% relative humidity air at 1 atm pressure. A 
0.1-g sample of silica aerogel or xerogel was placed on the sample holder 
and after its spectrum at room temperature and 1 atm pressure was taken, the 
sample chamber was evacuated down to the 0.1 Pa pressure and heated up to 
500°C at 2°C/min−1 rate at 0.1 Pa pressure. The spectra were recorded at 50 
scans at a resolution of 8 cm−1 in the 400–4000-cm−1 range. The background 
spectra were recorded using KBr as sample. The spectra of the samples were 
also taken after cooling to room temperature under vacuum and opened to 
the atmosphere after the dehydration experiment.

6.2.3.5 SCANNING ELECTRON MICROSCOPY

SEM images were taken by Philips SFEG 30S and FEI Qanta 250 FEG 
instruments.

6.3 RESULTS AND DISCUSSION

6.3.1 NITROGEN ADSORPTION

The adsorption isotherm of N2 adsorption at 77 K is shown for mesoporous 
silica in Figure 6.2. The isotherm is Type IV of the UIPAC classification. Due 
to condensation along with evaporation of liquid nitrogen from mesopores, 
hysteresis loop is formed by adsorption/desorption isotherms and depends 
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directly to the shape and size of pores.26 Hysteresis cycle was, in general, 
determined for materials with interrelated pore networks and different 
sizes and shapes. The isotherms of silica, alumina, and hydroxyapatite 
have hysteresis loops, which are agreeable with the presence of mesopores. 
Relative pressure of P/P° if higher than 0.6 is related to capillary condensation 
in mesopores, which is characteristic of type IV isotherms.3

Adsorption

Desorption

FIGURE 6.2  Nitrogen adsorption and desorption isotherm of mesoporous silica gel.

Hysteresis loop formed by adsorption/desorption isotherms due to 
condensation and evaporation of liquid nitrogen from mesopores depends 
upon the shape and size of pores. Hysteresis cycle was commonly observed 
for materials with interrelated pore networks with different size and shape. 
According to these data, single point, BET and Langmuir surface areas, 
average pore diameter, total pore volume, and micropore volume of the 
adsorbents have been listed in Table 6.2.

Silica aerogel was tested many times for surface area:

•	 The first test performed after SCD was completed.
•	 The second test was done after one-month aging.
•	 The third test was performed after two months aging in a desiccator.
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TABLE 6.2  Properties of Silica Gels Determined by Nitrogen Adsorption.

Properties Sigma-Aldrich 
silica gel

Aerogel 
(1)

Aerogel 
(2)

Aerogel 
(3)

Xerogel 
(4)

Single-point surface area (m2/g) 556 1055 740 691 922
BET surface area (m2/g) 571 1107 756 708 945
Langmuir surface area (m2/g) 787 1549 1012 981 1390
Average pore diameter (nm)  
(4V/A by BET)

5.5 4.2 4.3 4.4 2.6

Single-point total pore volume 
(cm3/g)

0.79 1.19 0.81 0.79 0.62

Max micropore volume (cm3/g) 0.20 0.36 0.28 0.26 0.35

Sample codes 1, 2, and 3 in Figure 6.3 and Table 6.2 referred to super-
critical dried silica aerogel. (1), (2), and (3) were for as prepared aerogel, 
two months aged and three months aged aerogel, respectively. From curve 
(4), it is observed that the silica which was dried conventionally (xerogel). 
The total pore volume of prepared aerogel was equal to 1.19 cm3/g, and it 
reduced to 0.81 and 0.79 cm3/g on one and two months aging time. BET 
surface area of the aerogel was also reduced for aging period of one month 
and two months from 1549 to 1012 m2/g and 981 m2/g, respectively. It was 
observed that the mesoporous structure was collapsed with time. Neverthe-
less, it is clear that SCD is a preference method to gain high-surface area 
than conventional dried silica (xerogel) structure.

Total pore volume of silica aerogel and commercial silica gel were calculated 
from their tapped densities. The tapped bulk densities of the commercial silica 
gel and silica aerogel were determined as 0.56 and 0.09 g/cm3, respectively. 
Considering random packing particles void volume fraction as 0.33 and density 
of silica as 2.2 g/cm3, the total pore volumes were calculated as 0.73 and 7 
cm3/g, respectively, for commercial silica gel and silica aerogel, respectively. 
While the total pore volumes determined by nitrogen adsorption and from bulk 
density measurements were close to each other for silica gel (0.76 and 0.73 
cm3/g, respectively), silica aerogel had pore volumes of 7 cm3/g from bulk 
density measurement and 1.19 g/cm3 from N2 adsorption.

6.3.2 MORPHOLOGY OF SILICA AEROGEL AND XEROGEL

Produced silica aerogel and xerogel morphology were also investigated by SEM 
technique. According to obtained micrographs in Figure 6.4, silica aerogel has 
larger agglomerates of particles than conventional dried xerogel. Conventional 
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drying particles were attracted to each other by the surface tension of liquid 
filling the empty spaces between particles. The surface tension of liquid ethanol 
is 22 mN/m at 25°C.26 In case of ethanol vapor, there is no attraction between 
the particles since no liquid surface tension is present. Thus, the particle 
agglomerate keeps its original size during the removal of supercritical ethanol.

FIGURE 6.3  Nitrogen adsorption and desorption isotherms of (1) as prepared aerogel, (2) 
aerogel after two months, (3) aerogel after three months, and (4) as prepared xerogel.

FIGURE 6.4  SEM micrograph of aerogel (a) and xerogel (b).
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FIGURE 6.5  FTIR spectrum of commercial silica gel.

FIGURE 6.6  FTIR spectrum of silica xerogel.

FTIR spectra of commercial silica, silica xerogel, and silica aerogel 
are seen in Figures 6.5–6.7. All three different types of silica gel had the 
same functional groups in the bulk material. The presence of water can be 
observed from the band at 1640 cm−1, assigned to the bending vibration 
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of H2O.27 The peak at 3400 cm−1 is related to the stretching of hydrogen-
bonded residual silanol (Si–OH) groups and hydrogen-bonded OH groups 
of adsorbed water.27 In other words, this wavenumber is relevant to the –OH 
vibrations of molecular water that is physically adsorbed in the network. 
This band mostly reflects stretching vibration of hydrogen-bonded Si–OH 
groups and hydrogen-bonded OH groups of adsorbed water, while the peak 
at 1630 cm–1 related to bending water vibration.2 The weak band near 970 
cm–1 was assigned to the oscillating oxygen atoms in the silica network, 
including silanol groups and broken Si–O–Si bridges.2 The peak at 1080 
cm−1 wavenumber has been related Si–O–Si bond stretching.

FIGURE 6.7  FTIR spectrum of silica aerogel.

6.3.3 DRIFT SPECTRA OF SILICA GELS

Information about the phenomena occurring on the surface of silica particles 
on vacuum application, heating, cooling, and pressurizing was obtained 
by DRIFT spectroscopy. The samples were placed to the sample holder of 
Harrick high-temperature cell at ambient temperature and pressure, and 
the pressure in the sample cell was lowered using the vacuum system. The 
temperature was increased at 2°C/min rate up to 500°C. Then, the system 
under vacuum was cooled to room temperature and opened to ambient 
atmosphere. The DRIFT spectra of the sample at ambient conditions, at 
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room temperature, 100, 200, 300, 400, 500°C, cooled to room temperature 
at 10−2 mbar and at ambient conditions (60% relative humidity, 20 or 25°C) 
were taken to study the dehydration and hydration behaviors of silica 
aerogel and silica xerogel.

The DRIFT spectrum of aerogel when placed in the DRIFT cell at 1 atm 
pressure and 20°C is shown in Figure 6.8. The broad peak at 3400 cm−1 
belonged to hydrogen-bonded OH groups, the small peak at 1640 cm−1 
belonged to the bending vibration of adsorbed H2O molecules.14,15 The small 
peak at 1420 cm−1 could be due to the presence of CH2 groups in aerogel. 
When the pressure of the system was lowered to 10−2 mbar, the peak at 1640 
cm−1 lowered in intensity indicating desorption of H2O molecules from the 
surface.

FIGURE 6.8  DRIFT spectra of aerogel before heating in ambient conditions and at 0.01 
mbar and 20°C.

When the aerogel sample is heated under vacuum, the intensity of the 
hydrogen-bonded OH groups at 3400 cm−1 is lowered and a sharp peak 
belonging to isolated OH groups at 3700 cm−1 is observed as shown in 
Figure 6.9.

When the heated aerogel is up to 500°C cooled to room temperature 
under vacuum, its DRIFT spectrum does not change as seen in Figure 
6.10. However, when it is open to ambient conditions at 1 atm and room 
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temperature, it adsorbs moisture from the air and hydrogen-bonded OH 
group’s intensity and intensity of H2O bending in DRIFT spectrum increase.

FIGURE 6.9  Effect of heating aerogel under vacuum on its DRIFT spectrum.

FIGURE 6.10  DRIFT spectra of aerogel after heating and cooling to room temperature.

The xerogel also has a broad hydrogen-bonded OH group peak at 3400 
cm−1 and H2O bending peak at 1640 cm−1 as seen in Figure 6.11. When 
vacuum is applied, the intensity of hydrogen-bonded OH groups peak 
is lowered and the H2O bending peak at 1640 cm−1 disappears indicating 
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desorption of adsorbed water under vacuum. Two small peaks at 2984 and 
2916 cm−1 are seen under vacuum. These peaks are due to asymmetric and 
symmetric stretching vibrations of CH3, the ethyl group of entrapped ethyl 
alcohol or unconverted Si(OCH2CH3)4 to SiO2 in aerogel.

FIGURE 6.11  DRIFT spectra of xerogel before heating at 1 atm and 0.01 mbar at 20°C.

FIGURE 6.12  Effect of heating on DRIFT spectrum of xerogel under vacuum at 0.01 mbar.
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When the xerogel is heated under vacuum, the broad hydrogen-bonded 
OH group peak at 3400 cm−1 and isolated OH group peak at 3700 cm−1 
peak becomes observable as seen in Figure 6.12. The peaks at 2976, 2908, 
and 2887 cm−1 indicated the presence of CH3 and CH2 groups in heated 
xerogel.28–30 The intensities of these peaks do not change with temperature 
indicating the thermal stability of these groups. These groups remained in 
xerogel sample even at high temperatures.

The isolated OH group peak at 3700 cm−1 is combined with the broad 
hydrogen-bonded OH groups peak when the xerogel is heated up to 500°C 
and then cooled to room temperature and opened to ambient air. Also, 
bending vibration of H2O at 1640 cm−1 is observed at 1640 cm−1 as seen 
in Figure 6.13. The ambient air had around 60 % relative humidity and the 
dehydrated xerogel sample has the ability to adsorb moisture. The vibrations 
of CH3 and CH2 groups are also observed at 2974, 2929, and 2882 cm−1 in 
moisture-adsorbed samples.

FIGURE 6.13  DRIFT spectrum of xerogel after heating and cooling to room temperature.

A comparison was made between the behavior of aerogel and xerogel 
for heating them under vacuum. The relative values of absorbance at 3400/
absorbance 1100 cm−1 were calculated for each temperature and shown in 
Figure 6.14 for comparison. Absorbance at 1100 cm−1 is related to the amount 
of Si–O groups in the samples. However, since CaF2 windows were used in 
high-pressure and high-temperature chamber, its transparency range should 
also be considered. Since CaF2 is transparent in mid-IR range down to 1050 
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cm−1 (https://kinecat.pl/wp-content/uploads/2012/11/crystal_ref.pdf), taking 
1100 cm−1 peak as reference would be in the safe limit. The hydrogen-bonded 
OH group concentration in xerogel decreased continuously for xerogel, and 
for aerogel, it first increased from 20 to 100°C remained nearly constant up 
to 400°C, and it decreased to its initial value at 500°C.

FIGURE 6.14  The change of hydrogen-bonded OH groups absorbance at 3400 cm−1 relative 
to absorbance at 1100 cm−1 versus temperature.

The isolated OH groups concentration change with temperature was also 
compared for aerogel and xerogel in Figure 6.15. The isolated OH group 
concentration in xerogel increased with temperature when it is heated up to 
100°C and then its concentration is increased at a slower rate up to 400°C 
and at 500°C, it decreased indicating elimination of isolated OH groups 
from silica hydrogel. He et al. observed pore collapse of silica aerogel above 
350°C. However, pore collapse elimination of isolated OH groups was 
observed according to the present study.12

6.4 CONCLUSION

The pore size, surface area, and density of silica gel were controlled by drying 
silica alcogel in ambient conditions and using supercritical ethanol extraction 

https://www.kinecat.pl
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to obtain silica xerogel and silica aerogel, respectively, in this study. The 
samples were characterized by N2 gas adsorption at −196°C, SEM, and FTIR 
spectroscopy. The effect of time on surface characteristics of silica aerogel 
up to three-month storage time was investigated by N2 gas adsorption. The 
pore volume and surface area of silica aerogel decreased with storage time 
as indicated by nitrogen gas adsorption. The functional groups of the xerogel 
and silica aerogel and a commercial mesoporous silica gel were examined by 
FTIR transmission spectroscopy. The effects of pressure, relative humidity, 
and temperature on hydration–dehydration behavior of silica aerogel and 
silica xerogel were investigated using a temperature and pressure-controlled 
chamber in diffuse reflectance (DRIFT) cell of FTIR spectrophotometer. The 
presence of isolated OH groups at 3700 cm−1, hydrogen-bonded OH groups 
at 3400 cm−1, and CH3 and CH2 groups were observed in heated samples. It 
was observed that free water was eliminated from the samples under vacuum 
at ambient temperature as indicated by the disappearance of 1640 cm−1 
H2O vibration peak. Hydrogen-bonded OH groups and isolated OH groups 
were eliminated partially by heating the samples up to 500°C. The samples 
heated up to 500°C and cooled to ambient conditions and opened to ambient 
atmosphere at 60% relative humidity still had the capability of adsorbing 
free water.

FIGURE 6.15  The change of isolated OH groups absorbance at 3700 cm−1 relative to 
absorbance at 1100 cm−1 for aerogel and xerogel.
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CHAPTER 7

ABSTRACT

In this chapter the effect of small additives of carbon nanotubes is studied. 
This experimental investigation is directed to the formation of black glossy 
compositions with an aggregative distribution of filler. From the experimental 
studies we observed that application of carbon nanotubes enhanced resistance 
in chemically aggressive environment along with some remarkable improve-
ment of fire-resistant composites.

It is shown that the introduction of 0.1–2 wt% multiwall carbon nano-
tubes (CNTs) leads to the formation of black glossy compositions with an 
aggregative distribution of filler. Starting from 1 wt% inhomogeneous distri-
bution leads to a sharp increase of viscosity and deterioration of operational 
properties. It is established that the introduction of 0.1–2 wt% CNT with 
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the original and the oxidized surface as a rule does not allow to increase the 
studied mechanical properties (compressive and flexural strength/modulus, 
microhardness, wear). At the same time, the introduction of CNT allows you 
to increase resistance in chemically aggressive environment (concentrated 
nitric acid) and fire-resistant composites (growth with increasing concen-
tration of CNT). These effects are better observed for filling by CNT with 
oxidized surface.

CNT is an allotropic form of carbon that forms tubular nanosized particles. 
The experimental discovery of CNTs is officially attributed to Ijima in 1991.1 
However,2 back in 1952, in the USSR and the USA electronic images of 
carbon substances formed on the surface of stainless steel were obtained 
as a result of thermal decomposition of CO. These images were clearly 
visible tubular carbon formations,2 which in modern terminology should be 
called nanotubes (Fe—a typical catalyst for CNT growth by chemical vapor 
deposition).

In 2002, CNTs were first synthesized at our Chuyko Institute of Surface 
Chemistry,3 and subsequently, these methods of obtaining them were 
improved.4–7

In CNT, each carbon atom sp2 is hybridized and bound to three adjacent 
hexagonal lattice atoms. Graphene layers form cylindrical structures8,20 with 
different numbers of concentric cylinders: one, two, or several—as shown in 
Figures 7.1 and 7.2.

	 a—Single-layer CNT	 b—Two- and multilayer CNT

FIGURE 7.1  Different types of nanotubes: one (a), two (b), and (c) multiwall.
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(a)

(b)

FIGURE 7.2  SEM images of multilayer CNT powder: (a) Nanocyl NC7000 and (b) Baytubes 
C150P.

Thus, CNTs have been in the spotlight for 30 years. A priori, CNT can 
be called as “advanced carbon fibers,” and composites filled with them 
can be observed as a carboplastics with improved properties. There are 
many valuable research studies available on investigation of epoxy-CNT 
compositions.9–17

However, the issues of their influence on the properties of polymer 
composites have been studied fragmentarily so far. Theoretically, the intro-
duction of nanotubes into a thermosetting polymer (e.g., polyepoxide or 
polyester) should dramatically improve a number of properties—due to the 
construction of new structures and phases. The most significant effects take 
place for the electrical and thermal properties of composites.

Regarding CNT–polyepoxide composites, there are ambiguous experi-
mental data in the literature. Thus, according to Ref. [12], the introduction 
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of CNTs in epoxy resin led to a deterioration of physical and mechanical 
properties.

Chakraborty et al.17 studied the effect of dispersion and distribution 
of CNT in epoxy. Figure 7.3 clearly shows the agglomerative and chain 
distribution of CNT in the composition, which is characteristic of many 
nanoparticles. It follows from Figures 7.11 and 7.12 that compression and 
flexural as strength as modulus change insignificantly.17

At the same time, thermal and electrical conductivity are significantly 
improved. In Ref. [9], measurements of the electrical properties of CNT 
epoxy composites containing low carbon nanotube loads (less than 1%) were 
shown. It is well observed that the resistivity reduction is up to 40%, while 
the application of simulated sunlight with the concomitant surge in tempera-
ture reached to a maximum decrease of 58%. In our work, it was shown that 
the introduction of CNTs can change the properties of polyepoxides, giving 
them higher resistance to aggressive environments.12

Our team has significant experience in the study of polymer composites 
with carbon materials.12,18,19 The potential of CNT as a structure-strengthening 
filler is considered significant, so the experimental search continues. In our 
case, it was of interest to trace the effect of CNTs with different surface 
natures on the mechanical properties of composites and their behavior in 
aggressive environments.

7.1 METHODS AND REACTIVES

7.1.1 POLYMERIC MATRIX

The investigated CNTs were incorporated into an epoxy resin produced in 
Poland (epoxy rubber) and cured under normal conditions, with polyethylene–
polyamine (Chech production) in a ratio of 6:1. The compositions were 
mixed with filler and, after brief evacuation, poured into molds. At the end of 
the curing process at room temperature (after 7 days), they were heat treated 
at 75°C (6 h), and then some samples—at another 170°C (1 h).

7.1.2 CARBON NANOTUBES

The CNTs produced in our laboratories (D = 20–40 nm, L = 10–30 mcm, 
10–15 layers, purity up to 95%, surface area 110 m2/g) were taken for study 
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in the original and oxidized form. Oxidation was carried out by the action of 
concentrated HNO3; as a result, the content of –COOH groups in CNT was 
≈1.2%.12 TUBALL (Luxembourg, Russian production) and OCSiAl (China 
production) CNTs were also taken for comparison.

Multilayer carbon nanotubes (BSWTs) for polymer filling were synthe-
sized by CVD method,5 to obtain a product with homogeneous reproducible 
properties used a reactor that rotates constantly during synthesis. Using 
previously developed methods (Melezhik O., Sementsov Y.),3–7 on the 
basis of the research and production enterprise “TM Spetsmash” in Kyiv, 
conducted a synthesis of CNT batches on catalysts with different ratios of 
metals.

7.1.3 MECHANIC AND RESISTANCE TESTS

•	 Bending test performed (GOST 56810-2015). Size of plates used: 6 × 
1 × 0.2 cm3.

•	 Bending fracture was performed based on L = 3 cm of a DI-1 bending 
testing machine.

•	 The elastic modulus and the value of strength were determined (based 
on the test results).

•	 Compression test performed (GOST 4651-2014, ISO 604:2002), 
using Louis Shopper press-machine until complete destruction of 
samples achieved.

•	 Based on the results observed from the compression test, the strength 
was determined using: f = P/s

Here P is the load in kgf, s is the area equal to 0.332 cm2, and E is the 
modulus: E=f/e (where e is the value of relative elongation observed).

•	 The value of the Brinell microhardness (based on the standards of 
GOST 9012-59, ISO 6506-1: 2005) was observed as resistance 
load while a steel hemisphere (with the diameter of d = 3 mm) was 
immersed in a sample-plate (with considering the b = 1.5 mm) to 
10–60 μm.

•	 Specimens were tested in aggressive environments using the standard 
swelling method (ISO 62: 2008, GOST 4650-2014).

•	 Tablets 1 × 1 × 0.2 cm3 were located in an aggressive environment.
•	 The change in their weight was periodically recorded, which was 

converted into % of swelling (q = (m − m0)/m0 × 100%).
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7.2 МICROSCOPY AND VISUAL ANALYSIS

A typical multilayer CNTs12,20 were observed as shown in Figures 7.3–7.6.

FIGURE 7.3  Visualization of mechanical tests for compression (left), bending and micro-
hardness (right).

	 (a)	 (b)

FIGURE 7.4  CNT: a—initial; b—after oxidation.

At the macro level, the introduction of CNT is similar to the action of 
graphite: the composite turns black, and at concentrations above 1 wt% 
becomes viscous.

From Figure 7.6, we can see that at 0.1–1 wt%, CNT are distributed 
relatively homogeneous, with aggregates 50–500 mcm and bubbles ≤3 mm. 
A boundary CNT layer forms around air inclusions. But after 1 wt%, the 
macro-distribution of CNTs is nonuniform. Indeed, at such concentrations, 
the composite becomes viscous and difficult to form; it appears a lot of large 
bubbles and inhomogeneities.
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1 2

3 4
FIGURE 7.5  TEM images of CNT samples obtained on the AlхFeMoу—catalysts (1–3) and 
Chinese CNT (4).

FIGURE 7.6  Photographic images of composites with 0.1–2 wt% CNTs. 100× magnification 
(with an actual screen length of 7 cm).
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7.3 STRENGTH OF COMPOSITES

The tests show that the introduction of 0.1–2% CNTs does not lead to 
significant changes in the compressive strength of nonthermally tested 
epoxy polymer (EP) samples. There are “weakening” concentrations (0.3%). 
As for “enhancer concentration” (0.1%), they should obviously be sought in 
the field of small additives (up to 0.1%).

After heat treatment, the strength increases markedly for the unfilled 
polymer, and even more so for almost all filled samples (Table 7.1). This is 
especially noticeable for oxidized samples. However, it was not possible to 
increase the strength above 14% even after heat treatment.

TABLE 7.1  Values of the Destructive Load C of Compressive Strength Tests (Cubes of 1 cm). 
“Oh”—oxidized; “Ch”—Chinese CNT.

C, 75oC 6 h Ct, 75 о 6 h + 170о 3 h

Сaver and  
Cmax (kgf/сm2)

Сaver  
(rel. un.)

≈Modulus 
(rel. un.)

Сaver  
(kgf/сm2)

Сaver, rel. un. C/Ct 
(rel. un.)

Н 1250–1370 1 1 1320 1 1.06

0.1% 1380–1450 1.11 1.2 1290 0.98 0.94

0.3% 1230–1240 1 1 1340 1.02 1.09

0.5% 1180–1190 0.95 0.9 1330 1 1.13

1% 1290–1310 1.03 1.1

2% 1270–1290 1.01 1 1260 0.96 0.99

0.1% ох 1240–1260 1 1 1420 1.1 1.15

0.3% ох 1150–1180 0.9 0.9 1330 1 1.17

0.5% ох 1240–1260 1 1 1380 1.05 1.11

0.5% ch. ox 1310–1340 1.05 1.1 1390 1.05 1.06

1% ох 1250–1250 1 1

2% ох 1270–1300 1.01 1.1 1260 0.96 0.99

Filling by CNT increases the bending strength rarely (up to 10–15% 
for “0.1% ox,” Table 7.2). But the modulus when bending by filling can be 
significantly increased—by 15–20%, and in some cases by 50% (for 0.3%). 
It is also sometimes possible to slightly increase the microhardness and abra-
sion resistance (Table 7.2).
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TABLE 7.2  Mechanical Parameters of Composites.

75°C, 6 h Bending strength 
(kgf/mm2)

Bending modulus 
(kgf/сm2 ×105)

Microhardness 
(XF)*

Wear resistance 
(rel. un.)

Н 11.8 0.34 65 1
0.1% 11.5 0.28 65 0.9
0.3% 11.3 0.52 70 1.1
0.5% 11.2 0.37 66 0.9
0.5% ch. 11.7 0.43 68 1
1% 9.6 0.24 60 0.9
2% 8.3 0.3 60 0.9
0.1% ох 12.2 0.38
0.3% ох 0.41
0.5% ох 10.3 0.36
1% ох 9.1 0.25
2% ох 10.2 0.34
0.5% ch. ох 11.4 0.31

*First estimation.

7.4 CHEMICAL RESISTANCE OF COMPOSITES

7.4.1 STABILITY IN ACETONE

Acetone is known to be one of the most aggressive media for polyepoxides. 
Despite the obvious absence of chemical interactions with EP, acetone 
can completely “break” the polymer structure in 1–2 days due to physical 
sorption. The CNT filling gives a chance to strengthen the structure of the 
polymer to the action of aggressive media.

However, it has been experimentally found that nanotubes do not 
contribute to the strengthening of epoxy rubber in acetone. Moreover, the 
destruction of samples is faster—only a sample of 0.3 ok and “highly filled” 
2 and 2 ox (Table 7.3) withstand more than 26 days, on a par with an unfilled 
analog. In a number of cases, the destruction of a sample (by which we mean 
its division into several parts) occurs much faster than without filling—for 
example, for samples 0.1, 0.5, 0.5 Koc and 1. The dynamics of the behavior 
of composites with author’s nanotubes in acetone is generally similar to 
the behavior of composites with industrial nanotubes (0.5 K and 0.5 Kox). 
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The change in the degree of swelling practically does not change after the 
introduction of nanotubes (Table 7.3).

It can be seen that oxidized nanotubes give composites more resistance to 
acetone than nonoxidized ones (Table 7.3). This agrees with the assumption 
about the composite strengthening effect of –COOH groups on the surface 
of oxidized SNTs.

TABLE 7.3  Swelling of Samples of Epoxy Rubber in Acetone.

Days 0% 0.1 0.1 
оx

0.3 0.3 
оx

0.5 0.5 
оx

0.5 
ch.

