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Polymers have been playing a major role from the very beginning of the 
human civilization. Their development is considered as one of the impor-
tant aspects in the overall economic growth of the country.

At the end of 19th century, the scarcity of some natural polymers led 
to the need for the development of the artificial polymer. Bakelite was 
the first commercialized polymer, and since then significant innovation in 
this field had started, and there is no turning back. From rocket science to 
artificial body parts, polymers have served society in every possible way 
and is simplifying lives.

The first section of the book, “Novel Application of Polymers,” as the 
name suggests, deals with the various advancements in various attributes 
of technology with polymers playing the major role. The polymers that 
would be responsible for the progress in the field of energy, electronics, 
and medical sciences are discussed in this section. Polymer nanocom-
posites and nanomaterials are the major emerging fields in the materials 
sciences, promising a dominating future ahead. Composites are becoming 
more important because they can help to improve quality of life. 

The second section of the book highlights this aspect of the macromol-
ecules, while the third section emphasizes the concept of the biopolymers, 
their development, and applications. 

In the discussion of any chemical industry, the major concern is the 
proper disposal and management of chemical wastes for the harmony 
and balance of our mother earth. The fourth section of this composition 
discusses industrial waste mitigation and extracting the potential of waste 
for other processes.

This book will provide important information to enthusiasts of this 
field and will encourage them to think about other permutations and possi-
bilities in order to encourage more experimental and technical approaches 
to the uses of polymers  and waste management.

PREFACE
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4	 Novel Applications in Polymers and Waste Management

ABSTRACT

A novel comparative account for the ion-exchange and copolymer/
activated charcoal composite was performed. The copolymer resin was 
synthesized involving p-hydroxybenzoic acid and semicarbazide with 
formaldehyde and the novel composite was prepared using copolymer 
and activated charcoal. The structure and properties of copolymer and 
copolymer/activated charcoal composite were observed by various 
characterizations such as elemental analysis, FTIR, NMR (13C and 
1H), and SEM. The heavy metal ion removal by the copolymer and the 
composite was performed by batch separation technique for the selected 
divalent metal ions like Cu(II), Zn(II), Co(II), Pb(II), and Cd(II). The 
study was extended to various concentrations in different electrolyte, 
wide pH ranges, and at different rate. The selectivity of the order of 
removal of metal ion by the copolymer is Zn(II) > Cu(II) > Co(II) > 
Pb(II) > Cd(II) and by the composite is Pb(II) > Cd(II) > Cu(II) > Co(II) 
> Zn(II). The difference in the selectivity of order of metal ions may be 
due to the particle size, high porosity nature, large surface area, nature 
of the material, and the metal ions. Moreover, the ion-exchange results 
of the copolymer and its composite were compared with the commer-
cially available resin.

1.1  INTRODUCTION

The removal of traces of heavy toxic metal ions present in industrial 
wastewater, domestic, and nuclear wastes has been given much atten-
tion in the last decades, because of their tendency to accumulate in living 
organisms and induces harmful effects to natural resources. Therefore, 
an attempt has been made to synthesize a novel chelating copolymer and 
to assess the ion-exchange characteristics of the copolymer. Copolymers 
were applied in various fields of research as ion-exchangers, high thermal 
resistance materials, and electrical appliances.1 Among all water contami-
nations, heavy metal ions such as Pb2+, Cd2+, Zn2+, Ni2+, and Hg2+ have 
high-toxic properties and can cause severe health problems in animals 
and human beings.

It is well known that chronic cadmium toxicity is the inducement 
of Japan Itai-Itai disease. The harmful effects of Cd also lead a number 
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of acute and chronic disorders, such as renal damage, emphysema, 
hypertension, testicular atrophy, and skeletal malformation, anemia, 
liver, kidney, and brain damages. Slow inhalation of Cu(II) causes lung 
cancer.

Several techniques have been developed for the qualitative and 
quantitative determination of such metal ions by ion exchange, solvent 
extraction, reverse osmosis, adsorption, complexation, and precipitation. 
Ion-exchange process has been used in the recent years for the applica-
tion in wastewater treatment, identification and removal of heavy metal 
ions.

The copolymer resin synthesized by 4-hydroxy benzoic acid and 
thiourea with formaldehyde was involved to ion-exchange process to 
remove specific metal ions. The order of metal ion uptake by the resin 
is Fe3+ > Cu2+ > V2+ > Cd2+ > Mg2+ ions which may be due to the pres-
ence of S and N atom. The N atom showed a great contribution for 
the formation of chelation. Moreover, the 4-HBTUF copolymer has 
highly amorphous nature which evidences the better removal of heavy 
metal ions.1 A copolymer resin was synthesized using p-cresol and 
oxamide with formaldehyde. The chelating ion-exchange properties of 
the copolymer were studied for Fe(III), Cu(II), Ni(II), Co(II), Zn(II), 
Cd(II), and Pb(II) ions. Batch equilibrium method was employed to 
remove the selective metal ions. The copolymer reported a good metal 
ion uptake for Fe(III), Cu(II), and Ni(II) ions than for Co(II), Zn(II), 
Cd(II), and Pb(II) ions.2,3

A comparative study was done between the commercial activated 
carbon, chitosan, and chitosan/activated carbon composite for the removal 
of cadmium ions from aqueous solution. The adsorbent of pH solution is 
the most important factor for the removal of heavy metal ions.4 Chitosan–
charcoal composite was prepared by chitosan and charcoal by a simple 
solution–evaporation method. The prepared composite can effectively be 
used for the treatment of chromium from wastewater. The composite was 
employed for the adsorption of chromium by various rate, pH, and dose 
of adsorbent. The adsorption capacity is dependent on pH maximum.5 
Magnesium and coconut shell-activated carbon composite were involved 
to selectively remove the heavy metal ions in aqueous solution. The 
prepared magnesium and coconuts shell-activated carbon composite 
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effectively removed the Zn(II) and Cd(II) from waste aqueous solution by 
ion-exchange method.6

Based on the literature, we have concluded that there were no earlier 
reports for the copolymer composites. Hence, a novel copolymer was 
synthesized from p-hydroxybenzoic acid and semicarbazide with form-
aldehyde and a novel copolymer composite was prepared using activated 
charcoal and the synthesized copolymer. Batch separation method was 
adopted for the removal of heavy metal ions using the copolymer and its 
composite and reported. The thermal stability of the both was determined 
by TGA. Based on the TG data, various kinetics of thermodynamic param-
eter have been evolved. Then, a comparative account was made between 
the copolymer and its composite and commercial resins for their ion-
exchange and thermal studies and reported.

1.2  EXPERIMENTAL

1.2.1  MATERIALS

p-Hydroxybenzoic acid, semicarbazide, and formaldehyde were used as 
purchased from Merck, India. Metal ion solutions such as Cu2+, Zn2+, Co2+, 
Pb2+, and Cd2+ were prepared by its nitrate salts dissolving in deionized 
water. The other chemicals and solvents procured from Merck were used 
as received without further purification.

1.2.2  SYNTHESIS OF COPOLYMER AND COMPOSITE

The copolymer resin was synthesized involving p-hydroxybenzoic acid 
(0.1 mol) and semicarbazide (0.1 mol) with formaldehyde (0.2 mol) in 
1:1:2 ratio by polycondensation technique using DMF medium for 6 h at 
126 ± 2°C in oil bath, followed by the procedure based on earlier litera-
ture.9 The mechanism of the synthesis of copolymer is shown in Scheme 
1.1. The novel copolymer/activated charcoal composite was prepared in 
1:2 ratio. The copolymer was dissolved in 25 ml of DMF and the activated 
charcoal was added into it and subjected to ultrasonication for 3 h with 
constant stirring for 24 h. Finally, the obtained black colored composite 
was dried in an air oven at 70°C for 24 h.
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SCHEME 1.1  Synthetic route of p-HBSF-II copolymer.

1.2.3  ION-EXCHANGE STUDIES

1.2.3.1  ANALYSIS OF METAL ION UPTAKE AT DIFFERENT 
ELECTROLYTES

Batch equilibrium method was involved to determine the metal ion uptake 
of selective metal ions like Cu2+, Zn2+, Co2+, Pb2+, and Cd2+. The pH of 
the solution was adjusted to the required value using either 0.1 M HCl or 
0.1 M NaOH. The copolymer and copolymer/activated composite samples 
(25 mg) were taken in a pre-cleaned glass bottles and 25 ml of each of 
the different electrolytes, such as NaCl, NaClO4, and NaNO3 at various 
concentrations, namely, 0.1, 0.5, and 1.0 N, are added. These solutions 
were mechanically vigorously stirred for 24 h to allow the copolymer and 
its composite to swell. Exactly 2 ml of 0.1 mol of a specific metal ion solu-
tion was added to each glass bottle and again stirred for 24 h. The copo-
lymer and its composite were then filtered off from each bottle and washed 
with deionized water. The filtrate solution was collected and then titrated 
against standard Na2EDTA solution to estimate the metal ions. The same 
procedure was followed for the blank experiment without the addition of 
the copolymer and its composite sample.
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1.2.3.2  ANALYSIS OF METAL IONS AT DIFFERENT pH

The removal of metal ions at various pH range between 1.5 and 6.0 of 
the copolymer and copolymer/activated charcoal composite phase and the 
aqueous phase was determined in the presence of 0.1 M NaCl at 25°C.

Q= V(C0 − Ce)/M

where V is the volume, C0 is the initial concentration, Ce is the final concen-
tration, and M is the weight of the polymer/composite.

1.2.3.3  ANALYSIS OF RATE OF METAL ION UPTAKE

To evaluate the time required to achieve the state of equilibrium under the 
experimental conditions, a series of experiments was carried out to esti-
mate the amount of metal ion adsorbed by the copolymer and its composite 
at specific time intervals. The rate of metal ion uptake is expressed as the 
percentage of the metal ion uptake after a specific time related to that in 
the state of equilibrium. It is given as follows:

Metal ion adsorbed Metal ion taken up at different times (%) 10.
Metal ion adsorbed at equilibrium 

= ×

1.3  RESULTS AND DISCUSSION

1.3.1  ELEMENTAL ANALYSIS

From the elemental data, the empirical formula of the copolymer is found 
to be C18H17O7N3.

The percentage of the elements present in the copolymer that was 
concluded by the calculated and experimental values found for carbon 
is 55.90 (55.81), hydrogen is 4.74 (4.71), nitrogen is 10.92 (10.85), and 
oxygen is 28.94 (28.63) which are in good agreement with each other. The 
values of elemental analysis confirm the proposed structure of the copo-
lymer presented in Scheme 1.1.
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1.3.2  FTIR SPECTRAL ANALYSIS

The FTIR spectrum of the synthesized copolymer has a whole structure 
and contains various functional groups present, which is clearly exhibited 
in Figure 1.1. From the spectrum, a characteristic strong band at 1272.1 
cm−1 is assigned to C–N stretching of Ar–NH2.

7 The absorption peak 
appeared at 2852.90 cm−1 belongs to the aromatic ring stretching vibration 
modes. It is evident that the 1,2,3,5-tetra substitution of aromatic benzene 
ring by sharp, medium/weak absorption bands appeared between 1030.37 
and 813.86 cm−1. The absorption band at 1676.52 cm−1 was caused by 
stretching vibrations of the –C=O (amide moiety). The absorption band 
at 3380.10 cm−1 corresponds to –NH bridge in the copolymer. The band 
located at 2916.7 cm−1 was assigned to the –CH2 linkage present in the 
copolymer. A weak band in the region appeared at 1370.60 cm−1 may be 
assigned to –CH3 groups present in the copolymer.

FIGURE 1.1  FTIR spectra of (a) p-HBSF-II copolymer and (b) composite.

The FTIR spectrum of composite is also showed in Figure 1.1. From 
the figure, the specific adsorption band at 3410.60 was caused by –NH 
bridge from copolymer.8 The adsorption of band around 2851.95 can be 
attributed to aromatic ring stretching (C–H) present in the copolymer. A 
band at 2925.26 indicates –CH2 stretching involved in the copolymer.

Based on the above data, it is confirmed that the copolymer has got 
adsorbed on the charcoal to make composite.
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1.3.3  NMR SPECTRAL ANALYSIS

The 1H NMR spectrum of the p-HBSF-II copolymer is exhibited in Figure 
1.2. Based on the obtained results, multiple signals presented at 6.350–7.062 
ppm indicate the aromatic protons. The aromatic methylene protons of Ar–
CH2 bridge are appeared at 1.9–2.2 ppm.7 A singlet observed in the region 
4.150 ppm is due to the 2H methylene proton of Ar–CH2–N moiety of the 
copolymer. A weak signal may be attributed to the –NH bridge proton in 
the region at 8.055 ppm. The signal at 9.504 ppm is assigned to the Ar–NH2 
groups present in the copolymer. The 13C NMR spectrum of p-HBSF-II 
copolymer resin is showed in Figure 1.2. The 13C NMR spectrum shows the 
carbon present in the aromatic ring with the corresponding peaks at 127.1, 
129.1, 130.5, 131.8, 134.2, and 135.8 ppm. A peak appeared at 160 ppm is 
attributed to the >C=O group of amide moiety present in the copolymer.9 
The peak appeared at 55 ppm may be assigned to the –CH2 bridge in the 
copolymer. Followed on the spectral data acquired from FTIR, 1H NMR, 
and 13C NMR, the structure of the p-HBSF-II copolymer is proposed.

FIGURE 1.2  1H NMR spectrum of p-HBSF-II copolymer.

1.3.4  SURFACE ANALYSIS

Scanning electron microscopy was used to analyze the surface nature of 
the copolymer and its composite. The SEM images of activated charcoal, 
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copolymer and its composite are shown in Figure 1.3(a)–(c), respectively. 
From the image, the more pores’ structure are found to be present in the 
copolymer and its composite which can act as the more active site for the 
better adsorption of heavy metal ions. Figure 1.3(b) suggested that the struc-
ture of the copolymer was observed with large void volume on the surface 
which indicates the metals can be easily adsorbed on the surface. The large 
dimple was associated with the reinforcing particles combine to form the 
copolymer structure. The copolymer surface image possesses irregular 
honey comb structure with amorphous, high porosity, and permeability 
surface.10,11 The SEM photograph of the copolymer composite is showed 
in Figure 1.3(c). It has wide varieties of pores present in the composite 
with more amorphous structure. The image shows new active site adhesive 
on the surface in sputter cluster which confirms the copolymer is compos-
ited with the activated charcoal. The increase in the surface area of the 
composite than the copolymer, the metal ion uptake, is found to be high.

FIGURE 1.3  SEM photographs of (a) charcoal, (b) p-HBSF-II copolymer, and (c) 
composite.

1.3.5  ION-EXCHANGE STUDIES

1.3.5.1  EFFECT OF METAL ION UPTAKE IN DIFFERENT 
ELECTROLYTES WITH VARIATION IN CONCENTRATIONS

The comparative study of the effect of amount of metal ion uptake of 
p-HBSF-II copolymer and copolymer/activated charcoal composite 
was examined by ion-exchange. Influence of different electrolytes solu-
tion like Cl−, NO3, and ClO4 for interaction of different metal ion and 
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adsorbent using different concentration 0.1, 0.5, and 1.0 M was studied. 
The outcome of the metal ion uptake results is exhibited in Table 1.1 and 
Figures 1.4–1.6. The sorption capacity was enhanced with increasing the 
concentration of the electrolytes for the both the adsorbents. At lower 
concentration, the number of metal ions is less compared to the available 
surface cavities.12

TABLE 1.1  Effect of Metal Ion Uptake by p-HBSF-II Copolymer and its Composite.

Metal 
ions

Concen-
tration of 
electrolytes 
(mol L−1)

Metal ion uptake in the presence of electrolytes (m mol g−1)
NaCl NaNO3 NaClO4

p-HBSF-II Com-
posite

p-HBSF-II Com-
posite

p-HBSF-II Com-
posite

Pb2+ 0.1 0.63 2.6 1.08 1.32 0.52 1.64
0.5 0.86 2.7 1.08 2.05 0.75 1.72
1 1.39 2.7 1.26 2.16 1.21 2.20

Cd2+ 0.1 0.64 1.12 0.86 0.86 0.75 0.75
0.5 1.08 1.24 1.08 1.08 1.08 0.97
1 1.08 1.61 1.08 1.42 1.08 1.72

Cu2+ 0.1 0.75 0.75 1.08 0.43 0.97 0.54
0.5 2.46 0.98 1.25 0.86 1.51 0.75
1 2.71 1.10 1.48 1.08 2.24 1.40

Co2+ 0.1 0.64 0.45 0.54 0.54 0.54 0.75
0.5 0.95 0.78 1.08 0.75 1.40 0.86
1 1.61 1.08 1.16 0.86 1.83 0.97

Zn2+ 0.1 1.42 0.52 1.40 0.43 2.05 0.44
0.5 2.59 0.77 1.62 0.55 2.16 0.46
1 3.00 0.88 2.05 0.64 2.59 0.64

The heavy metal adsorbed by p-HBSF-II copolymer and its composite 
depends upon the concentration and nature of the electrolytes, physical 
structure of pore size, various physical properties, and diffusion of counter 
ions.

The influence of the above factors is affected for the p-HBSF-II 
copolymer and copolymer/charcoal composite. The amount of metal ion 
uptake (Cu2+, Zn2+, Co2+, Pb2+, and Cd2+) ions increases with increasing 
the concentration of the electrolytes. From the ion exchange results of the 
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copolymer, it indicates that the uptake of Zn2+ and Cu2+ ions was found 
to be higher as compared to Co2+, Pb2+, and Cd2+. This may be explained 
on the basis of Kitchner and Gregor et al. They found that the rate of 
diffusion, large size of metal ion, very slowly penetrates to the cation 
exchange in the copolymer surface cavities.13 The small size of the Zn2+ 
easily diffuses.

FIGURE 1.4  Effect of NaCl electrolyte on metal ion uptake by p-HBSF-II copolymer 
and its composite.

Through the available cavity, the heavy metal adsorbed by p-HBSF-
II copolymer depends upon the distribution of pore size and diffusion of 
counter ions. The cation exchange capacity value depends upon the inter-
ionic force of attraction.

The higher selectivity of metal ion uptake for copolymer composite is 
Pb2+ and Cd2+. Because the reason is that the adsorption ability was closely 
based on the ionic charges, hydrated ionic radius, and outermost electronic 
configuration of the metal ion. The hydrated ionic radius and the outer-
most electronic configuration of Pb2+ were different from those metal Cd2+, 
Cu2+, Co2+, and Zn2+. In addition, the hydrated ionic radii of Pb2+ was larger 
compared to that of other metal ions. From these, it can be concluded that 
the removal of Pb2+ metal ions is higher onto the composites compara-
tively to the p-HBSF-II copolymer.14
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FIGURE 1.5  Effect of NaNO3 electrolyte on metal ion uptake by p-HBSF-II copolymer 
and its composite.

FIGURE 1.6  Effect of NaClO4 electrolyte on metal ion uptake by p-HBSF-II copolymer 
and its composite.
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On the other hand, Cu2+ metal ion uptake is higher than Zn2+ and Co2+ 
due to the ionic radius of Cu2+ (ionic radius 0.79 Å) which is higher than 
the Co2+ and Zn2+ due to intermediate behavior of high electro-negativity. 
From the data observed, the amount of Cu2+ and Co2+ was adsorbed lower 
in initial concentration because of the loading capacity of surface adsor-
bent. The copolymer/activated charcoal have more amorphous and pores 
on the surface. Hence, they can accommodate the metal ions easily into the 
cavities that depends on the specific particle size, that is, if the particle size 
increases, then the surface area also increases.

Hence, comparing the copolymer and its composite, the composite has 
higher metal ion uptake capacity than the copolymer. The order of selec-
tivity of metal ion uptake for copolymer is Zn2+ > Cu2+ > Co2+ > Pb2+ > 
Cd2+ and its copolymer composite is Pb2+ > Cd2+ > Cu2+ > Co2+ > Zn2+. The 
metal-binding property of copolymer/activated charcoal composite is also 
found to be higher than that of the other reported earlier.15,16

1.3.5.2  ANALYSIS OF METAL IONS AT DIFFERENT PH

The effect of pH on the amount of metal ions uptake between copolymer 
and its composite phases and liquid phases can be explained by the results 
given in Figures 1.7 and 1.8. The obtained result indicates the relative 
amount of metal ion uptake by the copolymer and its composite increases 
with increasing pH of the medium. From the graph, the minimum adsorp-
tion observed at low pH could be related to the higher concentration and 
mobility of H+ ions. At low pH, the surface of the adsorbent would be 
closely associated with hydronium ions (H3O

+) and reduced the active site. 
In contrast, as the pH increases, the adsorption of metal ions increased. 
In the case of copolymer, metal ion uptake of Zn2+ and Cu2+ is very high 
compared to other metal ions, because of the stability of the complex 
formed during the adsorption process. The Zn2+ and Cu2+ have higher 
metal ion uptake which may be due to higher stability constant of the 
copolymer and metal complexes (Tables 1.2 and 1.3). The highest metal 
ion uptake for copolymer composite is Pb2+ and Cd2+. It is due to the elec-
trostatic interaction between the composite with negative surface charges 
and cations in the broad pH ranges.17–19
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FIGURE 1.7  Metal ion uptake at different pH by copolymer.

FIGURE 1.8  Metal ion uptake at different pH by copolymer composite.
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TABLE 1.2  Metal Ion Uptake at Different pHs by p-HBSF-II Copolymer.

Metal ions pH of the medium

1.5 2 2.5 3 4 5 6

Pb2+ 0.20 0.44 0.58 0.86 0.95 1.02 1.30

Cd2+ 0.10 0.20 0.44 0.54 0.62 1.10 1.12

Cu2+ 0.53 0.96 1.08 1.20 1.54 1.60 1.90

Co2+ 0.34 0.58 0.92 1.08 1.46 1.50 1.68

Zn2+ 0.55 0.64 0.86 0.90 1.12 1.62 2.10

TABLE 1.3  Metal Ion Uptake at Different pHs by p-HBSF-II Composite.

Metal ions pH of the medium

1.5 2 2.5 3 4 5 6

Pb2+ 0.90 1.38 1.52 1.61 1.82 2.05 2.25

Cd2+ 0.32 0.42 0.55 0.88 1.08 1.29 2.05

Cu2+ 0.32 0.43 0.64 0.86 0.97 1.08 1.83

Co2+ 0.22 0.34 0.44 0.65 0.55 0.98 1.08

Zn2+ 0.21 0.43 0.54 0.59 0.64 0.75 0.97

M2 + (NO3) = 0.1 M; volume = 2 mL; NaCl = 1 M; volume = 25 mL; weight of resin = 25 
mg; time = 24 h; room temperature.

1.3.5.3  ANALYSIS OF METAL ION UPTAKE IN DIFFERENT 
ELECTROLYTES WITH THE VARIATION IN RATE

The comparative study of the copolymer and copolymer/charcoal 
composite is extended to the important parameter, that is, the effect of rate 
for different metal ions was Cu2+, Zn2+, Co2+, Pb2+, and Cd2+. The results 
are presented in Tables 1.4 and 1.5 and Figures 1.9 and 1.10. The rate of 
metal ion adsorption was determined to which the metal ion uptake has the 
shortest period of time to attain the close to equilibrium condition during 
the ion-exchange process. From the observed results, the time taken for 
uptake of Zn2+ ion is the shortest period of time to attain equilibrium at 4 
h.20 The rate of adsorption of heavy metal ion has been generally described 
to difference in ionic radii of metal ions, difference in the affinity of the 
metal ions for active groups on the p-HBSF-II adsorbent, and also nature 
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of the anions of the salt of the metal ions. Kitchener and Greger et al. 
found that the rate of diffusion, large size of metal ion penetrates slowly 
in to the polymer lattices. In the copolymer composite, the time taken for 
Pb2+ and Cd2+ metal ion to reach close to equilibrium is 4 h by the influ-
ence of different electrolytes and adsorbent. Furthermore, the metal ion 
with smaller size can be easily adsorbed. In the case of larger size and 
bulkier, metal ion makes less hydrated like Pb2+ ion, that is, the heavily 
hydrated ions migrated slowly through into aqueous solutions. The fast 
rate of exchange can be explained on the basis of low of mass action.21 
From the above data observed, the order of rate of metal ion uptake by 
the p-HBSF-II copolymer is Zn2+ > Cu2+ > Co2+ > Pb2+ > Cd2+ and its 
composite is Pb2+ > Cd2+ > Cu2+ > Co2+ > Zn2+.

TABLE 1.4  Rate of Metal Ion Uptake by p-HBSF-II Copolymer.

Metal ions Equilibrium attainment (%)

Time (h)

1 2 3 4 5 6 7

Pb2+ 16 31 54 63 67 72 83

Cd2+ 0 16 31 56 80 – –

Cu2+ 27 55 68 84 92 – –

Co2+ 28 41 50 73 80 85 –

Zn2+ 52 64 78 96 – – –

TABLE 1.5  Rate of Metal Ion Uptake by p-HBSF-II Composite.

Metal ions Equilibrium attainment (%>)

Time (h)

1 2 3 4 5 6 7

Pb2+ 60 74 90 96 97 – –

Cd2+ 64 81 88 95 95 – –

Cu2+ 10 30 50 60 72 84 87

Co2+ 14 42 57 61 71 76 84

Zn2+ 19 40 60 70 80 84 82

M2 + (NO3) = 0.1 M; volume = 2 mL; NaCl = 1 M; volume = 25 mL; weight of resin = 25 
mg; time = 24 h; room temperature.
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FIGURE 1.9  Rate of metal ion uptake by p-HBSF-II copolymer.

FIGURE 1.10  Rate of metal ion uptake by copolymer composite.

1.3.6  THERMAL STUDIES

Thermogravimetric analysis is one of the commonly used techniques for 
rapid evaluation of the thermal stability of different materials and also 
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indicates the decomposition of polymers at various temperatures. The 
decomposition pattern of the p-HBSF-II copolymer has been shown in 
Figure 1.12. There are three steps of weight loss, as illustrated in the 
decomposition patterns in the temperature range 50–580°C (Table 1.6). 
The first stage corresponds to 250°C, until at 330°C with a decrease in the 
weight loss of 13.22% (calc. 15.42%) and this is due to the elimination 
of –NH2 and CH3 group. The second stage begins at 330°C and it finishes 
in 520°C with a decrease in the weight loss of 34.74% (calc. 36.68%) 
from the total weight. This weight loss may be attributed to the removal 
of benzene ring. At the temperature intervals of 520–590°C which corre-
sponds to the degradation of other organic compounds present in the copo-
lymer ligand with a weight loss of 48.5% (calc. 49.1%).9

FIGURE 1.11  Thermograms of p-HBSF-II copolymer and its composite.

Thermogram of the copolymer composite also indicates a three step 
decomposition temperature which was observed in the range of 50–700°C. 
The first stage degradation of copolymer composite can be attributed to 
the decomposition of –NH2 groups start at 110°C, and it finish in 220°C. 
The second stage begins at 220°C and ends at 450°C may be attributed 
to the removal of –CH3. The third stage of degradation observed between 
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450 and 700°C, which corresponds to the complete degradation of whole 
aromatic rings, cross linking present in the copolymer composite. On 
comparing the thermograms of the both, the copolymer composite has 
more thermal stability than the copolymer which may be more composite 
residue left compare to copolymer.

TABLE 1.6  TGA Data of p-HBSF-II Copolymer and its Composite.

Com-
pound

Weight loss (%) at various  
temperatures (°C)

Decom-
position 
tempera-
ture (°C)

Tmax
* T50

**

100°C 200°C 300°C 400°C 500°C 600°C 700°C

p-
HBSF-II 
compos-
ite

1.4 2.24 12.80 24.0 42.72 99.6 – 250–600 600 540

5.72 9.12 12.38 16.9 79.50 93.9 94.3 110–700 700 480

1.3.7  KINETICS OF THERMAL DEGRADATION

The kinetic and thermodynamic parameters’ data for the both copolymer 
and its composite calculated by SW and FC methods (Table 1.7) and its 
results are summarized in Table 1.8. Increasing molecular weight provided 
an effective way to improve the thermal stability of copolymer and its 
composite. The p-HBSF-II copolymer ligand and its composite thermo-
dynamic parameters that were calculated by SW and FC methods were in 
good agreement with each other. The activation energy of the copolymer 
composite was found to be higher than copolymer which reflects that the 
thermal stability of the copolymer composite was higher than copolymer. 
The negative values of entropy change (ΔS) for the decomposition step 
indicate that the composite and copolymer are more activated and involve 
slow decomposition reaction. The copolymer composite has observed 
low value of frequency factor (Z) than copolymer which reveals that the 
copolymer composite has slow decomposition than copolymer. The posi-
tive values of free energy change confirm that the endothermic effect was 
involved in the degradation reaction. The order of reaction for p-HBSF-II 
copolymer is nearly two but the composite is high, from this data may be 
composite have more thermal stability.22,23 The Ea and n plots are shown in 
Figures 1.12–1.17.
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TABLE 1.7  Formulae for Calculating Kinetic Parameters.

(1) Entopy change:
	 Intercept = [log KR/hфE] + ΔS/2.303R	 (1.1)
	 where K = 1.3806 × 10−16 erg/deg/mol
		  R = 1.987 cal/deg/mol
		  h = 6.625 × 10−27 erg s
	 	 ф = 0.166
		  ΔS = change in entropy
		  E = activation energy from graph.

(2) Free energy change:
		  ΔF = ΔH−TΔS (1.2)
ΔH = Enthalpy change = activation energy
T = Temperature in K
		  ΔS = Entropy change from (1.1) used.

(3) Frequency factor:
		  B2/3 = log ZEa/ фR	 (1.3)
		  B2/3 = log 3 + log[1 − 3√1 − α ] − log P(x)	 (1.4)
		  Z = Frequency factor
		  B = Calculated from equation (1.4)
		  log P(x) = �calculated from Doyle’s table corresponding to activation 

energy.

(4) Apparent entropy change:

	 S* = 2.303 log Zh/KT*	 (1.5)
	 Z = From relation (1.3)
	 T* = �Temperature at which half of the compound is decomposed from it total 

loss.

TABLE 1.8  Kinetic and Thermodynamic Parameters of p-HBSF-II and its Composite.