0.5 ch. 
Оx

1 1 оx 2 2 оx

0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.02 0.0 0.6 0.4 0.3 −0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.17 2.5 4.0 2.5 4.3 1.4 2.0 2.0 3.2 4.7 1.9 1.4 0.4 0.3
1 10.5 18.3 11.8 11.1 6.4 11.1 6.0 4.6 17.8 7.9 7.1 1.2 3.1
2 13.7 15.1 8.1 8.6 7.8 6.8 8.3 3.3 4.2
10 20.0 20.5 25.0 20.3 24.1 18.2 10.8
16 20.0 20.5 21.4 24.1 21.9 15.0
26 19.6 19.4 21.1 16.8

However, from Figure 7.7, it is noticeable that most of the filled samples 
decompose faster than the unfilled polyepoxide.

FIGURE 7.7  View of the samples after two days of endurance in acetone.

7.5 CONCLUSIONS

1.	 The introduction of CNTs leads to a significant change in both the 
consistency/viscosity of composition and the morphology of polymer 



The Effect of Small Additives of Сarbon Nanotubes	 175

composite. Agglomerates, bubbles (bordered by nanotubes), and 
inhomogeneities appear in the composite. After 2 wt%, the form-
ability of the curable composition is significantly more difficult, 
and the resulting composites are heterogeneous due to caverns and 
nonvacuumated air bubbles.

FIGURE 7.8  Swelling of samples in concentrated nitric acid.

TABLE 7.4  Sample lifetime in conc. HNO3.

Н Н1 0.1 0.1 
оx

0.3 0.3 
оx

0.5 0.5 
оx

0.5 
ch.

0.5 ch. 
оx

1 1 оx 2 2 ох

Days 3 3 7 7 4 4 7 7 7 3 4 7 8
Destr. Oo Oo ÷ ÷ § § ÷ ÷ ÷ ÷ § § § §

Designations of destruction: Oo—foams, §—smears and spreads, ÷—spalls from the main 
mass of the sample are observed.

2.	 Experimentally, no large-scale changes (±5–10%) in the strength 
properties (compression, bending, Young’s modules, microhardness, 
wear) of the composites after CNT filling were revealed. It is shown 
that after hard heat treatment, the compressive strength increases for 
the unfilled polymer, and even stronger for almost all filled samples.

3.	 Chemical resistance tests have shown that initial CNT do not improve 
the resistance of the composite in acetone solutions. At the same time, 
oxidized nanotubes give composites more resistant to acetone than 
unoxidized ones. At the same time, the introduction of nanotubes 
can significantly increase the resistance to acid swelling and liquid-
phase oxidation (e.g., exposure to concentrated nitric acid). As in the 
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case of acetone, oxidized nanotubes usually give a more resistant 
composite to concentrated nitric acid than nonoxidized ones.
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CHAPTER 8

ABSTRACT

The present chapter is dedicated to the investigation of the carbonization of 
melamine formaldehyde lacquer modified by ammonium polyphosphate and 
copper–carbon mesocomposite for creating anticorrosion intumescent fire-
proofing coating. Thorough investigations of the obtained materials modified 
by mesocomposite are of scientific and practical interest. The investigations 
were carried out with the use of X-ray photoelectron spectroscopy, X-ray 
diffraction, atomic force microscopy, optical microscopy, and, also, thermal 
and fire tests according to the State Standard. The investigation and test 
results indicate a significant improvement in thermal stability and fire-
protecting properties of coating modified by ammonium polyphosphate and 
copper–carbon mesocomposite due to the improvement of the quality of 
formed coked foam.
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8.1 INTRODUCTION

Paint- and lacquer coatings are widely used in machine-building industry, 
radio electronics, aviation, shipbuilding, industrial and dwelling construction, 
etc. In construction, light aluminum structures are frequently used. However, 
such structures are prone to corrosion and are not fire-resistant.

Melamine formaldehyde lacquer (MFL) is used to protect metals against 
corrosion. The intensive development of the national economy makes it 
necessary to increase the volume of the production of coating compositions 
with improved quality indices.

Investigations in the sphere of the creation of anticorrosive and fire-
proofing coatings by modifying coating compositions with the use of nanoscale 
additives are very important. For protecting aluminum structures against fire 
swellable, fire-proofing coatings are frequently used; under the action of fire, 
such coatings transform into coked foam with low thermal conductivity. Such 
coked foam protects the metal at high temperatures.1,2

In the present chapter, to improve the MFL thermal stability and fire-
proofing properties, additives were used, such as ammonium polyphosphate 
(APP) and copper–carbon mesocomposite (Cu–C MC).

APP is widely used as a fire-retardant agent in the production of special-
purpose paintwork materials: fire-retardant paints, dopes, lacquers, and 
mastic.3 APP initiates the formation of coke at the thermal decomposition of 
a lacquer film. Cu–C MC is added for increasing the strength and adhesive 
strength of the formed layer of coked foam.

The purpose of the chapter is the comparative investigation of MFL 
coating modified by a fire-retardant system containing APP and Cu–C MC.

8.2 EXPERIMENT

The subjects of the present investigation were three samples of MFL coating 
deposited onto the surface of aluminum.

The following samples were studied:

1.	 MFL layer on aluminum.
2.	 MFL layer + 0.01% of Cu–C MC.
3.	 MFL layer + 20% of APP ((NH4PO3)n + 0.005% of Cu–C MC.

The X-ray photoelectron spectroscopy (XPS) studies were performed on 
an X-ray electron magnetic spectrometer with resolution of 10−4 and lumi-
nosity of 0.085% at the excitation by Al Kα-line 1486.5 eV.4
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The X-ray phase analysis was conducted on a diffractometer D2 
PHASER with Bragg–Brentano geometry and a linear counter LYNXEYE. 
The X-ray phase analysis of the samples was carried out in Cu Kα radiation; 
the obtained diffractograms were analyzed using the database PDF-2/2020 
of the International Center for Diffraction Data.

The samples were also studied by atomic force microscopy (AFM) on a 
scanning probe microscope SOLVER PRO in the contact mode. The images 
of the surface topography were obtained in the height mode. The image 
dimensions were 5, 10, and 30 µm2. Images in the height mode permits to 
obtain information about the three-dimension structure of the studied surface.

The adhesion force (Fadh) between the probe needle and studied samples 
was measured (Table 8.1). The measurements were carried out at 15 points 
of the surface. The adhesion force was evaluated by the height of the “step” 
on the curves of the probe detachment from a sample. The optical images of 
the surface of the studied samples were obtained on an optical microscope 
OLYMPUS SZ-STB2.

8.3 RESULTS AND DISCUSSION

The peculiar features of the structure of surface protective layers have been 
studied; the layers have been obtained by depositing the MFL coating and 
MFL compositions modified by 0.01% of Cu–C MC and also by 20% of APP 
(NH4PO3)n + 0.005% of Cu–C MC on aluminum.

The XPS spectra of the C 1s, O 1s, N 1s, and Al 2p core levels are 
obtained for the studied samples. The spectra are obtained without heating 
of the samples and at step heating with the step of 100°C in the spectrometer 
chamber in vacuum.

The XPS study of the aluminum surface (Figure 8.1a–c) coated with the 
layer of nonmodified MFL shows that without heating the C 1s spectrum 
maximum corresponds to the bond C–H (285 eV) in hydrocarbons (Figure 8.1a, 
spectrum 1).

In C 1s spectrum, heating at 100°C, a “bump” appears in the region of 
283.8 eV (Figure 8.1a, spectrum 2), which corresponds to C–C bond with sp 
hybridization and can indicate the beginning of carbonization (Figure 8.1c). 
In the O 1s spectrum, without heating (Figure 8.1b, spectrum (1), there are 
two components with binding energies 532.4 eV characteristic of C–O bond5 
and 534.0 characteristic of Oadsorbed (C–O–H).6 Heating at 200°C, maximum 
appears at 530 eV characteristic of metal oxides. Without heating, in the 
N 1s spectrum, there is an intensive maximum with binding energy 400 
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eV (N–H–O) (Figure 8.1c, spectrum 1). Heating at 100°C, maximum with 
binding energy 399.0 eV characteristic of N–H bond appears (Figure 8.1c, 
spectrum 2). The Al 2p spectrum is not revealed.

FIGURE 8.1  The XPS spectra of the sample surface No. 1: (a) C 1s: 1—without heating; 
2—heating at 100°C; 3—heating at 200°C; (b) O 1s: 1—without heating; 2—heating at 
100°C; 3—heating at 200°C; and (c) N 1s: 1—without heating; 2—heating at 100°C; 3—
heating at 200°C.

The study of sample 2 of MFL coating modified by Cu–C MC 
(Figure 8.2a–c) shows that without heating, the C 1s spectrum maximum 
(Figure 8.2a) corresponds to C–H bond (285 eV) in hydrocarbons; a “bump” 
in the region 283 eV can indicate the appearance of C–C component with 
sp hybridization of valence electrons at room temperature. In the region 288 
eV, maximum characteristic of C–O in C(O)OH appears. Heating at 100°C, 
the maximum C–O is retained in addition to the main maximum. Heating 
at 200°C in the spectrum of carbon, there is one component which can be 
attributed to C–H bond (285 eV) in hydrocarbons.

Without heating, in the O 1s spectrum (Fig. 8.2b), there are two compo-
nents with binding energies 532.2 and 534.5 eV characteristic of Oadsorbrd 
in the bond (C–O–H). Heating at 100°C, the maximum at 532.2 eV (C–O) 
decreases and the contribution of the adsorbed oxygen in (C–O–H) increases. 
This can indicate the separation of water from the coating. Heating at 200°C, 
the adsorbed oxygen contribution decreases.

Without heating, in the N 1s spectrum, there are two intensive maxima 
with binding energies 398.5 eV (Cu–N) and 400.5 eV (N–H–O) (Figure 8.2c, 
spectrum 1). Heating at 100°C, the maximum with the binding energy 400.5 eV 
characteristic of N–H–O bond is retained. The Al 2p spectrum is not revealed.
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FIGURE 8.2  The XPS spectra of sample surface No. 2: (a) C 1s: 1—without heating; 2—
heating at 100°C; 3—heating at 200°C; (b) O 1s: 1—without heating; 2—heating at 100°C; 
3—heating at 200°C; (c) N 1s: 1—without heating; 2—heating at 100°C; and 3—heating at 
200°C.

The XPS results for sample no. 3 of MFL modified by 20% of 
APP(NH4PO3)n and 0.005% of Cu–C MC are presented in Figures 8.3 
and 8.4.

Without heating, the C 1s spectrum maximum (Figure 8.3a, spectrum 1) 
corresponds to C–H bond (285 eV) in hydrocarbons. In the region 288 eV, 
there is a maximum characteristic of C(O)OH bond. Heating at 100°C, one 
component C–H is retained (285 eV) in the spectrum of carbon (Figure 8.3a, 
spectrum 2).

In the O 1s spectrum (Figure 8.3b, spectrum 1), without heating, there 
are three components with energies of binding 527.5 eV (Al–N–O), 530.2 
eV (Al–O) and 534.5 eV (Oadsorbed in C–O–H). The Al 2p spectrum for the 
sample surface is not revealed despite that there are Me–O components in 
the oxygen spectrum. Heating at 100°C, the contribution of the component 
from metal oxide grows and the Al 2p spectrum appears, in which there 
are components with binding energies 73 eV (Al–N) and 75–77 eV (Al–O)7 
(Fig. 8.4b, spectrum 2). Heating at 200°C, in the spectrum of oxygen, the 
contribution of metal oxide in the region 527.5 eV decreases; at the same 
time, the maximum characteristic of Al–N disappears in the Al 2p spectrum.

In the N 1s spectrum, there are three maxima with binding energies 397.5 
eV (Al–N), 400 eV (NH–O), and 405 eV (N–O) without heating (Figure 8.4a, 
spectrum 1). Heating at 100°C, two maxima are retained characteristics 
of Al–N and NH–O. Heating to 200°C leads to the disappearance of the 
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component with binding energy 397.5 eV (Al–N) in the N 1s spectrum (Fig. 
8.4a, spectrum 3) and the appearance of a maximum with binding energy 399 
eV characteristic of the N–H bond, and the maximum with binding energy 
400 eV (NH–O) is retained (Fig. 8.4a, spectrum 3).

FIGURE 8.3  The XPS spectra for the surface of sample no. 3: (a) C 1s: 1—without heating; 
2—heating to 100°C; 3—heating to 200°C; (b) O 1s: 1—without heating; 2—heating to 
100°C.

No phosphorus is revealed on the surface of the sample. This can 
be explained by that without heating phosphorus-containing functional 
groups form coordinate bonds with aluminum and layer-by-layer 
arrangement is retained; at heating, carbonization and pore formation 
take place, i.e. phosphorus is in “volume” and above it, there are layers 
of carbon formed at stimulation by phosphorus-containing products of 
carbonization.

The phase composition of the surface layer is qualitatively determined 
starting from a depth of 40–50 µm. The diffractograms obtained for the 
samples indicate the presence of phases in the composition of the surface 
layer; the chemical compositions of the phases are shown in Table 8.1.
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FIGURE 8.4  The XPS spectra for the surface of sample no. 3: (a) N 1s: 1—without heating; 
2—heating to 100°C; 3—heating to 200°C; (b) Al 2p: 1—without heating; 2—heating to 
100°C; 3—heating to 200°C.

TABLE 8.1  The Phase Composition of the Sample (Al + resin ML92 + NH4PO3 + Cu/C) 
and the Compositions of the Phases.

Composition Р (%) Cu (%) O (%) H (%) N (%) C (%) Al (%)
Al 100
Cu 100
Р 100
CuP4O11 34.09 17.48 48,43
CuC8 39.81 60.19
C19H16 6.6 93.4
Cu2P20 82.98 17.2
NH4H2(NO3)3 69.88 2.93 27.19
Cu3P 13.98 86.02
Cu2(NH4)2P6O18H2O

Additionally, diffractograms of the heated samples, phases containing 
copper, nitrogen, and phosphorus are revealed; the Cu–C MC also contains 
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the said elements, which indicates the structuring influence of Cu–C MC 
during the formation of the coked foam with corresponding thermophysical 
properties.

The optical images obtained using the microscope OLYMPUS SZ-STB2O 
for the studied samples have the dimensions 740 × 580 µm (Figure 8.5).

(a) (b)

(c) (d)

(e) (f)

FIGURE 8.5  Optical images of the studied samples; sample no. 1: a—without heating; 
b—heating to 200°C; sample no. 2: c—without heating, d—heating to 200°C; sample no. 
3: e—without heating; f—heating to 200°C.



Investigation of Coating Based on Melamine Formaldehyde	 187

The samples have been also studied by AFM on the scanning probe 
microscope SOLVER PRO in the contact mode. The images of the surface 
topography are obtained in the mode height. The dimensions of the images 
are 10 µm2. The adhesion force (Fadhesion) between the probe needle and the 
studied samples is measured (Table 8.1). The measurements are performed 
at 15 points of the surface. The adhesion force is evaluated by the height 
of the “step” on the curves of the probe detachment from the sample. The 
surface energies of the studied samples can be compared based of the force 
of adhesion (Table 8.2).

TABLE 8.2  The Force of Adhesion (Fadhesion) between the Probe Needle and the Studied 
Samples and the Error of Measurement (Mean-Square Deviation).

Designation of 
the samples

Sample composition and the method 
of processing

Fadhesion (nN) Mean square 
deviation

1 MFL 2.1 0.1

2 MFL + APP + 0.006%Cu/C 1.8 0.2

5 MFL + 0.01% Cu/C 11.5 0.6

1-2 MFL after heating 4.9 1.3

2-2 MFL + APP + 0.006% Cu/C after 
heating

4.5 1.8

5-2 MFL + 0.01% Cu/C after heating 2.5 0.2

Sample no. 1 is uniformly coated with an MFL film.
When mesocomposite 0.01% Cu–C is introduced into lacquer (sample 

no. 2), the coating becomes more uniform.
When APP + 0.006% Cu–C is introduced into lacquer (sample no. 3), the 

film is less uniform, there are many knobs and wrinkles.
After heating, the coating on sample no. 2 covers the surface of the 

substrate more uniformly, due to which the coating of sample no. 2 has good 
protective properties.

8.4 CONCLUSION

Thus, when aluminum sample no. 1 coated with MFL to 100 and 200°C is 
heated, carbonization of the lacquer film takes place; however, most likely, 
the formed coke has a uniform fine-pored structure since the Al 2p spectrum 
from the aluminum substrate coated with lacquer is not revealed.
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	 (a)	 (b)

	 (c)	 (d)

	 (e)	 (f)

FIGURE 8.6  The AFM images of the studied samples: sample no. 1: a—without heating; 
b—heating to 200°C; sample no. 2: c—without heating, d—heating to 200°C; sample no. 
3: e—without heating; f—heating to 200°C.

In the case when lacquer was modified with the additive Cu–C MC 
(sample no. 2), the formed coke also has a fine-dispersed structure, since no 
Al 2p spectrum is revealed from the aluminum substrate coated with modi-
fied lacquer.

When aluminum sample no. 3 is heated to 100 and 200°C coated with 
MFL containing 20% of APP and 0.005% of Cu–C MC in its composition, the 
Al 2p spectrum appears already at 100°C, which can indicate the formation 
of pores. Thus, the presence of APP leads to a change in the structure of 
the coked foam compared with the coke formed on the nonmodified film of 
lacquer.
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At the heating of the MFL film modified by APP and mesocomposite, the 
formation of foamed coke surface takes place; the surface has lower thermal 
conductivity,8,9 which decreases the material’s combustibility.

The XPS, X-ray phase analysis, and optical results permit us to conclude 
that heating at 200°C, the quality of the coked foam and the value of intu-
mescence increase when Cu–C MC is introduced together with 20% of APP 
into the MFL composition.

Thus, the MFL coating with such fire-proofing composition can function 
more effectively.
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CHAPTER 9

ABSTRACT

Demands for reducing energy consumption and environmental impact 
have continuously expanded demand for eco-friendly, sustainable, and 
biodegradable natural fiber-reinforced composites. Natural fibers have 
attracted researchers, as an alternative to synthetic filler in composites. Due 
to their low cost, excellent mechanical properties, high specific strength, 
eco-friendly, and biodegradable characteristics, they are used as a good 
replacement for conventional fibers. This chapter gives a view of fibers and 
their application as reinforcement in composites. The mechanical properties 
and applications of natural fiber-reinforced composites are also discussed.

9.1 INTRODUCTION

Increased environmental awareness, sustainability, and new environmental 
regulations have provoked people to consider the use of environmentally 
friendly materials. It has led scientists to explore novel environmentally 
compassionate and sustainable materials to replace existing synthetic fibers 
and lessen the dependence on petroleum-based products.1
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In this direction, natural fibers have evolved as an alternative reinforce-
ment in polymer composites. It has captivated the attention of researchers due 
to its advantages over conventional glass and carbon fibers.2 They have found 
use in a variety of engineering applications with an extremely wide variety of 
properties. Natural fibers are used as a reinforcement or filler material, thereby 
reducing dependency on nonrenewable resources and energy consumption in 
production, together with changes in environmental ecological legislation and 
greater ecological awareness.3–5 Natural fibers are classified as plant-based 
and animal-based plant fibers include leaf fibers (pineapple, sisal, and abaca), 
core fibers (hemp, jute, and kenaf), grass and reed fibers (wheat, corn, and 
rice), seed fibers (cotton, kapok, and coir), bast fibers (flax, jute, hemp, ramie, 
and kenaf), and all other types (wood and roots).6 In this chapter, natural fiber 
and its application as reinforcement in composites will be discussed.

9.2 NATURAL FIBERS

Natural fibers have evolved as an alternative reinforcement for fiber-reinforced 
polymer (FRP) composites, due to their7:

•	 nonabrasive properties,
•	 eco-friendly condition,
•	 remarkable specific strength,
•	 remarkable mechanical properties,
•	 biodegradability characteristic, and
•	 low cost.

Natural fibers are not synthetic or manmade and can be sourced from 
plants or animals.8 Natural fibers originate from the natural source such as 
animal, plant, and by other geological processes. Natural fibers can be used 
from both renewable and nonrenewable resources such as sisal, flax, oil 
palm, and jute to make composite materials, and orientation/arrangement of 
fibers is important which impact the changes in properties of the material in 
various terms.

Natural fibers are classified into two types: plant-based fibers and animal-
based fibers (Figure 9.1). Natural fibers are those fibers which originate from 
the natural source such as animal, plant, and by other geological processes. 
Natural fibers can be sourced from both renewable and nonrenewable 
resources such as sisal, flax, oil palm, and jute to make composite materials, 
and one of the most important factors is the orientation/arrangement of fibers 
which impact the changes in the properties of a material in various terms.
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FIGURE 9.1  Natural fibers classification.

Natural fibers have attracted researchers, engineers, and scientists as an 
alternative reinforcement for FRP composites and have been exploited as a 
replacement for the conventional fiber, such as glass, aramid, and so on.

Plant fiber containing cellulose is further classified into five parts mainly:

1.	 Seed fiber—cotton9,10

2.	 Leaf fiber—pineapple and banana11,12

3.	 Bast fiber—ramie, jute, rattan, flax, kenaf, and hemp13

4.	 Fruit fiber—coir
5.	 Stalk fiber—rice, corn, and wheat8

Animal fibers are those which are obtained from animals. Animal fibers 
are made up of different kinds of proteins such as keratin, fibroin, collagen, 
and so on. The most widely found examples of animal fibers are silk and 
wool.
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Common and commercially natural fibers in the world and world produc-
tion have been shown in Figure 9.2.

FIGURE 9.2  World production of natural fibers in 2018.

9.3 COMPOSITES

Composites are a mixture of two or more distinct constituents or phases 
present in reasonable proportions to serve the function. Most commonly 
composite have ceramic, metallic, or a polymeric matrix. The most impor-
tant part of a composite is reinforcement that provides strength, stiffness, 
and the ability to carry a load. It can vary from metals, particulates, fibers, 
nanoparticles, and so on. The reinforcement is much stronger than the matrix 
(Figure 9.3).

Fiber-reinforced composites (FRCs) consist of axial particulates 
embedded in a matrix material resulting in a material with high specific 
strength and high specific modulus. The strength is obtained by transmitting 
the applied load from the matrix to the fibers. Hence, interfacial bonding 
is very important in the case of FRCs. Classic examples of FRCs include 
fiberglass and wood. FRC is a composite building material that consists of 
three components:

1.	 Fibers as the discontinuous or dispersed phase
2.	 Matrix as the continuous phase
3.	 Fine interphase region, also known as the interface
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Wood is a natural fiber composite comprising cellulose fibers in a matrix 
of lignin with varying spiral angle.15 In manufacturing, fiberglass consists of 
glass fiber reinforcement of unsaturated polyester matrix.16

FIGURE 9.3  Components of composites.

Polymer matrix reinforced by natural fibers has various beneficial advan-
tages over the polymer matrix made up of synthetic fibers. They have low 
production cost, relatively low weight, minimum damage to the functioning 
equipment, and bearing good mechanical strength, such as flexural strength, 
tensile strength, and present in sufficient amounts in nature with reasonable 
prices and renewable resources. They are biodegradable and spread minimum 
risk to health. Natural FRCs can be produced by incorporating thermosetting 
or thermoplastic polymer reinforced by natural fiber.17

Major issue with the natural fibers when reinforcing to composites is the 
compatibility factor between the polymer matrix and the natural fiber which 
is very weak because of the hydrophilic nature of the natural fibers as they 
consist of cellulose, lignin, pectin, and so on. These substances open the 
entry for the hydroxyl group which makes the binding weak between the 
polymer matrix and fiber. To overcome this problem, chemical modification 
of the fiber is required to improve the binding between natural fiber and the 
polymer matrix.9,18

Some of the treatments are discussed below:

1.	 Alkali treatment—This technique is also known as mercerization. One 
of the widely used chemical treatments is to reinforce thermoplastics 
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and thermosets for natural fibers. This method eliminates the lignin, 
wax, and oils from the outer surface of the fiber cell wall.

2.	 Acetylation—This method modifies the surface of the natural fiber 
and providing them more hydrophobic nature by incorporating the 
acetyl group, hence reducing the hydrophilic nature of the natural 
fiber.

3.	 Silane treatment—In this process, silanes react with the hydroxyl 
group of the natural fibers, improving the surface quality of the 
natural fibers.

Natural fiber removal of hydroxyl group is possible when treated 
chemically, which lowers the hydrophilic behavior, which in turn enhances 
mechanical strength with structural stability of the NFC. Chemically treated 
natural fibers tremendously develop natural FRCs.

In this developing world, day-by-day numerous engineering fields are 
gaining attention toward lightweight material; considering the laws of Earth’s 
environment, composites made of natural fibers are increasingly coming in 
demand.10

9.3.1 NATURAL FRCS

Natural FRCs have gained importance in recent years. In 1930, polymer-
based synthetic fibers started in many applications in light of their high stiff-
ness and strength.19–21 However, the use of synthetic fibers in applications 
is fading day by day due to their excessive processing cost, nonbiodegrad-
ability, and nonskin friendliness behavior.22–25 The market for reinforced 
composite materials is estimated to reach 3,738.76 kt by 2022 and is expected 
compound annual growth rate is 9% over the next seven years. The applica-
tions for natural FRCs are rising rapidly because of their many advantageous 
properties, such as economical cost, biodegradability, and environmentally 
friendly nature with good mechanical properties.

Natural fibers originate from the natural source such as animal, plant, 
and by other geological processes. Natural fibers can be used from both 
renewable and nonrenewable resources such as sisal, flax, oil palm, and jute 
to make composite materials, and one of the most important factors is the 
orientation/arrangement of fibers which impacts the changes in properties 
of the material in various terms. Decomposable polymers and natural fibers 
begin their life cycle as renewable resources, generally in the form of starch 
or cellulose.
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Fiberglass is probably one of the most familiar reinforcing composite 
materials that were introduced in 1940, consisting of glass fiber reinforcement 
of unsaturated polyester matrix.16,26 In light of ongoing awareness for 
environmental protection as well as guidelines of the government, synthetic 
fibers are replaced by natural fibers in composites.