Compound Activation 
energy (kJ/

mol)

Entropy 
change 
−ΔS (J)

Free energy 
change ΔF 
(kJ)

Frequency 
factor Z 
(S−1)

Apparent 
entropy 
change (S*)

Order of 
reaction 
(n)

SW FC

p-HBSF-II 24.11 23.92 −62.52 115.54 700 23.74 0.98

composite 24.49 24.30 −62.01 115.57 564 24.01 0.92
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FIGURE 1.12  Sharp–Wentworth plot (Ea) for p-HBSF-II copolymer.

FIGURE 1.13  Sharp–Wentworth plot (Ea) for p-HBSF-II composite.
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FIGURE 1.14  Freeman–Carroll plot (n) for p-HBSF-II copolymer.

FIGURE 1.15  Freeman–Carroll plot (n) for p-HBSF-II composite.
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FIGURE 1.16  Freeman–Carroll plot (Ea) for p-HBSF-II copolymer.

FIGURE 1.17  Freeman–Carroll plot (Ea) for p-HBSF-II composite.

1.4  CONCLUSION

A novel comparative account was made between the copolymer and its 
composite for the studies of ion-exchange and thermal decomposition 
kinetics. The structure and properties of the copolymer and its composite 
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were confirmed by the spectral, morphology, and elemental analysis. 
From the ion-exchange results, the copolymer and its composite can act 
as an effective metal ion adsorbent due to the more porous and amor-
phous in nature. The copolymer composite is found to be an excellent 
metal ion exchanger than the copolymer, due to the increased surface 
area to form new active sites. This is also confirmed by SEM images. 
The results showed that the copolymer has higher selectivity metal ion 
uptake for Zn2+ and Cu2+ and for the composite, metal ion is Pb2+ and Cd2+ 
because of the different particle size. TGA results show that the copolymer 
composite exhibits a higher thermal stability and decomposition tempera-
ture compared to the copolymer, because composite has high activation 
energy and more residue left out at the end of decomposition process. 
From the above reasons, it is concluded that the copolymer composite can 
act as a better ion-exchanger and possesses higher thermal stability than 
the copolymer.
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ABSTRACT

Poly(aniline-co-N-phenylaniline) copolymers have been synthesized by 
the chemically oxidative copolymerization of aniline and N-phenylan-
iline in aqueous hydrochloric acid medium under nitrogen atmosphere 
at 0–4°C. The molar feed ratio of monomers is varied to prepare copo-
lymers of different compositions. The copolymers are characterized by 
FTIR, UV–visible spectroscopy. The solubility and spectroscopic analysis 
suggest that the product is a copolymer of aniline and N-phenylaniline. 
The electrical conductivity of the compressed pellets was measured by 
two probe method. The electrical conductivity of copolymers is found 
to be less than polyaniline but processability has been improved signifi-
cantly in solvents like 1-methyl-2-pyrrolidone, dimethyl sulphoxide, and 
dimethyl formamide. The decrease in room temperature conductivity of 
the copolymers with increase of the N-phenylaniline is due to the intro-
duction of phenyl groups in to the copolymer which reduces the conjuga-
tion of the polymer chain and reduces the mobility of charge carrier along 
the main chain. From temperature dependence of electrical conductivity, 
charge localization length and hopping distance are calculated and the 
effect of substituent and dopant on crystallinity is discussed. The tempera-
ture dependence of dielectric data and conductivity suggests that copoly-
mers are quasi 1D-disordered state composed of 3D-metallic crystalline 
regions in 1D-localized amorphous regions.

2.1  INTRODUCTION

In recent years, much attention has been bestowed upon electrically 
conducting materials which may be useful for rechargeble batteries, 
electrochromic display devices, and modified electrodes.1,2 However, 
most of the studies in the field are confined to conjugated organic poly-
mers, prepared by chemical and electrochemical synthesis, including 
poly(pyrrole) and poly(aniline). These polymers can be doped with either 
electron acceptor or donors to yield conducting polymers.

Polyaniline (PANI) is made up of combination of fully reduced (B–
NH–B–NH) and fully oxidized (B–N=Q=N–) repeating units, where 
B denotes a benzenoid and Q denotes a qsuinoid ring. Thus, different 
ratios of these fully reduced and fully oxidized units yield various forms 
of PANI, such as leucoemeraldine (100% reduced form), emeraldine 
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base (50% oxidized form), and pernigraniline (fully oxidized form). 
However, all of these forms are electrically insulating in nature. Doping 
of emeraldine base with a protonic acid converts it into conducting form 
protonated emeraldine (emerdine salt). The main issue with PANI is 
processing difficulties due to its infusibility and relative insolubility in 
common organic solvents. It can be made processable/soluble either by 
polymerizing functionalized anilines3 or by copolymerizing aniline with 
substituted monomers.4 The copolymerization is a powerful method to 
improve processability of conducting polymers. In general, solubility 
of substituted PANIs in organic solvents is significantly higher than 
PANI. However, their thermal stability and electronic conductivities 
are substantially lower than doped PANI. In order to maintain balance 
between conductivity, stability, and processability copolymerization has 
been done.

In this chapter, poly(aniline-co-N-phenylaniline) copolymers have 
been synthesized by chemical peroxidation method. These copolymers are 
characterized by FTIR, UV–visible (UV–vis) spectroscopy. Their elec-
tronic conductivities have been measured by two-probe technique. Vari-
able range hopping (VRH) model has been applied depending upon the 
nature of variation of conductivity with temperature.

2.2  EXPERIMENTAL SYNTHESIS OF HOMOPOLYMERS

a.	 PANI was chemically synthesized5–7 using ammonium peroxodi-
sulphate as an oxidant in an aqueous 1 M HCl in nitrogen atmo-
sphere at 0–4°C.

b.	 Poly(N-phenylaniline) (PNPANI) was chemically synthesized5–7 
using ammonium peroxodisulphate as an oxidant in an aqueous 
1 M HCl and CH3CN (1:1 ratio) in nitrogen atmosphere at 
0–4°C.

2.3  SYNTHESIS OF COPOLYMERS

Poly(aniline-co-N-phenylaniline) (PANI-co-PNPANI) copolymers were 
chemically copolymerized8,9 from the monomers, aniline, and N-phenyl-
aniline using ammonium peroxodisulphate as an oxidant in an aqueous 1 
M HCl and CH3CN (1:1 ratio) in nitrogen atmosphere at 0–4°C. The molar 

FOR REFERENCE PURPOSES ONLY



32	 Novel Applications in Polymers and Waste Management

feed ratio of starting aniline monomer was varied to result in copolymers 
of different compositions. The homopolymers and copolymers obtained 
from reaction medium were filtered and washed with distilled water and 
methanol several times to remove unreacted monomers and then dried in 
an air oven at 70°C for 8 h.

2.4  CHARACTERIZATION

The solubility of the homopolymers and copolymers salt form was tested 
by dissolving each material in dimethyl formamide (DMF). The mixture 
was kept for 24 h at room temperature, after which the solution was filtered 
through sintered glass crucible G4. The room temperature solubility 
was recorded. UV–vis spectra of homopolymers and copolymers were 
recorded at room temperature in 1-methyl-2-pyrrolidone (NMP), DMF, 
and dimethyl sulphoxide (DMSO) in 190–700 nm range using UV-240 
Shimadzu Automatic Recording Double Beam Spectrophotometer. FTIR 
spectra of homopolymers and copolymers were recorded on 550 Series II, 
Nicolet, using KBr pellet technique in the range of 400–4000 cm−1. DC 
electrical conductivity of polymer samples was measured by the two probe 
technique in the temperature range of 298–398 K. Dry powdered samples 
were made in to a pellet under hydraulic press IEBIG and placed between 
electrodes in a cell. Resistance was measured on a DC resistance bridge 
LCR Meter 926. The conductivity value was calculated from the measured 
resistance and sample dimensions.

2.5  RESULTS AND DISCUSSION

The solubility of homopolymers and copolymers in DMF are determined. 
PANI (0.0414 g/dl) and PNPANI (0.0732 g/dl) homopolymers show low 
and high solubility as compared to copolymers, which indicates that the 
incorporation of the substituted monomer units in the copolymer which 
gives a solubility intermediate between the corresponding homopolymers. 
The substituent introduces flexibility into the rigid PANI backbone struc-
ture; as a result, copolymers show higher solubility than PANI.

The empirical repeat unit for homopolymers and copolymers is shown 
in Figures 2.1 and 2.2.
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FIGURE 2.1  Repeat unit for homopolymers (a) PANI and (b) PNPANI.

FIGURE 2.2  Repeat unit for copolymers.

The absorption bands of homopolymers and copolymers are recorded in 
NMP, DMF, and DMSO. The corresponding bands are given in Table 2.1.

TABLE 2.1  UV–Vis Absorption Bands of Homopolymer and Copolymers.

Polymer/copolymer UV–vis absorption band (nm)
NMP DMF DMSO

PANI 330 628 328 618 314 618
PNPANI 314 600 310 610 310 600
PANI-co-PNPANI (60:40) 292 560 298 560 294 580
PANI-co-PNPANI (30:70) 290 560 296 540 290 580

There are two absorption bands in the electronic spectra of homopoly-
mers and copolymers. The bands around 290–330 nm (4.278–3.760 eV) 
are assigned to π–π* (bandgap) transition (which is related to the extent 
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of conjugation between the adjacent rings in the polymer chain), and the 
band above 540 nm (exciton band) is due to inter band charge transfer 
associated with excitation of benzenoid to quinoid moieties (formation 
of exciton). These bands change with solvents. The π–π* band of copo-
lymers shows hypsochromic shift with the increase in dielectric constant 
of the solvent.10 The exciton band shows the bathochromic shift with 
an increase in dielectric constant of the solvent. The excitation leads to 
formation of molecular exciton (positive charge on the adjacent benze-
noid units and negative charge centered on quinoid unit).11 This inter-
chain charge transfer from highest occupied molecular orbital (HOMO) 
to lowest unoccupied molecular orbital (LUMO) may lead to the forma-
tion of positive and negative polarons. A polymer in a solvent of high 
dielectric constant may exist in coil like conformation (decrease in 
conjugation) and a less polar solvent provides thermodynamically more 
stable chain conformation and restricts the polymer to lower energy high 
planarity state. Such shift may increase the conjugation of the system 
which yields a lower energy transition a red shift. The π–π* band in copo-
lymers shifts to the lower wavelength as the percentage of N-phenylani-
line in copolymer increase which may be due to addition of more phenyl 
groups which twist the torsion angle, which are expected to increase the 
average bandgap in the conjugated polymer chain. The continuous varia-
tion of the wavelength and intensity of the UV–visible bands may have 
resulted from the copolymerization effect of N-phenylaniline and aniline. 
In other words, the polymer formed by the oxidative polymerization of 
N-phenylaniline with aniline was the copolymer of two monomers rather 
than a mixture of two homopolymers.

The FTIR spectra of homopolymers and copolymers are shown in 
Figure 2.3 and spectral data are recorded in Table 2.2. The FTIR spectra of 
PANI show a broad band at 3431 cm−1 characteristics of N–H stretching. 
The band in the range 810–819 cm−1 assignable to 1,4 substituted aromatic 
ring indicating the bonding in polymers and copolymers was through 1,4 
position. The bands of 1569 and 1492 cm−1 are assigned to quinoid nitrogen 
(N=Q=N) and benzoid (N–B–N) ring stretching. In the spectra of copo-
lymer, there appears an absorption band at 1310 cm−1 (C–N stretching) and 
1500 cm−1 (benzenoid stretching) indicating the existence of phenyl group 
on a benzene ring. The relative intensity of 1600–1500 cm−1 is between 
those of PNPANI and PANI, and so the coexistence of N-phenylaniline 
and aniline units in the copolymer was further confirmed.
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FIGURE 2.3  FTIR spectra of (a) PANI, (b) PNPANI, and (c) PANI-co-PNPANI (60:40).

TABLE 2.2  FTIR Spectral Data of Homopolymers and Copolymers.

Polymer/copolymer Wave number (cm−1)
PANI 819 1145 1246 1300 1492 1569 3431
PNPANI 810 1160 1250 1315 1510 1560
PANI-co-PNPANI (60:40) 813 1141 1242 1310 1485 1556

The temperature dependence of electrical conductivity data was fitted 
to an Arrhenius equation:

	 ( ) a
0exp –

2
E

T
kT

σ σ= 	 (2.1)

and the measured values were plotted semi-logarithmically as a function of 
reciprocal of temperature (Fig. 2.4a). The conductivity is found to increase 
with temperature; however, there are deviations at lower temperature. In 
the present study, the temperature dependence of σ(T) is fitted to the Zeller 
equation12:
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where T0 is the Mott characteristic temperature and is a measure of the 
hopping barrier.

Figure 2.4(b) describes the interchain conductivity where only the 
neighbor VRH of charge (which is quasi 1D) is considered.13

In Zeller equation, T0 is related to delocalization length (−−1), most prob-
able hopping distance (R) and hopping energy (w) by relations (2.3)–(2.5)14

	 ( )0 8 /(T N EF ZK= 	 (2.3)

	
1/2

10 /4)(
T

R
T

−− 
  

= 	 (2.4)

	 0

16
ZKT

W = 	 (2.5)

where Z is the number of nearest neighboring chains ( 4), K is the 
Boltzmann constant, and N(Ef) the density of states at Fermi energy for 
sign of spin which is taken as 1.6 states per eV (2-ring unit) suggested for 
PANI.15

The value of T0 is determined graphically from log σ(T) versus 100/T1/2 
(Fig. 2.4(b)) and other parameters are computed from the data (Table 2.3). 
It is observed that T0 for PNPANI is more than PANI (maximum local-
ization length). Therefore, correspondingly the localization length and 
average charge hopping distance decrease on increasing the amount of 
N-phenylaniline in copolymer chain. This increase in the electron local-
ization is due to the presence of phenyl group in the copolymer chain. 
The temperature dependence of electrical conductivity fits (2.2) (Fig. 
2.4(b)) for homopolymers and copolymers, which suggests that the charge 
conduction is quasi-1D VRH between nearest neighboring chains.16

In case of HCl-doped PANI Cl− ions are small and the interchain sepa-
ration is small, resulting in appreciable coupling interaction between the 
chains. Thus, charge carriers could easily hop from one chain to other to 
give of 3D-VRH conduction. However, in the case of copolymers, the 
charge carriers hop between 3D-VRH but interchain hopping has been 
strongly inhibited leading to 1D-VRH. The reduction in interchain hopping 
may be attributed to the presence of phenyl group in the copolymers that 
reduce the coupling interactions between the chains. Therefore, the net 
effect is the 1D-VRH conduction in case of copolymers.
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FIGURE 2.4  Temperature dependence of electrical conductivity of PANI-co-PNPANI 
(60:40): (a) Arrhenius equation and (b) Zeller equation.

TABLE 2.3  Transport Properties of Homopolymers and Copolymers.

Polymer/Copolymer σ (S/cm) T0 (K) (−1 (nm) R (nm) w (eV) Ea (eV)

PANI 6.550 × 10−2 3.315 × 103 6.995 5.736 0.071 0.047

PNPAN 1.026 × 10−9 7.260 × 103 3.194 3.877 0.156 0.137

PANI-co-PNPANI (60:40) 2.191 × 10−7 5.250 × 103 4.416 4.558 0.101 0.133

PANI-co-PNPANI (30:70) 1.517 × 10−8 5.804 × 103 3.995 4.335 0.120 0.146

The electrical conductivity of copolymer salts are measured and 
compared to that of homopolymers the results are summarized in Table 2.3. 
The PANI shows conductivity of order of 6.55 × 10−2 S cm−1 and 1.026 
× 10−7 S cm−1 for PNPANI while copolymer shows lower conductivity 
than PANI which indicates the ionization potential, bandgap, and band-
width are affected by torsion angle between adjacent phenyl rings to relieve 
steric strain in polymer chain. The conductivity of copolymer decreases 
with increasing the content of N-phenylaniline in copolymers is due to the 
introduction of phenyl groups which reduce the conjugation of the polymer 
chain and reduces the mobility of charge carrier along the main chain.

2.6  CONCLUSIONS

The chemical copolymerization of aniline with N-phenylaniline has been 
carried out. The ratio of the two monomers has influence on the copo-
lymerization process due to different reactivity of monomers. Elemental 
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analysis data infer that one anion is substituted for every two phenyl rings 
for complete protonation. Spectroscopic information indicates the pres-
ence of both the comonomers in the polymer chain. The temperature 
dependence of conductivity suggests that copolymers are quasi 1D-disor-
dered state composed of 3D-metallic crystalline regions in 1D-localized 
amorphous regions. The substituent group decreases the conductivity of 
copolymers and the coplanarity of the polymer chain gets disrupted. It 
also reduces the mobility of the charge carriers along the main chain. The 
solubility, electrical conductivity, and thermal stability can be modified 
by varying comonomer composition and it is depending on the substituent 
group. A soluble polymer is more easily processable than insoluble and is 
thus more attractive to industry.
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ABSTRACT

Poly (methyl methacrylate) is the most popular acrylic resin used in 
denture fabrication, owing to its inert and colour retention properties. 
Denture stomatitis is a common oral disease, which is associated with the 
adherence of micro-organisms (Candida albicans) to denture surfaces. 
It was noticed that the localization of C. albicans, associated with about 
90% of denture stomatitis cases mainly observed in patients affected by 
AIDS/HIV, results in deterioration of the denture. This chapter aims to 
induce antifungal properties through surface-altered acrylic denture resin. 
To achieve this, cationic surfactant such as such as hexadecyl trimethyl 
ammonium bromide was blended with PMMA resin to fabricate denture 
having antifungal properties. The microbial analysis clearly illustrates the 
adequate repellence of C. albicans due to the hydrophobic nature of QAS 
in hot cured denture with optimum dose. The novelty of the work lies in 
the use of surfactant to obtain antifungal denture following an economic 
route along with substituting the dependence on drugs used in customary 
treatment against candidiasis disease that may impart adverse effects on 
health. The application of the suggested technique avoids such adverse 
effects and provides as a viable solution.

3.1  INTRODUCTION

Denture-related stomatitis is probably the most common form of oral 
candidiasis and its reported prevalence varies widely ranging up to 65%.1 
The synthetic acrylic resins have a long, clinically proven history of 
use for dentures, since they exhibit adequate physical, mechanical, and 
esthetic properties;2 however, they are susceptible to microbial adhesion, 
leading to denture stomatitis.3 Every denture causes at least some harm to 
the underlying tissues either directly or indirectly. One important aspect of 
this harm is denture-related stomatitis. The presence of dentures may be 
the triggering local factor for diseased oral mucosa.4 It was noticed that the 
localization of Candida albicans, associated with about 90% of denture 
stomatitis cases mainly observed in patients affected by AIDS/HIV, results 
in deterioration of the denture.

The use of polymers has revolutionized the biomedical industry ever 
since their discovery. Since time immemorial, the replacement of missing 
teeth has been a medical and cosmetic necessity for humans. Many 
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prostheses and implants made from polymers have been in use for the last 
three decades, and there is a continuous search for more biocompatible 
and stronger polymer prosthetic materials.5 Denture prosthetics has under-
gone many development stages since the first still preserved dentures were 
fabricated. The first sets of dentures were based on rubber and porcelain. 
With the emergence of polymer chemistry in the early 20th century, the 
foundation for the widespread use of removable dentures was laid. Quater-
nary Ammonium Compounds (QACs) are widely used as disinfectants 
in both medical and food environments.6 Several authors have recently 
obtained encouraging results with antiseptic-coated devices using QACs 
which have proven efficient against microbial ecosystems, self-protected 
by a biofilm.7–11 Several difficulties exist in producing a satisfactory 
denture material or designing a technique that is useful for its applica-
tion. Conditions in oral cavity seem almost suited to annihilation. Biting 
stresses on dentures can be extremely high, temperatures may fluctuate 
between 25 and 45°C, and pH may change instantaneously from acidic 
to alkaline. The warm and moist oral environment, which is also enzyme 
and bacteria rich, is conducive to further decay. The soft tissues and struc-
tures in contact with the denture polymers may be injured from the toxic 
leaching or breakdown of the material. Synthetic plastic resins and light-
weight metal alloys have made teeth more durable and natural looking. 
Most artificial dentures are made from high quality acrylic resins, which 
make them stronger and more attractive than was once possible.12 Poly-
mers such as polyamides, epoxy resin, polystyrene, vinyl acrylic, rubber 
graft copolymers, and polycarbonate have also been developed and tested 
as potential alternative denture-base materials. However, these have not 
generally proved successful.13,14 Poly(methyl methacrylate) (PMMA) is 
the resin of choice for the fabrication of denture bases in clinical dentistry. 
It is inert, has color retention properties, and clearly defined polymeriza-
tion process that is easy for modification. The surface properties of denture 
base materials are of paramount importance for maintaining the structural 
and functional integrity of the denture-covered oral mucosa. Control of 
denture plaque is facilitated if the denture surfaces, including the tissue 
surface, are well-polished as it will prevent the accumulation of debris.15 
The tissue surfaces are usually left as they were when removed from the 
cast; thus, it presents irregularities and microscopic pores that facilitate 
bacterial and fungal colonization.

Many attempts have been made to modify PMMA taking advantage 
of the broad scope of modification available in polymer.16 PMMA-based 
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materials are available for the production of denture teeth on commercial 
scale too. Few of these materials contain organic and/or inorganic fillers, 
which improve the mechanical properties of the teeth. Alongside PMMA-
based denture teeth, several composite teeth are also available among the 
marketable applications. The basic materials polymerize to a solid mate-
rial during the production process of the denture teeth. The biocompatible 
properties of the solid material are different from those of the basic mate-
rials. The denture teeth consist of an insoluble polymer which is not acces-
sible to the organism and can be regarded as inert. Only substances that 
may dissolve from the material could pose a risk of exposure to patients. 
Denture base acrylic resin is easily colonized by oral endogenous bacteria 
and Candida spp., and eventually by extraoral species such as Staphylo-
coccus spp., Pseudomonadaceae, or members of Enterobacteriaceae with 
the duration of time over a few years. This microbial reservoir can be 
responsive for denture-related stomatitis and aspiration pneumonia, a life-
threatening infection especially in geriatric patient.17 In denture wearers, 
Candida, a yeast-like fungus, is a frequent cause of infections. One such 
infection is denture stomatitis.18,19 Candida-associated denture stomatitis 
is a common recurring disease, observed in approximately 11–67% of 
otherwise healthy denture wearers.20 Denture stomatitis is characterized 
by inflamed mucosa, particularly under the upper denture, and patients 
may complain of a burning sensation, discomfort, or bad taste, but in 
the majority of cases, they are unaware of the problem. Several excel-
lent reviews discussing denture stomatitis in detail are available to the 
reader.21–24 The major risk factor for the development of this condition is 
wearing an upper complete denture, particularly when it is not removed 
during sleep and cleaned regularly. Wearing dentures alters the oral micro-
biota. A microbial plaque composed of bacteria and/or yeast forms on the 
fitting surface of the denture (the surface which rests against the palate) 
and on the mucosa which is covered. Denture plaque is defined as a dense 
microbial layer comprising microorganisms and their metabolites, and it is 
known to contain more than 1011 organisms per gram in wet weight. Over 
time, this plaque may be colonized by Candida species. The local envi-
ronment under a denture is more acidic and less exposed to the cleansing 
action of saliva, which favors high Candida enzymatic activity and may 
cause inflammation in the mucosa. C. albicans is the most commonly 
isolated organism, but occasionally bacteria are implicated. There are 
several factors, which affect C. albicans adhesion on acrylic resin surface; 
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quality and quantity of saliva, surface properties of acrylic resin25 and oral 
bacteria.26

Mechanical irritation may possibly play a predisposing role by 
increasing the turnover of the epithelial cells, hence the barrier function 
of the epithelium is reduced and its penetration by microbial antigens 
is possibly enhanced. Due to the large size of Candida, the host phago-
cytes are unable to completely destroy it. Therefore, extracellular killing 
mechanisms are required to eliminate the Candida. The usual treatment of 
denture-related stomatitis involves elimination of the source of the infec-
tious agent (denture cleansing and disinfection) and elimination of the 
oral tissues.27 Moreover, the important aspect of treatment is improving 
denture hygiene, that is, removal of denture at night and disinfecting it 
by storing it in antiseptic solution. On the contrary, the medicinal treat-
ment involves the resolution of the mucosal infection, for which topical 
antifungal medications are suggested, namely, nystatin, fluconazole/intra-
conazole, miconazole, amphotericin, and chlorhexidine as a mouth wash.28 
But, it is noteworthy that these medicines cause adverse effects on human 
health.29–32 Some of the side effects are displayed in Table 3.1.

This is important as the denture is usually infected with C. albicans 
which will cause reinfection if it is not removed. The common antiseptic 
solution includes alkaline peroxides or hypochlorites which may over-
time corrode the metal components of dental appliances. Quaternary 
ammonium salts (QASs) have been widely used in paint, water treatment, 
textiles, and food industry because of low toxicity and broad antifungal 
spectrum. They can also be chemically bound to the polymer carriers via 
active groups, thus integrating QAS monomers with composite matrix. 
As compared with the conventional antifungal agents of low molecular 
weight, the advantages of these polymerizable antibacterial agents include 
nonvolatility, chemical stability, and low permeation through skin. Hence, 
the application of QAS monomers to dentistry may provide more choices 
for development of dental antifungal materials.

Reports are also available on coating of cationic, anionic, and nonionic 
surfactants upon poly(ethylcyanoacrylate) nanoparticles to decrease the 
C. albicans both anti adherent and antifungal effects.33 The requirement of 
dental resins is that they should be nontoxic, nonirritating, and otherwise 
nondetrimental to oral tissues. To fulfill these requirements, they should be 
preferably insoluble in saliva and all other body fluids. They should also 
not become insanitary or disagreeable in taste, odor or smell, and should be 
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TABLE 3.1  Side Effects of Drugs Commonly Prescribed for Denture Stomatitis.

Sr No. Name of drug Side effects
1 Nystatin Breathing difficulty, closing of throat, swelling of lips and 

tongue, nausea, vomiting, diarrhea, skin irritation, rashes, 
itching, eczema, etc.

2 Amphotericin Fever and chill, headache, irregular heartbeats and urina-
tion, nausea, vomiting, rigors, fever, hypertension or 
hypotension, and hypoxia (more common), nephrotoxicity, 
blurred or double vision, convulsions, weakness in hands 
or feet, shortness of breath, skin rash, itching, unusual 
bleeding or bruising (less common)

3 Miconazole Local side effects, oral burning/discomfort, gingival pain 
and swelling, tongue unceleration, dry mouth, toothache, 
loss of taste in 12.1% HIV and 9.5% head and neck cancer 
patients. Gastrointestinal (9%), nausea (6.6%), nervous 
system (headache 7.6%), respiratory (cough 2.8%, respira-
tory infection 2.1%), hematologic (anemia 2.8%, lympho-
penia 1.7%, neutropenia 0.7%), etc.

4 Fluconazole Common (≥1% of patients): rash, headache, dizziness, nau-
sea, vomiting, abdominal pain, diarrhea, and/or elevated 
liver enzymes Infrequent (0.1–1% of patients): anorexia, 
fatigue, constipation Rare (<0.1% of patients): oliguria, 
hypokalaemia, paraesthesia, seizures, alopecia, Ste-
vens–Johnson syndrome, thrombocytopenia, other blood 
dyscrasias, serious hepatotoxicity including hepatic failure, 
anaphylactic/anaphylactoid reactions

highly stable. A quaternary ammonium silane-functionalized methacrylate 
(QAMS) represents an antifungal macro monomer synthesized by sol–
gel chemistry and possesses flexible Si–O–Si bonds.34 A partially hydro-
lyzed resin formulation containing QAMS copolymerized with bisphenol 
A glycidyl methacrylate retains kill-on-contact microbiocidal activi-
ties, which should contribute to prevent resin-based tooth filling failure 
caused by recurrence of caries. The drawback is that this method cannot 
be carried out on a laboratory scale and is quite expensive.35 The results of 
the present study suggest that the modification of PMMA with methacrylic 
acid/methyl methacrylate and a surfactant HDTMABr having resistance 
to cationic microbial growth changes the physical properties of the resin, 
resilience and strength to biting, chewing, impact forces, and excessive 
wear under mastication. Hexadecyl trimethyl ammonium bromide being 
a QAC has been used in the denture making as an antifungal agent. It 
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is stable under all conditions of service, including thermal and loading 
shocks although lighter in weight.36,37

3.2  EXPERIMENTAL PROCEDURES

3.2.1  MATERIALS AND METHODOLOGY

The materials generally used for heat-cured systems are as follows:
PMMA resin, benzoyl peroxide initiator, mercuric sulphide, cadmium 

sulphide—dyes; zinc oxide, titanium oxide—opacifiers; dibutyl 
phthalate—plasticizer; sodium alginate—anti-sticking agent; dyed parti-
cles—glasses; beads—for esthetics; dibutyl phthalate—plasticizer; glycol 
dimethacrylate (1–2%)—cross-linking agent; hydroquinone (0.006%)—
inhibitor; acrylizing unit—for curing; and bench grinder—for finishing.

3.2.2  EXPERIMENTAL PROCESS

A mold was prepared with help of modeling wax sheet about 2 mm in 
thickness. The metal molds were initially thoroughly coated with a thin 
layer of sodium alginate, which was then allowed to dry prior to packing 
and processing for easy removal of the prepared denture. Polymer was 
mixed with QAS powder and monomer was added to it in the ratio of 3:1 
by volume along with 0.2 g benzoyl peroxide as the initiator and hexadecyl 
trimethyl ammonium bromide salt as an antifungal agent. The mixture was 
then left to stand in a closed container until the dough stage had reached 
(approximately 10 min) and packed into the metallic mold half containing 
a deep coating of wax pattern void. A commercially available polythene 
sheet was placed over this and the opposing half of mold and invest-
ment then positioned and closed. A trial closure of the denture flask was 
performed by applying pressure. This pressure was increased slowly over 
a period of 1 min. Later, the mold was opened, the separating sheet was 
discarded and the excess flash was removed. The separating sheet was 
further reapplied and a check was made to ensure that the mold seal was 
intact. The acrylic material in the packed mold was then polymerized by 
heating for 90 min at 80–90°C followed by bench cooling overnight. The 
polymerized samples were deflasked and placed in the solution of sodium 
citrate to remove any residual stone adhered to it.
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It was noticed that the denture thus formed was white in color as the 
hot-cured acrylic material had lost its pink color significantly and decolor-
ized during curing due to the addition of excess amount (7.5%) of QAS as 
indicated in Figure 3.1. Such a white-colored denture may not be accept-
able in the market as it resembles a different color than the natural pink 
denture and hence it indicates a drawback.

FIGURE 3.1  Decolorization of denture due to excess QAS.

To overcome this issue of decolorization of acrylic resin, studies 
have been conducted as per Table 3.2 toward the optimization of dose of 
QAS used while retaining satisfactory antifungal properties. The denture 
containing optimized QAS dose, after breaking open the mold, was found 
to satisfactorily retain its color as depicted in Figure 3.2.

FIGURE 3.2  Color retention of denture with optimized quantity of QAS.
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TABLE 3.2  QAS Dose Optimization Studies.

Sr. No. Amount of polymer used (g) % Conc. of QAMS Amount of QAMS (g)

1 (Control) 6.40 Nil Nil

2 6.41 1 0.064

3 6.40 2.5 0.16

4 6.40 5 0.32

5 6.39 7.5 (Excess) 0.48

3.2.3  MICROBIAL ANALYSIS

3.2.3.1  ANTIFUNGAL TEST

The denture was scrapped into fine powder with the help of metallic bur 
attached to lab micro motor as shown in Figure 3.3. And an amount of 
approximately 1.5 g was transferred to a test-tube containing 5 ml of 
xylene solvent and kept for 2–3 days. It was observed that the fine powder 
that was initially insoluble in the xylene solvent is completely dissolved in 
xylene after a lapse of few days.

FIGURE 3.3  Sample grinding with the help of metallic bur attached to lab micro motor.

This solvent containing the denture base powder was then sent to the 
microbiology laboratory at Rajiv Gandhi Biotechnological Centre for 
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testing under biological conditions to determine its antifungal properties. 
A volume of 25 ml potato dextrose agar was autoclaved at 121.5°C for 
15 min, poured in sterile petri dish, and left for solidification. To this, 
500 µl culture of C. albicans was taken and evenly distributed with the 
help of spreader. The testing procedure consisted of growth of the C. albi-
cans microbes in broth and then the determination of antifungal activity 
by Kirby–Bauer method by maintaining a pH of 7 and temperature of 
25–27°C was performed. The main steps involved are inoculum prepara-
tion either by growth method or direct colony suspension method. The 
samples were subjected for duration of 72 h to obtain the results. After 
completion of incubation time, zone of inhibition was evaluated on these 
plates.

3.3  RESULTS AND DISCUSSION

The incorporation of QAS in fabricating hot-cured denture for improved 
antifungal properties proved to be highly encouraging. However, the 
excess QAS results in decolorization of the traditional color using hot-
cured method that may not be commercially acceptable. Also, it was 
noticed that if the QAS is added in an excess amount to the cold-cured 
acrylic material and heated then the outer appearance of the denture thus 
formed reflects white pores as shown in Figure 3.4.

FIGURE 3.4  Cold-cured acrylic denture containing excess QAS.
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To address this issue, experiments were conducted toward the incorpo-
ration of antifungal agent with hot curing in variable stoichiometry with 
resin material.

It was noticed from antifungal repellence studies that 5% QAS gave 
best results, but reappearance of white color was observed as shown in 
Figure 3.5. Hence, 2.5% was chosen as optimum dose as it maintained 
good color retention as well as antifungal properties.

QAS, the antifungal agent, can copolymerize with other monomers 
incorporated into the resinous material, the polymer attains antifungal 
property after curing. Therefore, the antimicrobial portion will not leach 
from the material and the composite resin, thus destroys any microbes that 
come in contact with the surface. Here, the presence of antifungal agent, 
that is, hexadecyl trimethyl ammonium bromide represents large number 
of carbon atoms in backbone chain, making it hydrophobic (water repel-
ling) in nature.

FIGURE 3.5  Repellence exhibited by hot-cured antifungal resin with varying dose of QAS.

The large surface provided by the polymeric denture results in the 
increased colonization of C. albicans microorganism. These organisms 
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commute through the oral mucosa and reach the denture along with the 
saliva. Hence, the hydrophobic nature of the surface modified denture 
assists in the repellence of C. albicans, as the saliva is repelled due to the 
hydrophobicity. This nature of the proposed denture may cause a dryness 
feeling to the patient but may also prove effective against other diseases 
which similarly enter through the saliva.

The result achieved using the optimum dose of QAS as an antifungal 
agent is quite encouraging. This also helps in elimination of prescription 
dose of medicine to avoid the side effects on patients. The fabrication of 
the antifungal agent incorporated denture is nontedious and furthermore 
can be carried out on a commercial scale keeping it economically viable. 
The proposed future work includes, a detailed comparative patient study 
and analysis of the antifungal effect and shell life of material for practical 
use in patients suffering from diseases such as AIDS.
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ABSTRACT

This is the era of advanced materials. Whether it is specialty polymers, 
composites, or nanomaterials, the interests are growing on demanding 
applications like space, power, and electronic devices. Not only the high 
temperature stability but also the material required in these applications 
needs a combination of physical, chemical, and mechanical properties. 
Aromatic polybenzimidazoles are one of the high-performance polymers 
which have drawn attention for research and development. The insolu-
bility of wholly aromatic PBIs in common organic solvents is a big limi-
tation for their processing and industrial uses. Despite the limitation, the 
outstanding properties of PBIs attract the researcher to investigate their 
use in gas separation, pervaporation, and polymer electrolyte membranes 
in fuel cell applications.

4.1  INTRODUCTION

This is the era of advanced materials. Whether it is specialty polymers, 
composites, or nanomaterials, the interests are growing on demanding 
applications like space, power, and electronic devices. Not only the high 
temperature stability, but also the material required in these applications 
needs a combination of physical, chemical, and mechanical properties.1 
Aromatic polybenzimidazoles (PBIs) are one of the high-performance 
polymers which have drawn attention for research and development. The 
insolubility of wholly aromatic PBIs in common organic solvents is a big 
limitation for their processing and industrial uses. Despite the limitation, 
the outstanding properties of PBIs attract the researcher to investigate their 
use in gas separation, pervaporation, and polymer electrolyte membranes 
(PEMs) in fuel cell applications.

Due to the increasing consumption of fossil fuels, increasing power 
demands and increasing pollution, alternative energy sources are very 
important nowadays. Among the clean and renewable energy, fuel cells 
are one of the most popular option. The first concept of fuel cell was built 
in 1829.2 In 1960, NASA employed fuel cell in Gemini and Apollo Space 
Missions.3 Till then, different types of fuel cells are reviewed in litera-
ture,4–9 covering solid oxide fuel cells, molten carbonate fuel cell, phos-
phoric acid fuel cell, alkaline fuel cell, polymer electrolyte membrane fuel 
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cells (PEMFCs), and direct methanol fuel cells (DMFCs). Among those, 
the most promising fuel cell system was PEMFC and DMFC. As shown 
in Figure 4.1, due to the inexpensive and easy storage of methanol fuel, 
simplified design, and high volumetric theoretical energy density of meth-
anol, application of DMFC is ever-increasing.

FIGURE 4.1  Theoretical energy density of batteries, H2-PEMFCs and DMFCs.10

Protonic electrolyte-based DMFCs are directly fed with a mixture 
of methanol/water at the anode. Methanol is directly oxidized to carbon 
dioxide, although the possible formation of compounds such as formalde-
hyde, formic acid, or other organic molecules is not excluded. The forma-
tion of such organic molecules decreases the use of fuel for generation of 
energy. A scheme of the overall reaction process occurring in a DMFC 
equipped with a proton conducting electrolyte is outlined below:

In the presence of an alkaline electrolyte, this process can be written as 
follows:

In this chapter, we will discuss about synthesis, properties, and application 
of PBI membranes in DMFC.
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4.2  PBI SYNTHESIS

In the early 1960s, a cooperative effort of the US Air Force Materials 
Laboratory with Dupont and the Celanese Research Company led to the 
synthesis of PBI fiber.11 Poly(2,2′-m-phenylene-5,5′-bibenzimidazole) is 
the most widely investigated PBIs, commonly referred to as m-PBI as 
shown in Figure 4.2.

FIGURE 4.2  m-PBI.

Three types of procedures are available for synthesis of PBIs:

•	 thermally rearranged polymerization;
•	 solution polymerization; and
•	 catalytic polymerization.

4.2.1  THERMALLY REARRANGED POLYMERIZATION

In this method, 3,3′-diaminobenzidinetetrahydrochloride was dissolved 
in N-methyl-2-pyrrolidone (NMP), taken in a three-necked round-bottom 
flask and was stirred for 2 h under a nitrogen atmosphere at 60°C. The 
poly(amino amic acid) solution was obtained by a slow addition of equi-
molar amount of dianhydride, 4,4-(hexafluoroisopropylidene)diphthalic 
anhydride (dissolved in NMP), followed by heating to 80°C. After stirring 
for 12 h, the resulting solution was cast onto a glass plate, stored overnight 
at 80°C, slowly heated at less than 2°C min−1, and thermally imidized at 
250°C in a vacuum oven.12 Resulting polyaminoimide membrane was 
thermally rearranged to polypyrrolone (PPL) at 300–450°C. The PPL 
membrane was then immersed in 1 M NaOH solution at 100°C for 3 h. 
The intermediate membrane was then treated with 0.1 M HCl in aqueous 
solution at room temperature, rinsed several times with water, and dried 
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12 h at 150°C under high vacuum. The final thermally rearranged PBI 
(TR-PBI) membrane was obtained through further heat treatment at 450°C 
for 1 h.1,13 A schematic representations were given in Figure 4.3.

FIGURE 4.3  New synthesis route to microporous polybenzimidazole (TR-PBI) from 
polypyrrolone (PPL) using a thermal rearrangement concept.13 (Reprinted from Han, S. 
H.; Lee, J. E.; Lee, K.-J.; Park, H. B.; Lee, Y. M. Highly Gas Permeable and Microporous 
Polybenzimidazole Membrane by Thermal Rearrangement. J. Membr. Sci. 2010, 357(1–2), 
143–151. © 2010, with permission from Elsevier.)
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4.2.2  CATALYTIC POLYMERIZATION

In a three-necked flask equipped with a mechanical stirrer, the tetra amine 
and solvent PPA were added. The solution was stirred at 110°C under 
nitrogen atmosphere for about 1.5 h to get a homogeneous solution. An 
equimolar amount of diacid was added to the solution, and the reaction 
was continued for 12 h at 140°C. Then, a catalytic amount of phosphorus 
pentoxide and triphenyl phosphite was added into the system. The solution 
became brownish and viscous. It was heated to about 230°C for another 
24 h and then poured into deionized water, washed with deionized water 
several times, and neutralized by alkaline solution. Finally, the polymer 
was dried under vacuum for 24 h.

4.2.3  SOLUTION POLYMERIZATION

In this system, the polymerization is done in the arrangement state, in 
which polyphosphoric acid (PPA) or methane sulfonic acid/P2O5 (PPMA) 
are utilized as solvents. In a three-necked round bottomed flask furnished 
with a nitrogen channel and mechanical stirrer, the equimolar tetraamine, 
and dicarboxylic acids or their derivatives were initially included and 
afterward dissolved in PPA or PPMA at 140°C. The reaction mixture was 
then heated to 180–210°C for about 18–24 h with constant stirring and 
finally poured into the water and neutralized by alkaline solution. The 
fibrous polymers were then dried under vacuum. PPA acts as both the 
solvent and dehydrating agent at the same time during polyheterocycliza-
tion. PBI dissolves in strong acids, bases, and a few organic solvents and 
membranes can be cast from the solutions.

4.3  FORMATION OF PBI MEMBRANES/MEMBRANE CASTING

4.3.1  CASTING FROM DIMETHYL ACETAMIDE

In general, the most used solvent to dissolve PBI is N,N-dimethyl acet-
amide (DMAc). Dissolution takes place at a temperature above the boiling 
point (165°C) of the solvent and the presence of traces of oxygen should 
be excluded. Then, the membranes are casted on a clean glass plate. 
After that, the membranes are dried in an oven at 60–120°C temperature. 
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Finally, they are washed with hot water and again dried in a vacuum oven 
at 120°C.

4.3.2  CASTING FROM TRIFLUOROACETIC ACID AND 
PHOSPHORIC ACID

PBI is soluble in a mixture of trifluoroacetic acid (TFA) and phosphoric 
acid.14 PBI is first refluxed with TFA for few hour. After that, required 
amount of H3PO4 is added for desired doping level. For complete dissolu-
tion of PBI, little amount of water is also added. Then, the membrane is 
casted under nitrogen atmosphere and dried at room temperature. TFA cast 
membranes are generally more rubbery than DMAc cast membranes.

4.3.3  CASTING FROM POLYPHOSPHORIC ACID

PPA is used as an efficient condensation reagent and solvent for PBI 
synthesis. Recently, Xiao et al.15 have developed a sol–gel process to 
fabricate PBI–H3PO4 membranes directly from the PBI solution in PPA 
at around 200°C. This saved the time for isolation or redissolution of the 
polymer after synthesis. After casting, PPA hydrolyzed to phosphoric acid 
by moisture from the surrounding environment and induces a sol–gel tran-
sition, resulting in phosphoric acid-doped PBI membranes.

4.3.4  CASTING FROM ALKALINE SOLUTION

PBI membranes have also been prepared from a solution in a mixture of 
NaOH and ethanol.16 The membrane is dried under nitrogen atmosphere. 
Thorough washing is needed until the pH reaches 7.

4.4  PROPERTIES OF PBI AS PEM

4.4.1  WATER UPTAKES AND CONDUCTIVITY

The water uptake values and proton conductivity of PEMs are very 
important properties for their application in DMFC. The affinity toward 
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moisture is very well-known fact for PBIs. Due to its hydrophilic 
nature, PBI can absorb up to 15–19 wt% of water (3.2 water molecules 
per repeating units). This high water uptake values corresponds to 
the intermolecular hydrogen bonding between N and N–H groups of 
PBI and water molecules.17,18 Earlier reports about the conductivity of 
pristine PBI were very contradictory. The values about 2 × 10−4–8 × 
10−4 S cm−1 was reported at relative humidity between 0% and 100%.19 
But other groups20–22 published the proton conductivity value as 10−12 
S cm−1 for pure PBI. These latter values are accepted for pristine PBI. 
But, these values are too low to be accepted in fuel cell applications. 
Thus, modification was necessary to improve the proton conduction 
properties of pure PBI. Two possible routes have been developed to 
improve the proton-conduction properties: (1) complexation with 
acids and (2) grafting of functional groups onto PBI. The reactions are 
possible because of the specific reactivity of PBI, arising from the –N= 
and –N–H groups of the imidazole ring.23

4.4.1.1  ACID DOPING

PBI readily reacts with inorganic and organic acids due to its basic char-
acter (pKa value of ~5.5).24,25 Different inorganic acids (H2SO4, H3PO4, 
HCl, HNO3, HClO4)

26–30 have been used to provide good proton conduc-
tivity to the PBI membrane. After a high amount of doping by different 
concentrated acids, the order of conductivity of PBI membranes is 
observed as given in Table 4.1.

H2SO4 > H3PO4 > HNO3 > HClO4 > HCl

Although sulfuric acid shows the maximum conductivity, H3PO4 is the 
most popular acid among the researchers. Conductivity is directly propor-
tional to the amount of acid present in the membrane. As the acid contents 
increases, the conductivity increases as shown in Figures 4.4 and 4.5. 
Some organic acids such as CH3SO3H, C2H5SO3H, and aromatic phos-
phoric acids have also been investigated but the conductivity was less than 
inorganic acids.32,33
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TABLE 4.1  Conductivity at Room Temperature after Immersion of PBI Film for 10 days 
in Acids of Indicated Concentration.31

PBI/HCl 
(11.8 mol 
dm−3)

PBI/HClO4 
(11.6 mol 
dm−3)

PBI/HNO3 
(15.8 mol 
dm−3)

PBI/H3PO4 
(14.4 mol 
dm−3)

PBI/H2SO4 
(16 mol 
dm−3)

Conductivity (S cm−1) 1.4 × 10−3 1.6 × 10−3 1.8 × 10−3 1.9 × 10−2 6 × 10−2

FIGURE 4.4  Conductivity of anhydrous ABPBI·2.7 H3PO4 (69%) (■), ABPBI·2.5 H3PO4 
(68%) (□), and ABPBI·1.9 H3PO4 (62%) (▲) as a function of temperature. This plot shows 
the effect of the acid percentage present in the membrane.34

FIGURE 4.5  Conductivity of anhydrous PBI·6.7 H3PO4 (68.1% H3PO4) (■) and PBI·4.7 
H3PO4 (59.7% H3PO4) (▲).34
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Importantly, for the functioning of a fuel cell at temperatures above 
100°C, the electroosmotic drag number of PBI/H3PO4 should be almost 
zero.35 Slight gas hydration can therefore be used to prevent dehydration 
of the membrane, which may also assist in reducing reactant crossover. 
For this reason, PBI can be suitable as membrane for DMFC.31

4.4.2  MECHANICAL STRENGTH

The dry PBI membrane shows medium tensile strength about 60–70 MPa 
and a small elongation at brake about 2%. But, when saturated with water, 
both elongation at brake and tensile strength of PBI increase to 7–10% 
and 100–160 MPa, respectively.36 Extensive hydrogen bonding between 
N and –NH– groups in PBI helps to form a close chain packing and 
therefore gives good mechanical strength of membranes. For acid doped 
membrane, mechanical strength reduced as the doping level increases. At 
low phosphoric acid-doping level (less than 2), intermolecular interaction 
between the chains of PBIs are decreased. On the other hand, the cohe-
sion between N-atom and phosphoric acid are also observed. For these 
two opposite effects, no significant loss in strength is observed.19,37 Free 
acids are present at the basic site of PBI, when the doping level is higher 
and these free acids increases the chain separation. As a result, a decrease 
in mechanical strength is observed. The strength is also strongly influ-
enced by the average molecular weight. In a range from 20,000 to 55,000 
g mol−1, the tensile strength of acid-doped PBI membranes is found to 
increase from 4 to 12 MPa.19,38

Thus to consider both, conductivity and mechanical strength, a 
compromised doping level around 5–6 mol of H3PO4 per mole of PBI has 
been suggested for DMAc and TFA-cast membranes.36 For high molecular 
weight PBIs, doping level extended to a higher range of 10–13 with suffi-
cient mechanical strength given in Figure 4.6.

In case of PPA cast membranes, at an acid-doping level of 20–40 mol 
of phosphoric acid per mole of PB, a rather high tensile strength of 1–3.5 
MPa is reported.39,40 The possible reason may be the very high molecular 
weight obtained from PPA cast membranes.
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FIGURE 4.6  Conductivity and mechanical strength of acid doped PBI membranes as a 
function of the acid doping level.36

4.4.3  CHEMICAL AND THERMAL STABILITY

The thermal and chemical stability of a membrane is a major concern 
for its fuel cell application as long time durability is always desired. The 
instability of the PEM arises due to the harsh environment provided by 
the highly active catalyst. Chemical stability of membranes is of much 
concern to the lifetime of PEMFC. The principle degradation mechanism 
is assumed due to the in situ generation of H2O2 and ∙OH and ∙OOH radi-
cals, which can attack the C– bonds of the membrane.19 Usually, Fenton 
test is employed to determine the chemical stability of the membrane.41,42 
Most importantly, PBI membranes are less stable than Nafion 117. This 
is because the oxidative attacks occur preferentially to the weak linked 
nitrogen containing heterocyclic and adjacent aromatic rings.

But, it is interesting that ionical43 and covalent44 crosslinking of PBI 
can have comparable chemical stability to Nafion over the whole 120 h 
period of the test, shown in Figure 4.7.
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FIGURE 4.7  Membrane degradation in 3% H2O2 containing 4 ppm Fe2+ at 68°C. Solid 
lines indicate that the samples remained as a whole membrane, whereas dashed lines 
indicate that samples were broken into small pieces.14  (Reprinted from Li, Q.; Jensen, J. 
O.; Savinell, R. F.; Bjerrum, N. J. High Temperature Proton Exchange Membranes Based 
on Polybenzimidazoles for Fuel Cells. Progr. Polym. Sci. 2009, 34(5), 449–477. © 2009, 
with permission from Elsevier.)

By thermogravimetric analysis, the thermal stability of PBI has been 
extensively studied.45,46 At temperatures up to 150°C, a small weight loss 
(10–13%) is observed due to the absorbed water. But, no significant weight 
loss is found between 150 and 500°C. This shows the adequate thermal 
stability of this membrane for DMFC applications.

4.4.4  METHANOL CROSSOVER

A very simple two chambered diffusion cell separated by the membrane 
with liquid methanol solution in one side and pure water at the other side is 
used to evaluate the methanol crossover of the PEM.47,48 Table 4.2 summa-
rized the methanol crossover results as found in the literature. It seems 
that the undoped PBI membrane with the methanol crossover rate of 10−10 
cm−2 s−1 shows less methanol crossover than that of the Nafion of about 
10−8 cm−2 s−1. These results indicate the usability of PBI as electrolyte for 
DMFCs.
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TABLE 4.2  Methanol Crossover for Different PBIs and Nafion 117.14

Membranes Conditions Methanol crossover (cm2 s−1) Reference
Undoped PBI 1 M MeOH, 25°C 8.3 × 10−9 [52]
Nafion 117 2.3 × 10−6

Undoped PBI 6 M MeOH, 25°C 1.5 × 10−9 [50]
S-PBI 2.5 × 10−6

F6-PBI-5%MMT 1.8 M MeOH, 25°C 6 × 10−9 [49]
SPOP-12%PBI 1 M MeOH, 60°C 1 × 10−7 [51]
Nafion 3.5 × 10−6

(Reprinted from Li, Q.; Jensen, J. O.; Savinell, R. F.; Bjerrum, N. J. High Temperature Proton 
Exchange Membranes Based on Polybenzimidazoles for Fuel Cells. Progr. Polym. Sci. 2009, 34(5), 
449–477. © 2009, with permission from Elsevier.)

4.5  DMFC USES

PBIs are generally used in mid-high temperature range in DMFC. Due to the 
poor conductivity of pure PBI, modified or doped PBIs are used for DMFC 
applications. The journey of the PBI membranes (doped with phosphoric 
acid) as a thermo-oxidative and stable proton conducting membranes for 
fuel cell applications began in 1994.53 The membrane was tested by using 
various types of fuels including hydrogen,54 methanol24,25 and formic acid.55 
The results from Scopus database analysis based on the phrase “polybenz-
imidazole membranes for direct methanol fuel cells” are given in Figure 4.8.

FIGURE 4.8  Number of paper published from 1995 to 2015. 

Wainright et al. used an acid complexed PBI membrane in DMFC, 
prepared by doping of preformed membranes and by casting from a solu-
tion containing PBI and phosphoric acid.24 With 4 mg cm−2 of Pt–Ru alloy 
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electrode as anode and 4 mg cm−2 of Pt–black electrode as cathode, this 
DMFC produced power densities of 0.21 and 0.16 W cm−2, respectively, 
at 500 mA cm−2 (feed of methanol/water mixture in 2/1 mole ratio and 
oxygen at atmospheric pressure).24 At the temperature range 150–200°C, 
increased performance is attributed to the lower methanol crossover and 
higher electrolyte conductivity.

Due to the acid leaching problem at high temperature, researchers are 
trying to impregnate the sulfonic acid groups into PBI or blended PBI with 
some sulfonated/phosphonated polymers. BASF Fuel cells division has 
developed a membrane based on a blend of PBI and polyvinylphosphonic 
acid for its use in DMFCs called CeltecV.56 Phosphonic acid-based elec-
trolyte was immobilized in the PBI matrix and could not be leached out 
during operation. It was found that CeltecV MEAs showed ~50% lower 
methanol crossover than Nafion and at higher methanol concentrations (1.0 
and 2.0 M), CeltecV showed superior performance over Nafion. Wycisk et 
al. prepared blend membranes of sulfonated poly[bis(phenoxy)phospho-
rene] (SPOP) and PBI and the DMFC performances were compared with 
Nafion 117. For an 82-µm thick membrane composed of 1.2 mmol g−1 IEC 
SPOP with 3 wt% PBI, the maximum power density was 89 mW cm−2 
versus 96 mW cm−2 with Nafion 117, while the methanol crossover was 
2.6 times lower than that with Nafion 117.51

The same group57 prepared a membrane made of blends of PBI and 
Nafion for a DMFC operated at 60°C. Diaz et al.58 mainly concentrated 
on the methanol permeability of acid-doped PBI and ABPBI membranes 
at the temperature range between 20 and 90°C. By comparison with 
the Nafion 117, the above works support the advantages of PBI-based 
membranes in increasing the cell performance, energy density, and also 
membrane selectivity.

The recent literatures are also focused on passive DMFC and alka-
line DMFC by using PBI as an electrolyte membrane. Savadogo et al.59 
reported that the ionic conductivity of KOH-doped PBI membrane is in 
the range of 5 × 10−5–10−1 S cm−1; the highest ionic conductivity of 9 × 10−2 
S cm−1 is achieved at 25°C.

Zhao et al. used H3PO4-doped PBI membrane as the electrolyte in 
passive DMFC and that can yield a peak power density of 37.2 and 22.1 
mW cm−2 at 180°C when 16 M methanol solutions and neat methanol are 
used, respectively. In addition, the performance of this new DMFC was 
relatively stable during 132 h stability test.60
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Hasani-Sadrabadi et al. found that nanocomposite of organically modi-
fied montmorillonite (OMMT)/PBI polyelectrolyte membranes doped 
with phosphoric acid performed better than Nafion 117. The membrane 
composed of 500 mol% doped acid and 3.0 wt% OMMT showed a 
membrane selectivity of approximately 109,761 in comparison with 
40,500 for Nafion 117 and also a higher power density (186 mW cm−2) 
than Nafion 117 (108 mW cm−2) for a single-cell DMFC at a 5 M methanol 
feed.61
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ABSTRACT

Smart polymers (SPs) are one of the important classes of polymers and 
its applications have been increasing significantly. SPs are materials that 
respond to small external stimuli. These are also referred as “stimuli 
responsive” materials or “intelligent” materials. Last two to three decades 
shows explosive growth in this subject.

Smart materials field of research is wide and complex not only rela-
tive to the terms but also regarding to its technical aspects and applica-
tions. These polymers show important changes in their properties with 
environmental stimulation. The stimuli include salt, UV irradiation, 
temperature, pH, magnetic or electric field, ionic factors, etc. SPs have 
very promising applications in drug delivery, tissue engineering, cell 
culture, nanocarriers, textile engineering, bioseperation, optical storage 
device, and so on.

SPs including thermal, moisture, light-responsive polymers, and 
pH-responsive hydrogels have been applied to improve textile function-
alities. SPs based on photoresponsive azobenzene moieties have been 
extensively explored as potential materials for high-capacity optical 
storage.

Smart polymeric nanocarriers are an important emerging area in drug 
delivery research. Conductive polymers have been recently used in fuel 
cells, computer displays and microsurgical tools, and also in biomaterials. 
This chapter is focused on the entire features of SPs and their most recent 
and relevant applications.

5.1  INTRODUCTION

The synthetic polymers can be classified into different categories based 
on their chemical properties. Out of these, some special types of poly-
mers have emerged as a very useful class of polymers and have their own 
special chemical properties and applications in various areas. These poly-
mers are coined with different names, based on their physical or chemical 
properties like, “stimuli-responsive polymers”1 or “smart polymers (SPs)” 
or ‘intelligent polymers” or “environmental-sensitive” polymers. The 
characteristic feature that actually makes them “smart” is their ability to 
respond to very slight changes in the surrounding environment.1,15
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SPs classify on the basis of following three perspectives:

•	 the type of polymeric material,
•	 external stimuli, and
•	 their given response.

The uniqueness of these materials lies not only in the fast macro-
scopic changes occurring in their structure but also these transitions 
being reversible. SPs may also be classified depending on their response 
to external stimuli. The responses are manifested as changes in one or 
more of the following—shape, surface characteristics, solubility, forma-
tion of a complex molecular assembly, a sol-to-gel transition, and others. 
The environmental trigger behind these transitions can be either change 
in temperature or pH shift,1 increase in ionic strength, presence of certain 
metabolic chemicals, addition of an oppositely charged polymer and poly-
cation–polyanion complex formation.1 More recently, changes in electric 
and magnetic field1,16 light or radiation forces have also been reported as 
stimuli for these polymers. The physical stimuli, such as temperature, 
electric or magnetic fields, and mechanical stress, will affect the level of 
various energy sources and alter molecular interactions at critical onset 
points. They undergo fast, reversible changes in microstructure from a 
hydrophilic to a hydrophobic state.1 These changes are apparent at the 
macroscopic level as precipitate formation from a solution or order-of-
magnitude changes in the size and water content of stimuli-responsive 
hydrogels.1 An appropriate proportion of hydrophobicity and hydrophi-
licity in the molecular structure of the polymer is believed to be required 
for the phase transition to occur.2,17

Most frequent and promising applications of SPs are focused on 
biotechnology, medicine, and electronic technologies.1 There is not a 
single area left where SPs are unreachable. In this review, we are focusing 
various applications of biopolymers.