Natural fibers have a cell wall structure divided into three major structural 
sections. The property of fiber is decided by its microfibril angle and arrangement 
inside the cell wall. The adhesive property of a fiber is attributed to cellulose 
and hemicellulose network.27,28 Natural fibers have certain disadvantages of 
incompatibility with polymer matrix when used in raw state such as high-
water absorption, dead cell, wax, and oil. It can be overcome by modifying the 
surface of fibers by chemical treatment, enzymatic treatment, or addition of 
coupling agents to impart better strength in the composites system.29

Epoxy resins are a type of thermosetting resins that have a wide range of 
applications in the aerospace, automotive, and marine industries.30,31 Brittle-
ness, low impact resistance, and fracture toughness limit its application in 
high-performance fields and need to be modified to be used in applications. 
Natural fiber-reinforced epoxy composites show superior mechanical thermal 
and electrical properties.

Kumar and Srivastava reported Jute fiber-epoxy composite by hand-lay 
method. The resulting composite exhibited better tensile and compressive 
strength. The bundle strength of fibers decreased with an increase in the 
number of fibers and bending strength increased with an increase in the 
percentage of jute fiber in a bundle. Compressive strength also increases 
with an increase in the percentage of jute fiber.32,33

Yeng-Fong and Chien-Chung prepared polylactic acid (PLA)/banana 
fiber composites by melt-blending method. Tensile and flexural strength of 
composites increased to 78.6 and 65.4 MPa on reinforcement with 40 phr 
fiber.34,35

Suresh and coworkers investigated the thermal properties of palmyra 
fiber reinforced with (treated and untreated) tamarind seed powder epoxy 
composite. Samples with fiber treatment showed a significant level of strength 
increase as compared against the untreated (33–67%—hike) specimens. The 
tamarind seed powder increased the strength of the composite.11

Alomayri and Low reported cotton fiber-reinforced geopolymer compos-
ites. Optimum enhancements in hardness, compressive strength, and impact 
resistance were found in composites containing up to 0.5 wt% cotton fibers. 
The increase in cotton fiber content beyond 0.5 wt% decreased mechanical 
properties due to fiber agglomeration and poor dispersion of fibers within 
the matrix.36,37
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9.3.2 PROCESSING METHODS OF FRCS

Processing of FRC involves the formation of fiber preforms and then rein-
forcing them in matrix materials done by different techniques as discussed 
below.

1.	 Hand-lay method: In this method, fiber preforms are placed in a 
mold coated with a thin film of anti-adhesive material. The matrix 
material is poured or applied with a brush on the reinforced material. 
The material is pressed using a roller to ensure increased interaction 
between slayers of reinforcement and matrix material.

2.	 Spray-up method: In this method, the handgun spray is used to 
spray resin and chopped fibers on a mold. Finally, a roller is used to 
fuse fibers into the matrix material.

3.	 Resin transfer molding process: The fiber reinforcement mat or 
woven roving is arranged at the half bottom of a mold and preheated 
matrix resin is pumped under pressure through an injector.

4.	 Electrospinning process: In this method, an electrostatic fiber 
fabrication technique called as electrospinning generates continuous 
fibers of two nanometers to several micrometers. Polymer solution is 
then ejected from the spinneret forming a continuous fiber which is 
collected at the collector.

9.3.3 MECHANICAL PROPERTIES OF NATURAL FIBER-REINFORCED 
POLYMER COMPOSITES

Alkaline process improves the water resistance property of the pineapple/
sisal hybrid fibers. NaOH enhances mechanical strength and thermal 
stability with 35 wt% of hybrid fiber and 5% NaOH. Flax fibers hybridized 
with the carbon hence improve the mechanical strength of the epoxy-based 
composite. Filler incorporation also improves and stabilized the properties 
of the polymer composites.18,38

Green fiber has excellent heat insulation and audile insulation due to the 
presence of voids and having lignocellulosic structural arrangement in their 
nature.39,40 Mechanical property of green fibers is relatively lower than the 
synthetic fibers, so it can be improved by modification of the surface of the 
fibers in a proper manner. Mostly, industries are attracted toward green fiber 
because of its high specific modulus, density at a lower rate, and minimum 
cost.41–43 Young’s modulus of natural fibers is nearly the same as compared 



Natural Fiber-Reinforced Composites: Engineering Properties	 199

to glass fiber. But, the tensile strength of glass fiber is higher than the natural 
fibers and opposite for the specific modulus because of these characteristics’ 
natural fiber fits for the natural FRC application (Table 9.1).44,45

TABLE 9.1  Mechanical Properties of Various Green Fibers.

Fiber Specific 
modulus

Density  
(g/cm3)

Tensile strength 
(MPa)

Young’s 
modulus (GPa)

Elongation at 
break (%)

E-glass – 2.6 1800–2700 73 2.5
Carbon – 1.8 3500–5000 260 1.4–1.8
Cotton – 1.5–1.6 287–800 5.5–12.6 7–8
Pineapple 40 1.53 170 1.44 14.5
Flax 50 1.5 345–1100 27.6 2.7–3.2
Abaca – 1.5 857 41 1.10
Sisal 22 1.45 468–640 9.4–22 3–7
Hemp 50 1.4 550–900 70 1.6
Kevlar – 1.4 2758 62 2.5-3.7
Jute 38 1.3-1.45 393–773 13–26.5 1.16–1.5
Coir – 1.15 131–175 4–6 15–40
Ramie – 1.0 400–938 61.4–128 1.2–3.8

PLA is produced from lactic acid and is a thermoplastic polymer, and 
it has the ability to substitute petroleum-based plastic material applications 
considering environment safety as they have high rigidity and strength, good 
mechanical properties, and polymer structure and arrangement.46,47

Shih et al.48 produced a new natural fiber-reinforced green composite. 
They used plastic chopsticks and chemically treated them with coupling 
agents and the modified fiber was incorporated into the PLA to form the 
green composite. The green composite preparation was done by the melt-
mixing process and characterized by various tests. The weight loss is 
different at decomposition temperatures and smaller than its original PLA 
condition because of the plant’s nature. Plant fibers started the degradation 
process of cellulosic substances at approximately 140–370°C. The addition 
of modified fiber to PLA increases the char residue48,49 of the material which 
decreases the thermal conductivity of the burning substances.50 MRDCF 
green composites have good tensile strength as compared to original PLA. 
PLA40 and PLA60 both have a tensile strength greater than the original 
PLA, TGA, and DSC analysis which shows the high content of natural fiber 
improves the mechanical properties of the green composites.
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Lu et al.51 studied the polycaprolactone-hydroxyapatite (PCL-HA) porous 
scaffolds built of 80/20 (PCL-HA) composite by using the method called 
porogen-based solid freeform method. The ultimate compressive strength 
was found to be 3.7 ± 0.2 MPa, with a compression modulus of 61.4 ± 3.4 
MPa and which is similar to the compressive strength of the trabecular bone. 
When the HA ratio increased, then the PCL-HA composites’ compressive 
strength increased this reveals that the PCL-HA composites can be used for 
the regeneration of bone. The tensile strength of the PCL-HA composites 
increases with the increase in the HA ratio.52–55

To extract the cellulose microfiber, various types of natural fibers like jute 
fiber, coir fiber, red banana, and thespesia lampas plants were used and produce 
the natural fiFRCs with good mechanical strength.35,56–58 The natural FRCs 
have been prepared by treating chemically with different concentrations of 
the sodium hydroxide and different silane coupling agents, hence improving 
the mechanical property of the sisal–oil palm hybrid FRCs.59,60

9.3.4 FLAME-RETARDANT PROPERTIES OF NATURAL FIBER-
REINFORCED POLYMER COMPOSITES

Bachtiar et al.61 investigated the flame-retardant nature of the natural fiber-
reinforced components.

They used two investigated fire retardants, that is, aluminum hydroxide 
(ALH) and ammonium polyphosphates.62 The TGA curves of flax FRP 
composite moved to a higher temperature when treated with the APP and 
ALH with the increased residue of the material; the composite that contains 
30% APP mass content of epoxy gives the best thermal stabilities. The 
composite with the increased ALH of 40% mass lowers the temperature 
by releasing water vapor hence increasing the heating capacity63,64 of the 
substance.

Wool and Casein both come under the category of the protein-based fiber 
materials and have shown effective intumescent nature of the substance 
during the combustion, producing the formation of the char.65,66 Kim et al.67 
identified that the fiber of wool and intumescent flame retardant combined 
together to rigid char formation to reduce the heat capacity by 70% and 
production of smoke of PP-based composites. In determining the mechanical 
and physical properties of wool, the microfibril-matrix structure plays an 
important role.68 In addition to that, inherent low flammability is a needed 
characteristic of wool as compared to other natural fibers. Moderately high 
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contents of sulfur and nitrogen (3–4 wt%), ignition temperature is high 
(500–600°C), combustion of heat is low (4.9 kcal/g), and value of limiting 
oxygen index is high (25.2%), all these boosting the natural fire resistance 
for the wool.69,70

Natural FRP composites were prepared by using the banana fiber71 
extracted from the banana peels and chemically treated with the NaOH 
5% and reinforced for epoxy resin Epikote 240 with the various mass ratio 
(Figure 9.7). Limiting oxygen index and UL-94HB test, it was found that the 
no holes were observed in the compact structure and air-filled holes would 
cause the fire resistance. Banana FRP composites showed no reduction in the 
flame-retardant properties44–48 of the material and the degree of the resistance 
is the most stable.

9.4 APPLICATIONS OF NATURAL FRCS

9.4.1 IN AUTOMOBILE

Natural FRP composites have a wide variety in terms of usage in different 
industries. A bunch of ideas are going around in the market; industries are 
modifying, building, and producing natural FRP composite in an effective 
manner. Automobile industry72,73 is a very well-established example of it 
as they are using natural fibers to build vehicles for ongoing daily purpose 
like cars, buses, vans, motorbikes, trucks, and so on. Many inside parts and 
outside parts are made up of natural fibers because of their high strength, 
light weighted, minimum cost, and less damage to the earth’s environment. 
Germany-based automobile group Daimler AG, the company that owns 
the Mercedes-Benz, is using natural fiber for automobile parts. Figure 9.4 
shows various parts made of natural fiber in Mercedes-Benz cars as they 
are using coconut fiber rubber latex composites for the seats of Mercedes-
Benz A class model and flax–sisal fiber mat reinforced epoxy doors panels 
for the Mercedes-Benz E-class model, and many more.54,74–77 Audi group is 
also using natural fibers such as flax–sisal-mat-reinforced PU composites to 
make door trim panels for their models.54,56,76,77

Bayerische Motoren Werke AG, popularly known as BMW, is a German-
based multinational company that manufactures luxury and sports segment 
cars and motorbikes. BMW Group used nearly about 10,000 t of natural 
fibers in the year 2004.78 Their BMW 7 series each car weighs almost 24 kg 
of renewable raw materials.
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FIGURE 9.4  Automobile parts used by Mercedes-Benz Company 

Source: Adapted from Ref.[86]

Parts of car are built by natural FRCs. Doors, hood, front splitter, rear 
wings, and trunk are all made by flax fiber (Figure 9.5).

Recently BMW i ventures24 invested big amounts to use natural FRP 
composites for the upcoming BMW M4 GT4 series. Bcomp is a Swiss 
clean-tech company that manufactures high-performance reinforced 
composites for the world. In 2019, BMW collaborated with the Bcomp and 
used first time cutting-edge reinforcement solutions in BMW M Motors-
port in Formula E. The cooling shaft for the BMW iFE.20 was made by 
flax fiber. Now BMW again setting up their new and thrilling sports car 
BMW M4 GT4 car (https://www.press.bmwgroup.com/global/article/
detail/T0304127EN/the-bmw-ife-20-as-a-tech-lab:-first-race-car-with-
parts-made-out-of-renewable-textilefibres?language=en#: ~:text=cars%20
during%20races.-,The%20BMW%20iFE.,BMW%20M%20Motorsport 
[accessed on June 22 2022]; https://www.press.bmwgroup.com/global/
article/detail/T0377293EN/bmw-i-ventures-invests-in-high-performance-
composites-made-from-natural-fibres [accessed on June 22, 2022]), in which 
most parts of the car are built by the natural FRCs. Bcomp’s ampliTex™ 
and powerRibs™ flax fiber solution (https://www.bmwiventures.com/news/

https://www.press.bmwgroup.com
https://www.press.bmwgroup.com
https://www.press.bmwgroup.com
https://www.press.bmwgroup.com
https://www.bmwiventures.com
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natural-fibres-for-sustainable-lightweighting-our-investment-in-bcomp 
[accessed June 23, 2022]) are used for the interior dashboard and on the 
center console of the car. Doors, hood, front splitter, rear wings, and trunk 
are all made by flax fiber as shown in Figures 9.5 and 9.6.

FIGURE 9.5  BMW M4 GT4 parts made from natural fiber (created from https://www.
bmwiventures.com/news/natural-fibres-for-sustainable-lightweighting-our-investment-in-
bcomp [accessed June 23, 2022]).

9.4.2 SPORTS AND MARINE APPLICATIONS

An important and developing sector is the sports industry; as technologies 
are growing in the world, the sports industry is also moving very fast toward 
natural FRP composites considering the properties of natural fiber, such 
as good durability, high stiff material, high flexural strength, low cost of 
production, and less hazard to the environment. Many of the sports items 
are made from natural fiber, for example, snowboards, skies, bicycle frame, 
badminton rackets, and tennis rackets (https://www.bio-sourced.com/flax-
materials-in-sports-and-recreation-a-perfect-fit/ [accessed June 25, 2022]), 
and so on.

Germany-based company Adidas introduced their new “Greenpadel” racket 
(https://www.bcomp.ch/news/bmw-unveils-the-new-m4-gt4/ [accessed June 

https://www.bmwiventures.com
https://www.bio-sourced.com
https://www.bcomp.ch
https://www.bmwiventures.com
https://www.bio-sourced.com
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25, 2022]) which is made from the flax FRP composites providing higher 
strength same as carbon fiber composites. Greenpadel racket have a good 
flexural and bending strength which gives the player the chance to utilize full 
energy on the game. Figure 9.7 shows the actual racket photo.

FIGURE 9.6  Left side showing the back view, side view, and font view of the car 
manufacturing stage and right side after final modification (on track real stage).

Source: Adapted from Ref. [86]

Schwinn bicycles are also made from a blend of natural fiber (https://
www.bio-sourced.com/flax-materials-in-sports-and-recreation-a-perfect-
fit/ [accessed June 25, 2022] with carbon fiber as a hybrid fiber. Flax fiber 
90% and carbon fiber 10% are used to produce hybrid composites which 
meet the necessity and strength of the material (https://www.bcomp.ch/
news/greenpadel-from-adidas-with-amplitex-flax-fibres/ [accessed June 25, 
2022]).79 Scotland-based company, Lonely Mountain, uses the same blend of 
flax fiber and carbon fiber to produce the handmade freeride skies as shown 
in Figure 9.8.

https://www.bio-sourced.com
https://www.bcomp.ch
https://www.bio-sourced.com
https://www.bio-sourced.com
https://www.bcomp.ch
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FIGURE 9.7  Greenpadel racket made from flax fiber natural reinforced polymer composites 
(created from https://www.bcomp.ch/news/bmw-unveils-the-new-m4-gt4/ [accessed June 25, 
2022]).

Image courtesy: Ref. [87]

FIGURE 9.8  Freeride skies made with flax fiber and carbon fiber blend (created from https://
www.bcomp.ch/news/greenpadel-from-adidas-with-amplitex-flax-fibres/ [accessed June 25, 
2022]).

https://www.bcomp.ch
https://www.bcomp.ch
https://www.bcomp.ch
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Fiore et al.80 investigated that the flax fiber and jute fiber-reinforced epoxy 
composites were treated chemically by using sodium bicarbonate of 10 wt%, 
improving the aging resistance against the salt–fog environment conditions.

Bcomp company used flax fiber to build marine parts and boats. Their 
natural fiber solutions ampliTex™ and powerRibs™ offer benefit factors 
for the environment and durability of the material; it increases the vibration 
damping which improves the comfort and reduces the noise (https://www.
bcomp.ch/solutions/marine/ [accessed June 25, 2022]).

9.4.3 BUILDING AND CONSTRUCTION

Natural FRP composites are growing rapidly in today’s world. Natural fibers 
contain lumen/voids that help these composites to provide better acoustic 
and thermal insulation properties especially when used in the construction 
sector. These composites are relatively eco-friendlier environment (https://
www.bcomp.ch/solutions/marine/ [accessed June 25, 2022]) compared to 
glass fiber or carbon fiber composites. Natural FRP composites have good 
biodegradability, renewable sources, have high flexural and compression 
strength, low cost of production, and create fewer problems in the eco-system.

Various natural fibers like coir fiber, cotton, raffia, and sisal fiber are used 
as a filler to analyze the mechanical properties of the geopolymers.81 The 
effect of 0.5 wt% cotton fiber on the mechanical properties of the geopolymer 
observed by the Alomayri and Low36 gives good and effective mechanical 
properties as compared to the untreated one. Kriven et al.82,83 reported that 
when bamboo fiber and jut are weaved together, both alkali treated and 
incorporated in the metakaolin-based geopolymer, it gives enhanced flexural 
and tensile strength as compared to the untreated composites.

9.4.4 PACKAGING

As natural FRP composites have impressive characteristics such as a biode-
gradability factor is high, renewable sources, good mechanical properties, 
vibrational damping, recyclability and low cost because of it, almost all 
industries are moving toward them. Packaging industry provides protec-
tion and coverage to food items using petroleum-based plastics, which are 
harmful to the environment and have a bad effect on the eco-system, creating 
problems in the water supply area, sewer systems under the cities, polluting 

https://www.bcomp.ch
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the river and streamlines.84 Besides this, they are nonrenewable and have 
high cost of production and finally impending the reduction of petroleum 
resources. According to Ngo,85 the reinforcement of the coconut fiber with 
the natural latex, in place of the synthetic fiber materials hence reducing the 
usage of the nonrenewable and petroleum-based resources.

9.5 CONCLUSION

Natural fibers are low-cost, recyclable, and low-density eco-friendly material. 
They show good tensile strength and can be used in place of conventional 
fibers, such as carbon, glass, and so on. FRCs have gained much importance 
nowadays in different industries like automobile, aerospace, construction, 
and sports due to their low weight and superior mechanical properties. Classic 
fiber-reinforced polymers often pose considerable environmental problems 
due to difficulty in recycling or nonbiodegradability at the end of their usable 
lifetime, mainly because of the compounding of miscellaneous and usually 
very stable fibers and matrices. In contrast, natural fiber and biocomposite 
materials present considerable environmental benefits due to their 
biodegradability and, owing to their low cost and high specific mechanical 
properties making them highly desirable for applications in different fields.
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CHAPTER 10

ABSTRACT

Photonic crystal fibers are microstructured optical fibers that have gained 
significant scientific interest over the past several years. They are widely 
used in various sensing applications, such as biosensors, supercontinuum 
sources, all-optical nonlinear devices, and so on. Their unique morphology, 
flexible light-guiding properties, and exceptional ability to host optical 
materials make them an outstanding candidate in photonics. Chalcogenide 
glasses are excellent infrared optical materials for active and passive 
photonic applications due to their remarkable optical, thermal, and electronic 
properties. Incorporating photonic crystal fibers with chalcogenide glasses 
opens a broad window into realizing integrated photonic devices. This 
chapter introduces photonic crystal fibers and their guiding mechanisms, and 
chalcogenide glass-integrated photonic crystal fibers, and their applications.
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10.1 INTRODUCTION

The invention of photonic crystal fibers (PCFs) marked an era in fiber optics 
technology. Conventional optical fibers have limited linear and nonlinear 
photonic applications due to their low index contrast between the core and 
the cladding. The small core size can introduce undesirable nonlinear effects. 
PCFs are microstructured optical fibers (MOFs) having an array of holes in 
their cladding along the entire length of the fiber. They are highly versatile 
in geometry, so the light-guiding and the optical properties can be efficiently 
controlled. Based on their microstructure geometry, a variety of guiding 
mechanisms exist in PCFs, including modified total internal reflection 
(MTIR), photonic bandgap (PBG) guiding, inhibited coupling guiding, anti-
resonance reflecting optical waveguide (ARROW) guiding, and twist-induce 
guiding.1 There also exists an exciting class of PCFs known as hybrid PCFs, 
in which more than one guiding mechanism coexist.2 They find numerous 
applications in nonlinear fiber optics,3 supercontinuum generation,4 physical, 
chemical, and biosensing applications,5–7 fiber lasers,8 and so on.

The history of the evolution of PCFs begins with the PBG effect, which 
was first predicted by Sajeev John and Eli Yablonovitch in 19879,10 and gained 
considerable scientific attention after the experimental observations made by 
Yablonovitch et al. in 198911 and 1991.12 PBG effect is a phenomenon in which 
the periodic modulation of the refractive index (RI) of material leads to the 
forbidden frequency ranges for the photons regardless of their polarization 
states. The idea was similar to forming the electronic band structure in 
materials due to the periodic modulation of lattice potential.

In 1991, Philip Russel realized that the periodic arrangement of subwave-
length holes along the length of the fiber could introduce a PBG effect. Later, 
he and his coworkers demonstrated the first PCF, which consisted of an array 
of microholes of diameter 0.2–1.2 µm arranged in a triangular lattice with 
a pitch of 2.3 µm and core diameter of 4.6 µm. In 1997, they fabricated 
endlessly single-mode PCF to transmit single mode for the wavelength range 
458–1550 nm.13 They intended to create a MOF to guide light via the PBG 
effect. Still, their attempt left a solid-core PCF (SC-PCF) that guided the 
light via MTIR rather than the PBG effect.

In 1999, Cregan et al. successfully fabricated a hollow-core PCF (HC-PCF) 
for the first time that could confine the light in the hollow core with narrow 
transmission windows,14 but later, HC-PCF that could transmit the light over 
a broad spectral range was realized.15 Pryamikov et al. fabricated negative 
curvature (NC) HC-PCF with a core formed by an array of single rows of silica 
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capillaries that could transmit light with low loss over a broad mid-infrared 
(MIR) spectral range.16 This idea was further extended to fabricating nested 
tube antiresonant fibers in which a smaller tube is nested inside the larger 
one.17 The advantage of HC-PCF is that since the light is guided through the 
air, low optical loss transmission is possible.

One of the key features of PCFs is that they can act as a substrate to host 
optical materials, gases,18 atomic vapors,19 and so on, inside their air holes. 
This feature has acquired a lot of scientific attention since incorporating 
active materials can alter the guiding mechanism. The properties of these 
incorporated materials are highly tunable with temperature,20 applied electric/
magnetic field,21 strain,22 pressure,23 and so on, thereby affecting the guiding 
mechanism that results in various sensor fabrications.20 Westbrook et al. 
fabricated the first hybrid PCF with polymer-filled holes that could tune the 
cladding mode resonances by varying the temperature.24

10.2 GEOMETRY AND THE HYBRID GUIDING MECHANISMS IN PCFS

10.2.1 MODIFIED TOTAL INTERNAL REFLECTION

Conventional single-mode fibers (SMF) have a small doped core surrounded 
by silica cladding. The light propagates based on the principle of total 
internal reflection at the core-cladding interface. The cladding is designed 
with a lower RI than the core.

In SC-PCF, the cross-section consists of a solid core surrounded by a 
periodic array of micro-hole cladding running along the fiber’s entire length, 
which results in the average RI of the cladding lower than the core without 
doping, and the corresponding guiding mechanism is known as MTIR. In PCF 
generally, three parameters should be considered while designing: the core 
diameter ρ, inter-hole spacing or pitch Ʌ, and hole diameter d (Figure 10.1). 
The guiding properties of PCF entirely rely on Ʌ and d. Figure 10.1 shows 
the RI profile of conventional step-index fiber and SC-PCF. Let, nco and ncl 
are the refractive indices of the core and the cladding of the conventional 
fiber. nsi, nair, and neff are the refractive indices of silica, air, and the effective 
RI of SC-PCF cladding, respectively.1

The guiding mechanism can be explained using a propagation diagram 
or βɅ versus ωɅ/c plot (Figure 10.2), where β is the axial wave vector, ω is 
the angular frequency, and c is the velocity of light in vacuum. The diagram 
indicates the frequency ranges and axial wave vector component, where the 
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light cannot propagate or is evanescent. The condition kn = ωn/c sets the 
maximum value of β, k is the free space wavenumber and n is the RI of the 
medium under consideration. Above the radiation line (β < kn), the light is free 
to propagate in the medium of RI n, whereas the light is evanescent below the 
radiation line (β > kn). Figure 10.2 can be used to explain the guiding mecha-
nism for conventional step-index fiber and SC-PCF. In region D, the light is 
evanescent in both fibers; in region C, where kneffɅ < βɅ < knsiɅ (in the case 
of SMF, knclɅ < βɅ < kncoɅ), light is strictly confined in the core, and the 
propagation is turned off in photonic crystal (PC) and air (in the case of SMF, 
cladding, and air). The area of region C in SC-PCF is larger compared to the 
conventional SMF, which helps to explore the possibilities of PCFs. In region 
B, light can propagate in silica and the PC (core and cladding in the case of 
SMF) but cannot propagate in the air. In region A, light is free to propagate 
anywhere in the fiber. The black fingers in Figure 10.2b represent the full 
2D photonic band gaps that extend to the region where β < k. Light is free to 
propagate in the air for regions within the black fingers but cannot penetrate 
the cladding due to PBG, which is the supporting data for the possibility of air 
guidance or hollow-core guidance. Point R represents the region where light 
is strictly confined inside the core in conventional step-index SMF.25

FIGURE 10.1  The cross-sections and refractive index profiles of (a) conventional step-
index optical fiber and (b) SC-PCF. Gray and black regions, respectively, show silica material 
and air.

Source: Reproduced from Ref. [1] with the permission of the American Physical Society.
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FIGURE 10.2  Propagation diagram for (a) conventional step-index single-mode fiber and 
(b) SC-PCF 

Source: Reproduced from Ref. [1] with the permission of the American Physical Society.