5.2  APPLICATIONS IN VARIOUS FIELDS

5.2.1  BIOMATERIAL

Living systems respond to external stimuli adapting themselves to 
changing conditions. Polymer scientists have been trying to mimic this 
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behavior for the last 20 years creating the so-called SPs. SPs have very 
promising applications in the biomedical field as delivery systems of ther-
apeutic agents, tissue engineering scaffolds, cell culture supports, biosepa-
ration devices, sensors, or actuators systems.3

Now, we will focus on pH and temperature sensitive polymers and 
their most recent and relevant applications as biomaterials in drug delivery 
and tissue engineering. Dual-stimuli-responsive materials will also be 
presented because of their high potential in the biomedical field.3

5.2.1.1  pH-SENSITIVE POLYMERS

pH-sensitive polymers are polyelectrolytes that bear in their structure weak 
acidic or basic groups that either accept or release protons in response to 
changes in environmental pH. The pendant acidic or basic groups on poly-
electrolytes undergo ionization just like acidic or basic groups of mono-
acids or monobases.3

pH-sensitive polymers have been used in several biomedical applica-
tions, the most important being their use as drug and gene delivery systems, 
and glucose sensors. Between all the systems described in the literature, we 
report in this section the most attractive examples reported in the last years.3

5.2.1.2  DRUG DELIVERY SYSTEMS

pH varies along the gastrointestinal tract between 2 (stomach) and 10 
(colon).3 This condition makes pH-sensitive polymers ideal for colon-
specific drug delivery. The most common approach utilizes enteric poly-
mers that resist degradation in acidic environment and release drug in 
alkaline media due to the formation of salt.3 There are a large number 
of polysaccharides, such as amylose, guar gum, pectin, chitosan, inulin, 
cyclodextrin, chondroitin sulfate, dextran, and locust beam gum, have 
been also investigated for colon specific drug release.3

5.2.1.3  GLUCOSE SENSORS

One of the most popular applications of pH-sensitive polymers is the 
fabrication of insulin-delivery systems for the treatment of diabetic 
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patients. Delivering insulin is different from delivering other drugs, since 
insulin has to be delivered in an exact amount at the exact time of need. 
Many devices have been developed for this purpose and all of them have a 
glucose sensor built into the system.3 In a glucose-rich environment, such 
as the bloodstream after a meal, the oxidation of glucose to gluconic acid 
catalyzed by glucose oxidase can lower the pH to approximately 5.8. This 
enzyme is probably the most widely used in glucose sensing and makes 
possible to apply different types of pH-sensitive hydrogels for modulated 
insulin delivery.3,20,21

5.2.1.4  TEMPERATURE-RESPONSIVE POLYMERS

Polymers sensitive to temperature changes are the most studied class of 
environmentally sensitive polymers as they have potential applications 
in the biomedical field.3 This type of systems exhibit a critical solution 
temperature (typically in water) at which the phase of polymer and solu-
tion is changed in accordance with their composition. Those systems 
exhibiting one phase above certain temperature and phase separation 
below it possess an upper critical solution temperature. On the other 
hand, polymer solutions that appear as monophasic below a specific 
temperature and biphasic above it generally exhibit the so-called lower 
critical solution temperature (LCST). These represent the type of poly-
mers with most number of applications.3,18 The typical example is poly(N-
isopropylacrylamide) (PNIPAAm) that presents a LCST at 32°C in water 
solution. Below that temperature, the polymer is soluble as the hydro-
philic interactions, due to hydrogen bonding, are predominant, whereas a 
phase separation occurs above the LCST (cloud point) due to predomina-
tion of hydrophobic interactions. Other type of temperature sensitivity 
is based on the intermolecular association as in the case of pluronics or 
poloxamers (PEO–PPO–PEO)3 where hydrophobic associations of PPO 
blocks lead to the formation of micelle structures above critical micelle 
temperature.19

Thus pH-sensitive polymer systems characteristics and applications as 
drug delivery systems, in particular as nanocarriers, have been exposed as 
one of the most promising applications. Temperature-responsive polymers 
from natural and synthetic origin as well as polymer–protein bioconju-
gates, and their temperature behavior, LCST, and gelation mechanisms, 
have been described paying special attention to their applications in tissue 
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engineering processes.3 Finally, the dual stimuli responsiveness of new 
synthetic polymers such as elastin-like systems and acrylic homopoly-
mers and copolymers are discussed in terms of characteristics and possible 
applications in the biomedical field.3

There is one example when hydrogels are prepared by crosslinking 
T-sensitive polymers the temperature sensitivity in water results in changes 
in the polymer hydration degree. Below the transition temperature, the 
polymer swells up to equilibrium hydration degree being in an expanded 
state. By increasing the temperature above the transition, hydrogel deswells 
to a collapsed state. This process is generally reversible and can be applied 
in a pulsatile manner making the polymer to behave as an on-off system 
when the stimulus is applied or removed.3

5.2.2  TISSUE ENGINEERING

Conductive polymers are already used in fuel cells, computer displays, and 
microsurgical tools. These versatile polymers can be synthesized alone, 
as hydrogels, combined into composites or electrospun into microfibers. 
They can be created to be biocompatible and biodegradable. Their phys-
ical properties can easily be optimized for a specific application through 
binding biologically important molecules into the polymer using one of 
the many available methods for their fictionalizations. Their conductive 
nature allows cells or tissue cultured upon them to be stimulated, the 
polymers’ own physical properties to be influenced post-synthesis and 
the drugs bound in them released, through the application of an electrical 
signal. It is thus little wonder that these polymers are becoming very 
important materials for biosensors, neural implants, drug delivery devices, 
and tissue-engineering scaffolds.4

Electroactive biomaterials are a part of a new generation of “smart” 
biomaterials that allow the direct delivery of electrical, electrochemical, 
and electromechanical stimulation to cells.4 The family of electroactive 
biomaterials includes conductive polymers, electrets, piezoelectric, and 
photovoltaic materials.4

Electrets and piezoelectric materials allow the delivery of an electrical 
stimulus without the need for an external power source, but the control 
over the stimulus is limited.4 Conductive polymers, on the other hand, 
allow excellent control of the electrical stimulus, possess very good elec-
trical and optical properties, have a high conductivity/weight ratio and can 

FOR REFERENCE PURPOSES ONLY



Applications of Smart Polymers in Emerging Areas	 81

be made biocompatible, biodegradable, and porous.4 Furthermore, a great 
advantage of conductive polymers is that their chemical, electrical, and 
physical properties can be tailored to the specific needs of their applica-
tion by incorporating antibodies, enzymes, and other biological moieties.4 
Additionally, these properties can be altered and controlled through stimu-
lation (e.g., electricity, light, pH) even after synthesis.4

Considering the vast amount of new possibilities conductive polymers 
offer, we believe they will revolutionize the world of tissue engineering. 
Thus, we chose to gather together in this review all of the available infor-
mation on the most commonly used conductive polymers, their biocom-
patibility, conductivity, synthesis, biomolecule doping, and drug-release 
applications.

Conductive polymers merge the positive properties of metals and 
conventional polymers the ability to conduct charge, great electrical and 
optical properties with flexibility in processing and ease of synthesis.4 The 
early work on conductive polymers was triggered by the observation that 
the conductivity of polyacetylene, a polymer that is normally only semi-
conducting at best, increases by 10 million-fold when polyacetylene is 
oxidized using iodine vapor.4 The underlying phenomenon “doping” and 
is essential for the conductivity of polymers, as only through this process 
do they gain their high conductivity. Doping process introduces the charge 
carriers (polarons and bipolarons) into the polymer and renders it conduc-
tive.4 Similarly to what happens in semiconductor technology, this can 
happen in two ways: p-doping, where the polymer is oxidized and will 
have a positive charge, and n-doping, where the polymer is reduced and 
will possess a negative charge.4 The doping process occurs during synthesis 
and can be carried out chemically, electrochemically or via photodoping.4

In most cases, when the dopant is a biological molecule, as many of 
them are not capable of the redox chemistry that is necessary for chem-
ical synthesis, the electrochemical method has to be used. In this case, 
the biological molecule has to be charged and placed with the monomer 
when the electrochemical synthesis occurs.4 There is a proportional rela-
tionship between the amount of dopant used and the conductivity of the 
doped polymer.4 The conductivity can be further increased by choosing a 
different dopant, but this will affect the surface and bulk structural proper-
ties (e.g., color, porosity, volume) of the polymer.4 The doping is revers-
ible, as an electrical potential applied through the polymer will cause the 
dopant to leave or reenter the polymer, switching it between its conductive 
and insulating redox states.
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Dopants can be separated into two categories based on their molecular 
size: small dopants (e.g., Cl−) and large dopants (e.g., sodium polysty-
renesulfonate) will behave and affect the polymer itself differently.4 Both 
will affect the conductivity and structural properties of the polymer.4 As 
polyacetylene was difficult to synthesize and is unstable in air, the search 
for a better conductive polymer began.4 Polyheterocycles since then have 
emerged as a family of conductive polymers with both good stability and 
high conductance.4

There are currently two main methods for synthesizing conductive 
polymers: chemical and electrochemical.4 During chemical synthesis, 
the monomer solution is mixed with an oxidizing agent (e.g., ferric chlo-
ride, ammonium persulfate).4,11 This process creates a powder or a thick 
film of the polymer and allows its bulk production, which makes it the 
method of choice for commercial applications.4,13,14 An additional advan-
tage of chemical polymerization is that it can be used to create all types 
of conductive polymers, including some novel conducting polymers that 
cannot be synthesized with the electrochemical method.4,10,12

The choice of dopant defines the properties of the polymer and allows 
its functionalization for a specific application.4

Applying an electrical signal through a conductive polymer substrate 
allows the behavior of the cells or tissue cultured upon it to be influenced.4 
These multiple levels, where conductive polymers can be easily modified, 
grant a degree of control over the properties of the material, before and 
after synthesis, that no other material can provide. Thus, conductive poly-
mers have lot of applications in tissue engineering.

5.2.3  TEXTILE APPLICATIONS

SPs are materials which can show noticeable changes in their properties 
with environmental stimulation. Novel functionalities can be delivered to 
textiles by integrating SPs into them. SPs including thermal-, moisture-, 
and light-responsive polymers, and thermal- and pH-responsive hydrogels 
have been applied to textiles to improve or achieve textile smart function-
alities. The functionalities include esthetic appeal, comfort, drug release, 
wound monitoring, fantasy design (color changing), smart wetting proper-
ties, and protection against extreme environmental variations.5

SPs, such as shape memory polymers (SMPs), phase change mate-
rials (PCMs), color change polymers, and intelligent polymer hydrogels, 
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have developed rapidly in the past few decades. Because they are easy to 
process, and are light and flexible, SPs have been an important material 
in textile processing. SMPs have the capability to memorize a permanent 
shape and to be programed to assume one or many temporary shapes; upon 
exposure to an external stimulus, they spontaneously recover their original 
permanent shape. For example, a closed flower (temporary shape) made of 
a SMP is fixed at a lower temperature and recovers from the closed state to 
an open flower (original shape) when the temperature is increased above 
its switch temperature.5

PCMs have the ability to absorb and emit heat energy without changing 
temperature themselves. These waxes include eicosane, octadecane, 
nonadecane, heptadecane, and hexadecane, which all have different 
freezing and melting points, and when combined in a microcapsule 
will store and emit heat energy and maintain their temperature range of 
30–34°C, which is comfortable for the body.5

SP hydrogels undergo reversible volume change responding to a small 
variation in solution conditions (external stimuli), such as temperature, 2–7 
pH2,8,9 and solvent compositions. Some hydrogels such as poly(N-substi-
tuted acrylamide), poly(N-vinyl alkyl amide), poly(vinyl methyl ether), and 
poly(ethylene glycol-co-propylene glycol) have been studied and utilized 
for diverse textile applications. Poly(N-isopropyl acrylamide)5 (PNIPAAm) 
is an intensively concentrated temperature-sensitive polymer which has a 
simultaneously hydrophilic and hydrophobic structure. Because of its sharp 
temperature-induced transition, PNIPAAm (and in particular the PNIPAAm 
hydrogel) has been developed into stimuli-sensitive textiles.5

Polymers which change their visible optical properties in response 
to external stimuli have aroused the growing interest of researchers. 
According to the external stimulus, these polymers are classified as

•	 thermochromic (stimulus: temperature);
•	 photochromic (stimulus: light);
•	 electrochromic (stimulus: electric field);
•	 piezochromic (stimulus: pressure);
•	 ionochromic (stimulus: ion concentration); and
•	 biochromic (stimulus: biochemical reaction).

Most SPs can be triggered in a variety of ways such as the response of 
SMPs to thermal, chemical, magnetic, and water stimuli. Another example 
is the way a hydrogel can respond to pH, heat, light, magnetic fields, etc. 
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These diverse stimuli make it possible to use SPs in different applications. 
SPs used in textiles usually appear in various forms such as film, fiber, 
solution, or gel to meet different processing requirements in textiles.5

Different types of SPs have significant effects on the applications used 
in textile technology. There are a variety of SPs that can be used with 
specific processing techniques, such as finishing, spinning, weaving, or 
laminating. It is important to use the correct type of SP for SPs for textile 
applications 439 specific textile applications. There are five common 
forms or shapes used to describe the SPs mentioned in the introduction. 
The five forms are

•	 solution;
•	 microcapsules;
•	 gel;
•	 film/foam;
•	 fiber; and
•	 nonwoven.

These forms are either in direct or intermediate states when incorpo-
rated into textiles. I would like to focus some amazing facts of these poly-
mers in textile applications.5

5.2.3.1  COLOR CHANGE FIBER

The fiber method was developed later than the printing and dyeing method 
for color change materials. Color-change fibers have better washing dura-
bility than solution finishing and film lamination on textiles. The main 
manufacturing methods of color-change fibers include solution spinning, 
melt spinning, treatment, and graft copolymerization. The polymer and 
antitransfer agent are added in the solution and spun directly.5

The melt spinning method includes the polymerization, polyblending, 
and sheath–core compound spinning methods. Posttreatment also gives 
the fiber a chromic property. Common fibers or fabrics are dipped into 
solution which includes styrene monomer with pyrone, and the fiber and 
fabrics gain photochromic properties due to the monomer polymerizing. 
Chromic groups can also be introduced into polymers during polymeriza-
tion. These polymers can be spun to produce chromic fibers. This method 
is a polymerization method. The polyblending method uses chromic 
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polymers and polyester, polyamide, and other polymers blended and melt 
spun. It is simple but has a high demand for the chromic polymer. Sheath–
core compound spinning is the main method for chromic fiber manufac-
turing. The core component is a chromic agent and the sheath is a common 
fiber. The core contains 1–40% chromic agent and the melting point is 
below 230°C. This chromic fiber has good hand-feeling, washability, and 
color reaction. Posttreatment and graft copolymerization methods are also 
used in chromic fiber production.

This method is simple and easy to control and extend. The simplest 
methods of combining chromic material and fabrics are printing and dyeing.

The chromic materials should be encapsulated first and mixed into 
resin solution. The solution is printed onto the fabric which gains the 
chromic qualities.

5.2.3.2  MEDICAL TEXTILE

The expanding field of medical textiles comprise all textile products 
that contribute to improving human health and well-being, protecting 
us against bacteria and infection, providing external support for injured 
skin, promoting the healing of wounds, and replacing injured and diseased 
tissues and organs. SPs can provide diversified and multifunctional options 
for design and fabrication. Some important advantages of these medical 
textiles are discussed in the following sections.

5.2.3.3  SKINCARE TEXTILE

The controlled release behavior and thermally regulated pore size control 
characteristics of hydrogel modified fabrics may be used for wound dressing, 
dialysis membranes, drug delivery carriers, separation membranes, skin-
care, and cosmetic materials.5 With suitable design, the skincare products 
prepared from stimuli-responsive hydrogel-treated textiles can bring a 
moisturizing, whitening, brightening, or even antiaging effect to human 
skin. A facial mask made of the TRPG-treated nonwoven fabric, which is 
sensitive to the temperature of human skin, can act as a carrier media with 
controlled release of nutritious ingredients, perfumes, or other drugs to 
human skin in response to changes in human skin temperature.5 The study 
has shown that the release of vitamin C could be controlled by varying 

FOR REFERENCE PURPOSES ONLY



86	 Novel Applications in Polymers and Waste Management

the surrounding temperature. At present, there are still some challenges 
that need to be solved, such as the high stiffness and brittleness especially 
when the material is in a dry state.5

5.2.3.4  WOUND DRESSING TEXTILE

Chitin/chitosan and chitosan derivatives have excellent antibacterial prop-
erties and a good wound-healing effect. Chitosan hydrogel as a wound 
dressing can aid in the reestablishment of skin architecture. Alginate fila-
ments and cotton fabric coated with chitosan have been developed for 
advanced wound dressings. In addition to chitin/chitosan, many hydrogel 
products for wound dressings have been developed from biopolymers.5,8

Wound dressings with stimuli-responsive hydrogels can provide a 
novel drug release system in response to variations in pH/temperature 
causing the wounds to heal at a faster rate. SPs have been providing enor-
mous opportunities and potential in the textiles industry. By integrating 
SMPs into textile structures, we can obtain novel functional textiles with 
profound properties in terms of esthetic appeal, moisture/temperature 
management, protection against extreme climatic conditions, textile soft 
display, wound monitoring, skincare, fantasy design with color change, 
controlled release, and smart-wetting properties on textile surfaces.5,9

5.2.4  OPTICAL DATA STORAGE

SPs based on photoresponsive azobenzene moieties have been exten-
sively explored as potential materials for high capacity optical storage.6 
The expansion of Information and Communication Technology has had an 
enormous impact on the socioeconomic progress of humankind.6

Modern digital society requires continuous development of the 
means to generate, distribute, and store increasing amounts of informa-
tion in a fast and safe fashion.6 This progress has been possible in part 
due to advances in different areas of material science and technology. For 
example, the continuous development of photolithographic techniques 
and polymeric photoresists has kept pace with Moore’s law, doubling 
the number of transistors per unit area on an integrated circuit every two 
years. Another key element in this information revolution has been the 
development of information storage technologies.6 Nowadays, there are 
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several types of information storage systems, with the most common ones 
being magnetic hard drives, magnetic tapes, optical discs and solid-state 
drives (flash memory). In all cases, information is stored as a change in a 
physical property of a material or device.6

Flash memory stores information as electronic charge in a solid-state 
memory cell, while changes in magnetic or optical properties are used to 
store data in magnetic and optical discs. All of these technologies coexist, 
each having pros and cons with respect to access speed, durability, capacity, 
and price, and so the needs of each application holographic storage is an 
alternative optical technology with significantly improved storage capacity 
and information transfer rates. Using a completely different approach, 
holography makes use of the whole volume dictate the choice of equipment.

Holographic storage is an alternative optical technology with signifi-
cantly improved storage capacity and information transfer rates. Using 
a completely different approach, holography makes use of the whole 
volume of the recording material, boosting the storage capacity of a 
single disc. In addition, it is possible to record or read a complete page 
of information (containing thousands of bits) in one single event, enor-
mously increasing the transfer rate compared to conventional, bit by bit 
reading, optical discs.

The idea for holographic data storage arose in the early 1960s, but its 
commercial introduction has been a slow process. Despite the advances in 
systems design and materials, mainstream storage technologies have evolved 
even faster, and they have narrowed the market for holographic storage.

Materials development is a major issue in developing holographic 
optical storage technology due to the demanding storage media require-
ments, the most important being:

good optical quality with low scattering losses;

•	 good sensitivity, which allows rapid recording of holograms and is 
energy-efficient;

•	 a large dynamic range, with the medium able to multiplex several 
holograms in the same volume;

•	 low optical absorption, so that the whole volume of the recording 
media can be sensitized; and

•	 stability of the recorded holograms.6

If the recording medium needs to be rewritable, it should be possible to 
erase recorded information, preferentially in a local fashion, for example, 
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using light.6 The search for volume holographic materials that fulfill all 
the previously described properties has been an active topic of research for 
several decades. However, despite these intensive efforts, further research 
is still needed. Inorganic materials showing photo refractivity (e.g., LiNiO3, 
KNiO3) have been explored as suitable reversible volume holographic 
materials. Polymeric systems have also been investigated, especially those 
based on photopolymers in which light triggers a polymerization reaction 
leading to a change in the refractive index of the material.6 SPs containing 
photochromic units, which experience reversible photo-induced transfor-
mations between two states with different absorption spectra, have also 
been studied as rewritable holographic materials.6

For example, light-induced pericyclic reactions have proven suitable 
for optical data storage Thus, smart photo addressable polymers containing 
azobenzene units have been actively investigated over more than two 
decades as media for optical data storage. Information can be recorded 
in these materials, through the effect of polarized light, as local changes 
in birefringence. This information can later be erased by optical means, 
making these materials potential candidates for rewritable optical storage.6

5.3  CONCLUSION

Thus from the above discussions, we can say that there is not a single area 
in which SPs cannot be utilized. From drug delivery to textile engineering, 
tissue engineering to optical storage device, everywhere these polymers 
are not only useful but also advantageous than the earlier product which 
were used. They really work as intelligent polymers.
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ABSTRACT

Nanotechnology seems to be gaining importance rapidly as a powerful 
technology. Its immense potential promises the possibility of significant 
changes in near future. Today, the products made from polymer nanocom-
posites (PNCs) have shown their potential applications in gas sensing, 
drug delivery, nanoelectronics, energy harvesting for self-powered nano-
systems, solar cells and batteries, aerospace materials, etc. In the last two 
decades, there has been proliferation in the research field of polymer nano-
technology. This research area includes nanopolymers, nanomaterials, 
nanocomposites, nanohybrids, nanodevices, nanocrystals, nanofibers, 
nanoclays, nanotubes, nanofilters, nanohorn, nanowires, nanosprings, 
nanorods, and nanomembranes, which have been explored. The essence 
of nanoscience is the ability to work at molecular level, atom by atom 
to create macrostructures with fundamentally new molecular organiza-
tion. Nanotechnology is the application of these structured materials at 
nanoscale in solving problems of real life. As a result of molecular manu-
facturing and advanced form of nanotechnology, various types, prepara-
tion methods, properties, and applications of PNC are discussed in this 
chapter, which aims to review the previous work done and recent advance-
ments in the field of polymer and plastics nanotechnology.

6.1  INTRODUCTION

Polymer nanocomposites (PNCs) are extensively utilized as numerous prod-
ucts across a wide variety of industries. In essence, the difference, between a 
pure polymer and a PNC as the choice of use in applications, is the addition of 
a suitable nanofiller (inorganic, conducting, stacked layers, clays, and bioma-
terials) at the nanoscale. The purpose behind addition of these nanofillers is to 
enhance the various properties of “pure and neat polymer” which make them 
“PNC matrix” embedded by nanofillers with improved performance. This 
is achieved by creating an interfacial phase due to the nanofiller dispersed 
within the “bulk” phase of the polymer. For optimal results, the nanomate-
rials need to be completely separated and dispersed uniformly throughout. In 
practice, this is challenging because of the inorganic/organic incompatibility 
between the phases that may result in aggregation. PNCs possess superior 
characteristic properties over conventional micro-composites; therefore, 
PNCs can offer new potential for various applications.1–71
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6.2  TYPES OF PNCs

6.2.1  NATURAL FILLER-BASED POLYMER COMPOSITES

In early 1990s, wood polymer composites have been researched in plas-
tics and wood technology because of their superior mechanical properties 
that are better than the pure wood. Wheat straw, cane bagasse, and teak 
sawdust (agro waste) can be reinforced with and without maleic anhydride 
(MA) treatment using Novolac resin to prepare composite sheet.1 Natural 
filler like potato starch and urea have shown good degradable properties in 
linear low density polyethylene (LLDPE) composite.2 Cane bagasse pith is 
also useful natural filler which can be esterified with MA, succinic anhy-
dride, and phthalic anhydrides. These esterified natural fillers strengthen 
the mechanical properties of composites.3,4 Natural and MA esterified 
fibers of banana, hemp, and sisal are the reinforcing agents in Novolac 
resin which can be useful in study of water and steam absorption.5

6.2.2  INORGANIC NANOMATERIAL-FILLED PNCs

Inorganic hydrates are commonly used in formulation of flame-retardant 
composite due to their ability to dehydrate under endothermic fire condi-
tions. Inorganic nanofillers, like Mg(OH)2,

6–8 CaCO3,
9–28,49 CaSO4,

29–36 
Ca3(PO4)2,

29,32,37–39 BaSO4,
40,41 Al(OH)3,

42 and BaCO3,
43 have been used 

for preparation of PNCs.36,44 Inorganic filled PNCs have been prepared 
by various polymers like PBR,9,16,20 epoxy resin (ER),10,21,24,41 silicon 
rubber (SR),22 polymethyl methacrylate (PMMA),26,27 polyurathene 
rubber (PU),8,38,42 polypropylene (PP),13,27,43 ethylene propylene diene 
monomer (EPDM) rubber,17,43 polyamide,7,19,33,39,45,46 poly vinyl chloride 
(PVC),18,34,47,48 styrene–butadiene rubber (SBR),11,14,31,49 and polystyrene 
(PS).23,35,50

6.2.3  ELASTOMERIC NANOCOMPOSITES

Rubbers like PBR,9,16,20 SBR,11,14,49 PU,8,38,42 EPDM,17,43 SR,22,50,51 viton 
rubber (VR)52 are widely used for preparation of elastomeric PNCs. 
Various inorganic nanofillers, nanoclays,50–52 and polymeric, conducting 
and bio-based materials have been used to prepare elastomeric PNCs.
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6.2.4  CLAY AND NANOLAYERS-BASED PNCs

Various nanoclays like, organically modified montmorillonite (OMMT) 
nanoclays and MMT,45,47,48,50–56 natural bentonite,46 aluminosilicate clay 
(halloysite),57 and surfactants (modified by bio and organic) have been 
used to prepare PNCs. Polymers like polyamide,45 PVC,47,48 SR,50,51 
VR,52 polylactic acid (PLA),53,55 polyvinyl alcohol,56 and polyacrylic acid 
(PAA)46,57 are widely used to prepare clay-based PNCs.

6.2.5  POLYMER NANOBLENDS

Core–shell nanoparticles (CSNPs) of nano-CaCO3/PMMA were success-
fully blended with commodity polymer, that is, PP.27 An isotactic PP-EPDM 
filled with nBaCO3 is also a useful blend.43 PS can be used to prepare the 
blend of PS:PLA and PS:PLA:OMMT nanocomposites,53 which possess 
biodegradability. Polystyrene nanoparticles (nPS) can be blended with 
copolymers nanoparticles of polyacrylonitrile and poly(styrene/acryloni-
trile))58–61 and PP,59–61 which were synthesized by microemulsion process 
using different monomer ratios.58–61 Similarly, blend which includes 
polymer nanoparticles nPMMA/LLDPE is also useful.62

6.2.6  CONDUCTING MATERIAL OR POLYMER-BASED PNCs

Nanofillers like carbon nanotbes (CNTs),63 silver nanoparticles,64 γ-ferric 
oxide (γ-Fe2O3) nanoaparticles are most widely useful conducting nano-
materials to prepare their PNCs. Various conducting polymers like poly-
ethylene oxide (PEO)63 and polyaniline (PANI)64,65 are generally used to 
prepare conducting PNCs.66,67

6.2.7  BIO-MATERIAL OR BIOPOLYMER-BASED PNCs

Most widely used biopolymer, that is, PLA has been used to prepare 
PS:PLA and PS:PLA:OMMT53,55 PNCs for their biodegradable study. 
Biopolymer like gum ghatti can be also used to prepare biosurfactant-
assisted CaSO4/PS nanocomposites. Biosurfactants like rhamnolipid and 
surfactin have been used to modify inorganic various nanofillers.35 Various 
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biomaterials like chitosan and CNT-grafted chitosan are generally used. 
PNC of polycaprolactone grafted with chitosan can be used for vapor-
sensing purpose.68 Biosurfactant, like trehalose lipid and rhamnolipid, 
modified nanoparticles have been used to prepare PMMA nanocomposites 
for biodegradable study.69

6.2.8  CORE–SHELL MATERIAL-BASED PNCs

PS/CaCO3 nanoparticles (having size <100 nm) with core–shell structure 
were synthesized by atomized microemulsion technique. The polymer 
chains were anchored onto the surface of nano-CaCO3 using silane as a 
coupling agent.23,25 The nanocontainers aluminosilicate clay (halloysite) 
can be used in nanocylindrical shape for loading of fragrance of rose-
water. The fragrance-loaded nanocontainers were coated with a thin layer 
of polyelectrolyte, that is, PAA.57

6.3  PREPARATION METHODS FOR PNCs

6.3.1  MELT-EXTRUSION PROCESSING

Variable quantity of inorganic nanofiller was premixed into a polymer 
matrix, which was prepared by melt-extrusion processing or rheomix 
mixing (Fig. 6.1).

FIGURE 6.1  Preparation of PNC by melt-extrusion process.
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PNCs of PP nanocomposites were injection-molded by reinforcing vari-
able amount of inorganic nanofillers like Mg(OH)2,

6 CaCO3,
13,15 CaSO4, 

and Ca3(PO4)2
29,30,32,37 nanoparticles in an injection-molding machine by 

keeping temperature at 210°C in the feed zone, 220°C in the compression 
zone, 225°C in the metering zone, and 230°C in the nozzle. An isotactic 
nanoblend of PP/EPDM filled with nBaCO3 was prepared in twin-screw 
extruder, which was then subjected to injection molding to get dumbbell-
shaped specimens.43

6.3.2  MELT MIXING AND COMPOUNDING

Elastomeric nanocomposites can be compounded in two roll mill 
(Fig. 6.2) and molded in compression molding machine. For the prepara-
tion of elastomeric PNC, ingredients like rubber, stearic acid, zinc diethyl 
dithiocarbamate 2,2-dibenzothiazyl disulfide (MBTS), zinc oxide (ZnO) 
as accelerators, vulconex as antioxidant, sulfur, and the variable amount 
of nanofillers (nano-CaCO3, commercial CaCO3)

9,11,12,14,16,17,49 are gener-
ally added. Linseed oil can be used as extenders in rubber composites for 
homogeneous mixing of nanoparticles.12

FIGURE 6.2  Preparation of PNCs by two roll mill.
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Various rubber-based nanocomposites like millable PU/nano-
Mg(OH)2,

8 PBR/nano-CaCO3,
9,16,20 ER/nano-CaCO3,

10,21 SBR/nano-
CaCO3,

11,14,49 SR/nano-CaSO4,
22 SBR/nano-CaSO4,

31 PU/nAl(OH)3,
42 SR/

OMMT,50,51 and VR/OMMT52 have been masticated by compounding in 
two roll mill. After complete mixing of filler, curing agent was generally 
added and further mastication can be performed for 5 min to get a uniform 
dispersed soft sheet. For curing, the compounded rubber was compressed 
in a compression molding machine for optimum cure time at cure temper-
ature under 100-kg/cm2 pressure to get a cure sheet. The isotactic PP/
EPDM/nBaCO3 rubber nanoblend43 was prepared by melt mixing using 
Brabender counter-rotating twin-screw plasticorder unit equipped with 
helical die head.43

Polyamide nanocomposites filled with nano-Mg(OH)2,
7 nano-

CaSO4,
33 nano-Ca3(PO4)2,

39 and OMMT45 were compounded via melt 
intercalation on twin-screw extruder. PVC nanocomposites filled with 
nano-CaCO3,

18 OMMT,47,48 and nano-CaSO4
51 were prepared using 

ingredients by dry blending with other additives in a conical twin-screw 
high intensive extruder/plasticorder.51 The dry mix was fed into the 
conical twin-screw extruder through the vibrating pad hopper. The dry 
blending was carried out in a high intensive mixer with rotating speed 
of 50 rpm for 15 min at the temperatures of the feed zone, compression 
zone, and metering zone of 150, 160, and 170°C, respectively, while the 
temperature of die was kept at 175°C. The compounded materials were 
extruded through the slit die and the PVC nanocomposites sheets were 
prepared.18,46,48

6.3.3  SOLUTION BLENDING

PU/Ca3(PO4)2 nanocomposites can be prepared by solution blending by 
addition of caster oil at ambient temperature for various periods of mixing. 
On complete mixing of nanoparticles in caster oil, methylene di-isocyante 
and polyol were mixed in the complex with various stirring periods. Foam 
was formed after proper mixing, which was poured in a well-defined mold 
to obtain sheet.38 SR/OMMT nanocomposites were prepared through solu-
tion blending method by dissolving SR in chloroform followed by disper-
sion of OMMT in chloroform under controlled stirring. After complete 
mixing, solvent was evaporated at room temperature.50,51
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6.3.4  MICROEMULSION POLYMERIZATION

Transparent or translucent dispersions of homopolymer and copolymer 
nanoparticles (size of 10–100 nm) can be synthesized by oil/water (o/w) 
atomized microemulsion process as shown in Fig. 6.3a.58,59

In this method, atomized reaction is used in which monomer (purified 
and distilled under reduced pressure before use) is sprayed through the 
nozzle of atomizer by reciprocating compressor at controlled temperature 
and pressure with constant rate. The baffles are mounted at the top of the 
reactor to bounce back the monomer stream from outgoing air. The exhaust 
is then led through the distillation column for the recovery of monomer. 
After complete addition of the monomer, the polymerization reaction was 
maintained for 1 h, which can be stopped by cooling it to room temperature. 
A transparent or translucent dispersion was formed, which indicates the 
formation of microemulsion of nPS nanoparticles.58 The above phenom-
enon indicates that as the amount of initiator increased, the numbers of 
free radicals also increased. These free radicals had enough time to react 
with the sprayed monomer mists well protected by micelle. The maximum 
number of free radicals gets larger surface area to react with large number 
of well-protected single monomer droplets, resulting in more number of 
smaller particles in the reaction system. Hence, growth of the particles can 
be initiated at a number of sites in semi-batch mode. In this way, coagula-
tion of two or more particles is inhibited to obtain particles in nanoform as 
shown in Fig. 6.3b.58 Acrylate latex nanocomposites can also be prepared 
by emulsion polymerization of MMA and butyl acrylate by stabilizing Prus-
sian blue using mixture of Tween 80 in deionized water containing APS.70

Transparent or translucent dispersion of spherical nPS (10–100 
nm),23,59,60 and nPMMA (20–50 nm)26,27 can be easily synthesized by oil/
water (o/w atomized) microemulsion process. The isolated nPS particles 
are generally used to prepare blend with PP.59,60 Nanocomposites with core–
shell structure, that is, nanoCaCO3/PS23,25 and nanoCaCO3/nPMMA26,27 
and PMMA/biosurfactants (rhamnolipid/surfactin/trehalose lipid)69 were 
synthesized by atomized microemulsion technique.

6.3.5  IN-SITU POLYMERIZATION

PNCs based on poly(styrene–butylacrylate–acrylic acid) of (PSBA)/BaSO4 
were synthesized in-situ copolymerization under ultrasound treatment of 
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20 min.40 PANI/γ-Fe2O3 nanocomposites were prepared by in-situ chem-
ical polymerization route under ultrasound environment.65

6.3.6  ULTRASOUND-ASSISTED POLYMERIZATION

Nanoclay-based PNCs have been undertaken by using PAA in aqueous 
medium and ultrasound environment.46 ER/nanoCaCO3 was synthesized 
using ultrasound-assisted polymerization technique with controlled reac-
tion parameters.21,24 PS:PLA and PS:PLA:OMMT nanocomposites were 
prepared under controlled ultrasonic cavitation technique for 30 min.53,55 
PNCs-filled conductive nanofillers can be prepared by melt mixing 
process.64,66,67 Dispersion of CNTs in polymers (PEO) was also carried out 
using a probe sonicator for 15 min, keeping the beaker immersed in cold 
water (Fig. 6.4).64 PNCs of ER/nBaSO4 were successfully synthesized 
using solution polymerization technique with controlled reaction param-
eters under ultrasound cavitation technique to remove the agglomeration 
of nanoparticles in the resin.41

FIGURE 6.4  Pictorial representation of (a) cavitation, (b) nuclei growth due to bubble 
collapse, (c) encapsulation of silver nanoparticles by PEG, and (d) incorporation of silver 
nanoparticles between PANi chains64 (Reprinted from Mishra, S.; Shimpi, N. G.; Sen, 
T. The Effect of PEG Encapsulated Silver Nanoparticles on the Thermal and Electrical 
Property of Sonochemically Synthesized Polyaniline/Silver Nanocomposite. J. Polym. 
Res. 2013, 20, 49. With kind permission from Springer Science and Business Media.)
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6.3.7  SOLUTION CASTING

Solution casting or drawdown coating can be used to make nanocomposite 
films. These films were prepared by depositing a known mass of blended 
suspension onto an aluminum pan and air drying in an oven at either 40 
or 120°C.56

6.4  PROPERTIES OF PNCS

Advances in the fundamental understanding of role of the filler-polymer 
interface/interphase have driven growth in PNCs applications. Conse-
quently, achieving enhanced properties of PNCs and performance depends 
critically on maximizing dispersion of nanoparticles in the polymer matrix. 
The improvement of properties of PNCs basically depends on structure, 
surface area of nanoparticles, and interfacial bonding with polymer matrix. 
The improvement in properties of PNC basically depends on the crystal-
line structure and the degree of the crystallinity, so the melt behavior of the 
thermoplastic nanocomposites is technologically important for industrial-
processing conditions.

6.4.1  MECHANICAL PROPERTIES

An improvement in mechanical properties of PNCs can be observed by 
proper intercalation, reinforcement of polymer matrix with different nano-
materials. Mechanical properties of inorganic nanomaterial-filled PNCs 
were found to be improved as compared to virgin polymer. Nanoparticles 
transfer the heat uniformly thoroughout the matrix during cross-linking. 
Also, uniform dispersion of nanofiller prevents catastrophic failure of the 
specimen by arresting the crack growth and to increase the extensibility 
of rubber-based PNCs. Improvement in mechanical properties of rubber-
based PNCs is due to greater degree of cross-linkage during vulcanization 
of rubber by uniform transfer of heat in to the rubber matrix. It is also due to 
the very fine size of the particles, which produced more interfacial bonding 
along with good dispersion and homogeneity of bonding. Table 6.1 shows 
mechanical properties of various PNCs filled with nano-CaCO3.

The addition of other inorganic nanofillers like Mg(OH)2,
6–8 nano-

CaCO3,
9–28,49 CaSO4,

29–36 and Ca3(PO4)2,
29,32,37–39 BaSO4,

40,41 Al(OH)3,
42 and 
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BaCO3
43 is also capable for improvement in mechanical properties of 

PNCs due to higher mobilization of the matrix molecules, higher nucle-
ation, and the intercalation of polymer chains in the nanolayers galleries.

TABLE 6.1  Mechanical Properties of n-CaCO3-filled PNCs.

Polymer or 
rubber used

Tensile 
strength

Hardness % Elongation 
break

Young’s 
modulus

Moduli at 
elongation

PBR9,16,20 1.03 MPa  
(8 wt%)

65 (12 wt%) 261% (8 wt%) 3.06 MPa 
(8 wt%)

1.41 MPa  
(8 wt%)

ER10,21,24 9 MPa  
(10 wt%)

– – 1400 MPa 
(10 wt%)

–

SBR11,12,14,49 2.58 MPa 
(0.4 wt%)

73 (8 wt%) 663% (0.4 wt%) 1300 MPa 
(10 wt%)

1.2 MPa 
(0.4 wt%)

EPDM17 2.4 MPa  
(10 wt%)

– 625% (10 wt%) – –

PVC18 79.5 MPa  
(9 wt%)

72 (9 wt%) 22% (9 wt%) – –

PA19 9 MPa  
(4 wt%)

98 (4 wt%) 8% (4 wt%) 67 (4 wt%) –

SR22 8.5 MPa  
(10 wt%)

– 780% (10 wt%) – –

PS25 34 MPa  
(1 wt%)

– 50% (0.25 wt%) – –

Parenthesis indicates loading of nanofiller with minimum size.

The improvement in mechanical properties of rubber-based PNCs 
might be due to the over curing of the matrix at the mold surface as a result 
of higher temperature for longer period of time. This increment is also 
observed in compressive strength of smaller nanoparticles due to their role 
as nucleating agents, which can create greater numbers of reduced closed 
cells, and also it can dissipate compressive load. Nanoclay-based PNCs 
were found to be improved due to reduced viscosity during processing.

6.4.2  SURFACE MORPHOLOGICAL PROPERTIES

For rubber, inorganic nanoparticles are strongly fixed by electrostatic 
forces, so it is necessary to add a hydrophobic layer with coupling agent to 
reduce the agglomeration problem. This phenomenon is also observed from 
the SEM (Fig. 6.5a and b), in which uniform dispersion and the agglomerated 
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structure are clearly observed in rubber matrix for 8 and 12 wt% loading 
of CaCO3. SEM of pure PBR and commercial CaCO3-filled PBR are also 
given in Fig. 6.5c and Fig. 6.5d, respectively. TEM of pure nano-CaCO3 is 
also observed in Fig. 6.5e, which looks like a nano-flower structure.16

FIGURE 6.5  (a) SEM micrographs of 8 wt% nano-CaCO3 filled in PBR (9 nm), (b) 
SEM micrographs of 12 wt% nano-CaCO3 filled in PBR (9 nm), (c) SEM micrographs of 
pristine PBR, (d) SEM micrographs of 8 wt% CaCO3 filled in PBR (commercial), and (e) 
TEM image of nanosize CaCO3 (9 nm)16.

Inorganic nanoparticles are strongly fixed by electrostatic forces in 
rubber, so it is necessary to add a hydrophobic layer with coupling agent 
to reduce the agglomeration problem. This phenomenon gives the clear 
idea of agglomeration and uniform dispersion of CaCO3 nanoparticles in 
to the rubber matrix at 8 and 10 wt% loading of fillers in SBR.49 This 
phenomenon can also be observed by SEM (Fig. 6.6) of nano-CaSO4/
SBR nanocomposites, which gives a clear idea of the agglomeration and 
uniform dispersion of the nanoparticles in the rubber matrix at 10 and 12 
wt% loadings of the filler.31
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FIGURE 6.6  (a) SEM of 10 wt% nano-CaSO4/SBR, (b) SEM of 12 wt% nano-CaSO4/SBR, 
and (c) TEM of CaSO4 nanoparticles31 (Reprinted with permission from Mishra, S.; Shimpi, N. G. 
Effect of the Variation in the Weight Percentage of the Loading and the Reduction in the Nanosizes 
of CaSO4 on the Mechanical and Thermal Properties of Styrene–Butadiene Rubber. J. Appl. 
Polym. Sci. 2007, 104, 2018–2026. © 2007, John Wiley.)

The synthesized CSNPs were characterized by transmission electron 
microscopy that indicated the particle size <100 nm (Fig. 6.7a). The micro-
emulsion reaction phenomena can give rise to the formation of CSNPs as 
well as free nano-CaCO3 and PMMA nanoparticles.

FIGURE 6.7  (a) Nano-CaCO3/PMMA core–shell nanoparticles (CSNP) (b) 1 wt% CSNP 
reinforced PP composites26,27. (a: Reprinted from Chatterjee, A.; Mishra, S. Novel Synthesis with an 
Atomized Micro Emulsion Technique and Characterization of Nano-calcium Carbonate (CaCO3)/
Poly(Methyl Methacrylate) Core–Shell Nanoparticles. Particles 2013, 11, 760–767. © 2013, with 
permission from Elsevier; b: Reprinted from Chatterjee, A.; Mishra, S. Rheological, Thermal 
and Mechanical Properties of Nano-Calcium Carbonate (CaCO3)/Poly(Methyl Methacrylate) 
(PMMA) Core–Shell Nanoparticles Reinforced Polypropylene (PP) Composites. Macromol. Res. 
2013, 21(5), 474–483. © 2013, with kind permission from Spring Science and Business Media.)

So, it is necessary to measure the percent grafting of CSNPs and therefore, 
CSNPs have to be separated from free nano-CaCO3 and PMMA nanopar-
ticles. These CSNPs can be reinforced in to PP matrix. It is clearly observed 
that PMMA shells were completely merged with PP matrix, and nano-CaCO3 
particles were integrated with PP matrices by the grafted polymer chains.27

Figure 6.8 presents the TEM micrographs of pure PANI/PEG-Ag (0 
and 2 wt%) nanocomposites and silver nanoparticles. Plate-like, nanosized 
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silver with dimension of about 50 nm × 35 nm is observed in all the nano-
composite systems.64

FIGURE 6.8  PEG encapsulated silver-nanoparticle-based PANI/Ag nanocomposites64 
(reproduced by permission). (Reprinted from Mishra, S.; Shimpi, N. G.; Sen, T. The Effect 
of PEG Encapsulated Silver Nanoparticles on the Thermal and Electrical Property of 
Sonochemically Synthesized Polyaniline/Silver Nanocomposite. J. Polym. Res. 2013, 20, 
49. © 2012 with the kind permission of Springer Science and Business Media.)

Fig. 6.9a–d presents the FE-SEM micrographs of γ-Fe2O3 nanoparti-
cles and PANi/γ-Fe2O3 nanocomposites (1, 2, and 3 wt%). Uniform nano-
spheres of γ-Fe2O3 with a diameter of ∼22 nm were observed, as shown 
in Fig. 6.9a. This shows the effectiveness of ultrasound in producing non-
aggregated nanoparticles even in the absence of an encapsulating agent. 
Fig. 6.9(b–d) shows the nanospheres of γ-Fe2O3 were uniformly dispersed 
in the PANi matrix. Nanofibrillar morphology of PANi with a diameter 
of about 100, 96, and 70 nm (±5 nm) can be seen for 1, 2, and 3 wt% of 
PANi/-Fe2O3 nanocomposites, respectively.65

FIGURE 6.9  FE-SEM micrographs of (a) γ-Fe2O3 nanoparticles (500 nm) and PANi/γ-Fe2O3 
nanocomposites at 1 wt% (b), 2 wt% (c), and 3 wt% (d) (1 µm)65 (Reprinted from Sen, T.; Shimpi, 
N. G.; Mishra, S.; Sharma, R. Polyaniline/γ-Fe2O3 Nanocomposite for Room Temperature. 
LPG Sens.: Sens. Act. B 2014, 190, 120–126. © 2014, with permission from Elsevier.)
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6.4.3  FLAME-RETARDANT PROPERTIES

The relationship between the nanofiller concentration and the rate of 
burning for the PNCs represents the flame-retarding property of PNCs. 
The time required to burn the nanofilled PNCs was found to be reduced 
than the time required for polymer. This reduction in flammability was due 
to the endothermic nature of nanofiller dispersed in the polymer matrix. 
The nanofiller formed an effective layer on the surface by its uniform 
dispersion. Thus, the absorption of energy by nanoparticles was uniform 
(endothermic), and the evolution of flue gases is hampered. Table 6.2 
shows flame retarding values of various nano-CaCO3-based PNCs.

TABLE 6.2  Flame Retarding Values of Various CaCO3-based PNCs.

Polymer or rubber used Flammability (s/mm)
PBR9,16,20 2.32
ER10,21,24 30
SBR11,12,14,49 1.97
EPDM17 1.44
PA19 4
SR22 32

All values are at minimum loading of nanofiller.

6.4.4  THERMAL PROPERTIES

Thermal behavior of PNC can give idea about crystalline nature and % 
weight loss with respect to temperature. The temperature of melting, glass 
transition, onset, off set, and heat of fusion, of the various PNCs, can be 
determined by differential scanning calorimetry and thermogravimetric 
analysis. The melting temperatures of commodity polymer PP are reported 
to be increasing as amount of inorganic nanofiller loading increases. 
While change in enthalpy was observed to be decreasing as compared to 
the virgin PP, the decrement in degree of crystallization was reported with 
addition of inorganic nanofiller. Moreover, it is worth mentioning that the 
reduction in particle size reduces the degree of crystallinity, which is the 
reverse of cooling rate. Furthermore, it can be said that the higher inter-
action of filler with matrix facilitates uniform absorption of energy by 
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nanoparticles and thereby faster cooling. Also, crystallization temperature 
was found to be decreasing on increasing the wt% of loading and varying 
the particle size of nanofillers in PP-based PNC. Table 6.3 shows thermal 
properties of n-CaCO3 filled PNCs.

TABLE 6.3  Thermal properties of n-CaCO3-filled PNCs.

Polymer or 
rubber used

Tm (°C) Tg (°C) Degradation  
temperature (°C)

Enthalpy

PBR9,16,20 – −67 491 −23.98 J/mol
ER10,21,24 400 232 345 5–10 kJ/mol
SBR11,12,14,49 – −55 460 −23.98 J/mol
PP13 167 – – 82.88 J/g
HIPS15 200 – 180 5.92 J/g
EPDM17 – – 457 –
PVC18 450 87 275 –
PA19 – – 571 –
SR22 590 – 529 –
HIPS25 465 −53 432 –
PS/PP23 550 125 390 –
PMMA26 136 369
PMMA/PP26,27 172 – 435 –

It can be said that the incorporation of inorganic nanofiller in rubber 
matrix with reduced size can show better thermal stability as compared to 
commercial filled one. This enhancement in thermal stability was due to 
uniform dispersion of nanofiller throughout the matrix. It is clear that nano-
inorganic filler provided better thermal stability; moreover, the reduction 
in nanosize and increase in amount of nano-inorganic filler improve the 
thermal stability of rubber-based PNCs. This was due to higher increment 
in surface area of nanoparticles.8–17,20,22,38,42,43,49–52

6.4.5  SWELLING PROPERTIES

Swelling index (SI) of inorganic nanofiller-based PNCs is reported to 
be increasing which may be due to the greater crosslinking of polymer 
matrix, as the uniform dispersion of nanofiller brought the chains closer 
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and kept them intact with nanoparticles. The SI of rubber-based PNCs 
is reported decreasing as % loading of nanofiller increases. This is due 
to greater cross-linking of rubber, as the uniform dispersion of nanofiller 
brings the chains closer and keeps them intact with nanoparticles. Swelling 
in elastomeric nanocomposites depends on elastomer crosslinking density 
and solvent used.

6.4.6  PHYSICAL PROPERTIES

Specific gravity of inorganic nanofiller-based PNCs and rubber matrices 
generally increases by decreasing the size of nanofiller, which is due to 
greater and uniform dispersion in polymer matrix, which brings chains of 
matrix closer to reduce the free volume to the greater extent in crosslinking 
of chains.11,15,16,49,31,32 Another reason may be the formation of greater 
number of closed cells at nanoscale that can provide greater facilitation for 
the expansion of foam, while the formation of closed cells with bigger size 
may reduce foam expansion. Thus, the smaller size nanoparticles act as 
nano-spacers more efficiently than bigger size nanoparticles, which result 
in increment in relative density in comparison to smaller size.38

6.4.7  RHEOLOGICAL PROPERTIES

It was reported that for increasing the size of inorganic nanofiller, the 
initial torque required to incorporate the filler into the matrix is more 
than that of the smaller nanosize particles. It is also noted that the torque, 
during the mixing of the reduced nanosize particles, lasted for a longer 
time compared to that of the bigger nanosize and virgin polymer which 
might have been due to the dispersion of smaller nanoparticles that closely 
bound the polymer matrix and, hence, created a restriction to flow with 
less variation in torque during processing. It was also reported that shear 
viscosity of commodity PNCs decreased with increasing weight percentage 
of nanofiller and it showed shear thinning behavior of PNCs. Shear thick-
ening can be observed for PNC due to needle-like structure of nanofiller.29 
The effective decrease in the viscosity with increasing nanoclay content 
might be due to the lubrication effect of nanoclay during processing of 
the polymer, and the rheological data indicated that the behavior of the 
melts was highly non-Newtonian due to the lubrication effect of OMMT. 
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The pseudo-plastic nature of the polyamide/OMMT blends is observed, 
indicating that the apparent viscosity decreased as shear rate increased.45

6.4.8  ELECTRICAL PROPERTIES

The electrical conductivity of pure PANi and PANi/Ag nanocomposite is 
shown in Fig. 6.10. The electrical conductivity is measured as a function of 
temperature. Conductivity of PANi/Ag nanocomposites with nano-silver 
content of 1 wt% and above is slightly higher than the rest. An increasing 
trend in electrical conductivity is observed when the PANi/Ag nano-
composites are heated from room temperature to 150°C. This confirms 
the semiconducting nature of the PANi/Ag nanocomposites. PANi/Ag 
nanocomposites with 0.5–0.75 wt% nano-silver content show a marginal 
increase in conductivity with temperature.64

FIGURE 6.10  Variation in electrical conductivity of pure PANi (0 wt%) and PANi/Ag 
nanocomposites (0.25–2 wt%) with temperature64 (Reprinted from Mishra, S.; Shimpi, 
N. G.; Sen, T. The Effect of PEG Encapsulated Silver Nanoparticles on the Thermal and 
Electrical Property of Sonochemically Synthesized Polyaniline/Silver Nanocomposite. 
J. Polym. Res. 2013, 20, 49. © 2012 with the kind permission of Springer Science and 
Business Media.)

Scanning spreading resistance microscopy is a very efficient mode of 
AFM for materials characterization in terms of local resistance. A bias 
voltage is applied to a conducting probe in contact with the sample surface, 
and the resulting current flow through the sample is measured as a function 
of the probe with simultaneous surface topography measurements.
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Assuming that there is a constant contact between the probe and the 
surface, for a given bias voltage, the magnitude of the measured current 
flow is proportional to local resistance of the sample under investigation. 
Fig. 6.11 shows the image for current signal of pure PANi (Fig. 6.11a) and 
PANi/Ag nanocomposites at 2 wt% nano-silver content (Fig. 6.11b). The 
lighter areas in the signal image correspond to higher conductivity.64

FIGURE 6.11  Current signal image of (a) pure PANi and (b) PANi/Ag nanocomposites 
at 2 wt% nano-silver content64 (Reprinted from Mishra, S.; Shimpi, N. G.; Sen, T. The 
Effect of PEG Encapsulated Silver Nanoparticles on the Thermal and Electrical Property of 
Sonochemically Synthesized Polyaniline/Silver Nanocomposite. J. Polym. Res. 2013, 20, 
49. © 2012 with the kind permission of Springer Science and Business Media.)

6.5  APPLICATIONS OF PNC

PNCs are increasingly utilized in automotive, aerospace, energy, and 
flame retardant applications. PNCs may offer significant performance 
advantages over traditional polymer composites, including (i) enhanced 
physical properties, (ii) ability to tailor material properties for new appli-
cations, (iii) improved performance/weight ratio achieved by reduction of 
filler loadings from 15–40 vol% to as little as 1–5%, and (iv) improved 
processing performance. Fig. 6.12 shows various applications of PNCs.

Commercial developments of PNCs involve mainly two types of nano-
objects: oxide-based particles and clays (some examples of hybrid mate-
rials based on NPs/clays PNCs are illustrated in Fig. 6.12). This could be 
easily explained by the commercial availability and the relatively low cost 
of such nano-objects.72 It is important to recognize that PNCs research is 
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extremely broad, encompassing areas such as electronics and computing, 
data storage, communications, aerospace and sporting materials, health 
and medicine, energy, environmental, transportation, and national defense 
applications.

FIGURE 6.12  Application of PNCs72 (Reproduced from Sanchez, C.; Belleville, P.; 
Popall, M.; Nicole, L. Applications of Advanced Hybrid Organic–Inorganic Nanomaterials: 
From Laboratory to Market. Chem. Soc. Rev. 2011, 40, 696–753. with permission of The 
Royal Society of Chemistry.)

Recently, nanocomposites have been introduced in structural applica-
tions, such as automotive parts, gas barrier films, scratch-resistant coating, 
and flame-retardant cables. Filament-winding techniques can be used 
to manufacture nanocomposite parts for various applications including 
commercial aircraft structures for Boeing, Airbus, as well as many prod-
ucts in the industrial markets. Conductive filler-based PNCs are found to 
be useful in varieties of applications. Carbon nanofibers have been used 
for different aerospace applications like aircraft engine anti-icing, fire 
retardant coatings (forming a char layer over combustible composites), 
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lightning strike protection, solid rocket motor nozzles, conductive aero-
space adhesives, thermo-oxidative resistant structures, missile/airframe 
structure. Many potential applications have been proposed for CNTs, 
including conductive and high-strength composites, energy storage and 
energy conversion devices, sensors, field emission displays and radiation 
sources, hydrogen storage media and nanometer-sized semiconductor 
devices, probes, and interconnect. Following are the broad areas where 
PNCs are useful in modern life.1–72

6.5.1  BARRIER PACKAGING AND SPORTS GOODS

Rubber- and nanosilica-filled PNCs can be specifically shaped and used as 
golf balls. A number of PNCs based on rubbers, such as BR, SBR, PBR, 
and EPDM, have been used commercially for barrier applications for many 
gases such as CO2, O2, N2, and chemicals such as toluene, HNO3, H2SO4, 
HCl, etc. Due to excellent solvent barrier properties, PNCs have been 
utilized in chemical protective and surgical gloves in order to protect against 
chemical warfare agents and for avoiding contamination from medicine.

6.5.2  ENERGY STORAGE DEVICES AND SENSORS

Typical membranes are made of organic polymers containing acidic functions 
such as carboxylic, sulfonic or phosphonic groups which dissociate when 
solvated with water, allowing H3O

+ (hydrated proton) transport. Fuel cells 
act as electrochemical devices, which convert chemical energy of carbon, 
hydrogen, and oxygen directly and efficiently into useful electrical energy 
with heat and water as the only byproducts. Due to incorporation of nano-
materials, their efficiency increases considerably. Various conducting and 
semiconducting metal oxides’ nanomaterial-based PNCs have been found by 
their application in sensing of gases like LPG, ammonia, organic vapors, etc.

6.5.3  TRANSPARENT MATERIALS

Clay-incorporated PNCs have been proved as transparent materials with 
both toughness and hardness without sacrificing light transmission char-
acteristics. Owing to this reason and improved optical properties of these 
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transparent materials, they have been commercialized in contact lens and 
optical glass applications.

6.5.4  LOW-FLAMMABLE PRODUCTS

The nanoclays are capable to reduce the flammability of polymeric mate-
rials which is incredible. The improvement of flame resistance by incor-
poration of clay can be useful in applications of cable wire jacket, car seat, 
packaging films, textile cloths, surface coatings for many steel products, 
and paints; one of the higher end applications is rocket ablative materials’ 
core manufacturing. PU/clay-based PNCs also exhibit superior flame 
retardancy, and they have already been commercialized in automobile 
seats manufacturing.

6.5.5  AUTOMOBILE SECTOR

Application of thermoset/clay nanocomposites for automobile sectors is 
another big milestone. The ability of nanoclay incorporation to reduce 
solvent transmission through polymers such as specialty elastomers, poly-
imides, PU, etc. has been demonstrated. A study reveals the significant 
reduction in fuel transmission through PA/nanoclay-based PNCs.

6.5.6  COATINGS

Coatings are important for modifying properties of surfaces. Several strat-
egies have been tried by researchers for improving surface properties of 
products. One of the well-versed developments is nanoclay-based PNC 
coatings. Nanoclay-incorporated thermoset PNC coatings exhibit superior 
properties such as super hydrophobicity, improved wettability, excellent 
resistance for chemicals, corrosion resistance, improved weather resis-
tance, better abrasion resistance, improved barrier properties and resis-
tance to impact, scratch, etc.

6.6  SUMMARY
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PNCs with substantial improvements in the characteristic properties can 
be obtained by the addition of small amounts of nanofillers. This improve-
ment can be observed due to even dispersion of nanofillers in polymer 
matrix, which was endothermic in nature and intercalated and nucleated 
the polymer chains. Exfoliation imparted by nanosize materials is also 
helpful to improve the characteristic properties of PNCs.

Among many highly hyped technological products, PNCs are those 
which have lived up to the expectations. PNCs exhibit superior proper-
ties, such as mechanical, barrier, optical, etc. as compared to micro- or 
macro-composites. Owing to this, PNCs have shown ubiquitous pres-
ence in various fields of applications. PNCs for various applications could 
be synthesized by proper selection of matrix, nanoreinforcements, and 
synthesis methods. Many products based on PNCs have been commercial-
ized. This review has tried to highlight various types of PNCs, their prepa-
ration methods, unique properties, and various technological applications 
with some specific examples of commercialized products.
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ABSTRACT

In this chapter, tin oxide/polyaniline (SnO2/PANI) composites and 
aluminum (Al)-doped SnO2/PANI composites nanofiber-based gas 
sensors for hydrogen-gas-sensing application are presented. PANI in 
powder form was prepared by chemical oxidative polymerization of 
aniline using ammonium persulfate in acidic medium at 0–5°C. SnO2/
PANI and Al-doped SnO2/PANI composites nanofibers were synthe-
sized by electrospinning technique and subsequent calcinations. These 
composite nanofibers have been characterized by X-ray diffraction, 
ultraviolet–visible spectroscopy and scanning electron microscopy. The 
response of these sensors for hydrogen gas was evaluated by monitoring 
the change in electrical resistance at room temperature. It was observed 
that Al-doped SnO2/PANI composite nanofiber-based sensors show a 
higher response as compared to SnO2/PANI composite nanofibers sensor. 
On exposure to hydrogen gas, it was also observed that composite nano-
fibers showed high sensitivity in temperature range of 45–50°C with 
relatively faster response/recovery behavior compared to pure SnO2 and 
Al-doped SnO2 nanofibers reported earlier.