The modal features of PCF are determined by the filling ratio d/Λ. If d/Λ 
< 0.44, PCF is an endlessly single mode (supports only a single transverse 
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mode at all wavelengths). The fundamental mode cannot escape through the 
silica gaps between air holes since the effective wavelength of the funda-
mental mode in the transverse plane is very high. Still, higher order modes 
have a low effective wavelength, so they will escape through the gap. In the 
case of multimode SC-PCF, the relative hole size, D/Λ > 0.44, which reduces 
the gap size, causes the trapping of higher order modes inside the core.25

10.2.2 THE PHOTONIC BANDGAP GUIDING MECHANISM

In HC-PCF, a hollow core is surrounded by a periodic array of micro-holes 
in the cladding running along the entire fiber’s length. The MTIR guidance 
is not possible since the RI of the core is less than that of the cladding, so 
the core’s radiation line (β = k) lies above that of the cladding (β = neffk). In 
such cases, the fiber uses the PBG effect to guide the light if it is properly 
designed. The PBGs above the core’s radiation line can be utilized for the 
hollow core guidance such that the light is prevented from entering the PCF 
cladding and strongly confined into the hollow core. In HC-PCF, the hollow 
core acts as a defect, and when the periodicity of the structure is broken 
with a defect, the defect can support the modes that fall inside the PBG. The 
modes falling outside the defect are refracted, and those falling inside the 
defect are strongly guided along with the fiber.5,26

The pictorial representation of the guiding mechanism is shown in Figure 
10.3. When HC-PCF is designed to work in red light, and a broadband light 
is launched, only the red light is guided along with the fiber, and the rest of 
the wavelengths are refracted.5

FIGURE 10.3  HC-PCF guidance via PBG (gray regions represent air holes.

Source: Reproduced from Ref. [5] with the permission of Hindawi Publishing Corporation 
https://creativecommons.org/licenses/by/3.0/.

The disadvantage of the abovementioned guiding mechanism in HC-PCF 
is that only a specific range of wavelength that falls inside PBG is guided. 
This feature limits the applications of HC-PCFs, but this limitation can be 
overcome to an extent in Kagome HC-PCF.15,25

https://www.creativecommons.org
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10.2.3 ANTIRESONANCE REFLECTING OPTICAL WAVEGUIDE MODEL

In 1986, Duguay et al. first reported the ARROW guiding mechanism in 
optical waveguides for SiO2–Si multilayer structures.27 Later, Litchinitser 
et al. proposed the applicability of ARROW guiding in SC-PCF with high-
index cladding layers and PBG fibers.28 The principle of the ARROW guiding 
mechanism in PCF can be explained by considering the 1D planar waveguide 
analog (Figure 10.4), since the cladding of the PCF can be taken as an array 
of high and low index regions. Figure 10.4 shows a 1D waveguide in which 
a low index layer of RI n1 and width a is sandwiched between two high 
index layers of RI n2 and width d. The high index layers can be considered 
a Fabry–Perot (FP) resonator. Wavelengths satisfying the equation kd = πm, 
m = 1, 2, 3, …, where k is the propagation constant, will be confined in the 
FP resonator. The rest of the wavelengths are reflected back to the core due 
to the antiresonant nature of the resonator. Let two different wavelengths 
propagate in the core of a waveguide. When the resonator is in the on state, 
the light will couple to the high index layer, resulting in transmission minima 
corresponding to narrow-band resonances due to the constructive interfer-
ence in the FP resonator. This process is known as resonant tunneling. When 
the resonator is in the off state, the light is reflected to the core, and the 
transmission coefficients will be high, resulting in wide-band antiresonances 
due to the destructive interference in the FP resonator.28

When a PCF is incorporated with high index layers, the position of trans-
mission minima can be predicted by the relation,28
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where n1 and n2 are the refractive indices of the host material of SC-PCF and 
infiltrated high index material, respectively. It is evident that the positions of 
transmission minima do not depend on the periodicity of the cladding. The 
validity of the ARROW waveguide model ceases at longer wavelengths as 
per the relation,28
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10.3 THE ROLE OF CHALCOGENIDE GLASSES

Chalcogenide glasses (ChGs) are fully amorphous semiconductor materials. 
They are fundamentally made up of 16th-group elements (sulfur, selenium, 
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and tellurium) covalently bonded to network formers (germanium, arsenic, 
gallium, antimony, etc.).

FIGURE 10.4  Schematic of the ARROW structure and the corresponding transmission 
spectrum. 

Source: Reproduced from Ref. [28] with the permission of The Optical Society.

ChGs have potential applications in photonics because of their remark-
able physical, optical, thermal, and electrical properties.29 They have high 
linear RI of order n ~ 2–3.5, which can be exploited for light confinement 
applications.30 Their excellent IR transmission window (IR cutoff is near 
2–12 µm for sulfides, 2–15 µm for selenides, and 2–20 µm for tellurides)31 
can be used for designing MIR biochemical sensors since the vibrational 
signature of most chemical and biological species falls in the IR regime 
(2–25 µm).32,33 ChGs are highly photosensitive materials that experience 
reversible/irreversible photostructural changes when exposed to near band-
edge wavelengths.34 The low deposition and processing temperature and 
high thermal and pressure stability can be used for the micro/nano-patterning 
on the ChG surface to realize active and passive IR photonic devices.35 Their 
high optical nonlinearities and excellent rare-earth36 solubility of specific 
compositions make them suitable for nonlinear optical (NLO) applications 
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to produce IR amplifiers and lasers.37,38 PCFs based on ChGs can harvest the 
advantages of both materials and open up vast opportunities, especially in IR 
photonics.39,40

Fortier et al. first observed the Brillouin and Raman scattering effect in 
Ge15Sb20S65 PCF around 1.55 µm. They measured Brillouin and Raman gain 
coefficients 100 and 180 times larger than silica, respectively.41

The need for MIR CO2 laser delivery fiber systems is highly desirable 
in medical, defense, and industrial applications.42 Kosolapov et al. demon-
strated for the first time an NC HC-PCF from the Te20As30Se50 (TAS) ChG 
as a promising IR platform for guiding СО2-laser radiation. The fabricated 
structure transmitted 10.6 μm СО2-laser radiation with a ~11 dB/m loss. The 
improvements in the fabrication technology and the design optimization can 
reduce the optical loss below 1 dB/m.43

MIR is one of the most important spectral regimes where the vibrational 
signature of most chemical and biological species belongs. The wide IR trans-
mission window and the high optical nonlinearities of ChGs make them ideal 
IR optical material for the fabrication of ChG-based PCFs for supercontinuum 
generation in MIR since non-ChG-based PCFs limit the supercontinuum 
generation for the wavelengths beyond 2.5 µm. Shaw et al. were the first to 
observe the broadband supercontinuum in the wavelength range 2.1–3.2 µm 
from a 1-m long As–Se-based PCF when pumped with 100 fs kHz pulse train 
at 2.5 µm.44 This observation has gained much scientific attention and trig-
gered scientific research for exploring supercontinuum generation in all-ChG 
PCFs45–52 and in ChG-incorporated multimaterial PCFs.53,54 Some articles point 
out the degradation of the optical performance of the ChG-based PCFs due 
to the natural aging when exposed to ambient conditions since the long-term 
presence of air inside the PCF holes triggers the presence of –OH and –SH 
absorption bands.55–58 Mouawad et al. used methacrylate-based polymer to 
airproof the fiber facets to protect the fiber from natural aging by dipping the 
fiber ends in a polymeric solution followed by polymerization.55 A detailed 
review of supercontinuum generation in ChG fibers can be found in Ref. [59].

10.3.1 CHALCOGENIDE GLASS PCFS: FABRICATION METHODS

The fabrication of all-ChG PCFs demands glasses with high purity, high 
mechanical and thermal stability, and low crystallization tendency. The first 
ChG MOF was proposed by Tanya M. Monro et al. from gallium lanthanum 
sulfide glass. Still, the lack of periodicity hindered the light guidance through 
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the fabricated structure.60 Frederic Desevedavy et al. were the first to design 
and fabricate TAS HC-PCF by stack and draw method in triangular lattice 
and Kagome lattice.61 Shiryaev et al. used this method to fabricate As2S3 NC 
HC-PCF for the first time. They optimized the fiber drawing conditions with 
a theoretical estimated loss below 1 dB/km.62

There are several methods for fabricating ChG PCFs. Stack and draw 
technique,41,44,60–70 mold casting method,45,57,71–74 and mechanical drilling 
method46,49,51,58,75–79 are some important methods that are discussed below.

10.3.1.1 STACK AND DRAW TECHNIQUE

The stack and draw technique is a traditional and commonly used technique 
for fabricating silica MOFs.13 This method can be utilized to fabricate ChG 
PCFs by taking advantage of the ability of ChGs to draw into fibers.80,81 In this 
process, the ChG preform is made by stacking ChG capillaries in the required 
manner around another ChG glass jacket and then drawing into fibers using 
a fiber drawing tower under pressure.63–65,68–70 The schematic of the process 
is shown in Figure 10.5. Compared to other techniques, the technique is only 
feasible with thermally stable glasses and contains multiple-stage complex 
processes. Though the process enables the production of complex structures, 
the formation of bubbles in the interface between glass capillaries due to 
excessive pressure and temperature, and the in-hand manipulation,82 and the 
induced RI variation can lead to scattering losses. Interstitial holes between 
the glass capillaries can reduce the scattering losses since their presence 
can reduce the effective surface area of contact between the capillaries and 
improve light confinement.66

10.3.1.2 CASTING METHOD

The mold casting method is another effective method that reduces all kinds 
of interface inhomogeneities, thereby considerably reducing optical losses. 
In this method, ChG rod and the silica mold of periodically arranged silica 
capillaries with negative geometry of the ChG preform are placed inside a 
silica ampoule, and the ampoule is heated in a rocking furnace. The molten 
ChG fills the silica mold which is then air-quenched. The silica ampoule 
is removed using a diamond tool, and the silica capillaries are etched 
using hydrofluoric acid (HF). The obtained structure is rinsed in deionized 
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water and dried in an inert atmosphere to get the final ChG preform for 
the fiber drawing process (Figure 10.6). The process requires glasses 
with low viscosity so that glass can easily flow into the silica mold. The 
dimension of the silica capillaries has to be taken care of since the wrong 
choice of dimension can lead either to the breakage of silica capillaries or 
to the creation of mechanical stress inside the system during the molding 
process.72,83

FIGURE 10.5  Stack and draw process for ChG PCFs.

Source: Reproduced from Ref. [69] with the permission of Taylor and Francis.

Microstructured 
silica guices

Purified  
chalcogenideglass

AsSc glass with
silica capillaries
included

Silica capillaries
Øint: 490 μm
Øext: <510 μm

FIGURE 10.6  Schematic of the casting process. The molten glass is poured into the mold 
and then removed by HF treatment. The preform is shown in the right picture.

Source: Reproduced from Ref. [71] with the permission of The Optical Society.
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10.3.1.3 MECHANICAL DRILLING METHOD

In the mechanical drilling method, as the name implies, the ChG preform 
(Figure 10.7c–e) is generated by drilling holes in ChG rod (Figure 10.7b) 
using mechanical drilling equipment (Figure 10.7a). The ChG rod is placed 
on the top of a 360° rotational stage. An x–y translational stage is used to 
control the position of the holes, and a water-cooling system is used to 
eliminate the heat generated during the process. The drilling parameters, the 
rotational speed and forward speed, have to be controlled to avoid cracks in 
the glass rod. The drilled hole’s inner surface is polished to retain the optical 
quality. This method can reduce the interface inhomogeneities, ensures 
higher IR transparency, permits large-scale production, and guarantees strong 
light confinement in the core. Still, the process demands large quantities of 
glasses with high mechanical stability. 49,75,78,79

FIGURE 10.7  (a) Mechanical drilling equipment, (b) ChG rods, and (c–e) fabricated ChG 
preforms. 

Source: Reproduced from Ref. [78] with the permission of Elsevier.

10.3.2 CHALCOGENIDE GLASS–INFILTRATED HYBRID PCFS: 
FABRICATION METHODS AND APPLICATIONS

The major advantage of combining silica/polymer PCFs with ChG is the 
possibility of modifying the guiding mechanism from MTIR to ARROW/
PBG guiding. Excitation of plasmonic modes at ChG film surface can intro-
duce an additional guiding mechanism due to the semiconducting properties 
of ChGs.84,85
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10.3.2.1 DIRECT CHALCOGENIDE GLASS–INFILTRATED HYBRID PCFS

Granzow et al. carried out the direct infiltration of bulk Ga4Ge21Sb10S65 glass 
in the air holes of silica PCF by pressure-assisted melt filling technique. A 
strong PBG guidance is observed at the silica core, and distinct resonance 
bands are observed in the wavelength range 450–900 nm due to the coupling 
of light from the core to high index hexagonally arranged ChG strands of 
diameter 1.45 µm (Figure 10.8). In this process, the ChG melt is pressurized 
into the holes of silica PCF at a high temperature and pressure in an inert 
atmosphere. The method is found productive since it requires only a small 
sample volume compared to the fabrication of all-ChG PCFs and results in 
mechanically stable structures. The necessity of an inert atmosphere, high 
pressure and temperature, and custom-made equipment makes the method 
tedious.86,87

FIGURE 10.8  (a) Schematic of ChG-silica SC-PCF (red: chalcogenide strands) and (b) 
SEM image of the cross-section of ChG-silica SC-PCF. 

Source: Reproduced from Ref. [86] with the permission of The Optical Society.

10.3.2.2 SOLUTION-PROCESSED CHALCOGENIDE GLASS–INFILTRATED 
HYBRID PCFS

The dissolution of ChGs in alkali and amine solutions is a low-cost process, 
resulting in the formation of nanoclusters. In 1980, Chern et al. first 
demonstrated the solution-derived ChG film via spin deposition using amines 
as solvent.88 Solution-processed ChGs are a cost-effective and excellent choice 
for fabricating hybrid PCFs. They can be used for the uniform deposition of 
ChG nanofilms inside the holes of PCF.
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The main advantages of combining PCFs with solution-processed ChGs 
are as follows:

1.	 Most chalcogenide materials dissolved in primary and secondary 
amines lead to homogeneous films that retain the bulk glass’s optical, 
physical, and chemical properties.

2.	 The amines are volatile at low temperatures, making the film fabrica-
tion via the annealing process less tedious.

3.	 Solution-based deposition allows fabricating composite films by 
incorporating other materials, like carbon, noble metal, nanopar-
ticles, and polymers, into the glass matrix.

4.	 Multilayer deposition is possible.89

In 2012, Christos Markos et al. reported for the first time a cost-
effective method of depositing As2S3 ChG films inside the holes of silica 
PCFs by a solution-processed method without any sophisticated equip-
ment.90,91 They demonstrated the possibility of converting the MTIR 
guiding mechanism to ARROW guiding via the deposition of thin layers 
of ChG high index films inside the cladding holes of silica PCF. Figure 
10.9 shows the SEM image of the deposited ChG films inside the holes 
of silica PCF.

Later, photostructural changes were observed in As25S75 ChG-infiltrated 
silica PCF, thereby illustrating the practicability of modifying the guiding 
mechanism in PCF by near bandgap illumination of the infiltrated ChG.92 The 
high thermo-optic coefficient of ChGs permits the thermal tunability from 
22–70 °C of transmission window (500–1300 nm) in solution-processed 
As2S3 ChG film–deposited in silica PCFs. The proposed sensing element has 
shown a sensitivity of 3.6 nm/°C at 1300 nm.93 They integrated As2S3 ChG 
films in polymethylmethacrylate PCF and successfully created a transmis-
sion window in the 480–900 nm wavelength range. They observed a band 
edge shift of 17 nm by changing the light intensity due to the ultra-high Kerr 
nonlinearity of ChGs, thereby creating new routes for realizing NLO tunable 
devices based on polymer PCFs.85

10.4 CONCLUSION

This chapter aims to understand the fundamental concepts and ideas about 
PCFs, their guiding mechanisms, and the effect of incorporating ChGs into 
the PCFs toward IR photonics.
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FIGURE 10.9  (a) SEM image of the cross-section of the PCF. (b) SEM image shows the 
ChG thin films inside silica PCF and (c) magnified SEM image of a single hole.

Source: Reproduced from Ref. [92] with the permission of AIP Publishing.

PCFs have become a vital topic of interest for the research community 
over several years. Their ability to manipulate light-guiding mechanisms 
based on their geometry is a remarkable asset for the fiber optics community. 
Incorporating them with an IR material is necessary to extend its possibili-
ties to the IR regime. ChGs are an excellent platform when it comes to IR. 
ChG-integrated PCFs are ideal candidates for IR photonics and can be used 
for all-optical tunable nonlinear devices, supercontinuum generation, and 
sensing applications.

The fabrication of all-ChG PCFs is somewhat challenging since it 
demands extra thermal and pressure stability for glasses. The optical quali-
ties can only be maintained if high-purity glasses are fabricated. Optimizing 
fiber drawing and design parameters can improve the fabrication of ChG 
PCFs with low optical losses in the MIR regime.40 The solution-processed 
glasses can be an alternative for conveniently integrating ChGs with PCFs. 
Extensive research is necessary for further advancements in this field.
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CHAPTER 11

ABSTRACT

Nanotechnology, being the most promising technology in the 21st century, 
has reformed the whole world. In recent years, nanotechnology has proved 
to be an interdisciplinary research field, and it extended its scope of applica-
tions to versatile areas of human endeavor. Growing people’s expectation 
for durable and functional apparel has generated a chance for materials in 
nanoscale to be integrated into textile substrates. The unique properties 
of nanomaterials can impart antibacterial, water-repellency, wrinkle free-
ness, static elimination, and flame retardancy improved dyeability without 
changing their comfort and flexibility. Another potential application offered 
by nanomaterials is the production of connected garments that can sense 
and respond to external stimuli via electrical, color, or physiological signals. 
This chapter mainly focuses on the possible applications of nanotechnology 
in the current textile arena. The various limitations and risk factors such as 
nanotoxicity and their environmental impacts are also discussed.

11.1 INTRODUCTION

Recently, nanotechnology has brought immense improvement in the 
textile industry. Textiles and textile structures are abundantly used in high- 
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performance technical applications ranging from food packaging, furnishing, 
protective textiles, and medical textiles.2 Nanotechnology is considered as a 
novel approach for enhancing the performance of these functional textiles. 
Nanotechnology, as we know is concerned with the study of materials 
having size in the nanoscale dimensions (1–100 nm). Nanomaterials with 
particle size less than 100 nm have large surface area to volume ratio which 
is responsible for their exceptional physical and chemical properties.3 Nano-
science-based processes are flourishing in different areas related to science 
and technology. Textile community is also experiencing its benefits in its 
diverse field of applications. Various products from nanotechnology can be 
comprised with textiles starting from composites in nanoscale and fibers in 
nanoscale to smart polymeric coating in order to provide new functionalities 
and improved performance.

Cotton a widely used natural fiber that exhibits high absorbency, softness, 
and breathability is limited in nonclassical applications due to its relatively 
low strength, low durability, easy creasing, and soiling and flammability.4 
Even though synthetic fibers have excellent antimicrobial and strain-resistant 
properties, they lack the comfort and flexibility offered by cotton.1 Therefore, 
the development of a new fiber that combines the advantages of both natural 
and synthetic fiber as well as providing better functionalities including 
medical monitoring of bodily functions and metabolism,5,6 rehabilitation,7 
and electronic and optical device integration leads to a breakthrough in the 
advancement of nano-engineered textiles. Such integrated textiles respon-
sive to chemical, electrical, thermal, magnetic, and optical stimuli have 
potential applications in our day-to-day life. Textiles generally undergo 
nano-engineering to have specific functions including hydrophobicity, 
antibacterial properties, conductivity, antiwrinkle, antistatic properties, and 
UV protection. Figure 11.1 illustrates the applications of nanotechnology in 
textiles.

Using nanotechnology, all these properties can be achieved without 
affecting the texture, breathability, and flexibility of textiles. These mate-
rials may be like foams, surface coatings, voided patterning, and fillers. 
Emerging coating routes such as plasma, sol–gel, layer-by-layer are capable 
of introducing multifunction, intelligence, enhanced durability, and weather 
resistance to manufactured textiles. Due to all these reasons, nanotechnology 
has attracted researchers to the textile industry and hence a rapid progress in 
this field occurred.8
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FIGURE 11.1  Nanotechnology in textiles with applications.

11.2 INFLUENCE OF NANOTECHNOLOGY IN TEXTILES

11.2.1 NANOFIBERS

As already mentioned, nanotechnology facilitates the development of novel 
fibers combining the properties of both cotton and synthetics. Figure 11.2 
illustrates the textile properties enhanced by nanotechnology. Nanofibers 
fabricated through electrospinning technique exhibit excellent performance 
and good strength. In electrospinning, a polymer solution is spun at high 
speeds and exposed to electrostatic forces, pulling the polymers into 
extremely thin fibers. It is the polymer solution that determines the proper-
ties of nanofibers. Electrospun nanofibers are useful for various purposes 
such as to conduct electricity to resist heat for use in fire fighter’s suits and to 
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kill bacteria for applications in the medical field. Recently, three major forms 
of carbon nanomaterials-based nanofibrous sensors such as carbon nanotube 
(CNT)-coated fibrous materials, reduced graphene oxide (rGO)-coated 
fibrous material, and carbon fibers have been fabricated and utilized as the 
major sensory entities inculcated in fabrics for supervising the manufacturing 
procedure of fiber-filled polymeric composites (2020; Wang et al., 2018).

11.2.1.1 WATER AND OIL REPELLENCE

Water-repellant properties can be imparted to fabrics by forming nanowhiskers 
which are three orders of magnitude smaller than typical cotton fiber. These 
nanowhiskers when added to the fabrics create a peach fuzz effect.9 The space 
between individual whiskers is smaller than a drop of water but larger than 
water molecules and thus produces a large surface tension. Due to this large 
surface tension, water remains on the top of the whiskers and above the fabric 
surface.10,11 Breathability can also be achieved with these whiskers as they are 
permeable to gases. In addition to nanowhiskers, water-repellent property can 
be achieved through the creation of 3D surface structures on the fabric by the 
addition of gel-forming additives or coating the textile with nanoparticulate 
film.12 Once water droplets fall on such fabrics, they bead up and roll off when 
the surface is slightly slopped. Therefore, the surfaces stay dry even after a 
heavy shower. Along with that small particles of dirt are also picked up during 
rolling. By varying the micro and nanoscale features of fabric surface one 
can achieve excellent wetting behavior. By creating roughness on the fabric, 
superhydrophobicity can be attained without affecting the abrasion resistance 
and softness of the fabric. Silica nanoparticles (SiO2 NPs) coated over cotton 
in the presence of perfluorooctylated quarternary ammonium silane coupling 
agent (PQASCA) is excellent in producing hydrophobicity.13 While SiO2 NPs 
create roughness on the surface of cotton fibers, PQASCA lowers the surface 
energy. Textiles so developed exhibited water repellence at a water contact 
angle of 145° and oil repellency at a contact angle of 131°. Wang et al. have 
demonstrated that by combining the nanoparticles of hydroxylapatite, TiO2, 
ZnO, and Fe7O3 with other organic and inorganic substances.

11.2.1.2 WRINKLE RESISTANCE

In cotton fabrics, cellulose molecules are linearly organized by themselves 
and passing through the crystalline and amorphous sections of the fibers. 
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On applying force on these fibers, hydrogen-bonded cellulose molecules get 
displaced from their original positions and hydrogen bonds get reformed 
at new locations. Conventionally, fabrics are impregnated with resins to 
impart wrinkle resistance. However, this approach has some limitations like 
decrease in

•	 the dyeability,
•	 the breathability,
•	 the water absorbency,
•	 the abrasion resistance,
•	 the tensile strength of fiber, and so on.

To avoid these limitations, titanium dioxide nanoparticles (TiO2 NPs) with 
carboxylic acid as a catalyst are utilized to form cross-links between cellulose 
molecules and acid groups.14,15 These carboxylic acid-treated fabrics were 
found to be softer than untreated fabrics. In addition, nanosilica with maleic 
acid can also successfully impart wrinkle resistance to cotton and silk fabrics.16

FIGURE 11.2  Textile properties enhanced by nanotechnology.
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11.2.1.3 UV PROTECTION

Generally, inorganic UV blockers are nontoxic and chemically stable to 
high temperatures and ultraviolet radiations when compared to organic 
UV blockers. Nanoscale semiconductor oxides such as TiO2, ZnO, SiO2, 
and Al2O3 are efficient in absorbing and scattering UV radiation.17–20 Since 
scattering depends upon the particle size, in order to scatter UV light having 
wavelength in the range 200–400 nm, the optimum particle size should be 
20–40 nm.21 Using sol–gel method a thin layer of TiO2 can be surface coated 
on cotton that can retain its UV effect even after 50 launderings.22 In order to 
induce scattering at a high UV protective factor rating ZnO rods have been 
incorporated in cotton.23 Figure 11.3 is an SEM image of ZnO rods grown on 
cotton fibers. All these features can be attributed to the large surface area per 
unit mass and volume of these NPs, which increases the effectiveness of UV 
blocking.

11.2.1.4 ANTIBACTERIAL PROPERTIES

Nanosilver which is highly reactive when comes in contact with bacteria or 
fungi adversely affect their cellular metabolism and inhibits the cell growth. 
TiO2 and ZnO NPs also exhibit similar antibacterial fungicidal properties to 
textiles.24–26 The antibacterial property of Ag NPs are based on their reac-
tivity towards the proteins present in these organisms. In addition to the cell 
growth metabolism, nano-silver suppresses respiration, reduces the activity 
of basal metabolism of the electron transfer system, as well as substrate 
transport to the bacterial cell membrane. The antibacterial mechanism of Ag 
NPs is as follows: when Ag NPs comes in contact with moisture or bacteria 
they get adhered to the cell wall or cell membrane.27 Since silver NPs are 
inert in their metallic state, in presence of moisture they ionize to Ag+ ions 
and diffuse through the cell wall and cell membrane to the cytoplasm. When 
Ag+ ions bind to sulfur-containing proteins in the cell membrane some 
structural changes will occur in the cell wall28 and it leads to the release of 
cellular components to the extracellular fluids, due to changes in osmotic 
pressure. Additionally, Ag NPs can slow down the growth and multiplica-
tion of bacteria and fungi causing bad odor and itchiness. Because of these 
exciting properties of Ag NPs, great research efforts have been committed to 
explore their applications in textile industry.

Due to the strong antibacterial activity of nanosilver, they can be 
successfully applied to both natural and synthetic fibers. The antibacterial 
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effect and durability of silver NPs are excellent if they are dispersed in a 
colloidal solution before they are applied to the textile fabrics. This colloidal 
nanosilver solution can exhibit excellent antibacterial activity in cotton and 
polyester fabrics even after laundering several times.24 It has been found that 
Ag NPs incorporated polypropylene (PP) have superior antibacterial effect 
relative to PP containing micron-sized particles.32 Fibers prepared using this, 
PP is found to have very good mechanical properties and better antibacterial 
activity against both Gram-positive and Gram-negative bacteria. The 
effectiveness of Ag additives for antimicrobial activity depends upon the 
concentration, surface area, and releasing rate of Ag+ ions.29–31 SEM and TEM 
studies on the biocidal action of silver NPs also reveal their effectiveness in 
antimicrobial action.

11.2.1.5 ANTISTATIC PROPERTIES

Artificial fibers such as polyester and nylon are prone to high-static charge 
because they are not hydrophilic. Since synthetic fibers provide poor anti-
static properties, researchers are in search for new methods for improving 
the antistatic properties of textiles by using nanotechnology. It has been 
reported that nanosized particles such as TiO2, ZnO whiskers, nano-antimony 
doped tin oxide (ATO), and silane nanosol can impart antistatic properties to 
synthetic fibers. All these materials are electrically conductive and effectively 
dissipate the static charge accumulated on the fabric. In addition to that, 
silane nanosol can enhance the antistatic property by absorbing moisture in 
air through hydroxyl groups.32

11.2.1.6 STRENGTH ENHANCEMENT

CNT-reinforced polymer composite fibers produced through melt-spinning 
of PP and carbon particles can improve the strength and toughness of 
fabrics.33 These composite fibers can be produced through PP and carbon 
particles. By melt extrusion, also a wide range of nonadditive yarns with 
improved mechanical properties and various textures can be produced.34 
The strength of nanofibers produced via electrospinning technique can 
be enhanced by post-treatment approaches for example by applying heat. 
Highly twisted yarns have high strength, toughness, and energy-damping 
capability for various applications in electronic textiles like actuators, energy 
storage, heating, radio, and microwave absorption. It has been found out that 
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CNT-integrated fibers exhibited excellent strength and performance. It is 
noteworthy that dipping and coating methods can be utilized to immobilize 
CNTs on cotton.35

11.3 ELECTRICALLY CONDUCTIVE TEXTILE MATERIALS 
(E-TEXTILES)

Recently, conductive textiles are being developed from conductive nanoma-
terials for a wide range of smart applications such as sensors, supercapacitors, 
textile batteries, heating textiles, and so on. For a long run, metallic filaments 
(such as copper, steel, and aluminum) and intrinsically conductive polymers 
such as polypyrrole, polyaniline, polyacetylene, poly(3,4-ethylene dioxy 
thiophene)-poly(styrene sulfonate) (PEDOT:PSS), and so on are being used 
in conventional textiles.36–38 However, due to limitations in these conven-
tional conductive textiles, researchers have been looking for new alternatives 
that can give better electrical properties. Currently, nanotechnology has been 
utilized in developing conductive smart textiles by incorporating conduc-
tive nanomaterials to them.39,40 In this regard, carbon-based nanomaterials 
(carbon nanotubes (CNTs) and graphene) and metallic nanomaterials have 
gained much attention due to their high thermal and electrical conductivity.

11.3.1 CONDUCTIVE METALLIC NANOMATERIALS

Conductive metals (silver, copper, gold, aluminum, and tin) and metal oxide 
(TiO2, ZnO) nanomaterials offer a better alternative to conventional conduc-
tive materials.41–43 These conductive nanomaterials (NPs or nanowires) can 
be incorporated with conductive polymer nanocomposites, which can be 
used for making conductive fibers or coated textiles. Similarly, antistatic 
fabrics can be developed from conductive NPs such as Ag, ZnO, TiO2 that 
have the ability to dissipate the static charge of synthetic fibers because of 
their good electro-conductive properties.44,45

11.3.2 CARBON-BASED NANOMATERIALS

Even though metal NPs can impart excellent conductive properties to 
textiles, there are some drawbacks in using them for textile applications, 
since the processing of metal NPs is very complex and involves toxic 
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chemicals. Thus, there is a growing interest for carbon-based functional 
materials from biological sources. In recent days, carbon-based conductive 
materials such as graphene, graphene oxide (GO), rGO, CNTs, carbon black 
(CB), and activated carbon (AC) are receiving great importance due to their 
extraordinary mechanical stability and electrochemical performance.46 For 
application in textiles, these materials are suspended in liquid solvents to 
form conductive ink or printing paste.47,48 These textiles can be used for 
various applications depending on the purity of materials, morphology of the 
particles, ink viscosity, surface properties of textiles, and coating procedures. 
Spun coating, inkjet printing, wet transfer monolayer, brush coating, dip 
coating, screen printing methods are the different methods used for coating 
carbon-based conductive materials to the textile substrates.49–54

The electrical conductivity of CNT is as high as 106–107 S/m and for 
pure graphene; it can be up to 105 S/m. The recent trend of using CNTs for 
fabricating electronic textiles is because of their high electrical conductivity, 
excellent thermal stability (up to 4000 K), high tensile strength (63 GPa), 
and low density (1.3–1.4 g/cm3).55 Additionally, due to the high aspect ratio 
CNTs can create percolation network on rough textile substrates. CNTs 
are generally synthesized by arc discharge,56 laser ablation,57 and chemical 
vapor deposition.55,58 CNTs thus synthesized can be deposited on the textile 
substrate via dip coating, flexographic printing, inkjet printing, and doctors’ 
blade technology.49,59–61 CNT deposited cotton fabric is then treated with acid 
for hydrogen bond formation with cotton by imparting acidic group.36 Thus, 
cotton fabric with high electrical conductivity, flexibility, and foldability can 
be produced. These unique properties are achieved because of the strong 
adhesion of CNTs with cotton textiles due to high van der Waals and hydrogen 
bonding between cotton and acid-treated CNTs.48 These CNT-coated textiles 
possess excellent properties like flame retardancy, UV absorption capability, 
and water repellency.62

Another most important carbon-based conductive material used for the 
fabrication of E-textiles is CB.62 Compared to other carbon-based materials for 
E-textiles, the production and fabrication of CB is simple and cost-effective.63 
Combustion at high temperature, gasification, pyrolysis, and thermal cracking 
are some of the conventional methods for preparing CB.64 Due to the large 
particle size and porous structure CB particles are not easily adsorbed to the 
cotton fabrics and hence CB-coated fabrics exhibit low conductivity. However, 
screen printing of CB can impart good conductivity because the inter-yarn 
spaces of fabrics are filled with CB particles. In screen printing, a thick layer 
of CB is coated over the fabric surface which increases the electron mobility 
through the fabrics. However, one of the major issues with CB coated textiles 
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is their low wash durability compared to other carbon-based materials. Chen 
et al.65 have studied the effect of different carbon-based nanomaterials and 
their aspect ratios on the thermal conductivity of epoxy nanocomposites and 
observed that increasing filler concentration and aspect ratio increased the 
thermal conductivity.

11.4 APPLICATIONS OF CONDUCTIVE TEXTILES

Conductive nanomaterials incorporated textiles offer high-performance 
applications such as electroconductive textiles, EMI shield textiles, anti-
static textiles, textile sensors, textile batteries, supercapacitors, wearable 
antenna photonic textiles, and many others.40,66,67 These are summarized in 
Figure 11.3. Recently, E-textiles have a huge demand in various fields like 
healthcare, military and defense, sports, workwear, and many other technical 
fields. In military and defense sector, conductive textiles are used for protec-
tion against extreme weather conditions, sweat management, integration 
of high-tech materials ballistic impact, nuclear, biological, and chemical 
threats. In healthcare sector, conductive textiles are used for both clinical 
and nonclinical applications to monitor and communicate the conditions 
of patients as they can detect, acquire and transmit physiological signals. 
Increasing health awareness among youngsters led to a higher demand for 
conductive textiles to monitor sleep, heart rate, calories consumed, blood 
pressure, and so on.

11.5 TOXICITY OF TEXTILE NANOMATERIALS

Exposure to nano-engineered textiles will definitely have certain risks to 
health, environment, and sustainability. During washing or abrasive exposure, 
NPs from these commercial textiles are released and get accumulated in 
environment. Nanotextile materials mainly use nanofibers, nanocomposites, 
and nanometal oxides. Many studies have shown that release of silver 
nanoparticles that impart antibacterial properties to textiles during washing 
and release of sweat can cause various environmental issues. Amount of 
silver NPs released may vary depending on the quantity of silver coating, 
quality of fabric, and sweat formulation. Chemistry of these NPs also vary 
when these textiles are washed.68 These silver NPs released into wastewater 
get accumulated on sewage sludge and get deposited on agricultural fields, 
causing the depletion of soil fertility.
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FIGURE 11.3  Applications of conductive nanomaterials.

Titanium oxide (TiO2) NPs, which are used in several functional textiles 
due to its applications in UV absorption, degradation of dyes and as a pigment 
is also hazardous to human beings and our surrounding environment. NPs 
of anatase TiO2 of sizes 10–20 nm may cause oxidative DNA damage and 
micronuclei formation.

There are various other direct and indirect health effects for textile nano-
materials. The direct exposure of NPs can come through wearing of nanotex-
tiles. They may cause harmful effects when these materials start degradation. 
Indirect exposure to NPs occurs through air, water, soil, and food chain. It has 
been reported that concentration of <50 µg/m3 or lower can easily enter the 
human body.69 Once these NPs enter our respiratory tract through the air, they 
spread to different parts of the lungs by diffusional forces. Gastrointestinal 
tract also gets effected, while they are moving through the respiratory tract. 
Rezic70 reported that when NPs are administrated in human body through 
intravenous, subcutaneous, transdermal, inhalation, or oral means, they get 
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accumulated in lungs and brain and then move to heart and blood leading 
their way to liver, kidneys, spleen, and even embryo. Figure 11.4 shows a 
model of transport of NPs in human body.

FIGURE 11.4  Model of transport of nanoparticles in human body.

11.6 CONCLUSION

Development of nano-engineered textiles has revolutionized the textile 
industry and these smart textiles have the ability to revolutionize the 
processing of our clothing and fabrics. Incorporation of nanotechnology in 
the textile industry can improve the functionalities for intelligent textiles, 
such as self-cleaning, antibacterial properties, UV protection, water repel-
lence, wrinkle resistance, antistatic properties, and strength enhancement. 
The recent advancements in E-textiles and their applications in various 
sectors also have been discussed. These conductive nanomaterials have a 
huge potential for enhancing the conductive properties in textiles and will 
drive the futuristic development of smarter conductive textiles for multidi-
rection applications.
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Along with the development of nanotextiles, life-cycle assessments and 
toxicity of released nanomaterials from textiles also have to be evaluated 
to an extent. Nanotechnology-based products will definitely continue to 
emerge with new applications; however, manufacturers and regulatory agen-
cies must ensure that these technologies have no negative impact on human 
health and the environment during their processing and life cycle.
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CHAPTER 12

ABSTRACT

Energy storage devices such as lithium-ion batteries, supercapacitors, 
electronic double-layer capacitors, and pseudocapacitors are going through 
incessant modifications in their conduction as there is an enduring requirement 
for energy storage devices, which are rechargeable having very large specific 
energy and getting quickly charged. In this book chapter, electrochemical 
studies like galvanic charge and discharge, cyclic voltammetry, and 
electrochemical impedence spectroscopy are discussed for various metal 
and metal-oxide-embedded carbon nanofillers (e.g., reduced graphene 
oxide, graphene oxide, and graphene-based hybrid nanomaterials for energy 
storage and conversion applications. Basically, metals like Au and Ag and 
metal oxides like ZnO, CuO, TiO2, MnO2, and so on are incorporated into the 
carbon nanofillers to prepare nanohybrids. The electrochemical properties 
such as capacity, cycling stability, and rate capability are significantly 
improved, which have a current necessity in the industry and feasibility for 
future installation in an environmentally friendly way. Studies are also going 
on about the future prospects and challenges for the advancement in this 
field by the implementation of conducting polymers.
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12.1 INTRODUCTION

Due to the increase in global economic expansion, the population of the 
world, and the reliance of human beings on gadgets that consume high energy, 
the stipulation of global energy is accelerating, resulting in the scarcity of it 
in the near future.1–3 According to the World Energy Council, we will need 
twice the amount of energy from the current scenario by 2050. Therefore, 
energy storage is pivotal for countering the future worldwide challenges, as a 
lack of energy may pose a threat to the environment, human health, security, 
and so on. Hence, nowadays, in the regime of nanoscales, energy storage is 
considered the center of attention not only for the majority of the scientific 
communities but also for the whole world.

As one of the most sensitive issues of society, the energy issue must be 
resolved through methods that are cost-effective, environmentally friendly, 
and efficient energy depository devices that can be helpful in energy-
demanding areas while keeping an eye on the current development of 
economy.4 As it is said that necessity is the mother of invention, this future 
threat forces us to invent some high-power systems for energy conversion 
and energy storage that must be power sustainable and have very low exhaust 
emissions.2,3 So, keeping these key points in mind, researchers are focusing 
on utilities, manufacturers, and project developers to identify, test, evaluate, 
and certify systems that will amalgamate smoothly with today’s grid while 
planning for tomorrow. On the basis of recent research, new technologies 
offer new materials and procedures for energy storage devices. Graphene, 
GO, rGO single-walled and multiwalled carbon nanotubes (SWCNTs and 
MWCNTs), nanodiamonds, carbon nanosheets, activated carbons, and so 
on, which are known as carbon-based nanomaterials that individually or 
embedded with metal/metal oxides play some significant roles in energy 
storage devices to increase their efficiency.1,5,6 In other words, we can say 
that these new materials introduced by the current technologies that act as 
frontiers against the energy shortage in the near future. Carbon-based nano-
materials are frequently used electrodes due to cost-effectiveness and their 
abundance presence. Due to their high storage capacity, these are the most 
suitable nanocomposites for electrochemical electrodes.7–9

The graphene consists of a two-dimensional (2D) honeycomb structure 
of sp2 hybridized carbon. For carbon nanomaterials, it has been considered 
to be the mother material as a building block.10–13 Having surprising 
physicochemical properties such as strong mechanical strength, large 
specific surface area, extraordinary optical transmittance, excellent electron 
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transport capabilities, and thermal conductivity, it shows a profound impact 
in the electrochemistry field.11,12,14,15 As previously mentioned, graphene, 
with all its efficiency, is at the vanguard of the condensed matter physics and 
materials science research.13,17–19 As the thinnest known material, it has the 
advantage of being used for basic constituent for many new carbon nanofiller 
derivatives, because it can be piled up into three-dimensional (3D) graphite 
and also rolled into one-dimensional (1D) carbon nanotubes (CNTs). It is 
also enfolded into a spherical fullerene complemented with pentagons. Above 
all, it can be represented as the mother of all graphitic materials.18 Hence, 
theoretical works on graphene and its derivatives have been studied for 
years. Isolated graphene with other 2D atomic layers has the disadvantage of 
being thermodynamically unstable.20 It is a zero-gap semiconductor having 
distinctive electronic properties. As a reverberation of its flawless crystal 
structure, low-energy quasi-particles enclosed in it, go for a dispersion 
relation that is linear, similar to massless relativistic particles. Many peculiar 
electronic properties have been led by this essential characteristic of a gapless 
semiconductor,18,21–23 including transport, ballistic, pseudospin chirality on the 
basis of a normal temperature half-integral chiral quantum hall effect, berry 
phase, and conductivity in the absence of charge carriers, which build it a 
propitious option for advanced electronic products, both as an interconnect 
and a device.24 It is conjectured that the graphene overshadows metals, 
CNTs, semiconductors, and graphite in many applications due to its unique 
properties whether as an individual material or a component in a composite 
or hybrid material.24

The carboxylic groups, as well as the plentiful hydroxyl and epoxide 
groups, dominate the chemical structure of graphene oxide (GO).25 The GO 
is fascinated by many physicochemical properties due to the presence of 
functional groups containing oxygen. Those properties comprise thermal, 
electronic, mechanical, optical, and electrochemical properties including 
chemical reactivity.26,27 There are benefits of oxygen functional groups as it 
can be served as an effective site to immobilize various electroactive species 
for functionalization or chemical modification of GO.25,28–30 Therefore, in 
chemical, thermal, or electrochemical ways, modulation of physicochemical 
properties happens.28,31–33 Since stable dispersion is formed in solvents either 
aqueous or nonaqueous, regular methods via solution processing namely 
drop-casting, dip-coating, spray-coating, or spin-coating procedures are 
frequently used for the fabrication of thin films based on GO.34 The GO can 
be effectively conveyed as an amphiphilic substance due to the presence 
of carboxylic groups, which are hydrophilic in nature, and unoxidized 
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benzene rings, which are hydrophobic, having a polyaromatic network.35 
This amphiphilicity increases the likelihood of GO self-assembly at various 
interfaces where aqueous GO dispersion is typically used as a pairing of one 
phase with another phase that can be air, liquid, or solid.36 To get controlled 
microstructured and adaptable properties of GO-based materials, the self-
assembly methods are the best with simple and effective strategies,36 which 
makes them efficient in various applications for catalytic support, energy 
storage, transparent conductors, and polymer composites.34 Apparently, over 
the past decades, considerable effort has been devoted to the development 
of renewable as well as green energy sources because of the global concerns 
about the upcoming depletion of fossil fuels and the ever-increasing 
environmental problems.37 GO and its derivatives, along with composites 
embedded with metal/metal oxides, are being focused on demandable uses 
of electrochemical energy storage, comprising batteries, capacitors, and fuel 
cells due to their excellent properties as well as structural diversity. Behaving 
as oxidants the reduced oxygen functional groups of GO form closely packed 
composites with the values of reduced graphene oxide (rGO).10

The magnificent specific surface area, including the changeable inter-
layer distance of the thin layered nanostructures of GO, permits to take place 
the electrochemical reactions while taking note of size or volume according 
to the change of products.10 By using free p-electrons on the surface, GO 
could be used as an insulating dielectric spacer or an electrically conductive 
substrate, depending on the extent of reduction. The GO has shown great 
potential in energy systems because of the flexible functions resulting from 
its characteristic nanostructure, which contributed to electrodes, electro-
catalysts, protecting layers, printing inks, reinforcements, and membranes, 
among other things. In this section, the applications of GO in energy storage 
and conversion systems are summarized, as well as discussed the roles and 
benefits of GO in depth.10

Priority must be imposed to explore large-scale production of high-grade 
graphene with a low-cost and easy synthesis route to advance the end uses 
of 2D graphene-based products, which show enormous potential for several 
functions owing to their unique properties.18,38 Until now, various strategies 
have been used to produce graphene, primarily thermal/chemical reduce 
precursor materials into the GO,40 mechanical or ultrasonic exfoliation,41 
chemical intercalation,42 chemical vapor deposition (CVD)/plasma-enhanced 
CVD,43,44 electric arc discharge,45 epitaxial growth,46 and so on. Zhao et al.47 
went through a sol–gel polymerization and thermal treatment process for 
the synthesis of a Fe3O4/Fe/carbon composite, which exhibits a steady and 
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reversible capacity of >600 mA h/g. He et al. clearly mentioned that Fe3O4 
nanoparticles engulfed by carbon through an in-situ method embedded in 2D 
porous graphitic nanosheets obtained a capacity of ~900 mA h/g.46

GO as a water-soluble nanomaterial48 is created by chemically treating 
graphite powder to incorporate oxygen defects in the graphite stack.49 This 
results in complete solid abrasion into nanosheets with a thickness of atoms, 
aided by thermal, chemical, or mechanical treatments.50–54 The rGO thin 
films can act as transparent conductors with the same level of optical clarity 
and electrical conductivity of CNTs networks. The primary advantages 
of GO over other carbon-based nanomaterials are easy synthesis routes, 
excellent solubility and economic processing, fine adjustable conductivity, 
huge surface area, excellent biocompatibility, and availability of low-cost 
resources.55 The capacitance of GO film is lower than rGO. The elimination 
of oxygen comprising polar functional groups improves conductivity of 
GO film, ultimately increasing its capacitive behavior.56 Surface-enhanced 
3D rGO networks were also investigated as a high-performance electrode 
materials for energy storage devices such as RBs, asymmetric, pseudo, and 
hybrid supercapacitors.

Metal or metal oxides and conductive polymers divulge long cycle life 
as well as high-power density as they are used as common supercapacitor 
electrode materials. Among the composites, graphene with metal oxides 
exhibits characteristics that combine graphene’s exceptional cycle stability 
with metal oxides’ high-capacity properties, significantly improving the 
overall properties of nanocomposites.57 Until now, the advancements of 
metal/metal-oxide-decorated graphene (MGr) composites in electrochemical 
capacitors have been interpreted based on their collective properties. It has 
been demonstrated that MGr composites have significant improvements 
in rate capability, cycling stability, and capacity when compared to their 
individual impacts. The morphology, structure, and bonding of the nano-
hybrid are usually analyzed by various instruments such as atomic force 
microscopy, scanning electron microscopy (SEM), X-ray diffraction, X-ray 
photoelectron spectroscopy, and so on.39

At present, green energy and portable electronic devices have appeared 
with tremendous mechanical properties; they are easy to assemble, flexible, 
light weight, and so on.58 The primary requirements for electronic gadgets 
that make them appealing for various high-tech applications are the fast and 
efficient power supply.58–61 To get this uninterrupted power supply, we need 
sustainable energy sources that can be derived from various already utilized 
methodologies as described here.
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12.2 METAL/METAL-OXIDE-DECORATED CARBON-BASED 
HYBRID NANOFILLERS

12.2.1 METAL/METAL-OXIDE-DECORATED GRAPHENE-BASED 
HYBRID NANOFILLERS

Nandi et al.57 explicitly explain that lofty power density along with prolonged 
cycle life can be obtained by using metal or metal oxide and some conduc-
tive polymers as supercapacitor electrode materials. Due to their distinctive 
electronic structure and extensive surface area, the capacity to transfer 
charge could be enhanced, but because of the presence of van der Waals 
force, the graphene nanosheets get easily agglomerated by reducing their 
specific surface area and volume.62 Hence, by introducing metal or metal 
oxides, they get stuffed between the adjacent graphene layers by enriching 
their charge capacity as supercapacitor electrode materials.63–69 Wu et al.24 
provided some authentic data for various comparisons to give us a better 
opinion in Table 12.1.

Metal/Metal-oxide-embedded graphene composites can be synthesized by 
various methods like the solution mixing method,70 atomic layer deposition 
(ALD) method,71 sol–gel method,72 solvothermal method,73,74 self-assembly 
method,75–77 electrochemical deposition method,78,79 microwave method,80 
reduction method,81,82 coprecipitation method,83 photochemical synthesis,84 
green conversion methods,85 and so on. Their current developments in the 
area of electrochemical capacitors are clarified on the basis of their syner-
gistic properties. Based on their morphology, structure, and reactions on the 
electrode surface, these composites obtained large capacitances. Comparison 
of energy density and power density among various metal/MGr supercapaci-
tors are listed in Table 12.2.

Juan et al.16 represented that 3D graphene can be synthesized by a 
simple solvent treatment86 and any modified Hummers method.87,88 Due 
to the scalability, that is, having a good capacity to change size and scale, 
graphite oxide is the commonly employed route for synthesizing graphene.89 
Regardless of having a very small surface area, that is, only 81.7 m2/g, 
excellent electrochemical behavior in aqueous as well as organic electrolytes 
is shown by 3D graphene. It achieves capacitance of 341 and 166 F/g in 
aqueous and nonaqueous electrolytes and shows energy densities of 16.2 and 
52.5 W h/kg, respectively. As per the literature survey, although in aqueous 
solutions, the specific capacitance value of graphene-based supercapacitors 
is very promising but still below expectations. Theoretically, the capacitances 
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TABLE 12.1  Benefits and Drawbacks of Graphene, Metal Oxides (MO), and Graphene/MO Composites in LIBs and ECs.24

Benefits of graphene Drawbacks of 
graphene

Benefits of MO Drawbacks of MO Benefits of graphene/MO 
composites

Superior electrical 
conductivity

Serious agglomeration Very large capacity/
capacitance

Poor electrical conductivity Synergistic effects

Abundant surface 
functional groups

Restacking High packing density Large volume change Suppressing the volume change 
of MO

Thermal and chemical 
stability

Large irreversible 
capacity

High-energy density Severe aggregation/
agglomeration

Suppressing agglomeration of MO 
and restacking of graphene

Large surface area Low initial coulombic 
efficiency

Rich resources Large irreversible capacity Uniform dispersion of MO

Ultrathin thickness No clear lithium storage 
mechanism

– Poor rate capability High capacity/capacitance, good 
rate capability

Structural flexibility No obvious voltage 
plateau

– Poor cycling stability Improved cycling stability

Broad electrochemical 
window

Large voltage hysteresis – – Improved energy/power densities
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can be obtained up to 550 F/g, if the entire surface area of graphene can be 
utilized.90 This height can be achieved by introducing pseudo-capacitance, 
which will slow the charge/discharge rate91 by adding metal/metal oxide 
nanoparticles92 like RuO2,

93 MnO2,
94 Fe2O3,

95 Ni2+, Al3+, and polymers such 
as polyaniline,87,96,97 and so on. For the interpretation of electrochemical 
performances, electrochemical impedance spectroscopy (EIS), cyclic 
voltammetry (CV), and galvanostatic charge–discharge measurement (GCD) 
are generally employed. Accordingly, in organic and alkaline electrolytes, 
over 86% and 96% of the original capacitance can be retained after 100 
cycles of GCD tests.

TABLE 12.2  Energy and Power Density of Various Metal/Metal-Oxide-Decorated Graphene 
Supercapacitors.57

Samples Csp (F/g) Energy density (W h/kg) Power density (kW/kg)
Ni3(PO4)2/Gr 125 49.2 0.5
MnO2/Gr 30 30.4 5.0
Co–Ni/Gr 156 23.9 2.5
MnO2–textile/Gr 315 12.5 110
Ru/Gr 270 15 76.4
Au/Gr 174 29.4 0.2
Ag/Gr 472 41 1.5

Ejigu et al.68 specifically demonstrated the importance of transition metals 
during the exfoliation of graphite, which can also go through a redox reac-
tion by taking metal/metal oxide as the starting materials that enhance the 
electrochemical properties of the composite and also regulate the structure 
of the graphene.

12.2.2 METAL/METAL-OXIDE-DECORATED GRAPHENE OXIDE-
BASED HYBRID NANOFILLERS

Tian et al.10 elucidated the potential use of graphene and its derivatives in the 
area of electrochemistry due to their exceptionally good physicochemical 
properties, including satisfactory optical transmittance, high mechanical 
strength, appreciable thermal conductivity, electron transport capabilities, 
and high surface area.27–30 They prioritized the impact of GO and it embedded 
with metal/metal oxide on the energy storage devices. The GO could be 
treated as a predecessor for the preparation of graphene by a thermal or 
chemical process through reduction.33 GO and its derivatives can be used 
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in various kinds of batteries like redox flow, lithium ion, lithium–sulfur, 
lithium–air, and so on, and also in supercapacitors, dielectric capacitors, and 
fuel cells as energy storage devices. Their versatile utilizations of electro-
chemical energy storage are shown in Figure 12.1 which includes capacitors, 
fuel cells, and batteries.