7.1  INTRODUCTION

In air-quality control, hydrogen gas sensor is very important as hydrogen 
gas is colorless, odorless, and extremely flammable gas due to which 
there have been significant efforts to enhance the sensitivity of hydrogen 
gas sensors to be operated at low temperature. To ensure the safety of 
hydrogen, efficient and safety hydrogen sensors are still demanded.1 
In recent years, there has been significant progress in one-dimensional 
(1D) nanostructures due to their unique physical and chemical prop-
erties. Compared to the other three dimensions, 1D nanostructure are 
highly suitable for moving charges in integrated nanoscale systems 
due to their low dimension structure and high aspect ratio, which could 
efficiently transport electrical carriers along one controllable direc-
tion.2,3 Nanofibers of semiconducting metal oxides have been success-
fully fabricated and widely utilized for gas sensors due to their sensing 
properties based on the surface reaction between the metal oxides and 
adsorbed gas species on exposure to specific gas.4 Nanofibers of pure 
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and doped SnO2 have been exposed with high-sensing characteristics, 
but the high-operating temperature (200–400°C) of these sensors may be 
inadequate for measuring high gas concentrations due to the danger of 
explosions.5–9 The conducting polymers have improved the gas-sensing 
properties especially in lowering the operating temperature to around 
room temperature. In addition to this, the ability to incorporate specific 
binding sites into conducting polymers promises the improvement of 
selectivity and sensitivity of material. Among the various conducting 
polymers, polyaniline (PANI) has been investigated as a potential 
material for gas-sensing applications, due to its controllable electrical 
conductivity, environmental stability, and interesting redox chemistry 
(or electroactivity). It is the unique type of conducting polymer in which 
the charge delocalization can, in principle, offer multiple active sites on 
its backbone for the adsorption and desorption of gas analyte.10 However, 
PANI is not as sensitive as metal oxides toward gas species, and its poor 
solubility in organic solvents limits its applications. Therefore, there has 
been increasing interest of the researchers for the preparation of nano-
composites based on PANI as it has been successfully utilized for the 
preparation of nanocomposites.11,12

In this chapter, a high-efficiency hydrogen sensor based on SnO2/
PANI and Al-doped SnO2/PANI composite nanofibers operated at low 
temperature has been demonstrated via electrospinning technique and 
calcination procedure. Electrospinning seems to be the simplest and most 
versatile technique capable of generating 1D nanostructures. Compared 
to the commercial mechanical spinning process for generating microfi-
bers, electrospinning mainly makes use of the electrostatic repulsions 
between surface charges to reduce the diameter of a viscoelastic jet or a 
glassy filament. One of the most important advantages of the electrospin-
ning is that it is relatively easy and not expensive to produce the large 
numbers of different kinds of nanofibers. Other advantages of the elec-
trospinning technique are the liability to control the fiber diameters, the 
high surface-to-volume ratio, high aspect ratio, and pore size as nonwoven 
fabrics. Excellent hydrogen-sensing properties such as high sensitivity, 
fast response-recovery behavior, and good selectivity have been obtained 
at very low temperature compared with that of the pure or doped metal 
oxides.
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7.2  EXPERIMENTAL

7.2.1  MATERIALS AND METHODS

Tin chloride (SnCl2·2H2O, purity 99%), aluminum nitrate (Al(NO3)3·9H2O, 
purity 99%), aniline (purity 98.5%), ammonium peroxydisulphate (purity 
99%), camphor sulfonic acid (CSA, purity 99%), and polyvinyl pyrrol-
idone (PVP, Mw = 1300,000, purity 99%) were purchased from Sigma-
Aldrich. Aniline was purified under reduced pressure prior to use for 
synthesis. All other chemicals were used as received without any further 
purification.

Scanning electron microscopy (SEM) was done by using SEM 
model—Carl Zeiss EVO-18. Ultraviolet–visible (UV–vis) absorption 
spectra were recorded on Shimadzu UV-1800 spectrophotometer. X-ray 
diffraction (XRD) patterns were obtained on Philips PW1710 automatic 
X-ray diffractometer. The gas-sensing behavior was studied by using labo-
ratory built up sensing apparatus by measuring change in the resistance of 
sensing film with temperature toward pure air and hydrogen gas exposure. 
The resistance variation was measured by Keithley 2000 Multimeter and 
temperature was controlled by Temperature Controlled VI Characteriza-
tion System.

7.2.2  PREPARATION OF SnO2/PANI AND AL-DOPED SnO2/
PANI COMPOSITE NANOFIBERS

Sol–gel method was used for the synthesis of SnO2 nanoparticles. In a 
typical method, 0.1 M SnCl2·2H2O was added in 1 M starch solution and 
the mixture was stirred for half an hour. Then 0.2 M ammonia was added 
drop wise in the solution under constant stirring. The stirring was continued 
for further 2 h, and then the solution was allowed to settle for overnight. 
Supernatant liquid was then discarded carefully and the remaining solution 
was centrifuged for 10 min and then filtered. The precipitate of SnO2 was 
washed completely using double distilled water to remove by-product, and 
the excessive starch those were bound with the nanoparticles. The product 
was dried at 80°C for overnight. Then powder was sintered at 600°C for 
10 h and nanocrystalline SnO2 was obtained. In the similar way, nanopar-
ticles of Al-doped SnO2 were prepared by adding 1 wt% Al(NO3)3·9H2O 
with SnCl2·2H2O and the same procedure was followed.
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For the preparation of SnO2/PANI composite nanofibers, 0.4 g 
of as-synthesized SnO2 nanoparticles and 0.4 g of CSA-doped PANI 
as-prepared from chemical oxidative polymerization were dissolved 
in 10 ml DMF under vigorous stirring for 30 min at room temperature. 
Subsequently, 1.0 g of PVP was added and stirred for further 45 min so 
as to form a desired viscous solution. Then the solution was loaded into 
a glass syringe having a stainless steel needle of an orifice of 0.5 mm and 
electrospun by using ESPIN-NANO modified electrospinning apparatus 
(Fig. 7.1) at an applied electric field of 17 kV and flow rate of 0.4 ml/h. 
Nanofibers were collected on aluminum foil wrapped on rotating collector 
which was grounded and fixed at a distance of 20 cm from needle. Nano-
fibers collected on foil were dried to remove the organic constituents of 
PVP. In the similar way, Al-doped SnO2/PANI composite nanofibers have 
been prepared by using 0.4 g of as-synthesized Al-doped SnO2 nanopar-
ticles instead of pure SnO2 and the same procedure was followed keeping 
all parameters of electrospinning fixed as that for SnO2/PANI composite 
nanofibers.

FIGURE 7.1  Electrospinning apparatus used for the fabrication of nanofibers.
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7.3  RESULTS AND DISCUSSION

7.3.1  SCANNING ELECTRON MICROSCOPY

SEM images of SnO2/PANI and Al-doped SnO2/PANI composite nanofi-
bers are shown in Figure 7.2(a) and (b), respectively. From SEM micro-
graphs, the average diameter of as-synthesized Al-doped SnO2/PANI 
composite nanofibers was found to be changed as compared to that of 
SnO2/PANI composite nanofibers, which may be due to change in viscosity 
and surface tension of the solution when 1 wt% aluminum nitrate was 
mixed with tin chloride which was electrospun at the same condition as 
that of SnO2/PANI composite. While comparing the porosity from their 
SEM images, Al-doped SnO2/PANI composite showed more porous struc-
ture than that of SnO2/PANI composite nanofibers due to which Al-doped 
SnO2/PANI composite nanofibers have shown better sensing properties at 
low operating temperature.

FIGURE 7.2  SEM images of (a) SnO2/PANI and (b) Al-doped SnO2/PANI composite 
nanofibers.

7.3.2  UV–VIS SPECTROSCOPY

UV–vis spectra of SnO2/PANI and Al-doped SnO2/PANI composite nano-
fibers are shown in Figure 7.3. Both the composite nanofibers showed two 
characteristic bands as compared to a band only in UV region for pure 
SnO2 and Al-doped SnO2. The band in SnO2/PANI at 407 nm in visible 
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region corresponding to inter ring charge transfer ratio of benzenoid to 
quinoid moieties showing polaron–π* transition has been shifted to 404 
nm in case of Al-doped SnO2/PANI. The band at 326 nm in UV region 
corresponding to π–π* transition of benzenoid ring has been shifted to 324 
nm in case of Al-doped SnO2/PANI indicating the existence of Al-doped 
SnO2 in PANI matrix.13–15

FIGURE 7.3  UV–vis spectra of SnO2/PANI and Al-doped SnO2/PANI composite 
nanofibers.

7.3.3  X-RAY DIFFRACTION

XRD patterns of SnO2/PANI and Al-doped SnO2/PANI composite nano-
fibers are shown in Figure 7.4. All the strong diffraction peaks of SnO2 
present in composite can be perfectly indexed as the tetragonal rutile struc-
ture for SnO2 (ICDD file 41-1445). In the SnO2/PANI composite nanofi-
bers, most of the peaks are found to be broadened due the polycrystalline 
effect of PANI as compared to those of SnO2.

4 The broad peak due to PANI 
around 26° has been found to be merged with that of SnO2 at 26.66°. In 
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addition, the reduced intensity of the peaks was observed compared with 
the XRD pattern of pure SnO2. The main dominant peaks of SnO2 were 
identified at 2θ = 26.66°, 34.18°, 52.3°, 61.34°, 64.4°, and 65.54° corre-
sponding to (1 1 0), (1 0 1), (2 1 1), (1 1 2), (3 0 1), and (3 0 2). The crys-
tallization behavior of SnO2 particles was found to be not much affected 
by equal mass PANI deposition on the surface of SnO2 particles in the 
composite. While comparing composite nanofibers, it has been observed 
that by doping Al in SnO2, the peaks in XRD of Al-doped SnO2/PANI 
composite nanofibers broadened and decreased in counts indicating the 
change in fiber diameter due to solution viscosity and surface tension as 
observed in SEM images.

FIGURE 7.4  XRD patterns of SnO2/PANI and Al-doped SnO2/PANI composite nanofibers.

FOR REFERENCE PURPOSES ONLY



7.3.4  HYDROGEN GAS SENSING

In order to systematically investigate the gas-sensing properties of SnO2/
PANI and Al-doped SnO2/PANI composite nanofibers, the study of gas-
sensing response with time and sensitivity with temperature was carried 
out toward 1000 ppm of H2 gas. The sensitivity of SnO2/PANI composite 
nanofibers to 1000 ppm of H2 gas at different temperature is shown in 
Figure 7.5. SnO2/PANI composite nanofibers have shown better sensitivity 
and response to H2 gas at lower operating temperature (~50°C), whereas 
pristine SnO2 nanofibers are insensitive at such low temperature and sensi-
tive only at more than 200°C.4 Similarly, Al-doped SnO2/PANI composite 
nanofibers have shown appreciable sensitivity even for 1000 of H2 gas. 
The sensitivity of Al-doped SnO2/PANI composite nanofibers was found 
to be increased and reached its maximum around 48°C for 1000 ppm of 
H2 gas than that of SnO2/PANI composite nanofibers. The response of 
sensor was monitored in terms of the normalized resistance calculated by 
response = R0/Rg and the sensitivity factor was monitored in terms of the % 
sensitivity calculated by % sensitivity = ∆R/R0, where ∆R is the variation 
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FIGURE 7.5  Sensitivity and response of SnO2/PANI and Al-doped SnO2/PANI composite 
nanofibers.
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in resistance of composite films from baseline after exposure to H2 gas, Rg 
is the resistance of the sensor in presence of H2 gas, and R0 is the initial 
baseline resistance of the sensor. The suitability of composite nanofibers 
as H2 gas sensor was also investigated in terms of “response time (RP)” 
and “recovery time (RC).” The response of the composite nanofibers was 
observed with respect to time of expose to hydrogen gas and air as shown 
in Figure 7.5. The values of RP and RC were found to be ~3 and ~4 s for 
SnO2/PANI and ~2 and ~2 s for Al-doped SnO2/PANI, respectively. Over 
a long period of hydrogen exposure, it was observed that composite film 
sensor exhibited a good stability and repeatability with consistent pattern 
when exposed to the H2 gas at 50°C.

7.3.5  MECHANISM OF CHANGE IN RESISTANCE FOR 
HYDROGEN GAS

On exposure to H2 gas, the composite nanofibers resistance was found to 
be increased by more than an order of magnitude from its original value, 
indicating that the electrical resistance of composite is a sensitive param-
eter in the presence of hydrogen gas. In presence of SnO2 crystallites, the 
PANI matrix gets a modified structure electronically. In composite, SnO2 
crystallites being an n-type surrounded by p-type PANI molecules make a 
p–n junction like formation locally. The n-type nature of SnO2 crystallites 
annihilate the holes of PANI molecules near its boundary making a deple-
tion region, which in turn makes the overall PANI matrix electrically more 
insulating in nature.12 On exposing the composite film with hydrogen, 
the H2 molecules reach into the depletion region and act as a dielectric 
between the PANI and SnO2 border. The depletion region field polarizes 
the hydrogen molecules, which in turn provide a positive charge to PANI 
molecules and become mobile on its transfer to the central N atom of PANI 
molecule. This process creates some free holes on PANI molecules, which 
make the composite film relatively more conducting electrically. Once the 
process of polarizing the hydrogen molecules by p–n heterojunction like 
formation is saturated, this mechanism cannot generate additional holes 
in the composite film and therefore no additional changes in film resis-
tance even the sensor is exposed hydrogen gas illustrated in Figure 7.6. 
Al doping in SnO2 further increases the conductivity of Al–SnO2/PANI 
composite nanofibers which showed highly sensitive at low temperature 
than SnO2/PANI composite nanofibers.
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There are several reasons which should be considered to explain the 
enhanced sensing performances based on the addition of Al dopant in 
pure SnO2. It is well-known n-type semiconducting metal oxide and 
is exactly stoichiometry they cannot chemisorbs oxygen. The oxygen 
vacancies play a critical role in determining the sensing performances. 
To restore their stoichiometry, n-type semiconducting metal oxide, 
oxygen molecules will absorb on their surfaces and generate chemi-
sorbed oxygen species resulting in high resistance. When reductive target 
is introduced at close to room temperature, the reductive target will react 
with oxygen species on the outer surface of n-type semiconducting metal 
oxide and increase the electron concentrations. In this experiment, both 
the partial substitution of Sn4+ cations with lower valence. Al3+ cations, 
at low concentrations of Al element and the different ions radius of Al3+ 
cations and Sn4+ cations, will generate more oxygen vacancies through 
the SnO2 crystals.4 Thus, more oxygen species will form, resulting in 
higher sensing performances. Thus external heterojunction will form 
between the Al2O3 and SnO2 within the composite fibers. While those 
Al2O3 nanoclusters can act as the catalytic sites (“spill over” effect) for 
redox processes and oxygen dissociation, resulting in enhanced sensing 
performance comparing with the pristine SnO2 nanofibers.16 However, 
in contrast to the Al–SnO2 metal solid solution, those Al2O3 nanoclus-
ters will reduce not only the surface areas of the SnO2 nanofibers but 
also the amount of oxygen vacancies within the SnO2 nanofibers, which 
diminishes the SnO2 crystal ability to chemisorbs hydrogen as proven in 
Figure 7.5.

FIGURE 7.6  Mechanism of change in resistance for hydrogen gas.
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The response of sensor was monitored in terms of the normalized 
resistance calculated by response = R0/Rg and the sensitivity factor was 
monitored in terms of the % sensitivity calculated by % sensitivity = ∆R/
R0, where ∆R is the variation in resistance of composite films from base-
line after exposure to H2 gas, Rg is the resistance of the sensor in pres-
ence of H2 gas, and R0 is the initial baseline resistance of the sensor. As 
per the definitions of “response time (RP)” and “recovery time (RC)” for 
gas sensing, the values of RP and RC for SnO2/PANI were estimated to be 
~3 and ~4 s and for Al-doped SnO2/PANI ~2 and ~2 s, respectively. The 
comparison of response and sensitivity behavior of both composites is 
shown in Figure 7.7.

FIGURE 7.7  Comparison of gas-sensing parameters toward 1000 ppm of H2 gas (a) 
response and (b) sensitivity.

7.4  CONCLUSION

SnO2/PANI and Al-doped SnO2/PANI composite nanofibers were success-
fully fabricated using electrospinning technique. UV–vis analysis and 
XRD patterns showed the existence of Al-doped SnO2 nanoparticles in 
PANI matrix. SEM images revealed the formation of fibers of average 
diameter in nanoscale regime. Both the composite nanofibers showed 
highly sensitive to H2 gas even at room temperature. Al-doped SnO2/PANI 
composite nanofibers exhibited the higher sensitivity for hydrogen gas at 
low temperature with faster response and recovery as compared to that of 
SnO2/PANI composite nanofibers.
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ABSTRACT

The chapter focuses on the packaging application of polymer nanocom-
posites. It comprise various polymer matrices, nanoparticles as reinforcing 
phase, preparation methods along with improved properties for instance 
mechanical, thermal and barrier properties etc. It also comprises advance 
packaging methods such as active packaging and intelligent packaging 
and their working principles.

8.1  INTRODUCTION

Food packaging is one of the imperative aspects of packaging industry. 
In food packaging, assorted types of material are utilized, and they are 
competent to have properties, such as mechanical strength and barrier 
property that enables the package to protect and enhance the shelf life of 
foodstuff. Consequently, with the intention of fulfilling the necessities of 
the food packaging, basic packaging materials were used, for example, 
paper, plastic, metal, glass, materials from hybrid mixture or combina-
tion of two materials (composites). Apart from this material, plastics or 
polymeric material produced by utilizing petroleum sources are incredibly 
popular from last few decades; this is because of their property to provide 
simplicity in their processing as well as their lower cost than an alternative 
material.1 Pristine polymer materials possess the ability to provide assis-
tance in order to produce food packaging up to certain critical point, that 
is, after or at certain level of advancement, it cannot be improved because 
of limited properties of pure polymers. Above statement was the motive to 
develop or introduce novel type of material or more extensively new class 
of material with advanced properties known as composites. In last two or 
three decades evolvement of composites were significant. They are fabri-
cated from two or more materials of diverse chemical natures and physical 
structures. It is primed by incorporation of ample variety of reinforcing 
material in polymer materials, such as particles (e.g., calcium carbonate), 
fibers (e.g., glass fibers), or plate-shaped particles (e.g., mica). These 
composite materials possess major disadvantages for instance increment 
in weight, loss in optical properties, brittleness, etc.2–6 On the other hand, 
there are developments of another new class of composite material with 
the aim of conquering above-mentioned disadvantages by replacing rein-
forcing material by inorganic nanosize materials; the entire system known 
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as polymer nanocomposites. Development of polymer nanocomposite is 
in the boom phase to accomplish highest properties in order to advance 
food packaging in a unique approach. This refers to the evolvement of the 
Smart Packaging materials, which are not only able to bestow the basic 
requirements of the packaging material but also gives additional effort to 
enhance the food shelf life, protection from bacterial attack on the food, 
etc. These types of smart materials are categorized in some categories in 
this review. It is the material, in which the reinforcement material is into 
nanosize. By this substitution, there is a drastic amendment in the proper-
ties of the material. Amid all the potential nanocomposite precursor, those 
based on clay and layered silicates have been mostly studied as well as 
developed due to fact that there is an availability of information concerning 
the chemistry of clay or layered silicate as well as easy availability of these 
materials.2,7 The function of nanostructure in the polymer nanocomposites 
is to improve mechanical properties, gas permeability, etc. Besides the 
above-mentioned functions, some of the nanostructures are able to provide 
extra features, for example, biosensing, antimicrobial properties, gas 
detection in side of package, etc.;8 therefore, due to this reason, polymer 
nanocomposites are widely favorite among the researchers, industries, or 
academic institutions for research work. As mentioned above, it possesses 
two constituents: polymer and inorganic reinforcing material. Nanocom-
posite is not only analogous but also is similar to conventional composite, 
but different in the size of the reinforcing, that is, it is in nanoscale in 
case of nanocomposites. To achieve the supreme properties via nanocom-
posite, it is necessary for the polymer to have exfoliated or well-dispersed 
structure of nanomaterial/nanostructure. The effect of plastic or polymeric 
material on the environment is quite an anxiety to human beings because 
of its sky-scraping mass production. It can hamper the environment as 
well as human health. So with the intention to solve the problem, innumer-
able researches are going on or done regarding polymer nanocomposite 
material with assistance of biopolymers.1,9 In addition to the application 
of polymer nanocomposite in the packaging field, many other applications 
were developed, for example, automotive, e.g., timing-belt cover, engine 
cover, barrier fuel line, furniture, bottles, heavy duty electronics enclosure, 
multilayer container, barrier films, paper-coating applications, furniture, 
etc. There was a boom seen in the research of polymer nanocomposite, 
when Toyota group disclosed their work on the same areas. This chapter 
comprises preparation of the nanocomposites, their constituent material, 
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their types, fabrication method, applicability of nanocomposites in the 
field of food packaging, advantages in the sense of high properties which 
are serving food safety, transportation, self-life, smart packaging, etc.

8.2  NANOCOMPOSITE

Nanocomposite is a composite material filled with nanosize reinforcing 
material, for example, clay or layered silicate into polymer material. 
The property of nanocomposites extends on the basis of the structure of 
nanocomposite (intercalated or exfoliated), aspect ratio of reinforcement. 
Small particle size of the inorganic clay or particles lends to great larger 
surface area. Nanocomposite may be intercalated or exfoliated structured. 
Intercalated structure comes in occurrence, when a polymer single chain 
is intercalated in between two layers of layered clay or silicate. Distance 
between two adjacent layers of the layered silicate is 20–30 Å in interca-
lated nanocomposite. So, resultant will be separation of layered structure of 
the layered structure by polymeric chain with limited extend.2,5,10–13 On the 
other hand, exfoliated or disintegrated structure can be obtained. In exfoli-
ated type, interlayer distance in layered silicate is much more than interca-
lated one. A distance of 80–100 Å can occur in exfoliated structure.2,5,10,13 
This higher in-between distance gives confirmation of well dispersion 
of the reinforcing phase. As dispersion is high, automatically properties 
become higher. Exfoliated nanocomposites have major attention because 
of their enhanced properties. The mechanical properties are much better 
than the intercalated structure of exfoliated one. Exfoliated nanocom-
posite provides uncomplicated structure to transfer the load or stress to 
the reinforcement and it allows enhancement in mechanical properties.2,14 
Thus, preparation of polymer nanocomposite with exfoliated structure is 
not an easy task because of the presence of van der Waal’s force which 
has become a hurdle in exfoliation. With the intention of accomplishing 
such structure, it is necessary to modify the inorganic-layered clay or sili-
cate by means of chemical modification. There are methods to prepare 
nanocomposites:

1.	 In situ intercalative polymerization.
2.	 In situ template synthesis.
3.	 Melt intercalation.
4.	 Intercalation of polymer from solution.
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Prior to the introduction of the layered silicate into polymer, it is neces-
sary to treat it with some solvent to get good structure.2 There is another 
approach in front of researchers that uses super critical CO2 gas to get 
exfoliated structure.15 Polymer nanocomposites consist of the two constit-
uents: polymer matrix and inorganic nanoscale reinforcement or layered 
silicate.

8.2.1  POLYMER MATRIX

There are ample variety of materials which were investigated under this 
subtitle. It is due to polymer matrix’s potential to give improved proper-
ties. These polymers include poly(ethyleneterephthalate), poly(1-capro-
lactone), unsaturated polyesters, polyurethanes, polystyrene, styrene 
copolymers, polypropylene, polyethylene, polyethylene oligomers or 
copolymers, poly(vinyl alcohol), poly(acrylamide), poly(methyl methac-
rylate), methyl methacrylate copolymers, other polyacrylates, poly(acrylic 
acid), poly(ethylene oxide), ethylene oxide copolymers, poly(ethylene 
imine), epoxidized natural rubber, polybutadiene, butadiene copolymers, 
poly(dimethylsiloxane), polypyrrole, poly(vinylpyrrolidone), poly(vinyl 
pyrrolidinone), poly(vinyl pyridine), poly(vinyl pyridinium) salts and 
poly(N-vinyl carbazole), polyaniline, poly(p-phenylene vinylene), poly-
imides, poly(amic acid), liquid–crystalline polymers, epoxy polymers, 
phenolic resins, DNA, and met-hemoglobin.15,16

8.2.2  LAYERED SILICATE

The role of layered clay, that is, layered silicate, is especially crucial in 
preparation of the clay nanocomposites, since properties of clay nanocom-
posites extensively depend on the properties of clay that is used to rein-
force composite structure of clay as well as morphology of clay inside the 
polymer. Due to this number of reasons, the structure of clay or nanoclay 
is widely studied by researchers. Structure of layered silicate is shown in 
Figure 8.1. Generally, while preparing clay nanocomposites, use of range 
of smectite clay minerals is vastly drastic. The clay utilized to prepare 
nanocomposites is prepared synthetically or it may be natural, made up of 
the layers which are separated by very small gap (in unit nanosize), which 
is filled with the exchangeable cations. The layered clay is made up of the 
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tetrahedral and octahedral sheets. This is all about very general discussion 
around clay, but it is a necessary focus on the material that is widely used 
by various researchers namely phillosilicates. It consists of one octahedral 
sheet of aluminum, which is sandwiched in between tetrahedral sheet of 
silica.8 Both of the sheets (tetrahedral and octahedral sheets) are fused with 
each other. The basic structure of layered clay/silicate is also categorized 
by number of sheets in each layer such as 1:1 kaolinite or 2:1 montmo-
rillonite (MMT). When the Al ion of the octahedral sheet is replaced by 
divalent Mg cation, then the resultant structure is called MMT.2 Interlayer 
distance between the adjacent clay layers is 1 nm as well as lateral dimen-
sion is approximately 200 nm. These clay layers are stacked to each other 
and held together through van der Waal forces and separated from each 
other by 1-nm gaps called galleries. These galleries are usually filled with 

FIGURE 8.1  The structure of a 2:1 layered silicate.17 (Reprinted from Beyer, G. 
Nanocomposites: A New Class of Flame Retardants for Polymers. Plast. Addit. Compound 
2002, 4(10), 22–27. © 2002. with permission from Elsevier.)
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exchangeable cations. Role of these cations are to balance the negative 
charge formed by clay/silicate layer. Generally, alkali and alkaline-earth 
cations like Na+ and K+ are present in galleries. An analog to polymer 
blends the compatibility of in-between clay, and polymer is very necessary 
to get best of properties as well as exfoliated nanocomposites. In order to 
obtain higher properties, it is necessary to modify clay by chemical means. 
This modification consists of replacement of exchangeable cations located 
at galleries by another cations like with quarternary alkyl ammonium or 
alkyl phosphonium cations. Due to this modification, the hydrophobic 
nature of clay becomes organophilic. Because of this modification, clay 
has become more compatible with polymers as well as it plays an impor-
tant role to get exfoliated structure of nanocomposites.

8.2.3  MODIFICATION OF LAYERED SILICATE

Modification of layered silicate plays extremely crucial role in the fabrica-
tion of polymer nanocomposites. It is nothing but making improvement 
in the dispersion properties by means of certain chemical treatments. It 
predominantly consists of replacement of exchangeable cations, which are 
placed in between two adjacent layers in layered silicate. Originally layered 
silicate possesses hydrophilic nature, so it is compatible or possesses 
good dispersion properties with the hydrophilic polymers like poly(vinyl 
alcohol). So, in order to make it compatible with other polymer, its modifi-
cation was carried out by exchanging cations placed in between two layers 
of silicate.18 Therefore, to obtain exchange of pristine cations by modifi-
cation cations in galleries, water swelling of the silicate is prime, and for 
this reason, alkali cations are preferred. Hydrate formation of monovalent 
gallery cation assist as a driving force for water swelling. The alkali cations 
are not structural and can be easily replaced by other positively charged 
atoms or molecules; thus, they are called exchangeable cations.2,18,19 The 
improvement in the wetting and dispersion property of the layered sili-
cate can be achieved by organic cations by lowering the surface energy of 
silicate surface. There is another advantage of exchanging cations; these 
cations possess long-organic chain with positively charged ends; these ends 
are tethered with surface of the layers of silicates and lead to increased 
gallery height of layered structure. The organic modification of surface 
of layered silicate both way increases in basal space as well as it acts as 
compatibilizer in between organic silicate and polymer material.12,20
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8.3  PREPARATION OF NANOCOMPOSITES

Fabrication or preparation of nanocomposite is carried out by four methods 
by which one can prepare nanocomposite; thus, the methods are enlisted 
as well as explained in the following sections.

8.3.1  IN SITU INTERCALATIVE POLYMERIZATION

In in situ polymerization technique, layered silicate or nanoparticles are 
swollen in the monomer; in swollen state, monomer migrates in between 
layers of silicate. Subsequently, polymerization is carried out “in situ,” by 
which, there is increase in the layer basal space because swollen silicates 
possess the monomer in between the adjacent layer. This gap is modi-
fied with catalyst and initiators that initiate the polymerization in between 
the silicate layer. Due to polymerization, there is increase in basal space. 
Polymerization reaction can be initiated by heat or radiation.10,17,21

8.3.2  IN SITU TEMPLATE SYNTHESIS

In case of other three methods, one should have to add inorganic material as 
reinforcement externally, but this method is quite different. In this method, 
clay minerals are synthesized in polymer matrix while preparing nano-
composite. In this case, there is a use of aqueous solution or gel containing 
polymer and silicate-building blocks. While the process is going on, the 
polymer aids the nucleation and growth of the inorganic crystal and gets 
trapped within the layer as they grow. Along with this, presence of disad-
vantages is not surprising. First, for the synthesis of clay, the required 
high temperature can easily degrade polymer material. Another difficulty 
is regarding aggregation tendency of the growing silicate layers. The one 
advantageous point is that it can provide dispersed-layered silicate in one-
step method.2,4,10,22

8.3.3  MELT INTERCALATION

This technique possesses commercial enticement to prepare polymer 
nanocomposite. It is the result of its simplicity and economy. In this case, 
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polymer matrix or material and layered clay are simply blended in molten 
state (polymer). It is able to give exfoliated structure in case when the 
polymer and clay or layered silicates both are compatible with each other. 
In this process, polymer chains simply crawl into basal space.2,10,17,21

8.3.4  INTERCALATION OF POLYMER FROM SOLUTION

In case of the intercalation of polymer from solution technique, polymer 
replaces the prior intercalated solvent. Such replacement requires negative 
variation in Gibbs free energy. It is obtained through the reduced entropy 
because the confinement of the polymer is compensated by an increase 
due to the desorption of intercalated solvent molecules.2,23–28 This tech-
nique has been mostly used with water-soluble polymer, such as PEO, 
PVE, PVP, and PPA.2,4,29 This method may involve the copious use of 
organic solvent which is usually hazardous to environment and costlier.30

8.4  CHARACTERIZATION OF POLYMER NANOCOMPOSITES

The characterization of polymer nanocomposites can be done by using 
equipment with high accuracy. The two most widespread methods of 
structure characterization of polymer nanocomposites are X-ray diffrac-
tion (XRD) and Transmission Electron Microscopy (TEM). XRD analysis 
is easy to perform and gives graphical illustration as a result. But there are 
several things that must be kept in mind when analyzing polymer nano-
composite samples in this tactic31—prime is the low sensitivity of XRD and 
can depend on several parameters that may not be optimized. XRD is not 
quantitative, and it is normally used to detect the absence of a peak. But, 
XRD cannot be used as definite proof of an exfoliated structure, because 
of it lower sensitivity. XRD can be a helpful method to present a rapid 
analysis of the nanocomposite. TEM is extremely helpful and effective 
in providing a straight way of determining nanocomposite morphology. 
It can also yield the quantitative data along with visualization from TEM 
regard to the extent of exfoliation and/or intercalation. TEM gives clear 
picture of morphology of nanocomposite. Dynamics of the exfoliated 
nanocomposite, morphology, and surface chemistry can be characterized 
by solid-state nuclear magnetic resonance spectroscopy.32 Some authors 
were attempted with Fourier transform infrared spectroscopy to make 
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clear the structure of the nanocomposites,33 but it is not that much reliable 
technique. Differential scanning calorimetry provides information about 
intercalation. Restrictions on polymer chain mobility increase its glass 
transition temperature (Tg). A similar increase is anticipated to occur in 
a nanocomposite due to elevation of the energy threshold needed for the 
transition. This effect is promptly detected by DSC. The resulting peak of 
inorganic material gives evidence of characterization of polymer nano-
composite.2,22 These are several techniques used to characterize polymer 
nanocomposites.