Ramaraju et al.4 supported for the metal-oxide-deposited GO as a good 
application for storing energy. Accordingly, taking advantages of their light 
weight, long cycle lives, and high-energy density, RBs show effective promise 
for energy storage devices.105,106 The increased resistance can be partially 
dependent on decreased cell resistance and electrochemical milling effects 
that can diminish the particle size and can also affect a material’s morphology.

FIGURE 12.1  Pictorial illustration of applications of graphene oxide in electrochemical 
energy storage.10

Source: Reprinted with permission from Ref. [10]. Copyright 2021. Elsevier
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12.2.3 METAL/METAL-OXIDE-DECORATED CARBON NANOTUBES 
BASED HYBRID NANOFILLERS

Jyoti et al.58 reported 3D graphene/carbon nanotubes (3D-GCNTs) hybrid 
materials with extraordinary properties that could be considered to develop 
sustainable energy technology. Figure 12.2a and b represent the different 
applications of the 3D-GCNTs and relationship between power density and 
energy density, respectively.

FIGURE 12.2  (a) Graphene/CNTs nanohybrids exhibiting different applications58 and (b) 
assessment of power density of capacitors, supercapacitors, batteries, and fuel cells based on 
the energy density.107

Source: Reprinted with permission from Ref. [58] and Ref. [107].

The 2D carbon-based nanostructures are widely used depending on 
their outstanding properties like fine thermal conductivity (3000–5000 
W/m K), large specific surface area (2630 m2/g), Young’s modulus (≈1 
TPa), superior charge mobility at room temperature (≈10,000 cm2/V S), 
and satisfactory optical transparency (≈97.7%). GCNTs can be synthesized 
by various means like layered-by-layered assembly, CVD, surface modi-
fication using acid treatment, vacuum filtration (VF) techniques, in-situ 
technique, and so on.58

Owing to their long-life, high-power density, better charge–discharge 
behavior, and environmentally friendly nature, supercapacitors have drawn 
significant research attention. The achievement of the supercapacitors relies 
upon some of the electrodes and electrolytes. They are recorded in Table 12.3.

To gain a higher power and energy density, the organic electrolyte was 
carried out at a wide voltage range. At discrete current densities, the GCD 
curve of r[GO-CNTs] at various current densities are proposed in Figure 
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TABLE 12.3  Various GCNTs and Doped GCNTs Hybrid Composites Showing Electrochemical Performance in Supercapacitor.58

Sl. 
no.

Electrode material Electrolyte Preparation technique Csp (F/g) Energy  
(W h/kg)

Power  
(W/kg)

1 GCNTs KOH Layered-by-layered assembly 120 – –
2 r[GO-CNTs] Organic 1 M tetraethylammonium 

tetrafluoroborate in polycarbonate
Surface modification 
technique using the acid

160 4.3 400

3 NiCo2O4 nitrogen-doped 
graphene CNTs

6 M KOH aqueous Solution mixing using 
vacuum suction

2292.7 at 5 
A/g

24.69 15,485

4 3D graphene form/CNTs/
MnO2 hybrid

0.5 M Na2SO4 Hydrothermal technique – 22.8 860

5 Honeycomb NiCo2O4@
Ni(OH)2 supported 3D 
GCNTs sponge

6 M KOH aqueous Homogenous solution mixing 
with the help of stirring

138 at 5 A/g 42.3 476

6 Ruthenium oxide (RuO2) 
anchored graphene and CNT 
hybrid foam

2 M Li2SO4 GCNT hybrids were 
synthesized using CVD

502.78 at 1 
mA/cm3

39.28 128.01

Source: Reprinted with permission from Ref. [58].
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12.3a. The less contorted the triangular curves, better the performance of 
electronic double-layer capacitors. The voltage drop across the system was 
recorded to be 3.0–2.8 V. By scrutinizing slope of the discharge curve, the 
value of specific capacitance was found, which was the same between 0.5 and 
1 A/g and decreased from 110 to 78 F/g. Figure 12.3b reported the volumetric 
capacitance of two composites r[GO-CNT] and rPM[GO/oCNTs] to be 165 
and 82.7 F/m3, respectively, at 1 A/g.108 Due to the graphene composites 
having less effective surface area, the value reduces, and the reason behind 
this is the accumulation of CNTs and the restacking issue of graphene. The 
CV plot in Figure 12.3c illustrates the rapid ion charge transport properties of 
graphene-based composite electrodes. In the span of 0.0–3.0 V, the integrated 
area of the CV curve presented by r[GO-CNTs] is lower in comparison with 
rPM[GO/oCNT]. Figure 12.3d demonstrates that r[GO-CNTs] has the highest 
activity at a high energy density of 34.3 W h/kg at 4000 W/kg, whereas gradu-
ally decreases from 26.6 to 12.8 kW h/kg for rPM [GO/oCNTs].

(a) (b)

(c) (d)

FIGURE 12.3  (a) Galvanostatic charging/discharging curves at applied current density, (b) 
galvanostatic charging/discharging curves, (c) CV plots, and (d) Ragone plots.108

Source: Reprinted with permission from Ref. [108]. Copyright 2013. John Wiley and Sons.
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Zhang et al.109 delineated how numerous carbon nanofillers like graphene, 
CNTs, graphite, and GO/graphite/CNT (GGCC) perform electrochemical 
behavior. In comparison to individual carbon nanofillers, the GGCC 
composite showed excellent electrochemical performance as it improves the 
electron transfer properties. Figure 12.4a, b, e depicts the morphology of 
graphite, CNTs, and GGCC as seen through SEM within a diameter range 
of 20–50 nm. The graphite sheet is uniformly covered by GO sheets and 
turned smooth after hybridization by a rough surface. SEM and transmission 
electron microscope (TEM) images of GO sheets can be seen in Figure 12.4c 
and d, respectively. Figure 12.4f displays TEM images of CNTs and graphite 
covered with GO sheets. Under high reversible capacity, the GGCC hybrid 
composite evinced a stable cyclic performance, and this cyclic performance 
of composites is depicted in Figure 12.4g. The significant improvement 
in electrochemical performance of the GGCC electrode is represented in 
Figure 12.4h. As shown in Figure 12.4i for different carbon fillers, the GO 
electrode showed the lower value decreasing from 353.1 mA h/g at 0.5 C 
to 19.7 mA h/g at 10 C based on their rate capability performance. Figure 
12.4j depicts the rate capability performance of the GO/graphite and GGCC 
electrodes at various current rates.

In Table 12.4, the electrochemical performance is compared for various 
GCNTs hybrids along with their doping materials in lithium-ion batteries 
(LIBs) is compared.

12.2.4 METAL/METAL-OXIDE-DECORATED REDUCED GRAPHENE-
OXIDE-BASED HYBRID NANOFILLERS

Kumar et al.110 reported various Li-ion capacitors and batteries, which have 
been tried for highly performed energy storage devices.111–115 These capaci-
tors outperform the batteries in terms of charge/discharge cycle and specific 
power, whereas the later has high specific energy storage capacity. The 
surface-endowed 3D rGO hybrids are used in various hybrid, pseudo, and 
asymmetric supercapacitors, and also in RBs as high-achieving electrode 
materials for energy storage devices. There are huge comparisons between 
metal/metal-oxide-decorated reduced graphene-based hybrid nanofillers 
with other hybrid nanofillers on the basis of CV, GCD, and EIS (Table 12.5).

The electrochemical properties of a simple copper oxide deposited on GO 
where Cuox–rGO (CuO/Cu2O hollow polyhedrons on rGO) was obtained, 
which was used in LIBs and sodium-ion batteries (NIBs) as they show 
excellent electrochemical properties. The brisk use of rechargeable batteries 
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TABLE 12.4  Various GCNTs and Doped GCNTs Hybrid Showing Electrochemical 
Performance in LIBs.58

Sl. 
no.

Material and doping 
material

Charge/Discharge 
capacity (mA h/g)

Rate 
(mA/g)

Voltage 
(V)

CE 
(%)

Capacity of 
retention

1 GCNTs 526.26/900 100 0.01–3 100 99%
2 Nitrogen-doped 

graphene–CNTs–Mn3O4

1394.6/1572.54 250 0.005–3 99.6 –

3 SnO2–graphene–carbon 
nanotube

823/1043 100 0.005–3 – 85.5%

4 MoS2/graphene foam/
carbon nanotubes (GF/
CNT)

823/1368 200 0.01–3 99 81.3%

5 CoSnO3/graphene/CNTs 1363.9/1830 100 0.005–3 – 99%

TABLE 12.5  Various Applications of MO-rGO-Coupled Composites.110

Sl. 
no.

Nanocomposite composition Applications

1 Fe3O4/rGO composite Supercapacitor
2 Co3O4-reduced graphene oxide High-performance supercapacitor electrodes
3 Heterostructure of MoS2–rGO High-performance supercapacitors
4 3D MoS2@CNT/rGO network composites Advanced flexible supercapacitors
5 MoS2 nanosheet arrays rooted on hollow 

rGO spheres
Anode material for enhanced lithium-
storage performance

6 MoS2 nanosheet arrays rooted on hollow 
rGO spheres

As electrode in supercapacitors

7 Porous Nb4N5/rGO nanocomposites Ultrahigh-energy-density lithium-ion 
hybrid capacitor

8 Mesoporous H–Nb2O5/rGO 
nanocomposites

Latest Li-ion hybrid supercapacitors

(RBs) is heavily reliant on the synthesis of nanomaterials with outstanding 
storage properties. Metal–organic frameworks (MOFs) have shown atten-
tions for others as new kinds of porous material caused by their probable 
uses in nonlinear optics, ion exchange, and gas storage capabilities.116–120 As 
illustrated in Figure 12.5a, the CV was implemented to analyze the reaction 
mechanism in electrochemical cycling in half-cell assembly (Li/Cuox–rGO) 
between 0.005 and 3 V against Li at a scan rate of 0.1 mV/s. It was subjected 
to GCD tests at a constant current density of 200 mA/g, as observed in Figure 
12.5b. In Figure 12.5c, the cycling performance of several electrodes (GO, 
MOF, CuO–rGO blank, and Cuox–rGO) is mentioned at a current density of 
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200 mA/g. It can be observed that the electrode with Cuox–rGO exhibits the 
best electrochemical performance with a reversible capacity of 1490 mA h/g 
after 220 cycles as compared to other samples. Figure 12.5d shows that, in the 
interim, the Cuox–rGO electrode shows exceptional rate capability at various 
current densities of 200–4000 mA/g. Furthermore, moving back to the current 
density of 200 mA/g, the cell also shows good retention of capacity.

FIGURE 12.5  Li-ion battery performance: (a) cyclic voltammograms of the Cuox–rGO 
composite electrode, (b) discharge–charge curves of the Cuox–rGO composite electrode, (c) 
cycle performance of various electrodes, (d) cycle performance of the Cuox–rGO composite 
electrode at applied current rates.4

Source: Reprinted with permission from Ref. [4]. Copyright 2016. Royal Society of Chemistry.

As shown in Figure 12.6, from the EIS, it is evident that as an anode mate-
rial in batteries, there are benefits if Cuox–rGO is used. The plot of Cuox–rGO 
in addition to the other electrode systems is represented in Figure 12.6a and 
is known as the Nyquist plot. Nyquist plot demonstrates the presence of both 
diffusion and kinetic components, as well as the presence of two profound 
semicircles in the regions of middle- and upper-frequency, which could be 
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authorized to the charge transfer resistance and resistance of the solid elec-
trolyte interface, respectively, whereas diffusion resistance may be assigned 
in the lower frequency region by a straight line. To inquest the change in 
the EIS spectra, EIS spectra of the electrode before and after the 1st, 15th, 
50th, 100th, 150th, 200th, 250th, and 300th cycles are represented in Figure 
12.6b. The EIS analysis reveals the fact that the charge resistance is directly 
proportional to cycling, which can be obvious in the lower frequency region 
where the peaks disappear.

FIGURE 12.6  Li-ion battery performance in terms of electrochemical impedance spectra: (a) 
for various electrodes, (b) for Cuox–rGO before cyclic performance and after applied cycles.4

Source: Reprinted with permission from Ref. [4]. Copyright 2016. Royal Society of Chemistry.

12.3 CONCLUSIONS

Carbon-based nanofillers decorated with metal/metal oxide nanoparticles 
and conducting polymers are felicitously an integral part of energy storage 
devices. Still, a lot of developments are needed in terms of high-power output, 
long charge–discharge cycle life, and high-power output of batteries showing 
good permanence without any appreciable decrease in specific energy. 
Although in the areas of asymmetric supercapacitors, hybrid supercapacitors, 
pseudo-supercapacitors, and Li-ion RBs, tremendous achievement has been 
attained, in terms of structural stability of electrode material, requirement of 
fast electron transfer, highly conducting electrolyte, steady cyclic stability 
up to 4000 charge–discharge cycles, light in weight, soaring specific energy 
and charge storage capacity, and so on. There is still much to be achieved. 
We need to initiate the production of energy storage devices that can inhibit 
the energy density of a battery without compromising cycling stability and 
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power density, which persist as a basic obstacle to making energy storage 
devices such as supercapacitors as discrete power sources. It will help us 
in the field of energy sources for our future advancement, along with the 
safekeeping of the sources for longer period.
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CHAPTER 13

ABSTRACT

In recent years, polymeric nanofibers have gained great interest because of 
their multifaceted functions. There are several ways of preparing polymeric 
nanofibers which include sonochemical method, centrifugal jet spinning, 
blow spinning, melt blowing, and electrospinning. Polymeric nanofibers 
have a wide range of biomedical applications owing to their unique 
characteristics such as high porosity, large aspect ratio, high permeability, 
easy functionalization methods, and good mechanical strength. This chapter 
provides an outlook on the various methods of fabricating polymeric 
nanofibers and their biomedical uses, for example, tissue engineering, drug/
gene delivery, wound dressing, medical prostheses, and immunosensing. In 
addition to that, it concisely discusses the challenges and future perspectives 
of the prepared polymeric nanofibers and using them for practical biomedical 
applications.
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13.1 INTRODUCTION

Nanofibers, as the name suggests, are one-dimensional fiber-like structures 
having diameter in the range of nanometers. Such features provide them 
with unique characteristics such as high porosity, large aspect ratio, high 
permeability, ease of functionalization methods, and good mechanical strength. 
Nanofibers can be prepared from both natural and man-made polymers. Due 
to its various unique properties, nanofibrous mats have applications in the 
field of wastewater treatment,1 protective devices,2 conducting materials,3 and 
energy storing devices.4 Other than these, it also has numerous biomedical 
applications.5

The similarity in structure of the majority of organs and tissues with 
nanofibers drives the passion of most researchers to explore the applica-
tions of nanofibers in the field of biomedical. Fibrous proteins like collagen, 
laminin, and elastin, which constitute the extracellular matrix (ECM) have 
structures and properties resembling to that of nanofibers. ECM helps in cell 
attachment, its growth, and movement. It also facilitates the restoration of 
damaged tissues. Similarly, nanofibers promote the proliferation of cells, 
migration, and other aspects. Nanofibers can be used for tissue engineering, 
wound dressings, drug delivery, and medical prostheses. It also works as 
biosensors. Biocompatibility of the polymers is an important aspect for their 
use in the biomedical field. Incorporation of nanoparticles in the fiber matrix 
helps in targeted drug delivery. It might help in imparting antimicrobial 
and antioxidant properties to the fiber. Drugs are loaded into nanofibers for 
wound-healing purposes. Inclusion of drugs in the matrix of the polymer 
leads to its sustained release in the wound area. This helps in prolonging the 
therapeutic effect of the drugs. Thus, easy encapsulation of particles in the 
fibrous matrix enhances the remedial efficacy of the fibers.

Recently, efforts have been made to develop smart nanofibers that can 
function in response to external stimuli. Smart polymers or stimuli-responsive 
polymers are a class of polymers that mimic the nature of living beings to 
react to external stimuli. Thus, these polymers can respond to stimuli like pH, 
temperature, light, glucose, and so on. This feature is extremely important in 
the field of nanotheranostics, as it aids in both tissue-specific drug deliveries 
along with the intake of drugs in adequate amounts that is necessary for 
the body. For example, while treating diseases like cancer targeting tumor 
cells and not healthy cells is significant. Thus, tissue-specific drug delivery 
is a crucial need. Since, tumor cells have lower pH than normal cells, 
pH-responsive drug delivery would lead to effective cancer treatment. Also, 
over intake of drugs like insulin might result in hypoglycemic conditions in 
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diabetic patients. Thus, glucose-responsive drug delivery systems can solve 
this issue. In recent years, nanofiber-based wound dressing materials have 
been developed that deliver drugs only in response to certain stimuli. In 
upcoming years, we might witness the development of more smart polymeric 
nanofibers and practical use of them in biomedical field.

13.2 METHODS OF PREPARATION OF POLYMERIC NANOFIBERS

13.2.1 CENTRIFUGAL JET SPINNING

In centrifugal jet spinning, the fluid intended to be spun is taken in a rotating 
spin head, which has several nozzles near the side walls. On reaching an 
optimum value of rotating speed, centrifugal force prevails over the surface 
tension of spinning liquid leading to the formation of liquefied jets from the 
nozzle ends of spinning head. Simultaneous application of centrifugal and air 
frictional force results in the elongation of jets forming nanofibers ultimately. 
While other forces like gravitational, surface tension, and rheological might 
also play a vital role in its fabrication. The elongated jets are accumulated on 
a collector in the form of non-oven nanofibers.6

13.2.2 MELT BLOWING

In melt blowing process, the molten polymer is transferred into a die head by 
an extruder. Highly compressed and particulate-free hot air is pumped into the 
chambers at constant pressure. It then passes within slits, positioned on both 
ends of die tips and also by the side of its segment at extremely large velocity. 
These air streams converge together at a particular position on axis of each 
orifice, forming a stream of air having high velocity alongside the axis. As the 
molten polymer extrudate leaves the orifice, it is attenuated by this stream of 
hot air, which transforms into fibers on solidification under ambient condi-
tions. Conclusively, a layer of fibers is deposited on the surface of collector.7

13.2.3 BLOW SPINNING

This process involves the preparation of polymer solution by dissolving them 
in a volatile solvent and placing it into a needle tip with the help of a pump. 
Highly paced stream of air is directed along the needle forming a thin jet of 
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liquid. This leads to evaporation of the solvent and the subsequent formation 
of fibers, which are collected. Change in pressure during the process is 
converted into kinetic energy of the solution.7

13.2.4 ELECTROSPINNING

In this process, a polymer solution is prepared by stirring it with a solvent that 
dissolves the polymer. Then it is poured into a syringe, which is suspended 
and a metallic collector is placed below it. On application of adequate 
voltage, polymeric solution gets charged and an electric field is generated 
between the fluid and the metallic plate that results in formation of a droplet 
at the tip of the syringe. When field is large enough to overcome the surface 
tension of fluid, it forms the “Taylor cone” transforming into a jet. While 
the jet proceeds toward the collector, it endures bending instabilities and 
evaporation of the solvent takes place. This leads to the fabrication of longer 
fibers with smaller diameters.8

There are various other methods for fabricating nanofibers which have 
been summarized in Table 13.1.

TABLE 13.1  Different Methods of Fabricating Polymeric Nanofibers.

Methods for fabricating 
nanofibers

Features

Drawing •	Simple machinery

•	Discontinuous process of fabrication
Template synthesis •	Constant process

•	Easy fabrication of fibers with variable dimensions
Phase separation •	Simple machinery

•	Handy

•	Easy fabrication of fibers with varying mechanical strength

•	Restricted to specific polymers
Molecular self-assembly •	Complex process

•	Fabrication of fibers of very small diameter and length

•	Expensive
Freeze drying •	Costeffective

•	Simple process

•	Nonuniform porosity
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13.3 POLYMERIC NANOFIBERS FOR TISSUE ENGINEERING

Prevalence of tissue injuries and organ failure has increased the demand for 
organ transplantation. Tissue engineering offers a lucrative alternative to it, 
by focusing on the regeneration of damaged tissues and curbing out the after-
effects of organ transplantation. It aims at the preparation of 3D structured 
tissues, which mimic actual cells along with ECM molecules. These ECM 
molecules are primarily interwoven nanoscaled fibrous structures.9

13.3.1 VASCULAR TISSUE ENGINEERING

Vascular tissue engineering aims at fabrication of functional tissue scaffolds 
that can interact with cells, resulting in the formation of new blood vessels. 
Kong et al.10 electrospun chondroitin sulfate incorporated gelatin (Gt)/poly-
caprolactone (PCL) nanofibers, which functioned as tissue scaffolds that 
facilitated regeneration of blood vessels. The fiber had good anticoagulation 
properties and exhibited cell attachment and proliferation. Jia et al.11 cova-
lently attached hyaluronic acid with collagen and electrospun the product 
thus obtained. The reaction involved is represented in Figure 13.1. The scaf-
fold fabricated was proposed for vascular tissue engineering applications.

FIGURE 13.1  Schematic representation of cross-linking hyaluronic acid with collagen using 
EDC/NHS.11

Source: Reprinted with permission from Ref. [11]. Copyright 2019. Springer Nature.

13.3.2 BONE TISSUE ENGINEERING

Bone healing involves numerous osteogenic processes making the whole 
procedure an intricate one. Scaffolds meant to be used for bone tissue 
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engineering should promote regeneration of collagen and cell ingrowth. 
Mousa et al.12 fabricated iron acetate incorporated cellulose acetate nanofi-
bers. The fibers were formed via electrospinning. The scaffolds thus prepared 
exhibited good proliferation when tested against human fetal-osteoblast 
cells. Sedgi et al.13 prepared graphene oxide (GO) and zinc–curcumin-laden 
coaxial nanofibers having a diameter of 153 nm. These scaffolds ameliorated 
osteogenic functions and inhibited bacterial growth reducing the risks of 
infections. Awasthi et al.14 electrospun 2D MoS2 nanosheet-loaded PCL/zein 
nanofibers, which possessed good proliferation, biocompatibility, and cell 
adhesion.

13.3.3 NEURAL TISSUE ENGINEERING

The intricate architecture of axonal tract changes as a result of traumatic 
brain injury, spinal cord injury, peripheral nerve injury, or neurodegenerative 
illness, which inhibits growth and impairs long distance guidance. The neural 
tissue engineering theory has arisen to address the drawbacks of only cell-
based therapy. Sadeghi et al.15 prepared scaffolds comprising PCL, chitosan, 
and polypyrrole via electrospinning. The researchers performed in-vitro 
study using PC12 cells and discovered that the scaffolds had the potential for 
cell attachment and proliferation making it apposite for substituting neural 
tissues. Nune et al.16 electrospun melanin-loaded silk fibroin nanofibrous 
scaffolds and tested its potential for tissue engineering by employing human 
neuroblastoma cells. It facilitated proliferation and adhesion to neural 
cells. Hu et al.17 chemically modified polyglycerol sebacate (PGS) by 
copolymerizing it with methyl methacrylate for easy electrospinning of the 
polymer. It was further blended with gelatin for enhancing its hydrophilicity. 
The copolymer possessed the potential for nerve tissue regeneration and 
promoted cell proliferation.

13.3.4 CARTILAGE TISSUE ENGINEERING

Treatment of cartilage tissues is a complex process due to its intricate struc-
ture that comprises of special chondrocytes possessing characteristics variant 
to regions. Tissue engineering can be a possible solution to this. Cao et al.18 
prepared GO nanosheet incorporated polyvinyl alcohol (PVA)/chitosan 
composite nanofibers. The scaffolds promoted the growth of ATDC5 cells 
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and supported cell proliferation. Thus, it could be used for cartilage tissue 
engineering. Silva et al.19 prepared PGS/PCL nanofibers loaded with karto-
genin (KGN) molecule, which facilitates chondrogenesis. On culturing with 
human bone marrow mesenchymal stem cells, the scaffolds showed good 
cell proliferation. Also, the co-axially electrospun nanofibers exhibited more 
sustained release of KGN than mono-axially electrospun scaffolds. Thus, the 
prepared scaffold could be used for cartilage tissue engineering.

13.4 POLYMERIC NANOFIBERS AS WOUND DRESSING MATERIALS

13.4.1 ANTIBACTERIAL WOUND DRESSING

Invasion by bacteria causes chronic infections, which worsens existing 
wounds at a higher pace. High surface area of nanofibers helps to impregnate 
them with antibacterial agents and thus can be used as antibacterial wound 
dressing. Yang et al.20 prepared a Janus nanofiber comprising polymers 
polyvinylpyrrolidone (PVP) and ethyl cellulose. Ciprofloxacin and silver 
nanoparticles were loaded into it for imparting antibacterial properties to the 
prepared wound dressing. It inhibited the development of Gram-positive and 
Gram-negative bacteria together. Amiri et al.21 prepared teicoplanin-loaded 
chitosan/polyethylene oxide (PEO) nanofibers. Nanofibers loaded with 4% 
of the drug showed faster wound contraction.

13.4.2 DIABETIC WOUND HEALING

A major part of the population is affected by diabetes and its related health 
complications such as nephropathy, retinopathy, and diabetic foot ulcer. 
Diabetic wounds take longer time period for healing than other because 
of inability of the diabetic patients to suppress the higher concentration 
of reactive oxygen species formed due to wounds. It is accompanied by 
a delayed inflammatory response and collapse of angiogenesis process. 
High porosity, good oxygen exchange capability, and superior absorbance 
of humidity make nanofibers ideal candidates for diabetic wound dressing 
materials.

Cam et al.22 fabricated nanofibers from gelatin and bacterial cellulose. It 
was further loaded with two antidiabetic drugs named metformin (Gel-BC-
Met) and glybenclamide (Gel-BC-Gb). The nanofibrous mat thus obtained 
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could be used for the treatment of diabetic wounds. While nanofibers 
containing glybenclamide showed a faster epithelization rate than that loaded 
with metformin as shown in Figure 13.2.

FIGURE 13.2  Representation of in-vivo wound healing in diabetes-induced rats on days 0, 
3, 7, 10, and 14 after incision (scale bar of 10 mm).22

Source: Reprinted with permission from Ref. [22]. Copyright 2020. Elsevier

13.4.3 BURN WOUND HEALING

Bayat et al.23 fabricated bromelain incorporated chitosan nanofibers via elec-
trospinning. The nanofibrous film was effective as a burn wound dressing 
material. It healed burn wounds in rats within 21 days. Abid et al.24 prepared 
a double-layered nanofiber containing two different drugs in each for treat-
ment of burn wounds. The authors electrospun a contact layer of PEO loaded 
with a nervous pain relief drug gabapentin and a sodium alginate layer 
containing acetaminophen (gentle pain killer). The dressing quickly released 
gabapentin while releasing acetaminophen in a sustained manner. Thus, it 
had the potential to relieve pain in burn patients. Guo et al.25 electrospun 
α-lactalbumin with PCL and assessed its efficacy in treating burn scars. The 



Porous Composites and Nanofibers	 287

fibrous mats ameliorated the formation of collagen and fastened the wound-
healing process.

13.5 POLYMERIC NANOFIBERS FOR MEDICAL PROSTHESES

Nanofibers are preferred for the fabrication of prostheses owing to their 
soft texture. Zhai et al.26 prepared heparin-laden poly(l-lactide)-co-poly(ɛ-
caprolactone) co-axial fibers (P(LLA-co-PCL)/heparin) via electrospinning. 
Tests were conducted on model dogs. The patency rate of the P(LLA-co-
PCL)/heparin graft was found to be 100% in early period; while it was 25% 
in the long term. Thus, it had the potential to substitute femoral artery.

Li et al.27 fabricated a double-layered vascular graft consisting of an 
inner layer made of microfibrous poly(l-lactide-ε-caprolactone) and an outer 
layer of PCL nanofibers. In-vivo tests were conducted for 18 months and 
results showed that the implant does not exhibit aneurysm or burst. Also, 
the grafts promoted vascular regeneration. Similarly, Jirofti et al.28 prepared 
vascular graft from polyethylene terephthalate and polytetrafluoroethylene 
via co-electrospinning. In-vivo tests were carried out on rats and sheep 
models. The results revealed no aneurysm and complete patency following a 
period of eight months. It confirmed the use of a prepared scaffold as small-
diameter vascular graft.

13.6 POLYMERIC NANOFIBERS FOR DRUG DELIVERY

Nanofibers have been extensively used as drug delivery system. Many smart 
nanofibers have been developed that deliver drug in response to external 
stimuli as represented in Table 13.2.

13.6.1 TRANSDERMAL DRUG DELIVERY

Cui et al.38 prepared PVA/chitosan nanofibers and loaded them with drug. It 
was then subsequently cross-linked through glulataraldehyde. It released drug 
at a slow rate making it apposite for sustained delivery of drug through skin. 
Mendes et al.39 fabricated hybrid nanofibers composed of chitosan blended with 
phospholipids as shown in Figure 13.3. Its biocompatibility was confirmed by 
cytotoxicity study. The nanofibrous mat had the potential of delivering several 
drugs transdermally including curcumin, vitamin B12, and diclofenac.
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TABLE 13.2  Stimuli-Responsive Drug Delivery by Nanofibers.

Nanofiber Stimuli Drug Application Reference
Gold nanorods loaded poly(N-isopropylacrylamide) Near-infrared Fluorescein Cancer treatment through 

chemotherapy
[29]

Poly(N-isopropylacrylamide)-co-poly(acrylic acid)/
polyurethane

Thermal and pH Nifedipine Treatment of hypertension or 
angina

[30]

5,11,17,23-tetra-tert-butyl-25,27-bis(3-aminomethyl-
pyridineamido)-26,28-dihydroxycalix[4]arene 

pH Doxorubicin Tumor therapy [31]

Poly(N-isopropylacrylamide-co-acrylamide-co-
vinylpyrrolidone)

pH Doxorubicin Cancer treatment [32]

Cellulose nanocrystal-poly[2-(dimethylamino)ethyl 
methacrylate] reinforced poly(3-hydroxybutyrate-co-
3-hydroxy valerate)

Temperature and pH Tetracycline 
hydrochloride

Treatment of bacterial infections [33]

Poly(vinylidene fluoride-trifluroethylene) Mechanoresponsive Crystal violet Mechanoresponsive drug delivery [34]
Polyethyleneimine-N-isopropylacrylamide grafted 
cellulose

Temperature and pH Doxorubicin Cancer treatment [35]

Hyperbranched polyethylenimine modified with 
isobutyramide/carboxylated cellulose

Temperature and pH Doxorubicin Cancer treatment [36]

Polydopamine coated poly(ε-caprolactone) pH Doxorubicin Cancer treatment [37]
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FIGURE 13.3  SEM images and along with histograms representing the diameter of the 
prepared chitosan (Ch), 1:1 chitosan/phospholipids (Ch/P1), and 1:3 chitosan/phospholipids 
(Ch/P3) nanofibers.39

Source: Reprinted with permission from Ref. [39]. Copyright 2016. Elsevier.

13.6.2 TRANSMUCOSAL DRUG DELIVERY

Tuğcu-Demiröz et al.40 fabricated PVP nanofibers loaded with metronidazole. 
The formulation was found to be suitable for delivery of drug through 
vaginal mucosa. Lancina et al.41 prepared chitosan/PEO nanofibers and 
encapsulated insulin within it. The nanofibers had the potential for delivering 
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insulin through transbuccal route. Similarly, Stie et al.42 fabricated chitosan/
PEO-based nanofibers and assessed the effect of degree of deacetylation 
on the mucoadhesivity of the film prepared. It was concluded that with an 
increase in the degree of deacetylation of chitosan had no influence on the 
mucoadhesive behavior of nanofibers. Also, Stie et al.43 prepared a nanofiber-
film hybrid patch for transmucosal delivery of desmopressin. The patch 
consisted of chitosan/PEO nanofiber and a saliva-repelling film. It exhibited 
sustained delivery of the drug via mucosal route.

13.7 POLYMERIC NANOFIBERS FOR CELL CULTURE

Cell culture is the method used for growing cells under optimized conditions, 
outside their usual environment. Abazari et al.44 prepared nanofiber mats 
of polyvinylidene fluoride and collagen with and without incorporation of 
platelet-rich plasma (PRP). Following its characterization, the scaffolds were 
tested for its potential of osteoinductivity. It could be concluded from the results 
that the presence of PRP enhanced the biocompatibility and osteoinductivity 
of the scaffold. Majidi et al.45 fabricated 3D scaffolds comprising nanofibrous 
alginate/gelatin hydrogel. PEO was used for the electrospinning process. The 
prepared scaffolds helped in proliferating mesenchymal stem cells and favored 
cell motility. Thus, the nanofiber could be used for cell culture.

13.8 POLYMERIC NANOFIBERS FOR BIOSENSORS

Small structure and large surface areas of nanofibers help to improve the 
performance of biosensors by enhancing their working speed, selectivity, and 
sensitivity. There are mainly two approaches toward fabricating biosensors from 
polymeric nanofibers. The first approach is simple and easy where functional 
polymers are made into nanofibers having inducing function. The produced 
nanofibers are utilized as inducing components of the biosensors. The second 
approach involves synthesizing sensitive materials and depositing it on the 
surface of synthesized template nanofibers; followed by chemical modification.

Khalid et al.46 fabricated nanodiamond-incorporated silk fibroin nanofibers. 
The negatively charged nitrogen-vacancy centres present in nanodiamond 
could sense the temperature and thus could assess the temperature distinc-
tions of wounded or inflammated areas of body. It had good biocompatibility 
and promoted wound contraction. Finally, it could work as both biosensor and 
wound dressing material.
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Apetrei and Camurlu47 electrospun montmorillonite (MMT)-loaded 
polyacrylonitrile (PAN) nanofibers (PAN/MMT). The clay was further func-
tionalized with dioctadecyl dimethyl ammonium chloride and methylene blue 
(PAN/DDAC-MMT). The prepared nanofiber was used as glucose biosensor. 
Modification and incorporation of MMT clay into the nanofibers ameliorated 
its biosensing performance and sensitivity. Figure 13.4 represents the ampere-
metric response of the biosensors synthesized.

FIGURE 13.4  Amperometric response and calibration curve of (a) PAN nanofibers at pH 
6.5 and 0.7 V and (b) PAN/MMT (red line, pink markers) and PAN/DDAC-MMT (black line, 
purple markers) nanofibers at pH 7.0 and 0.65 V against Ag/AgCl.47

Source: Reprinted with permission from Ref. [47]. Copyright 2020. Elsevier.

13.9 CONCLUSION AND FUTURE PERSPECTIVES

Nanofibers have various applications and can be made through multiple 
techniques. Among these, electrospinning has gained the most popularity 
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as it is noncomplex and flexible in terms of fabricating fibers with different 
morphology. Nanofibers can be widely used for biomedical applications by 
correctly choosing the polymer to be used for the delivery of drugs. Despite 
the various advantages of the electrospinning process, difficulty to produce 
nanofibers in large-scale manner with desirable physical and chemical 
characteristics poses hurdle in advancement of its biomedical application. 
Clogging of spinnerets during the process of electrospinning is an undesirable 
part of the process, which needs to be overcome. Most of the experimental 
tests conducted with nanofibers are done in vitro. In-vivo assessments are 
necessary to confirm the practicability of using nanofibers for biomedical 
applications.

More research works can be directed toward developing smart nanofi-
brous patches that can be used for tissue engineering and explore their use for 
regenerative medicine and gene therapy. Also, further advancement is needed 
in the field of 3D printing for discovering its potential to fabricate nanofibers.
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	• biomedical applications
	• tissue engineering
	• drug delivery

REFERENCES

1.	 Cui, J.; Li, F.; Wang, Y.; Zhang, Q.; Ma, W.; Huang, C. Sep. Purif. Technol. 2020, 250, 
117116.

2.	 Blachowicz, T.; Hütten, A.; Ehrmann, A. Fibers 2022, 10 (6), 47.
3.	 Baker, C. O.; Huang, X.; Nelson, W.; Kaner, R. B. Chem. Soc. Rev. 2017, 46 (5), 1510–1525.
4.	 Liang, J.; Zhao, H.; Yue, L.; Fan, G.; Li, T.; Lu, S.; Chen, G.; Gao, S.; Asiri, A. M.; Sun, 

X. J. Mater. Chem. A 2020, 8 (33), 16747–16789.
5.	 Leung, V. Ko, F. Polym. Adv. Technol. 2011, 22 (3), 350–365.
6.	 Zhang, X.; Lu, Y. Polym. Rev. 2014, 54 (4), 677–701.
7.	 Yarin, A. L.; Pourdeyhimi, B.; Ramakrishna, S. Melt- and Solution Blowing. In 

Fundamentals and Applications of Micro- and Nanofibers; Cambridge University Press, 
Cambridge, UK, 2014; pp 89–178.



Porous Composites and Nanofibers	 293

8.	 Ghosh, A.; Orasugh, J. T.; Chattopadhyay, D.; Ghosh, S. Groundw. Sustain. Dev. 2022, 
16, 100716.

9.	 Nemati, S.; Kim, S. J.; Shin, Y. M.; Shin, H. Nano Converg. 2019, 6, 36.
10.	 Kong, X.; He, Y.; Zhou, H.; Gao, P.; Xu, L.; Han, Z.; Yang, L.; Wang, M. Nanoscale Res. 

Lett. 2021, 16, 62.
11.	 Jia, W.; Li, M.; Kang, L.; Gu, G.; Guo, Z.; Chen, Z. J. Mater. Sci. 2019, 54 (15), 

10871–10883.
12.	 Mousa, H. M.; Hussein, K. H.; Sayed, M. M.; El-Rahman, A.; Mohamed, K.; Woo, H. 

M. Polymers 2021, 13 (8), 1339.
13.	 Sedghi, R.; Sayyari, N.; Shaabani, A.; Niknejad, H.; Tayebi, T. Polymer 2018, 142, 

244–255.
14.	 Awasthi, G. P.; Kaliannagounder, V. K.; Maharjan, B.; Lee, J. Y.; Park, C. H.; Kim, C. S. 

Mater. Sci. Eng.: C 2020, 116, 111162.
15.	 Sadeghi, A.; Moztarzadeh, F.; Mohandesi, J. A. Int. J. Biol. Macromol. 2019, 121, 625–632.
16.	 Nune, M.; Manchineella, S.; Govindaraju, T.; Narayan, K. S. Mater. Sci. Eng.: C 2019, 

94, 17–25.
17.	 Hu, J.; Kai, D.; Ye, H.; Tian, L.; Ding, X.; Ramakrishna, S.; Loh, X. J. Mater. Sci. Eng.: 

C 2017, 70 (2), 1089–1094.
18.	 Cao, L.; Zhang, F.; Wang, Q.; Wu, X. Mater. Sci. Eng.: C 2017, 79, 697–701.
19.	 Silva, J. C.; Udangawa, R. N.; Chen, J.; Mancinelli, C. D.; Garrudo, F. F.; Mikael, P. 

E.; Cabral, J. M.; Ferreira, F. C.; Linhardt, R. J. Mater. Sci. Eng. C 2020, 107, 110291.
20.	 Yang, J.; Wang, K.; Yu, D. G.; Yang, Y.; Bligh, S. W. A.; Williams, G. R. Mater. Sci. Eng.: 

C 2020, 111, 110805.
21.	 Amiri, N.; Ajami, S.; Shahroodi, A.; Jannatabadi, N.; Darban, S. A.; Bazzaz, B. S. F.; 

Pishavar, E.; Kalalinia, F.; Movaffagh, J. Int. J. Biol. Macromol. 2020, 162, 645–656.
22.	 Cam, M. E.; Crabbe-Mann, M.; Alenezi, H.; Hazar-Yavuz, A. N.; Ertas, B.; Ekentok, C.; 

Ozcan, G. S.; Topal, F.; Guler, E.; Yazir, Y.; Parhizkar, M.; Edirisinghe, M. Eur. Polym. 
J. 2020, 134, 109844.

23.	 Bayat, S.; Amiri, N.; Pishavar, E.; Kalalinia, F.; Movaffagh, J.; Hashemi, M. Life Sci. 
2019, 229, 57–66.

24.	 Abid, S.; Hussain, T.; Nazir, A.; Zahir, A.; Khenoussi, N. Polym. Bull. 2019, 76 (12), 
6387–6411.

25.	 Guo, X.; Liu, Y.; Bera, H.; Zhang, H.; Chen, Y.; Cun, D.; Foderà, V.; Yang, M. ACS Appl. 
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CHAPTER 14

ABSTRACT

Nanoscience is an approach to generate polymer-based nanocomposite dye 
for PDT or photodynamic therapy. Polymer molecules can be in preference, 
retained in tumor, and prevent photosensitizer aggregation. Moreover, 
stimuli-sensitive polymers can be used for controlled drug release.

Poly(N-isopropylacrylamide) is extensively studied as a promising nano-
carrier for biomedical application because of its conformational transition 
within the physiological temperature. Star-like shape of dextran-graft-poly-N-
isopropylacrylamide (D-PNIPAM) used for the creation of multicomponent 
nanosystem D-PNIPAM/AuNPs/Ce6 nanosystems. These nanosystems were 
tested by optical absorption in water and in Hank’s buffer solution within a 
temperature range of 25–40C and by dynamic-like scattering at 25 and 37C. 
It has been proved that no drastic changes are accompanied by an aggregation 
process in the nanosystem in Hank’s saline solution in comparison with one 
prepared in water.

In-vitro examination of the PDT activity of the D-PNIPAM/AuNPs/
Ce6 nanosystem on the culture of MT-4 human malignant lymphocytes 
revealed the absence of cytotoxicity without red-light irradiation. The death 
of lymphocytes pre-incubated with nanocomposite after laser irradiation was 
around of 40%.
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14.1 INTRODUCTION

Photodynamic therapy (PDT) in the last decades focuses the attention of 
researchers as an alternative therapy for cancer diseases. PDT is based 
on photochemical reactions with photosensitizing drug (PS). Most often 
porphyrins with subsequent light irradiation at the proper wavelength 
lead to the photochemical conversion of molecular oxygen (3O2) into very 
reactive singlet oxygen (1O2) which is a cytotoxic agent provoking the 
damage of tumor cells via apoptosis or necrosis. Oxidative process causes 
damage of nucleic acids, proteins, and lipids in the cells.1–4 The classic PDT 
treatment of cancer based on an accumulation of a photosensitizer drug in 
tumor tissue, then illuminated with light which the cell death is activated. 
For efficient PDT: (1) photosensitizer should demonstrate high absorption 
in the 650–850-nm range where tissue penetration is high, (2) PS should 
have high singlet oxygen quantum yield for the photochemical reaction, (3) 
should have low dark toxicity, and (4) be soluble in water and should not 
form aggregates. That is why, it is important to create PS with improved 
properties. Nowadays, despite several clinically approved PS, the highly 
efficient and selective PS agent is still not found.1

Nanotechnology is a promising way for creation of highly efficient 
composites for PDT therapy. Polymer nanoparticles can be used as a nano-
platform for drug delivery.5 Current research and reviews have established 
that polymer molecules can be preferentially accumulated in tumors due to 
passive or receptor-mediated active targeting.6 However, the use of traditional 
polymers leads to uncontrollable drug release. To overcome this problem, the 
stimuli-sensitive polymer as thermosensitive one can be used for controlled 
release of drugs.7,8 However, for future development of stimuli-responsive 
nanoplatforms, it should be deep knowledge on nanocarrier biocompatibility, 
drug-loading capacity, nanocarrier stability, and toxicity.

It is known that poly(N-isopropylacrylamide) (PNIPAM) can undergo a 
tunable phase transition in the region of physiological temperature.9 Several 
reviews related to the employment of PNIPAM with the scope of biomedicine 
have been reported in recent years. The most explored areas in the applied 
biomedical science are

•	 bioimaging,
•	 biosensors, and
•	 drug delivery.

However, PNIPAM is widely studied because of its solubility in 
water and also its “LCST” or lower critical solution temperature. This is 
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of course very near to human body temperature according to reference.10 
The unpredictability of the hydrophilic/hydrophobic state is expected by 
diversified temperature (this means to be either less or greater than the critical 
value). Below LCST, polymers are soluble. When the temperature goes over 
the LCST, these polymers at the first stage undertake a phase transition; then 
in the second stage, it is expected to collapse and form aggregates. It is worth 
mentioning that the linear PNIPAM has an LCST value of approximately 
32°C. Meanwhile, PNIPAM is in fact soluble at room temperature, but its 
phase separates at physiological temperature (37°C) and therefore can be 
used for controlled release of the drug for cancer therapy.11

We have synthesized star-shaped temperature-sensitive copolymers of 
dextran-poly-N-isopropylacrylamide (D-PNIPAM), which have a phase 
transition in the region of physiological temperatures.12 It was shown that it 
is possible to shift the temperature of the conformational for the D-PNIPAM 
by 3–4°C compared to the linear PNIPAM. Thus, LCST becomes closer to 
human-body temperature.

The D-PNIPAM copolymer has demonstrated the high in-vitro efficiency 
as nanocarriers for anticancer drug doxorubicin.13 Also, the nanosystems 
consisting gold nanoparticles (AuNPs) into D-PNIPAM water solution were 
synthesized and studied.14–16 It is known that nanosized gold is practically 
nontoxic and has an affinity with biological factors that support vascular 
growth. Gold-based nanomaterials enhance the therapeutic effect of the 
drugs for photodynamic and photothermal therapy.17 The ability of gold 
nanoparticles to penetrate the endothelium of tumor vessels provides higher 
selectivity for the accumulation of anticancer agents in the tumor.18 However, 
the size characteristics of gold nanoparticles and the aggregative stability are 
very important.18 For this purpose, polymer matrices are used, since it is 
the macromolecules of polymers affect the processes of formation of metal 
particles, controlling their size and shape and are like a steric barrier for 
nanoparticle aggregation.19

Recently, we have reported on the high efficiency of nanocomposites 
for PDT, consisting of gold nanoparticles (AuNPs), a photosensitizer 
of chlorine e6 (Ce6) incorporated into the anionic star-shape copolymer 
dextran-polyacrylamide-co-polyacrylic acid.20,21

The aim of the present work was to investigate the behavior of the multi-
component nanosystem D-PNIPAM/AuNPs/Ce6 in water and in Hank’s 
buffer solution used for cell-culture assays. The study was carried out at 
physiological temperatures; the nanocomposite was tested for its photody-
namic efficacy.
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14.2 MATERIALS AND METHODS

14.2.1 THERMOSENSITIVE POLYMER

Dextran with molecular weights Mw = 7 × 105 g/mol from Fluka, N-isopro-
pylacrylamide (NIPAM) from Aldrich was used for the synthesis of 
dextran-graft-PNIPAM copolymer. The number of grafting sites per dextran 
backbone was predetermined by a molar ratio of acrylamide to cerium ions, 
and it was equal to 15. The sample was designated as D-PNIPAM. The 
synthesis and characterization of D-PNIPAM with 15 grafts were reported 
in Ref. [12]. The molecular characteristics of D-PNIPAM are given in 
Table 14.1 (Mw—the weight average molecular weight of the copolymer, 
Mw/Mn—polydispersity of copolymer, and Dh—hydrodynamic diameter of 
macromolecule).

TABLE 14.1  Molecular Parameters of D-PNIPAM Copolymers.

Sample Mw × 10−6 (g/mol) Mw/Mn Dh25C (nm)
D-PNIPАМ 1.03 1.52 40

14.2.2 NANOSYSTEMS

14.2.2.1 REAGENTS USED FOR NANOSYSTEMS SYNTHESIS

Photosensitizer Ce6 was obtained from Santa Cruz Biotechnology (USA); 
doxorubicin hydrochloride was purchased from Sigma-Aldrich (USA); 
cisplatin was obtained from “EBEVE” (Austria); NaBH4, AgNO3, and HAuCl4 
were purchased from Sigma-Aldrich (USA).

Hank’s balanced salt solution was purchased from Sigma-Aldrich (USA). 
Hank’s solution was phenol red-free and consisted of two components: 
glucose (1.0 g/L) and NaHCO3 (0.35 g/L); dimethyl sulfoxide (DMSO) was 
obtained from Serva (Germany).

14.2.2.2 NANOSYSTEM: POLYMER/AUNPS

Tetrachloroauric acid (Au precursor) and NaBH4 (reductant) have been used 
for in-situ AuNPs synthesis into polymer solution. The synthesis process was 
reported in Refs. [14–16].
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14.2.2.3 NANOSYSTEM: POLYMER/AUNPS/CE6 IN WATER AND HANK’S 
SOLUTION

A stock solution of Ce6 (C = 0.182 mg/mL) was prepared in DMSO. Then, 
0.55 mL of this solution was added to 0.30 mL of distilled water. This mixture 
was added to 1.15 mL of polymer/AuNPs sol under constant stirring.

Eight milliliters of distilled water or Hank’s buffer solution was added 
to 2 mL of obtained three-component D-PNIPAM/AuNPs/Ce6 system. The 
reaction mixture was stirred.

Three-component polymer/AuNPs/Ce6 and four-component nanosystems 
were prepared by the method described above and then were centrifuged. The 
absorption spectra of the supernatant showed the absence of Ce6 in the solution, 
thus indicating its total incorporation into the polymer nanocarrier. These 
nanocomposites were used for UV–vis and in-vitro anticancer examination.

14.2.3 METHODS

14.2.3.1 UV–VIS SPECTROSCOPY AND TRANSMISSION ELECTRON 
MICROSCOPY (TEM)

The UV absorption spectra of D-PNIPAM copolymer, D-PNIPAM/AuNPs, 
and D-PNIPAM/AuNPs/Ce6 in water and Hank’s solution were obtained 
using a Varian Cary 50 scan UV spectrophotometer (Palo Alto, CA, USA) in 
the range of 200–800 nm in the temperature region of 25–40°C in 1°C. The 
studied systems were kept for 2 min at each temperature before measure-
ment. Transmission electron microscopy measurements were carried out as 
reported in Ref. [12].

14.2.4 IN-VITRO EXPERIMENTS WITH MALIGNANT CELLS

Cells of the MT-4 line (human T-cell leukemia) were obtained from the cell 
culture bank of the R. E. Kavetsky Institute of Experimental Pathology, 
Oncology and Radiobiology, NAS of Ukraine. The cells were maintained 
in RPMI-1640 medium containing 10% fetal bovine serum at a tempera-
ture of 37°C in an incubator with 95% humidity and 5% CO2 in air. For 
photodynamic treatment, cell suspensions in the logarithmic growth phase 
(0.5 Å ~ 106 mL−1) were prepared in Hank’s balanced salt solution. After 
1.5 h of incubation of the cells at 37°C with Ce6 or with its nanocomposite, 
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the samples were washed twice with a 10× volume of Hank’s solution and 
exposed to a red laser (wavelength 658 nm, specific power—1.1 mW/cm2, 
doses—1 J/cm2). After irradiation, the cells were transferred to the culture 
medium and incubated at 37°C for 18 h to complete the photodynamically 
induced apoptosis process. The cell viability was then determined by Trypan 
blue dye exclusion test. Each experiment was repeated at least five times.

A semiconductor laser (PMNP Photonik Plus, Cherkasy) with a wave-
length of 658 nm, which coincides with one of the Ce6 absorption maxima, 
was used as a light source for photodynamic damage to cells.

14.3 RESULTS AND DISCUSSION

The typical TEM image of D-g-PNIPAM/AuNPs nanosystem obtained at a 
temperature of 25°С is presented in Figure 14.1. It is seen that AuNPs have 
size of d = (8 ± 3) nm and are spherical in shape. AuNPs were synthesized 
in the dilute aqueous solution of D-g-PNIPAM (polymer concentration was 
below the concentration of crossover). Thus, the distance between the neigh-
boring PNIPAM macromolecules is larger than the macromolecule size by 
several times.

FIGURE 14.1  TEM image of D-g-PNIPAM/AuNPs hybrid nanosystem.
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Figure 14.2(a, b) demonstrates the UV spectra of the D-PNIPAM copolymer 
solutions prepared in water and in Hank’s solution, respectively. The optical 
absorption spectra of PNIPAM exhibit maximum absorption (λmax) at 228 
nm corresponding to π- and n-electron transition localized on C=O group of 
PNIPAM.22 The small peak at 250–275 nm obviously corresponds to some 
internal molecular structures formed by C=O groups caused by hydrogen 
bonding. Upon heating, absorption band intensity at 250–275 nm slight 
increases. It testifies to the fact of some changes in the studied system in the 
region of LCST. It is known that the macromolecule PNIPAM becomes partially 
hydrophobic after LCST that leads to macrocoil conformational transition.

(a)

(b)

FIGURE 14.2  (a) Absorption spectra of D-PNIPAM water solution within a temperature 
range of 25–40°С. (b) Absorption spectra of D-PNIPAM copolymer in Hank’s solution within 
a temperature range of 25–40°С.