8.5  PROPERTIES OF POLYMER NANOCOMPOSITES

8.5.1  MECHANICAL PROPERTIES

A reason behind development of whole class of composites is to obtain 
higher properties, rather than pristine polymer material. The higher prop-
erties of composites material are in the sense mechanical properties. In 
case of nanocomposites, addition of nanoclay or other nanosize reinforce-
ment affect mechanical properties of the nanocomposites very efficiently. 
Increment in such mechanical properties comprises increases in the tensile 
strength, Young’s modulus, flexural strength, creep resistance, dimen-
sional stability, etc.2 As an example, Toyota group did develop Nylon 6 
and clay nanocomposites with improved mechanical properties, which 
were utilized in automobile industries. Mechanism behind the improve-
ment in mechanical properties of nanocomposite is similar as conven-
tional composites. Properties of nanocomposites depend upon the aspect 
ratio, structure of nanocomposites, and affinity of nano-reinforcement 
with polymer matrix. Higher aspect ratio and exfoliated structure plays 
vital role in order to get higher tensile strength, Young’s modulus, and 
flexural strength. Formation of the microvoids in nanocomposite gives 
variation in brittleness. In 2004, Zhang and Yang reported that incorpora-
tion of the nanoclay improves the poor creep resistance and dimensional 
stability.35 As surface area of nano-reinforcement is higher, greater are the 
mechanical properties. Generally, layered silicate or nanoclay possesses 
higher surface area of about 800 m2/g. Therefore, such higher surface 
area gives mechanical properties a drastic path. The mechanism behind 
reinforcing nature of the nanoclay or nano-reinforcement is similar to 
the mechanism of conventionally utilized reinforcement. Some authors 
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reported that lesser loading of nano-reinforcement is more effective rather 
than higher loading in weight %. Higher surface area and aspect ratio are 
responsible for significant improvement in the modulus with very little 
amount of nanofiller loading.36

8.5.2  BARRIER PROPERTY

Barrier property is one of the important properties of polymer material or 
composites that can play crucial role in final applications. Barrier prop-
erty of nanocomposites is excellent compared to virgin polymer materials. 
Improvement in barrier property of nanocomposites is due to exfoliated 
structure of polymer nanocomposites. Exfoliated structure gives higher 
barrier properties than partially exfoliated or intercalated structure. Barrier 
property or permeability of material depends upon an orientation of clay 
layers or particles in polymer matrix. Mechanism of improvement in the 
barrier property can be explained by concept of tortuous paths. Gas or 
vapor easily passes through virgin polymer material due to straightforward 
pathway or with lower hindrance in their path, but in case of polymer 
material reinforced with nanoclays or nanofillers, pathway of gases is quite 
difficult. Gases or vapors cannot easily pass through nanocomposites, and 
it is because of tortuous path developed by nano-reinforcement. Gas or 
vapor should take jiggled path in order to pass the barrier created by the 
nano-fillers or nano-clay layers.2,6,37 In 1995, Messersmith and Giannelis 
reported that permeability of liquid and gases in polymer nanocomposites 
reduced significantly.38

8.5.3  THERMAL PROPERTIES

8.5.3.1  THERMAL STABILITY

Thermal stability of nanocomposite depends upon thermal stability of 
nano-reinforcement or organically modified nanoclay, as reported by 
Chang and Sur in 2003.39 Increase in thermal stabilities of poly(lactic acid) 
polymer nanocomposite is with 5% of clay content. Paul reported that as 
clay content advances toward higher loading than 5%, thermal stability 
of nanocomposite decreases.40 If polymer material is exposed to the high 
temperature, it degrades without residue, but polymer nanocomposites 
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leave some residue after degradation.41 In polymer nanocomposites, 
organomodified clay or nanofiller acts as a shield to polymer material, 
in order to protect it from action of oxygen, and due to this phenomenon, 
thermal stability of whole nanocomposite increases drastically. Some of 
the authors argued that the thermal stability of the polymer decreases after 
addition of the nanoclay or nanosized filler.37

8.5.3.2  COEFFICIENT OF THERMAL EXPANSION

Variation in coefficient of thermal expansion of polymers is directly 
affected to dimensional stabilities as well as dimensional changes while 
molding. When composite or nanocomposite is subjected to the temper-
ature change, the matrix attempts to extend or contract. Reinforcement 
present in composite opposes these dimensional changes by creating 
hindrance; this hindrance comes in occurrence because the reinforcing 
material creates opposing stress to expansion and contraction. Due to 
mechanism mentioned above, the coefficient of thermal expansion of 
composite material reduces effectively. Akin phenomena were observed 
in case of nanocomposite of Nylon 6 and MMT. Coefficient of thermal 
expansion Nylon 6/MMT is reduced due to incorporation of nano-rein-
forcement as reported by Yoon, Fornes, and Paul.42

8.5.3.3  HEAT DEFLECTION TEMPERATURE

It was reported by many researchers that significant improvement in 
the heat deflection temperature (HDT) cannot be achieved by incorpo-
rating convention filler. It is possible to improve HDT by adding nano-
clays, nanoparticles, or more commonly nano-reinforcement in polymers 
rather than conventional fillers.30,37 Improvement in HDT was reported by 
Kojima in 1993 by 90°C, in case of Nylon 6 and organically modified clay 
or layered silicate nanocomposites.43

8.5.4  RHEOLOGICAL PROPERTIES

Rheological properties of polymer nanocomposites are crucially important 
from their processing viewpoint. Rheological properties of nanocomposite 
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are dependent upon structure, particle size, shape, and surface characteris-
tics of reinforcing phase. Cho and Paul reported that viscosity of polymer 
nanocomposite at low shear rate increases with filler loading. As shear 
rate increases, shear thinning behavior occurs.44 Behavior analogs to solid 
were observed because of the percolation of layered silicate or filler. 
Occurrence of solid-like behavior at low-volume fraction is on account of 
anisotropy.37 Value of absolute viscosity of poly(amide) 6 nanocomposite 
is quite lower than that of pristine poly(amide) 6 or conventional composite 
of it. Low value of the absolute viscosity increases the melt processability 
over a wide range of processing conditions. A possible reason behind this 
behavior is nothing but slip between poly(amide) 6 matrix and exfoliated 
clay layers.2

8.5.5  OPTICAL PROPERTIES

Optical properties of conventional composite or composite having their rein-
forcing phase in macrosize show poor optical properties. Polymer nanocom-
posite gives excellent optical properties like good optical clarity, excellent 
transmittance, etc. Cause behind this improvement is nothing but nano-size 
of reinforcing phase. Generally, used MMT mineral clay possesses the layer 
size in nanoscale, that is, 1 nm. One of the important negative aspects was 
reported is the loss in intensity in the UV region. This loss in intensity in the 
UV region is because of the scattering by the MMT particles.2

8.5.6  FLAME RETARDANCE

Flame retardancy is a property of a material that is considered widely while 
designing various applications. Polymer nanocomposite shows potential in 
flame retardancy in exclusive approach. Number of researchers reported 
performance of polymer nanocomposites in tests carried out in labora-
tories. Nanocomposite possesses number of advantages in the sense of 
flame retardancy over conventional polymer composite or compounded 
polymer material with flame retardance additives. The quantity of flame 
retardance additives is quite higher, which motivates increase in density, 
discoloration, loss in optical properties, etc. So, it is concluded that the 
nanocomposites possess abilities to become substitute for conventional 
polymers as well as composite materials.2

FOR REFERENCE PURPOSES ONLY



150	 Novel Applications in Polymers and Waste Management

8.6  RECENT APPLICATIONS OF POLYMER NANOCOMPOSITE

Along with advanced food packaging, nanocomposites are used in 
various applications. Polymer nanocomposites can be utilized to prepare 
high-temperature lubricating coating application.47 Nanocomposite can 
be applicable for high-temperature application that was reported by 
Provenzano, Holtz.48 Cellulose nanocomposites with nanofibers can be 
utilized for medical applications.49 Nanostructured conducting polymers/
nanocomposites can be utilized to sensor applications; this was reported 
by Rajesh, Ahuja, and Kumar.50 Polymer and biopolymer–clay nanocom-
posites show attractive properties for electrochemical and electroana-
lytical applications, so they can utilized for such applications.51 A novel 
glucose biosensor was developed by using the chitosan–polypyrrole 
nanocomposites that was reported by Fang, Ni, Zhang, Mao, Huang, and 
Shen. This can be utilized for active packaging.52 Chitosan–clay nano-
composites are used as electrochemical sensors for the potentiometric 
determination of anionic species.53 Polymer clay nanocomposite can 
be used for catalytic degradation, adsorptive removal, and detection of 
contaminants; it is quite helpful in environmental view.54 Sepiolite-based 
nanocomposites make this nanoparticle the most attractive material for 
tissue engineering and environmental industrial applications.55 Nanocom-
posites of gold and poly(3-hexylthiophene) containing fullerene moieties 
are used in application in solar cell.56 One of the earliest application or 
nanocomposite developed by Toyota group for automobile application, 
the first commercial product of clay-based polymer nanocomposites was 
a timing-belt cover made from PA6 nanocomposites by Toyota Motors in 
the early of 1990s. This timing-belt cover exhibited good rigidity, excel-
lent thermal stability, and no wrap. It also saved weight by up to 25%.57 
Meanwhile, Ube America was attempted to prepare nanocomposite 
barriers for automotive fuel systems, using up to 5% nanoclay in PA6 
and PA6/66 blends.58 There were various applications of different nano-
composites, tabulated in review by Pavlidoua and Papaspyrides.2 Lithium 
electrode application of ZnO−ZnFe2O4 nanocomposites was reported.59 
The applicability of biopolymer nanocomposite to membrane application 
was reported in 2011.60

This is a broad overview of scope of polymer nanocomposite and their 
research-based future application along with earliest applications.

FOR REFERENCE PURPOSES ONLY



Nanocomposites for Food Packaging Applications	 151

8.7  CORRELATION OF FOOD PACKAGING AND 
NANOCOMPOSITE

From last century or the last four to five decades approximately, the usage 
of plastic material was prodigious. It is a result of its quality of leading 
in diverse application than any other packaging material. When one can 
see plastic material in the sense of environment friendly aspect, it gets 
futile to prove its versatility. Plastic is not environment friendly in nature 
and hence it is futile to prove its versatility. So, in order to conquer such 
problem, evolution of biopolymer is vital and it is a drastic step. A major 
disadvantage to biopolymer is that it doesn’t have properties requisite for 
food packaging or any other types of packaging. So, in order to trounce 
such problem, an introduction of the bio-composite material was already 
done. In bio-composites, properties are enhanced by incorporating rein-
forcements, that is, filler materials. Hence, this filler enhances the proper-
ties of biopolymer.8,31 Fillers not only give enhanced properties but also 
additionally give increase in brittleness, weight, and loss in optical proper-
ties.2 Consequently, with the intention of accomplishing sound properties 
without any losses in the prime properties of the material, it is necessary to 
add reinforcement in the nanoscale and this is known as nanocomposite. 
Nanocomposite possesses the potential to substitute the conservatively 
used packaging material. Hence, this relation in between nanocomposites 
and food packaging is based on the disadvantages of materials that are 
used conventionally. It means that food packaging industry needs mate-
rial with versatile properties that can be superior and sincere to meet its 
food packaging application and it is possible via merely nanocomposites.

8.8  POLYMER NANOCOMPOSITES FOR FOOD PACKAGING

According to food packaging, polymer nanocomposite can be categorized 
in three different categories and that are (1) improved polymer nano-
composite, (2) active polymer nanocomposites, and (3) smart/intelligent 
polymer nanocomposites.

These categories are made by the criteria by how efficiently nanocom-
posites are serving in food packaging application so that the descriptive 
explanation is given on each category in the following sections.
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8.8.1  IMPROVED POLYMER NANOCOMPOSITES FOR FOOD 
PACKAGING

After polymer material is incorporated with clay nanoparticles, it is then 
identified as improved polymer nanocomposite. It is proficient to fulfill 
basic requirements, like barrier property, mechanical strength, and ensures 
safety of food for food packaging.32 In case of improved polymer nano-
composites, it was reported by Adame and Beall in 2009 that structure 
of clay in polymer gives only way to gas or water to travel in tortuous 
path, so this improves the gas and water barrier property.33 Along with this, 
many studies researchers reported the potential of clay nanoparticles to 
reduce oxygen and water–vapor permeability.22,45,46 A unique attempt was 
reported by Christopher Thellen, Sarah Schirmer in 2009 that coextrusion 
of two-layer film consists a MMT-layered silicate/poly(m-xylylene adipi-
mide) nanocomposite as the oxygen barrier layer and low-density polyeth-
ylene (LDPE) as moisture-resistant layer61. It was reported that improved 
oxygen barrier properties of the modified polyamide and Nylon 6 clay 
films were explained in terms of the reduced free-volume properties and 
demarcated structures of an overlapped clay mineral layers.62 Improved 
nanocomposites not only featured with evolved barrier properties but 
also there is significant enhancement in the mechanical property. Discus-
sion on the mechanical properties was done by Pavlidou and Papaspyr-
ides with remarkable depth in their review.2 Nanocomposite prepared by 
using MMT modified with citric acid gives higher Young’s modulus than 
unmodified MMT as investigated by Majdzadeh-Ardakani et al. in 2010.63 
Organic clay and LDPE nanocomposite are inept to give intercalated or 
exfoliated structure. But if ethylene-co-vinyl acetate (EVA) copolymer is 
added in it as compatibilizer, it gives properties of nanocomposites. Elastic 
modulus of the prepared material is also higher.64 It was reported in 2012 
by Hong and Rhim that nanocomposite film prepared by using LLDPE 
and two types of clay gives better smooth, homogeneous, and flexible, 
but less transparent than the neat pristine, LLDPE film. Very slight inter-
calated nanostructures were formed with both organoclays.65 Another 
unique attempt was done by Yang, Wu, Saito, and Isogai that nanocom-
posite of cellulose and MMT was prepared, by using cellulose/LiOH/urea 
solutions. Result shows somewhat intercalated structure.66 Regenerated 
cellulose/MMT nanocomposite by using ionic liquid, 1-butyl-3-methyl-
imidazolium chloride via solution casting method gives tensile strength 
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and Young’s modulus of regenerated cellulose films improved by 12%. 
Regenerated cellulose/MMT nanocomposite films exhibited improved gas 
barrier properties and water absorption resistance compared to regener-
ated cellulose.67 Nanocomposite films were prepared by using corn starch, 
polyvinyl alcohol, nanosized PMMA-co-acrylamide particles, and addi-
tives, that is, glycerol, xylitol, and citric acid. The results show that the 
mechanical properties and water resistance were improved up to 70–400% 
by the addition of nanosized PMMA-co-acrylamide.68 Swelling parameter, 
diffusion coefficient rate, and oxygen transmission rate of cellulose micro-
fiber/EVA composite were studied and resulted that it gives increased 
crystallinity of composite, investigated by Sonia and Dasan.69 Coating 
of polymer nanocomposite over virgin polymer film can give very good 
result in the sense of permeability and barrier property. Such novel attempt 
was tried by coating corn zein nanocomposite on polypropylene. Results 
are positive; reduce in the oxygen permeability was nearly four times, 
while water vapor permeability was reduced by 30%.70

8.8.2  ACTIVE POLYMER NANOCOMPOSITES FOR FOOD 
PACKAGING

Active polymer nanocomposite for food packaging is nothing but the 
dynamic participation of packaging material to enhance the food shelf life. 
Active packaging mainly concerns about antimicrobial property. Active 
packaging was developed to provide shield to food inside the packet from 
microbes. In addition, it is under development to serve various other func-
tions under the title of active packaging for example, oxygen scaven-
gers, ethylene removers, and carbon dioxide absorbers/emitters. In case 
of preparation of active packaging metal nanoparticles or metal oxide, 
nanoparticles are preferred over inorganic layered silicates. It is because 
metal or metal oxides such as silver, gold, zinc oxide, and magnesium 
oxide have antimicrobial property. Ample of research was done beneath 
this title, so there are plenty materials available that are able to give an 
antimicrobial property. Bruna, Peñaloza, Guarda, Rodríguez, and Galotto 
prepared nanocomposite by melt-mixing using extruder; copper (MtCu2+)-
modified MMT melt intercalated. An antibacterial effect of the polymer 
nanocomposite increases with the proportion of MtCu2+ added, obtaining 
a 94% reduction in microbial attack, when 4% of MtCu2+ was added to 
the polymer.71 Polymer nanocomposite containing polyethylene and silver 
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nanoparticles was produced via in situ polymerization, which ultimately 
gives 99.99% efficiency against bacteria.72 The cellulose–silver nanocom-
posites possess a high antimicrobial activity against the model microbes 
Escherichia coli (Gram-negative) and Staphylococcus aureus (Gram-
positive), reported in 2011 by Li, Jia, Ma, Zhang, Liu, Sun.73 Chitosan 
and MMT nanocomposite were prepared by using ion exchange reaction; 
result showed synergistic effect in the antimicrobial activity against E. coli 
and S. aureus.74 In an ordinary case, MMT is modified by using Na+ cation, 
when priorly present Na+ cations were replaced by silver cations such as 
MMT shows better antimicrobial properties.75 ZnO–nanorod sago starch 
films gives excellent antimicrobial activity against S. aureus. This result 
made ZnO–nanorod and starch nanocomposites’ readiness to use it as an 
active packaging material as reported by Nafchi et al.80 Another attempt 
by preparing nanocomposite of hydroxypropyl methylcellulose and silver 
nanoparticles was done by de Moura et al. and results shown by nanocom-
posite were interesting; silver nanoparticles with particle size of 41 nm 
show greater antibacterial property than silver nanoparticles having size of 
100 nm.77 Another literature revealed some disadvantages of use of silver 
nanoparticles for instance easy aggregation, uncontrollable release of silver 
ions, and potential cytotoxicity effectively affect its practical use.78 It was 
reported in 2012 by Busolo et al. that there is significant potential for the 
use of this novel oxygen scavenger additive to constitute active packaging 
of value in the shelf-life extension of oxygen-sensitive food products.83 
The polystyrene was grafted with two different monomers: acrylic and 
maleic acids in presence of MMT using potassium persulfate as initiator 
under nitrogen atmosphere. Results show good antimicrobial properties 
against K. pneumonia, E. coli, and Gram-positive bacterium (S. lutea), in 
addition to the yeast fungus (C. albicans).80 Natural rubber/rutile-TiO2 
nanocomposites with different n-TiO2 contents were prepared. The n-TiO2 
with median particle size of 73 nm was prepared by ultrasonication. Thus, 
result shows that nanocomposite gives improved mechanical properties 
and it possesses high UV-protection properties as well as antibacterial 
property.81 Nanocomposite LDPE films containing silver nanoparticles 
(AgNPs) were prepared by melt mixing in a twin-screw extruder and used 
to pack and store fresh orange juice at 4°C. The juice was stored for 56 
days.82 Methanol-diluted ZnO nanoparticles were dispersed in solution 
of polystyrene in toluene. Afterward, this whole solution was casted and 
placed in vacuum oven at room temperature to evaporate solvent, and after 
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that, it was heated at 80°C to remove the trapped solvent in between poly-
styrene. This prepared film of ZnO nanoparticle–polystyrene nanocom-
posite shows no antimicrobial property. These were reported by Jin et al.87 
In 2010, it was reported that the application of nano-ZnO to LDPE pack-
ages prolonged the microbial stability of orange juice.84 Chitosan nanopar-
ticles have higher antimicrobial property and it could be readily dispersed 
in biopolymer to give biodegradable food packaging.85 It was reported 
that in 2011, the ions Na+ were replaced by Ag+ ions in order to develop 
nanocomposite of Ag-MMT and ager with good microbial property.86 
Effectiveness of an antimicrobial packaging system consisting of agar and 
Ag-MMT nanoparticles on cheese stability was evaluated by Incoronato 
et al.90 In order to get the antimicrobial property, issue regarding migration 
of Ag+ ion was reported by Lloret et al.92 Nanocomposite was prepared 
by modified MMT (MMT–Cu2

+) and LDPE by melt mixing in extruder 
shows that the antibacterial effect of the nanocomposite increases with the 
concentration of MMT–Cu2

+.89 It was investigated that radiolytic method 
is more suitable to produce Ag nanoparticles without use of any solvents.90 
If hybrid Ag–TiO2 nanoparticles are activated by UV light, then they 
exhibit stronger antibacterial activity than UV combined only with Ag or 
TiO2 nanoparticles, as was examined by Li et al.95 More detailed discus-
sion about antimicrobial nanostructure and properties was reported by de 
Azeredo et al. in 2013.92

8.8.2.1  TESTING OF ACTIVE OR ANTIMICROBIAL PACKAGING 
MATERIAL

To characterize antimicrobial behavior of polymer nanocomposites, 
there are four typical food microorganisms including two Gram-positive 
bacteria–Listeria monocytogenes ATCC-19111 and Staphylococcus aureus 
ATCC-14458, and two Gram-negative bacteria–Salmonella typhimurium 
ATCC-14028 and Escherichia coli O157:H7 ATCC-11775, which are 
utilized to test the antimicrobial activity of polymer nanocomposite films 
using a viable cell count method. Film sample can be prepared by cutting 
film into square pieces (10 cm × 10 cm) and placed in individual germ-
free flasks. The Gram-positive and Gram-negative bacteria were sepa-
rately incubated in two separate broths at 37 and 30°C, respectively, under 
aerobic conditions for 16 h. Each 100 mL of the prepared inoculums with 
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the 1/10 diluted broth is aseptically added to the flasks containing the test 
films.93

8.8.3  SMART/INTELLIGENT POLYMER NANOCOMPOSITES

Intelligent or smart packaging can be achieved with nanocomposite mate-
rials. Intelligent packaging consists of packaging material which can be 
proficient to sense condition of food inside the packaging, freshness of 
food, toxicity, oxygen level, microbial activities, time, and temperature. 
For sensing application, it is essential to incorporate materials that are 
able to sense such parameters. Hence, development of intelligent pack-
aging for food packaging can give information to its customers about how 
much fresh product they are going to buy. The oxygen indicator was used 
to sense oxygen, prepared from a combination of electrochrome, titanium 
dioxide, and EDTA. It can be used in intelligent or smart packaging appli-
cations.93 Nanocrystalline SnO2 was used as a photosensitiser in a colo-
rimetric O2 indicator. It can be utilized to sense level of oxygen.94 Metal 
oxides were also very popular because of their sensitivity and stability as 
sensors.95 pH value can be sensed by incorporating silicate-based pH indi-
cators.96 H2S-sensitive indicators are based on a visually detectable color 
change of agarose immobilized myoglobin; when the freshness of food 
is goes on decreasing, it librates H2S. This H2S is sensed by myoglobin-
based indicators. Such type of indicator was reported by Hurme et al.102 A 
colorimetric-mixed pH dye-based indicator is used as carbon dioxide indi-
cator. It was reported by Nopwinyuwong et al.103 It has potential for the 
development of intelligent packaging. In the case of packaging of fishes, 
changes in the ammonia content of the fish could be monitored with the 
NH4

+-ISE. The indication gives an idea about freshness of fish, as reported 
in 2012 by Heising et al.104 Chitosan-based carbon dioxide sensor can be 
utilized in smart packaging, as reported by Jung et al.105 A time-moni-
toring sensor based on the oxidation of leuco-methylene blue to methylene 
blue is developed. The sensor changes its color from yellow to green in 
the presence of oxygen; therefore, it may be utilized in intelligent food 
packaging application, as investigated by Marek et al.106 Kuswandi, Jayus, 
Restyana, Abdullah, Heng, and Ahmad examined that a novel colorimetric 
method based on polyaniline film could be used to develop a smart pack-
aging. In case of fish packaging, such polyaniline film acts as chemical 
sensor for real-time monitoring of the microbial breakdown products in 
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the headspace of packaged fish. This on-package indicator contains poly-
aniline film, which responds through visible color change to a variation of 
basic volatile amines (specifically known as total volatile basic nitrogen) 
released during fish spoilage period.102 A smart temperature indicator 
packaging material was developed based on a natural and heat-sensitive 
pigment (anthocyanin) and was able to serve smart food packaging.103 
Enzyme-based time and temperature indicator was developed by using 
laccase.104 Colorimetric detection of melamine in raw milk using gold 
nanoparticles and crown-ether-modified thiols with a limit of detection 
of 6 ppb was reported.106 Ozdemir et al. reported that gold nanoparticles 
and glucose-sensitive enzymes can be used to measure glucose concentra-
tions in commercial beverages.50 In a broad sense, it can be observed that 
nanosensors are the sensors which sense various parameters such as time 
and temperature, humidity, and detection of gases. Detection of microbes 
is possible due to the unique chemical and electrooptical properties at 
nanoscale sizes known as nanosensor. Brief discussion regarding sensors 
and indicator is explained in further part of same section.

8.8.3.1  SENSORS

A sensor is a device that can be used to detect, quantify, as well as locate 
any physical or chemical properties. Development in chemical sensors 
and biosensors is in boom phase in recent years. Sensors are important 
aspects of today’s intelligent packaging material and are utilized in food 
packaging applications. Sensors are used in an extremely drastic nature to 
detect spoilage of food, gas in side of food packages, etc. Sensors can be 
classified in categories like gas sensors, biosensors, and florescence-based 
oxygen sensors.