302	 Mechanics and Physics of Porous Materials

Similar changes were observed for D-PNIPAM in Hank’s balanced salt 
solution. However, these changes are less pronounced. It is not surprising as 
Hank’s solution consists of the addition of salts which can affect the forma-
tion of internal hydrogen bond in the system.

Absorption spectra of Au sols synthesized in situ in the D-PNIPAM, in 
water, and with the addition of Hank’s solution are shown in Figure 14.3(a, 
b). In both systems, the surface plasmon resonance (SPR) peak of Au 
nanoparticles at 530 nm is registered. This peak does not shift when heated. 
However, a slight change in the intensity of the SPR band is observed. That 
may also be caused by the conformational changes of the macromolecule 
within the LCST region leading to the change in the distance between 
AuNPs. In Hank’s solution, the change in the intensity of the SPR under 
heating is less pronounced than in the aqueous solution.

It is known that the Ce6 absorption spectrum has two characteristic 
bands: in the region of 470–670 nm (first electronic transition) and in the 
region 350–440 nm (second electronic transition), the so-called Sore band.23

As can be seen, for the nanosystem polymer/AuNPs/Ce6 (Figure 14.4), 
two components appear in the absorption spectrum: a photosensitizer (Sore 
band at 400 nm and one Q-band 671 nm) and gold nanoparticles (530 nm). As 
it is noted above, the polymer matrix does not absorb in this wavelength range.

The nanocomposite D-PNIPAM/AuNPs/Ce6 in Hank’s solution was 
studied by DLS to estimate the size of nano-object in nanosystems which 
can be used for in-vitro PDT examination.

The experiment was performed at 25 and 37°C, as the nanocomposites 
are prepared at room temperature, but biological testing is carried out at 37 
°C. We have reported14–16 that for D-PNIPAM/AuNPs in water solution, few 
scattering objects are registered: the AuNPs of 10 nm in size, D-PNIPAM 
macromolecules with incorporated AuNPs of 40 nm in size, and some 
aggregates of macromolecules. Dimensional characteristics of D-PNIPAM/
AuNPs/Ce6 in Hank’s solution at 25 and 37 °C are represented in Figure 
14.5. It is seen that AuNPs of 10 nm in size in registered, and bimodal distri-
bution of scattering objects of 100 and 300 nm are present in nanosytem 
at 25°С. Increasing the temperature to 37°C caused the decrease in size of 
aggregates to 100 nm. Moreover, the individual macromolecules of 20–30 
nm in size are registered.

Thus, it has been proved that no drastic changes accompanied by the 
aggregation process in the nanosystem in Hank’s saline solution, the nano-
system remains stable with heating to physiological temperature. Thus, this 
ternary nanosystem can be recommended to test for PDT activity.



Porous Nanocomposites for Anticancer Therapy	 303

(a)

(b)

FIGURE 14.3  (a) Absorption spectra of Au sol into polymer water solution within a 
temperature range of 25–40°С. (b) Absorption spectra of Au sol into Hank’s solution within a 
temperature range of 25–40°С.

For the in-vitro examination, the photodynamic activity of the D-PNIPAM/
AuNPs/Ce6 nanosystem on the culture of MT-4 human malignant lympho-
cytes was performed (Figure 14.6) in comparison to Ce6. In-vitro study of 
the toxicity of hybrid gold–polymer composites was reported in Ref. [24] 
and proved low toxicity of examined compounds even in high doses.

Figure 14.6 demonstrates that in the absence of red irradiation and the 
D-PNIPAM/AuNPs/Ce6 does not show cytotoxicity. At the same time, the 
mortality of lymphocytes pre-incubated with nanocomposite after laser 
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irradiation demonstrated 40% of the mortality of tumor cells. This result is 
comparable with efficacy of Ce6. But, the nanocomposite can prevent the 
aggregation of photosensitizer in-vivo experiments as well as can provide 
target delivery of drug to tumor cell. Moreover, for nanosystem polymer/
AuNPs under illumination with light with λ = 650 nm, the local heating in 
the small volume near the laser beam was registered.25 It means that nanosys-
tems with AuNPS during PDT can provide also hyperthermia effect.

FIGURE 14.4  Absorption spectra of nanosystems D-PNIPAM/AuNPs/Ce6 in Hank’s 
solution within a temperature range of 25–40°С.

FIGURE 14.5  The dimensional characteristics on hydrodynamic diameter for D-PNIPAM/
AuNPs/Ce6 nanocomposites in Hank’s solution at 25°C (black) and 37°C (red).
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FIGURE 14.6  Dark toxicity and PDТ efficacy: 1—Cе6; 2—D-PNІPАM/AuNPs/Ce6 
nanocomposite.

14.4 CONCLUSIONS

It was shown that for multicomponent nanosystems D-PNIPAM/AuNPs/Ce6 in 
Hank’s solution, it was not observed the increasing of aggregation process. The 
nanosystem remains stable when heated to physiological temperature, although 
the in-vitro study shows that the photodynamic activity of the D-PNIPAM/
AuNPs/Ce6 nanosystem is approximately equal in efficiency to Ce6. However, 
the nanocomposite can prevent the aggregation of photosensitizer in-vivo 
experiments and can provide target delivery of drug to tumor cell. Thus, this 
ternary nanosystem can be recommended for further research for PDT therapy.
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CHAPTER 15

ABSTRACT

Magnetic nanomaterials have gained tremendous attention for their various 
biomedical applications including their function as biosensors, medical 
diagnostic agents, therapeutic agents, and for clinically relevant applications 
which include imaging-guided therapy, magnetic hyperthermia, targeted 
drug and gene delivery systems, manipulation of cellular functions, and so 
on. They exhibit size-dependent magnetic properties which are tunable that 
may be manipulated for plenty distinct magnetically controlled applications. 
Various preparation techniques have been explored to synthesize magnetic 
nanomaterials with desired properties.

15.1 INTRODUCTION

Magnetic nanoparticles (MNPs) are certainly promising substances to 
assemble flexible structures for biomedical applications because of their 
extremely small size.

For the use of magnetic nanomaterials in biomedical applications, 
they have to be biocompatible and synthesized with the aid of using easy 
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methods. Nanoscale gadgets smaller than 50 nm can enter most cells easily. 
Nanoparticles have the potential to detect diseases, control cells within the 
living system, and enable more effective treatment that was more or less 
impossible before. They can act as carriers for various drugs. Gao et al. 
reported that nanoparticles with dual functionality can be used for diagnostic 
and therapeutic purposes (e.g., Fe2O3Pt NPs). They can be used to minimize 
the toxicity of a therapeutic drug or for pH-triggered drug release. The nano-
product AuroShell can kill cells at the tumor target site by emitting heat upon 
absorption of near-infrared (NIR) light.1–3

15.2 MAGNETIC NANOMATERIALS

The properties of magnetic nanomaterials mainly depend on the intrinsic 
properties of each particle, such as chemical composition, stoichiometry, 
crystallinity, shape, magnetic anisotropy, and their interaction. Since the 
interactions between particles have an important effect, controlling the 
distances between particles has to be considered when designing magnetic 
nanocomposites with specific properties. Because of their superparamagnetic 
behavior, these nanomaterials are known as superparamagnetic iron oxides 
(SPIOs). They consist of an iron oxide core with a diameter of a few 
nanometers and a subnanometric surface layer of iron oxyhydroxide groups. 
Different strategies have been applied to functionalize the SPIO surface and 
obtain platforms to couple a variety of biomedical devices to enable their 
localized and controlled delivery. Functionalization can be achieved with a 
simple acid:base reaction that incorporates surface charges on the particles 
or coating with molecular species of small molecules as well as surfactants 
or polymers. SPIO platforms can be coupled to bioagents, resulting in 
multifunctional complexes tailored to perform diagnostics and therapies 
simultaneously (i.e., “theranostics”). Theranostics are designed to diagnose 
and deliver therapy more efficiently than traditional methods, thereby 
minimizing costs and side effects. MNPs can be used to make biosensors 
more sensitive, faster, and cheaper. MNP-based biosensors are used to detect 
nucleic acids, enzymes, other proteins, drugs, pathogens, and tumor cells 
with excellent sensitivity. MNPs have been successfully used in diagnostic 
magnetic resonance imaging (DMR). The basic principle behind DMR is the 
use of MNPs as proximity sensors that modulate the transverse relaxation 
time of neighboring water molecules.4,5



Magnetic Nanoparticles in Healthcare	 311

15.3 MAGNETIC NANOMATERIALS FOR BIOMEDICAL 
APPLICATIONS

This can be categorized as in vivo or in vitro depending on whether they 
are used within or outside the body. In-vitro applications primarily include 
diagnostic separation, selection, and magnetorelaxometry, whereas in-vivo 
applications are divided into therapeutic (hyperthermia, gene therapy, drug-
targeting) and diagnostic (magnetic resonance imaging [MRI], magneto-
acoustic tomography [MAT], magnetic particle imaging [MPI], and nuclear 
magnetic resonance [NMR] imaging).6–8

Shifted loops are seen in MNPs following field cooling. These phenomena 
are caused by the magnetic conduct of independent nanoparticles which are 
influenced by finite size and surface effects. Frenkel and Dorfman were the 
first to anticipate that a ferromagnetic particle below a certain particle size 
(about 15 nm) would comprise a single magnetic field. Over a precise T 
(named as the blocking temperature), the magnetization conduct of these 
particles is similar to that of atomic paramagnets (superparamagnetism), 
with the exception that an exceedingly large moment and consequently large 
susceptibilities are involved. Particles having superparamagnetic behavior 
at room temperature are chosen for biomedical applications. For uses in 
biology, medical diagnosis and therapy it is required for magnetic particles 
to be stable in water at neutral pH and physiological salinity. The colloidal 
stability of this fluid will be determined by two factors: first, the particle size, 
which must be small enough to avoid precipitation owing to gravitational 
forces, and second, the charge and surface chemistry, which cause both steric 
and coulombic repulsions. Additional constraints on the types of particles 
that could be employed in biomedical applications are heavily influenced 
by whether the particles will be used in vivo or in vitro. MNPs that are used 
for in-vivo biomedical applications must be made of a nontoxic and nonim-
munogenic material.9,10

Drugs will be able to bind to the polymer via covalent attachment, adsorp-
tion, or trapping on the particles. The nature of the magnetically responsive 
component, such as magnetite, iron, nickel, cobalt, neodymium–iron–boron, 
or samarium–cobalt, as well as the ultimate size of the particles, their core, and 
the coatings, are critical elements that affect the biocompatibility and toxicity 
of these materials. Magnetite (Fe3O4) and its oxidized maghemite (Fe2O3) are 
the most widely used iron oxide particles in biological applications. Cobalt 
and nickel, which are highly magnetic, are poisonous and prone to oxidation, 
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and hence of little interest. Furthermore, utilizing particles smaller than 100 
nm (so-called nanoparticles) has several advantages, including increased 
effective surface areas (easier ligand binding), and decreased sedimentation. 
They must also be highly magnetized so that their movement in the circula-
tion can be regulated by a magnetic field and they can be immobilized near 
to the diseased tissue being targeted.11,12 Figure 15.1 illustrate the action of 
magnetite nanoparticles over bacterial magnetosomes.

FIGURE 15.1  Action of magnetite nanoparticle over bacterial magnetosomes.

Source: Reprinted with permission from Ref. [13]. Copyright 2021. Elsevier.

15.3.1 IN-VITRO APPLICATIONS

15.3.1.1 DIAGNOSTIC SEPARATION AND SELECTION

Biomedical research usually involves the separation of specific biological 
entities from their natural environments. Superparamagnetic colloids are ideal 
for bioseparation, allowing the transit of biomaterials with a magnetic field. The 
nanometer-sized SPIO magnetic particles have been widely used to separate and 
purify cells and biomolecules. Because of their small size and high surface area, 
MNPs have considerable benefits over typical micrometer-sized resins or beads 
for various bioseparation applications, including superior dispersibility, rapid 
and effective biomolecule binding, and reversible and controllable flocculation. 
Antibodies allow for extremely efficient magnetic separation.14–16

15.3.1.2 MAGNETORELAXOMETRY

Magnetorelaxometry can be used to evaluate immunoassays as an analytical 
tool. The magnetic viscosity of a system of MNPs is measured using this 
technique, which is the relaxation of the net magnetic moment after removing 



Magnetic Nanoparticles in Healthcare	 313

a magnetic field. The advantages of lowering particle size to the nanoscale 
level for this application are similar to those stated for separation and selec-
tion applications.17

15.3.2 IN-VIVO APPLICATIONS

MNPs’ size and surface functioning are crucial factors in their in-vivo uses. 
The diameters of SPIOs have a significant impact on in-vivo biodistribution. 
Particles having diameter of 10–40 nm, such as ultrasmall SPIOs, are critical 
for extended blood circulation because they can breach capillary walls and 
are frequently phagocytosed by macrophages that travel to the lymph nodes 
and bone marrow. Colloidal NPs are injected into the bloodstream and guided 
to the region of delivery with external manipulation by delivering a magnetic 
field gradient, notably in in-vivo applications, by employing molecular 
recognition to precisely attach to the target cells or both. Colloidal particles 
can also be injected directly into the desired location. The complexes gener-
ated by the SPIO particles act as theranostic agents once they are present 
in the target tissue. A theranostic agent is one that can diagnose and treat 
patients using a single platform. In addition to their biocompatibility, iron 
oxide nanoparticulate systems have traits like superparamagnetism and the 
capacity to reach the target cell, obtain a picture, and provide therapy all at 
the same time. SPIO devices were first utilized to improve the sensitivity of 
magnetic resonance signals as contrast agents. They are currently recognized 
as effective platforms for other imaging modes and therapeutic drugs to 
reach the target site. In 1996, the United States Food and Drug Administra-
tion (FDA) authorized dispersed SPIO particles as stable biocolloids. These 
particles have since been employed in clinical settings, such as to improve 
the contrast of MRI in diagnosis, SPIO-based colloids.18–20

15.3.3 THERAPEUTIC APPLICATIONS

15.3.3.1 HYPERTHERMIA

Tumor cells are more sensitive to a temperature increase than healthy ones. 
Hyperthermia in cancer treatment refers to the generation of heat at the site of 
the tumor. The heating induced by the MNPs present in the tumor is known 
as local magnetohyperthermia. The advantage of magnetic hyperthermia 
(MHT) is that it limits heating to the tumor area. The principle of MHT 



314	 Mechanics and Physics of Porous Materials

consists of the infusion of MNPs in the target tissue, followed by the genera-
tion of heat by applying an alternating magnetic field. Magnetic moments 
of the mono domains get aligned by thermal energy dissipated from the 
magnetic NPs through Néel and Brownian relaxation processes in response 
to the application of this alternating magnetic field. The local temperature 
can reach 40–42°C, which is sufficient to destroy target cells. Research has 
also verified that MHT therapy induces an antitumor-immune effect. SPIO 
complex-assisted chemotherapy attempts to inhibit the growth of cancer 
cells by providing agents that inhibit their cellular function.21,22

15.3.3.2 TARGETED DRUG DELIVERY

In biomedical applications, MNPs can be used as effective drug-delivery 
agents. The multifunctionality of magnetic NPs improves drug delivery, 
enables local administration of higher doses, and minimizes the side effects 
induced when the drug is administered conventionally. Iron oxide MNPs’ 
potential for drug targeting has become one of the most promising therapy 
alternatives for cancer patients in recent years. Once the drug has reached the 
patient’s bloodstream, a magnetic field is applied to retain the particles in the 
targeted site of the tumor. When used with an external magnetic field, these 
nanoparticles can be controlled to carry drug to its site, fix these particles in 
place while medicine is released, and perform magnetic drug targeting. Unlike 
in conventional cancer therapies such as radiation therapy or chemotherapy, 
MNPs in localized or targeted drug delivery can reduce the risk of certain 
side effects of treatment. In addition to this, drug targeting can reduce the 
dosage used in the treatment. Targeted drug delivery using magnetic systems 
is mainly based on the competition between the forces exerted by the blood 
compartment on the particles and the magnetic forces generated from the 
magnet.8,23 Figure 15.2 depicts the notion of targeted drug delivery employing 
paramagnetic nanoparticles as therapeutic nano-agents. The experimental 
results incorporate the improved tumbling motion caused by the gradient and 
rotating magnetic fields, which is quantified by the analysis.24

15.3.3.3 PHOTODYNAMIC THERAPY

The photosensitizer produces an oxygen radical. The utilization of photo-
sensitizers adsorbed in SPIO particles resulted in the development of a new 
class of complex materials that allow photodynamic therapy (PDT) and 
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magneto hyperthermia to be combined. Combining MRI contrast improve-
ment with localized PDT, this multifunctional magnetic complex can simul-
taneously increase MRI contrast and provide real-time observation of tumor 
removal.25,26

FIGURE 15.2  Conceptual scheme of targeted drug delivery.

Source: Reprinted from Ref. [24]. http://creativecommons.org/licenses/by/4.0/

15.3.4 DIAGNOSTIC APPLICATIONS

15.3.4.1 MAGNETIC RESONANCE IMAGING

MRI is a noninvasive medical imaging technique which makes use of 
the magnetic field and computer-generated radio waves to create three-
dimensional detailed anatomical images. Strong magnets are used in MRI 
that produces a strong magnetic field which forces the body’s protons into 
alignment with this field. The integration of MNPs and tumor-targeting 
molecules can generate contrast-enhanced MRI signal in the tumor region, 
which in turn output anatomical information for accurate tumor diagnosis. A 
tumor-targeting MNP typically consists of two primary components: a core 
of MNP (e.g., iron oxide) that serves as both a carrier for targeting agent and 
contrast agent for MRI and a coating on that decorates with targeting agents 
enabling to interact with biological targets on or within tumor cells. MRI can 

http://www.creativecommons.org
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distinguish between white matter and gray matter in the brain and can also 
be used to diagnose aneurysms and tumors. MRI is preferred when frequent 
imaging is needed for diagnosis or therapy, particularly in the brain, although 
it is expensive than X-ray imaging and CT scanning. Noninvasive MRI aids 
the transfection of cells using magnetic markers, providing a technique to 
improve the experimental control of cell treatments.

SPIO NPs are proven to be a class of new probes suitable for in-vitro and 
in-vivo cellular and molecular imaging at the intersection of nanomaterials 
and medical diagnostics. In comparison to paramagnetic contrast agents, 
superparamagnetic contrast agents produce more proton relaxation in 
MRI. As a result, an SPIO agent requires less dose than a paramagnetic 
agent to dose the human body. An SPIO should be disseminated within a 
biocompatible and biodegradable carrier to apply magnetic fluids to an MRI 
contrast agent.27

Muller et al. have published a comprehensive overview of the uses of 
SPIO NPs as contrast agents. MRIs, on the other hand, are inconvenient for 
in-place monitoring. As a result, a sensitive and straightforward technique 
for monitoring NPs in living cells in situ is desired. The advantages of 
nanometer-sized fluorescence probes over typical organic fluorescence 
probes are primarily their higher photostability and brighter fluorescence. 
The fundamental issue with employing fluorescent nanoprobes to image cells 
is that background noise from the cells, matrix, and nonspecific scattering 
lights can readily degrade the fluorescence signal. It is difficult to achieve a 
high signal-to-noise ratio.28,29

15.3.4.2 MAGNETIC-ACOUSTIC TOMOGRAPHY

Nanoparticles are getting a lot of attention as contrast agents in a variety 
of imaging modalities. They can be employed onto the desired target 
sites and it is also feasible to image events at the cellular and molecular 
level. Due to its low spatial resolution and contrast, ultrasonic imaging 
is unable to directly view nanostructures. Pulsed magneto-acoustic 
(PMA) imaging, a new approach for imaging MNPs makes use of a high-
intensity pulsed magnetic field to produce motion within magnetically 
labeled tissue, and ultrasonography is employed to detect internal tissue 
motion. PMA imaging could be employed as an imaging tool capable 
of visualizing the cellular and molecular composition of deep-lying 
structures. Magneto-acoustic tomography with magnetic induction is a 
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noninvasive imaging method developed to map electrical conductivity of 
biological tissue with millimeter-level spatial resolution. These ultrasonic 
signals can then be used to create a map of the electrical conductivity 
contrast of the sample.30

15.3.4.3 MAGNETIC PARTICLE IMAGING

Because of its signal linearly proportional to the tracer mass, capacity to 
provide positive contrast, minimal tissue background, infinite tissue penetra-
tion depth, and lack of ionizing radiation, MPI has lately emerged as a 
promising noninvasive imaging approach. MPI’s sensitivity and resolution 
are heavily dependent on the properties of magnetic nanoparticles (MNPs); 
hence, tracer design and manufacture have received a lot of attention.31

15.3.4.4 NUCLEAR MAGNETIC RESONANCE IMAGING

NMR imaging is a type of imaging that uses NMR. The need for a new 
class of pharmaceuticals, known as magneto-pharmaceuticals, has arisen 
as a result of the development of NMR imaging for clinical diagnosis. 
To improve the visual contrast between normal and sick tissue, these 
medications must be given to the patient. It can also tell you how well 
your organs are working or how well your blood is flowing. A variety 
of compounds have been proposed as possible NMR contrast agents. To 
date, the majority of contrast chemicals utilized in NMR imaging studies 
have been paramagnetic. Commercial maghemite iron oxide nanoparticles 
(Endorem® and Resovit®) have been used as contrast agents in NMR 
imaging for the location and diagnosis of brain and cardiac infarctions, 
liver lesions, and tumors, where the MNPs tend to accumulate at higher 
levels due to differences in tissue composition and/or endocytotic uptake 
processes. Improvements in the sensitivity of detection and delineation of 
diseased structures, such as primary and metastatic brain tumors, inflam-
mation, and ischemia, have shown to be particularly promising. Proteins 
like transferrin, peptides like the membrane translocating tat peptide 
of the HIV tat protein and oligonucleotides of various sequences have 
been added to aminated cross-linked iron oxide nanoparticles for this 
purpose.32,33
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15.4 TOXICITY OF MAGNETIC NANOPARTICLES

Nanoparticles’ nanoscale size can result in a higher surface-to-volume 
ratio and higher activity when compared to bulk materials. One of the most 
often recognized factors for the cytotoxic effect of nanomaterials is the 
administered dose. A higher dose of nanoparticle exposure to cells could 
cause considerable cell growth suppression. However, due to nanomaterials’ 
strong colloidal stability, most cells can survive even in the presence of 
potentially hazardous components like quantum dots at low concentrations 
of nanoparticles. As a result, numerous other factors, including as colloidal 
stability, component inertness, size, shape, charge, surface ornamentation, 
and magnetism, could affect MNP toxicity. Cell autophagy was discovered 
to be induced by the aggregation state of MNPs in cell culture medium, for 
example. Based on the composition and cell lines, the induced cytotoxic 
effect of nanoparticles can vary depending on their form and size. Further-
more, MNPs’ biological inertness is determined by surface ornamentation, 
which influences their ability to absorb biological components from the 
environment (e.g., proteins).34,35

15.5 DESIGN CONSIDERATIONS FOR BIOCOMPATIBLE MAGNETIC 
NANOPARTICLES

The biocompatibility of MNPs is of great importance, especially while using 
them as diagnostic probes in biomedical applications. As a matter of safety, 
it is highly desirable to use biodegradable, noninvasive, and nontoxic probes 
so that less harm is caused to the patients. It must be chemically stable under 
physiological conditions and also render minimal or no transfer of by-products 
to surrounding tissue/cells. For this, the physiochemical properties of MNPs, 
such as the shape, size, charge, hydrophobicity, and surface property must 
be taken into consideration. Little or no toxicity can be expected from MNPs 
with favorable metabolic route to clear out of body after diagnostic imaging. 
As an example, engineering on the size, charge, and surface property of 
iron-oxide-based nanoparticles can result in fast renal clearance after tumor 
imaging. It has been reported that a magnetolytic therapeutic method can 
be used to regulate the toxicity of MNPs as a novel cancer-killing strategy 
using magnetic field modulation. MNPs with a favorable metabolic pathway 
to clear out-of-body after diagnostic imaging should cause little or no harm. 
Engineering on the size, charge, and surface properties of iron-oxide-based 
nanoparticles, for example, can result in rapid renal clearance following 
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tumor imaging. A magnetolytic treatment technique has been reported as an 
unique cancer-killing strategy using magnetic field control to manage the 
toxicity of MNPs.36–38

15.6 ENGINEERED MAGNETIC NANOPARTICLES WITH MULTIPLE 
FUNCTIONS

Beyond magnetism-based imaging modalities, the integration of MNPs with 
other components promises diverse imaging capacities, which are potential 
candidates for bio-imaging and diagnosis in nanomedicine contexts. One of 
the most significant advantages of multifunctional MNPs is the ability to do 
multiparameter analysis utilizing a variety of imaging capabilities. MRI, for 
example, has high anatomical resolution but low sensitivity, whereas fluo-
rescence imaging (FL) has high signal sensitivity but low spatial resolution. 
The use of both MRI and FL imaging modalities together would provide 
advantages over using either mode alone.39,40 By regulating the interplay 
between multiple modalities, these bimodal imaging platforms are also 
attractive candidates for wisely constructed systems. Through photo uncaging 
ligands, Biju and colleagues revealed that QDs adorned magnetic iron oxide 
nanoparticles may enable UV light induced MRI and FL bimodal imaging 
of animal organs. PET/CT and MRI multimodal imaging of sentinel lymph 
nodes with great sensitivity was achieved using polymeric nano-beacons 
that contained positron emitter 89-zirconium and MRI-contrast agent gado-
linium. Furthermore, because of their inherent Cerenkov luminescence (CL), 
the 89Zr can be used to guide the surgical resection of sentinel lymph nodes, 
making them a new multifunctional theranostic nanotechnology platform for 
the clinic.41

MNPs are intriguing options for material chemists, biologists, and phar-
macologists to develop flexible nanoplatforms as therapeutically translatable 
medical probes because of their many imaging applications. The one-by-one 
combination with additional imaging agents has made a significant step 
toward bridging the gap between preclinical research and clinical use. Lovell 
and coworkers reported a hexamodal imaging system based on porphyrin 
phospholipid-coated upconversion nanoparticles that combined NIR fluo-
rescence, NIR-to-NIR upconversion luminescence (UC), photoacoustic (PA) 
imaging, CL, computed tomography, and positron emission tomography 
techniques for multimodal imaging of a mouse lymphatic model. However, 
because various imaging techniques have very different spatial and temporal 
resolutions, it would be difficult to compare the acquisitions and images.42,43
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