8.8.3.1.1  Gas Sensors

Gas sensors are devices, which detect gas by means of their inherent prop-
erties or by using external devices. It was reported that the majority of 
carbon dioxide sensors, developed in recent years, were utilized in biomed-
ical application and food packaging application.108,109 In last century, a 
number of optical oxygen sensors pertain to gas sensors were reported. 
Optical oxygen sensor comprises solid metal material and operates on the 
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principles of luminescence quenching. Changes caused which are to be 
sensed were caused by direct contact with analyte, that is, oxygen.108,110 
Optochemical sensors were developed to sense hydrogen sulfide, amines, 
and carbon dioxide. They detect deterioration of product by sensing 
gases.108

8.8.3.1.2  Florescence-based Oxygen Sensor

Detection of oxygen via florescence-based sensor was reported in 1996 
by Reiniger, Kolle, Trettnak, and Gruber. It is one of the economical ways 
to develop a sensor by using luminescent dyes. Fluorescent or phospho-
rescent dyes were used as key component of these florescence-based 
sensors. These dyes are generally utilized as sensors by combing them 
with polymer matrix. Oxygen in package was measured by measuring 
luminescence change in a sensor device.111

8.8.3.1.3  Biosensors

Biosensors come under intelligent packaging but till date, there is no strong 
commercialization occurred. Thus, it is a very sensitive class of sensors 
used to detect various contaminants in food packaging. Biosensors mainly 
comprises enzymes, antigens, microbes, hormones, and nucleic acids.108,112

8.8.3.2  INDICATORS

Indicators are the materials that indicate characteristics of food like fresh-
ness, integrity of package as well as time and temperature. Indicator do 
not comprise transducer and receptor, which made indicators different 
than sensors. Indicator indicates the changes in object by changing its own 
characteristics or color.108

8.8.3.2.1  Freshness Indicators

Freshness indicator is key tool to determine the spoilage of food, chem-
ical changes in food stuff, and progress in microbial growth in package. 
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Consequently, this key function made freshness indicator one of the essen-
tial elements of intelligent food packaging. As comparable to sensor, it 
does not possess any receptor or transducer. In last two centuries, various 
researchers reported that the basis on which freshness indicators devel-
oped was provided by chemical detection of spoilage of food and chemical 
changes occur in storage of food stuff. Chemical changes in organic acid, 
like n-butyrate, l-lactic acid, d-lactate, and acetic acid, offer potential to 
indicator metabolites. Numbers of freshness indicators developed were 
based on indicator color changes in response to microbial metabolites that 
occur during spoilages of food. In the last decade, COX Technologies, 
USA, launched Fresh Tag color change indicator labels. This label was 
utilized to determine the freshness of seafood.108

8.8.3.2.2  Time and Temperature Indicator

Time and temperature indicator indicates full or partial temperature 
history of food product. The response of time and temperature indicators 
is generally in the form of change in color or mechanical deformation. 
Time and temperature indicator is classified into two types: partial-
temperature history indicators and full-temperature history indicators. A 
partial-temperature history indicator does not respond until it is exposed 
to temperature that causes it to change in food quality. In case of full-
temperature history indicators, temperature history regarding food product 
is indicated utterly. Diffusion, enzymatic, and polymer-based systems are 
used to commercialize time and temperature indicators.108

8.9  ROLE OF BIOPOLYMER NANOCOMPOSITES IN FOOD 
PACKAGING

Current environmental issues of synthetic polymer packaging are the 
main driving force to develop the biopolymer packaging. Biopolymer 
packaging materials are ready to substitute non-eco-friendly synthetic 
plastic packaging with excellent biodegradable plastics.113–123 Ahead of 
biopolymer, there is bio-nanocomposites, a class of composite material 
developed with more effective and enhanced barrier, mechanical and 
thermal properties to serve food packaging applications. It consists of 
biopolymer matrix reinforced with filler or particles having their size at 
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nanoscale.2,116–122 A reason behind the changeover of biopolymer to bio-
nanocomposite is poor mechanical property, barrier property, challenges 
in processing and cost, etc. of biopolymer.123,124 Bio-nanocomposites are 
generally prepared by using layered silicate or inorganic clay minerals and 
variety of matrix chosen from the ample number of biopolymers. After 
preparation of the bio-nanocomposites, characterization of its biodegrad-
ability antimicrobial property, mechanical property, and thermal stabili-
ties will be carried out. Biopolymers used to prepare bio-nanocomposites 
are enlisted as follows: polylactic acid, polyglycolic acid, polybutylene 
succinate, cellulose and its derivatives, starch, ager, polyhydroxybu-
tyvate-co-hydroxvalevate, and poly-co-lactum.1 There are a number of 
examples of bio-nanocomposite with improved mechanical and barrier 
properties. Huang reported 450% increment in tensile strength of corn 
starch/MMT nanocomposites.125 Another example of soya protein/MMT 
nanocomposite possesses enhanced tensile strength from 8.77 to 15.43 
MPa at 16% loading of MMT clay.126 It was reported that ager/unmodi-
fied MMT nanocomposite film possesses lower water–vapor transmis-
sion rate than ager/organically modified MMT nanocomposite film.127 
Similar result regarding water–vapor transmission rate of nanocomposite 
consist of biopolymer, starch, whey protein isolates, soy protein isolates, 
wheat gluten, and poly(caprolactum) was reported.128–138 Cloisite 30B is 
a mineral clay that is able to give reduction on water–vapor transmis-
sion rate when nanocomposite formed of Cloisite 30B and chitosan-
based nanocomposite.131 Water vapor transmission rate was examined 
by Park with nanocomposites like cellulose acetate/clay nanocomposite 
with different triethyl citrate plasticizers.139 Along with mechanical and 
barrier properties, bio-nanocomposite are featured with property that 
differentiate bio-nanocomposites from polymer nanocomposite that is 
nothing but biodegradation property. Ample numbers of attempts were 
made to prepare biodegradable nanocomposites by using poly(lactic acid) 
matrix, and it was reported by Nieddu. It can be able to give enhanced 
biodegradation of poly(lactic acid)-based nanocomposites prepared with 
different types nanoclays.141 Rhim reported that organoclay, especially 
Cloisite 30B, gives strong antimicrobial activity against food-poisoning 
bacteria.1,131 Silver nanoparticles are effective antimicrobial agent used 
to prepare polymer nanocomposites with better antimicrobial property. 
Silver nanoparticles have been loaded in biopolymers in order to get 
strong antimicrobial property against bacteria.141,142–144
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8.10  SCOPE FOR RESEARCH IN FOOD PACKAGING BASED ON 
POLYMER NANOCOMPOSITES

In case of food packaging, intensive research is required on active food 
packaging and smart/intelligent food packaging rather than the improved 
food packaging. For this reason, these developing materials have potential 
to change the face of packaging material used today. It is vital to do the 
studies as well as research on nanosensor materials in order to develop 
intelligent packaging material for diverse packaging applications. Anti-
microbial property given by nanosilver particle to nanocomposite is great, 
but along with it, there arises a problem of toxicity of nanosilver particle; 
so the research should be directed in such way that problem of toxicity 
of nanosilver is avoided or reduced. There is also scope to develop mate-
rial having antimicrobial property which can replace conventional metal 
oxides and silver, etc. Abundant numbers of researches are done on the 
polymer nanocomposites, but there are still a number of challenges in prep-
aration, structure, and properties of polymer nanocomposites. Challenges, 
for example, how changes in polymer crystalline structure induced by the 
clay affect overall composite properties? How does one can tailor organo-
clay chemistry to achieve high degrees of exfoliation reproducibility for 
a given polymer system? How process parameters and fabrication affect 
composite properties? Thus, in order to overcome such questions, thor-
ough study on the highlighted problem is very necessary.2,145

8.11  SUMMARY

Today, there are much critical issue regarding environment, shelf life, 
and safety of food due to use of conventionally packaging material, that 
is, pristine plastics, metals, and papers. To avoid such issues, polymer 
nanocomposite will be a smart choice. Polymer nanocomposites are able 
to provide passage to overcome above-mentioned problem by forming 
improved/active/smart nanocomposites for food packaging, with or 
without combining biopolymers. Polymer nanocomposite is the marvelous 
product from the combination of polymer science and nanotechnology. 
Nanocomposite is a composite material of polymer and nanoscale rein-
forcement. Nanocomposite can be prepared from different methods that 
are greatly emphasized in the review reported by Pavlidou and Papaspyr-
ides. It was accentually reported by a number of reviewers that melt 
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intercalation and in situ polymerization are mostly preferred for commer-
cial as well as for research work. Layered silicate or nanoparticles is a 
crucial aspect of a nanocomposite, because it defines the properties via its 
structure, that is, whether it is intercalated or exfoliated. Chemical modi-
fication of nanoparticles is pivotal treatment that is carried out on layered 
silicate, succors to achieve exfoliated nanocomposite which gives higher 
properties. Characterization of polymer nanocomposite is quite essential 
because it gives an idea about its structure, morphology, and whether it 
is exfoliated or intercalated. Correlation in between food packaging and 
nanocomposites perceptively unfolds the need of polymer nanocomposite 
for packaging application, especially food packaging by illustrating its 
advantages. As mentioned in Section 8.8.2, advanced food packaging is 
disunited in three diverse categories as per their advancement. Improved 
polymer nanocomposite possesses good mechanical and barrier proper-
ties, active consist of antimicrobial property, and intelligent one senses 
the condition of food, gases, and temperature of packet or food which 
is quite assisting to improve shelf life of food. Along with sensors, this 
subtitle comprises indicators, like freshness indicator, time, and tempera-
ture indicator. Along with synthetic polymer nanocomposite, importance 
of biopolymer nanocomposites in packaging field is crucially explained.
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ABSTRACT

Rapid pace of industrialization and its resulting by-products have affected 
the environment by producing hazardous wastes and poisonous gas fumes 
and smokes, which have been released to the environment. Nanotech-
nology has been extensively studied by researchers as it offers poten-
tial advantages like low cost, reuse, and high efficiency in removing 
and recovering the pollutants and has also proved to be one of the finest 
and advanced ways for wastewater treatment. Nanoparticles when used 
as adsorbents cause pollutant removal/separation from water, whereas 
nanoparticles used as catalysts for chemical or photochemical oxidation 
effect the destruction of contaminants. Present scientist evaluated the four 
classes of nanoscale materials that are functional materials for water puri-
fication: (1) dendrimers, (2) metal-containing nanoparticles, (3) zeolites, 
and (4) carbonaceous nanomaterials. Nanomaterials are effective for 
removal of metals, dyes, and pesticides from industrial wastewater and 
hence control the water pollution caused by textile and printing industries, 
and their convergence with current treatment technologies present great 
opportunities to revolutionize water and wastewater treatment.

9.1  INTRODUCTION

Water pollution is a major global problem that requires ongoing evalua-
tion and revision of water resource policy at all levels. Water is typically 
referred to as polluted when it is impaired by anthropogenic contaminants 
and does not support a human use, such as drinking water. It also has 
impacts on economic and social costs. The rapid pace of industrialization 
and its resulting by-products have affected the environment by producing 
hazardous wastes and poisonous gas fumes and smokes, which have been 
released to the environment.2 According to the 2013 Budapest Water 
Summit, it is expected that, by 2030, some 40% of the world’s population 
will suffer from freshwater shortages. On the other hand, more than 50% of 
the total energy produced is estimated to be wasted in the form of untapped 
available energy and inefficient energy usage.7 Conventional technologies 
have been used to treat all types of organic and toxic waste by adsorp-
tion and biological oxidation. There are various ways used commercially 
and noncommercially, method to fight this problem which is advancing 
day-by-day due to technological progress. Various physical, chemical, and 
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biological treatment processes are used for wastewater treatment. Among 
these methods, currently, nanotechnology has been extensively studied by 
researchers as it offers potential advantages like low cost, reuse, and high 
efficiency in removing and recovering the pollutants and has also proved 
to be one of the finest and advanced ways for wastewater treatment. There 
are various reasons behind the success of nanotechnology and scientists 
are still working on further enhancement of its usage. Nanomaterials 
unique properties allow them to remove pollutants from the environment. 
Nanoparticles have very high absorbing, interacting, and reacting capa-
bilities due to its small size with high proportion of atoms at surface. It can 
even be mixed with aqueous suspensions and thus can behave as colloid. 
Nanoparticles can achieve energy conservation due to its small size which 
can ultimately lead to cost savings. Nanoparticles have great advantage 
of treating water in depths and any location which is generally left out by 
other conventional technologies. They are used for softening of ground-
water (reduction in water hardness), for removal of dissolved organic 
matter and trace pollutants from surface water, for wastewater treatment 
(removal of organic and inorganic pollutants and organic carbon), and for 
pretreatment in seawater desalination.

9.2  NANOTECHNOLGY AND NANOMATERIALS

The American Chemistry Council—Nanotechnology Panel has proposed 
the definition as an engineered nanomaterial is any intentionally produced 
material that has a size in 1, 2, or 3-dimensions of typically between 1 
and 100 nm. Nanomaterials are manufactured materials with a structure 
between approximately 1 and 100 nm. Their unique physicochemical (e.g., 
size, shape) and surface (e.g., reactivity, conductivity) properties contribute 
to the development of materials with novel properties and technical solu-
tions to problems that have been challenging to solve with conventional 
technologies.12 The extremely small size of nanomaterial particles, typi-
cally in the range between 1 and 100 nm (billionth of a meter), creates a 
large surface area in relation to their volume, which makes them highly 
reactive, compared to non-nano forms of the same materials.

At nanoscale, material exhibits unique optical, magnetic electrical 
properties which have novel properties and functions because of their 
small and/or intermediate size, which are not seen in their conventional, 
bulk counterparts. Despite its lucrative applications in various fields, 
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certain environmental and ethical concerns cloud the celebration of nano-
technology as the next technological boom.17

In terms of wastewater treatment, nanotechnology is applicable in 
detection and removal of various pollutants including heavy metal pollu-
tion that poses as a serious threat to environment because it is toxic to 
living organisms, including humans.

Nanoparticles when used as adsorbents cause pollutant removal/sepa-
ration from water, whereas nanoparticles used as catalysts for chemical or 
photochemical oxidation effect the destruction of contaminants present.20 
Scientist evaluated the four classes of nanoscale materials that are func-
tional materials for water purification: (1) dendrimers, (2) metal-containing 
nanoparticles, (3) zeolites, and (4) carbonaceous nanomaterials, which 
make them particularly attractive as separation and reactive media for 
water purification.5

Dendrimers are repetitively branched molecules. A dendrimer is 
typically symmetric around the core and often adopts a spherical three-
dimensional morphology.8 A dendron usually contains a single chemi-
cally addressable group called the focal point. Dendrimers are highly 
branched, star-shaped macromolecules with nanometer-scale dimensions.1 
Dendrimers are defined by three components: a central core, an interior 
dendritic structure (the branches), and an exterior surface with functional 
surface groups, neatly organized, hyper-branched polymer molecules that 
have end groups, core, and branches.2 FeO/FeS nanocomposites that are 
synthesized with dendrimers as templates can be used for the construction 
of permeable reactive barriers for remediation of ground water. The varied 
combination of these components yields products of different shapes and 
sizes with shielded interior cores that are ideal candidates for applica-
tions in both biological and materials sciences. While the attached surface 
groups affect the solubility and chelation ability, the varied cores impart 
unique properties to the cavity size, absorption capacity, and capture-
release characteristics.

Invention of dendritic polymers are providing opportunities to develop 
effective UF processes for purification of water contaminated by toxic 
metal ions, organic and inorganic solutes, and bacteria and viruses. 
Poly(amidoamine), or PAMAM, is a class of dendrimer which is made of 
repetitively branched subunits of amide and amine functionality. PAMAM 
belongs to the class of water-soluble polymers which is a criteria much 
needed for the agent in the treatment of water. They can act as floculants 
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for dye industry wastewater treatment. Diallo et al. (2005) tested the feasi-
bility of PAMAM dendrimers with ethylene diamine core and terminal 
NH2 groups to recover Cu(II) ions from aqueous solutions. On a mass 
basis, the Cu(II) binding capacities of the PAMAM dendrimers are much 
larger and more sensitive to solution pH than those of linear polymers with 
amine groups.1

Silica-based PAMAM dendrimer is found to have high surface func-
tionality, which is very helpful in the adsorption of metal ions. Amine-
terminated PAMAM dendrimers exhibit high affinity for adsorption of 
metal ions to their surface via coordination to the amine or the acid func-
tionality. It is pH-independent in its action. Al of the ester and amino-
terminated PAMAM dendrimer presented regularities in adsorption of 
metals like chromium, zinc, and iron. The adsorption of ester and the 
amino-terminated products increased with the increase in the grafting 
percentage and the addition of the surface functional groups.

9.3  METAL-CONTAINING NANOPARTICLES

Silver, iron, gold, titanium oxides, and iron oxides are some of the 
commonly used nanoscale metals and metal oxides cited by the researchers 
that can be used in environmental remediation. Silver nanoparticles, for 
example, have proved to be effective antimicrobial agents and can treat 
wastewater-containing bacteria, viruses, and fungi. Nanoscale titanium 
dioxide can also kill bacteria and disinfect water when activated by light. 
Nanosized metal oxides show great removal efficiency of heavy metal in 
wastewater, owing to their higher surface areas and much more surface 
active sites than bulk materials. But, it is very difficult to separate them 
from the wastewater due to their high surface energy and nanosize. So, 
many researchers turn to design polymer-based nanosorbents decompo-
sition of organic compounds can be enhanced by noble metal doping 
into TiO2 due to enhanced hydroxyl radical production and so forth. 
Metal oxide nanoparticles also can be impregnated onto the skeleton 
of activated carbon or other porous materials to achieve simultaneous 
removal of arsenic and organic co-contaminants, which favors point-of-
use applications.14

The size and shape of NMs and NMOs are both important factors which 
affect their performance. Oxide nanoparticles can exhibit unique physical 
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and chemical properties due to their limited size and a high density of 
corner or edge surface sites. They have high reactivity and photolytic 
properties.4 They are considered good adsorbent for water purification 
because they have large surface area and their affinity can be increased by 
using various functionalized groups. Effectiveness of MgO nanoparticles 
and magnesium (Mg) nanoparticles as biocides against Gram-positive and 
Gram-negative bacteria (Escherichia coli and Bacillus megaterium) and 
bacterial spores (Bacillus subtillus) was demonstrated by Stoimenov and 
his colloquies in 2002.22 Silver loaded nano-SiO2 composite coated with 
cross-linked chitosan has high biocidal activity against E. coli and Staph-
ylococcus aureus. Zinc oxide nanoparticles have been used to remove 
arsenic from water. Metal oxide nanocrystals can be compressed into 
porous pellets without significantly compromising their surface area when 
moderate pressure is applied.14 Some adsorption processes for wastewater 
treatment have utilized ferrites and a variety of iron-containing minerals, 
such as hematite, lepidocrocite, and magnetite.

9.4  ZEOLITE NANOPARTICLES

Zeolite is a crystalline hydrated aluminosilicate of alkaline and earth 
metals. It is to point out that zeolites act as strong adsorbents and ion 
exchangers. Zeolites have a porous structure that can accommodate a wide 
variety of cations such as Na+, K+, Ca2+, Mg2+, and others. These positive 
ions are rather loosely held and can be exchanged for others in a contact 
solution. They can be acquired from natural sources or fabricated in labo-
ratories. Synthetic zeolites are usually made from silicon–aluminum solu-
tions or coal fly ash and are used as sorbents or ion-exchange media in 
cartridge or column filters. Zeolite nanoparticles can be prepared by laser-
induced fragmentation of zeolite. Nanoparticles of zeolites are effective 
sorbents and ion-exchange media for metal ions which is evaluated as 
an ion-exchange media for the removal of heavy metals from acid-mine 
wastewaters. Nanoparticles embedded zeolite is prepared for better treat-
ment of dioxin-contaminated water that can make potable one for regular 
use. Zeolites have been reportedly used in the removal of heavy metals 
such as Cr(III), Ni(II), Zn(II), Cu(II), and Cd(II) from metal electroplating 
and acid-mine wastewaters.
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9.5  CARBONACEOUS NANOMATERIALS

As one of the inorganic materials, carbon-based nanomaterials22 are used 
widely in the field for removal of heavy metals in recent decades, due to 
its nontoxicity and high sorption capacities. Activated carbon is used first 
as sorbents, but it is difficult to remove heavy metals at ppb levels. Then, 
with the development of nanotechnology, carbon nanotubes (CNTs), 
fullerene, and graphene are synthesized and used as nanosorbents. Carbo-
naceous nanomaterials can serve as high capacity and selective sorbents 
for organic solutes in aqueous solutions carbon materials are a class of 
significant and widely used engineering adsorbent. Carbon-based nanopar-
ticles act as sorbents because they have high capacity and selectivity for 
organic solutes in aqueous solutions. CNTs are major building blocks of 
this new technology. CNTs have great potential as a novel type of adsor-
bent due to their unique properties such as chemical stability, mechanical 
and thermal stability, and the high surface area, which leads to various 
applications including hydrogen storage, protein purification, and water 
treatment. Removal of heavy metals from industrial wastewater leads 
to the biggest challenge nowadays. To reduce environmental problems, 
the CNTs are promising candidates for the adsorption of heavy metals.11 
The large specific surface areas, as well as the high chemical and thermal 
stabilities, make CNTs an attractive adsorbent in wastewater treatment. 
The adsorption properties of the CNTs to a series of toxic agents, such as 
lead, cadmium, and 1,2-dichlorobenzene have been studied and the results 
show that CNTs are excellent and effective adsorbent for eliminating 
these harmful media in water.19 Multiwalled CNTs have been tested for 
the adsorption of coexisting contaminants, namely, 2,4,6-trichlorophenol 
and Cu(II). In particular, the large specific surface areas, as well as the 
high chemical and thermal stabilities, make CNTs an attractive adsorbent 
in wastewater treatment.

Activated carbon, CNTs, has studied for the sorption capacity, based 
on Co2+ and Cu2+. The results show that carbon nanomaterials have signifi-
cantly higher sorption efficiency comparing with activated carbons. Mean-
while, Stafiej and Pyrzynska24 find solution conditions, including pH and 
metal ions concentrations, could affect the adsorption characteristics of 
CNTs, and the Freundlich adsorption model agree well with their experi-
mental data. CNTs are rolled up graphene sheets with a quasi-one-dimen-
sional structure of nanometer-scale diameter. In these last 20 years, CNTs 
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have attracted much attention from physicists, chemists, material scien-
tists, and electronic device engineers because of their excellent structural, 
electronic, optical, chemical, and mechanical properties.16

Graphene is another type carbon material as nanosorbent, which is a 
kind of one or several atomic layered graphites, possesses special two-
dimensional structure, and good mechanical and thermal properties. Wang 
et al.1 synthesized the few-layered graphene oxide nanosheets. These 
graphene nanosheets are used as sorbents for the removal of Cd2+ and Co2+ 
ions from aqueous solution; results indicate that heavy-metal ion sorption 
on nanosheets is dependent on pH and ionic strength, and the abundant 
oxygen-containing functional groups on the surfaces of grapheme oxide. 
Nanosheets played an important role on sorption. Kim et al.31 reported 
magnetite–graphene adsorbents with a particle size of ~10 nm give a high 
binding capacity for As3+ and As5+, and the results indicate that the high 
binding capacity is due to the increased adsorption sites in the graphene 
composite.

Just as graphene triggered a new gold rush, three-dimensional graphene-
based macrostructures (3D GBM) have been recognized as one of the most 
promising strategies for bottom-up nanotechnology and become one of the 
most active research fields during the last 4 years. In general, the basic 
structural features of 3D GBM, including its large surface area, which 
enhances the opportunity to contact pollutants, and its well-defined porous 
structure, which facilitates the diffusion of pollutant molecules into the 3D 
structure, enables 3D GBM to be an ideal material for pollutant manage-
ment due to its excellent capabilities and easy recyclability.21

9.6  CONCLUSION

Industrialization and population are the main reasons for increase in amount 
wastewater. Several methods are employed to ensure a sustained supply 
of water for the requisite purpose. Nanotechnology for water and waste-
water treatment is gaining momentum globally. Nanotechnology is also 
being looked upon to provide an economical, convenient, and ecofriendly 
means of wastewater remediation. Nanomaterials are the backbone of the 
nanotechnology revolution. The efficiency of applications of nanotech-
nology for water purification should be the availability of the market that 
can provide large quantities of nanomaterials at economically reasonable 
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price. Nanomaterials are effective for removal of metals, dyes, and pesti-
cides from industrial wastewater and can also control water pollution 
caused by textile and printing industries. Convergence of nanotechnology 
with current treatment technologies presents great opportunities to revolu-
tionize water and wastewater treatment.
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ABSTRACT

Solar paints or conducting paints have replaced the solar panels as it 
requires high installation and maintenance costs. Uses of cadmium and 
other nanoparticles as fillers to efficiently conduct solar energy have been 
extensively reported in the literature. However, these nanoparticles have 
adverse effect on the environment. In the present chapter, literature on 
carbon nanotube (CNT) synthesis and its use as fillers to induce conduc-
tive properties on paints is discussed in detail.

10.1  INTRODUCTION AND LITERATURE REVIEW

Solar paints or conducting paints have replaced the solar panels as it 
requires high installation and maintenance costs. Uses of cadmium and 
other nanoparticles as fillers to efficiently conduct solar energy have been 
extensively reported in the literature. However, these nanoparticles have 
adverse effect on the environment. In the present chapter, literature on 
carbon nanotube (CNT) synthesis and its use as fillers to induce conduc-
tive properties on paints is discussed in detail.

Conductive paints are prepared by dispersing the material which can 
induce conductive property in the paint matrix. The conductive paint should 
be economical, environmental friendly, and efficiently absorb the sunlight. 
The economic feasibility of solar energy utilization depends upon efficient 
collection, conversion, and storage. The efficient utilization of solar energy 
for various process applications requires the use of the collector systems 
which first capture as much as possible of incoming radiation and deliver 
a high fraction of the captured energy for propagation. The conversion 
efficiency of a collector system is limited by the thermal losses from the 
heated absorber due to conduction, convection, and radiation. The losses 
become increasingly significant at higher temperatures. Thus, the effective 
utilization of solar radiation can be achieved by an efficient and low cost 
“solar selective coating.”1

The solar paints prepared using graphene and other materials which 
can absorb sunlight were reported by Matthew et al. Nanoparticles like 
cadmium were used as fillers for the preparation of conducting solar paints. 
However, such solar paint cannot be applied on all solid state devices.2 
Zhu et al. reported that the copper nanoparticle-filled CNTs may be used 
as fillers. CNTs are long cylinders of covalently bonded carbon atoms 
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which possess extraordinary electronic and mechanical properties. CNTs 
are available in the form of single and multiwalled structures: single-
wall carbon nanotubes (SWCNTs) which are the fundamental cylindrical 
structure and multiwall carbon nanotubes (MWCNTs) which are made of 
coaxial cylinders, having interlayer spacing close to that of the interlayer 
distance in graphite (0.34 nm). These cylindrical structures are only few 
nanometers in diameter, but length wise it can be tens of microns long with 
most end capped with half of a fullerene molecule.3 The main objective of 
the present study is to understand the techniques of CNT synthesis and its 
dispersion techniques in the paint matrix to obtain conductive paints.

10.2  SYNTHESIS OF CARBON NANOTUBES

CNTs are prepared by three different methods such as arc discharge 
(C60 fullerenes are produced by this method which is perhaps the easiest 
way to produce CNTs) and laser ablation (an intense laser pulse is targeted 
to vaporize a carbon rod in presence of an inert gas). This method mainly 
produces single-walled CNTs and chemical vapor deposition (CVD) 
method. CVD technique is widely used as it is carried out at a much lower 
reaction temperature, and also good control over length and structure 
of the nanotubes is attainable. It also offers the advantage to adjust the 
reaction conditions to produce the desired CNTs (single-walled or multi-
walled). CVD can be carried out with or without the presence of catalyst.3 
The techniques of CVD are discussed below in detail.

10.3  CHEMICAL VAPOR DEPOSITION TECHNIQUE

10.3.1  CATALYTIC CHEMICAL VAPOR DEPOSITION

In this technique, a mixture of hydrocarbons, metal catalyst along with 
inert gas, is introduced into the reaction chamber. At around 700–900°C 
and atmospheric pressure, nanotubes form on the catalyst substrate by the 
decomposition of the hydrocarbon.4 These CNTs can be collected upon 
cooling the system to room temperature. In the case of a liquid hydro-
carbon, liquid is heated in a flask and an inert gas (usually argon) is purged 
through it which in turn carries the hydrocarbon vapor into the reaction 
zone. In case of solid hydrocarbons, it can be kept in the low-temperature 
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zone of the reaction tube. The volatile materials directly turn from solid to 
vapor and perform CVD, while passing over the catalyst kept in the high-
temperature zone. Like CNT precursors, catalyst used in CVD can also 
be in any form (solid, liquid, or gas), which may be suitably placed in the 
reactor or externally fed. Alternatively, catalyst-coated substrates can be 
used to catalyze the CNT growth. The size of the catalyst metal particles 
used in this technique has influence on the diameter of the nanotubes. Two 
growth mechanisms can be expected from this technique (tip growth and 
base growth) depending upon the adhesion between the catalyst particles 
and the substrate (if it is weak, tip growth and if it is strong, base growth). 
It is well known that hydrocarbons can be easily broken at high tempera-
tures (pyrolysis), but in the presence of suitable metal catalyst, hydrocar-
bons can be decomposed at lower temperatures (catalytic pyrolysis).

The key of CNT growth by CVD is to achieve hydrocarbon decomposi-
tion on the metal surface alone and prohibit spontaneous aerial pyrolysis and 
this is done by the proper selection of catalyst and hydrocarbon materials, 
vapor pressure of hydrocarbon, concentration of the catalyst, and the CVD 
reaction temperature.5 For the use of CNTs to induce conductive properties 
in paints, CNTs are to be made conductive. This can be done by incorpo-
rating metallic conductive nanoparticles into the CNTs in a separate func-
tionalization step (endohedral functionalization) or by directly using the 
metallic particles as a catalyst during the preparation of CNTs using CVD.6 
Zhu et al. reported the formation of bamboo-like CNTs using a copper foil 
by CVD from ethanol. They found that the yield and size of CNTs increases 
with increasing the temperature. The CNTs which were prepared at around 
700°C had copper droplet tip and those at 800–900°C had a copper nanopar-
ticle inside. They also observed that the enhancement of CNT growth with 
increase in the duration up to 30 min and prolonged duration up to 60 min 
did not shown any increase in the yield of CNTs to an appreciable level. 
It was observed and proposed that a carbon film first deposits on the top 
surface of the copper foil while the top surface of the copper foil partially 
melted and migrated across the carbon film where CNTs are formed.4

10.3.2  NON-CATALYTIC CHEMICAL VAPOR DEPOSITION

This method is a modification of the above technique, wherein uniform, 
well-aligned (MWCNTs grow in the channels of alumina porous oxide 
films. These alumina templates are commercially available or can be 

FOR REFERENCE PURPOSES ONLY



A Review on Preparation of Conductive Paints	 187

prepared in the laboratory by anodic oxidation of aluminum. By changing 
the process parameters, required thickness and pore diameters of the 
alumina films can be obtained which in turn affects the growth of CNTs in 
the pores. At high temperature (generally 700–900°C), on passing hydro-
carbon gas into the tubular reactor which has an alumina template inside 
it, carbon deposits on the inner walls of the alumina template. After this 
process, the CNT-filled template is taken out of the tubular reactor and 
washed with hydrofluoric acid to separate the CNTs from the template. 
The resulting nanotubes are straight and have uniform diameter and thick-
ness (thickness depends on the length of the deposition process).7

10.4  FUNCTIONALIZATION

The performance of CNT depends on the dispersion of CNTs in the 
matrix and interfacial interaction between the CNT and the matrix. 
The carbon atoms on the CNT walls are chemically stable because of 
the aromatic nature of the bond and as a result, the reinforcing CNTs 
are inert and can interact with the surrounding matrix mainly through 
van der Waals forces of attraction. Hence, the efficient load transfer is 
not possible across the CNT–matrix interface. It can be attained by the 
modification in the surface properties of the CNTs by either chemical or 
physical functionalization.8

10.4.1  CHEMICAL FUNCTIONALIZATION

It is based on the covalent linkage of functional entities and the carbon 
of CNTs. Direct covalent sidewall functionalization is associated with a 
change of hybridization from sp2 to sp3 and also the loss of π conjuga-
tion on the graphene layer. This can be obtained by reaction with some 
molecules of high chemical reactivity such as fluorine. It was reported 
that the fluorination of purified SWCNTs occurs at the temperatures up to 
325°C and the process is reversible using anhydrous hydrazine which can 
remove the fluorine.

The fluorinated CNTs have C–F bonds that are weaker than those in 
alkyl fluorides and thus provide substitution sites for additional function-
alization. Successful replacement of the fluorine atoms by amino, alkyl, 
and hydroxyl groups has been reported.8
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Defect functionalization is another method for covalent functionaliza-
tion of CNTs. An oxidative process using strong acids (such as nitric acid) 
or by using strong oxidants (such as KMnO4) can induce defects on the 
side walls as well as open ends of the CNTs. These defects are stabilized by 
bonding with carboxylic acid or hydroxyl groups. These functional groups 
have rich chemistry and the CNTs can be used as precursors for further 
chemical reactions. The chemically functionalized CNTs have strong 
interfacial bonds with induced high mechanical and functional properties. 
However, this method has few drawbacks; first, during the functionaliza-
tion reaction (especially in the ultrasonication process), a large number of 
defects are created on the sidewalls of CNTs and in some extreme cases, 
CNTs are fragmented into smaller pieces. This leads to decrease in the 
mechanical properties of CNTs as well as disruption of π electron system 
in the nanotubes. Second, the concentrated acids or oxidants used in cova-
lent functionalization are not environment friendly.9

10.4.2  PHYSICAL FUNCTIONALIZATION

Physical functionalization has been put forward as an alternative method 
for tuning the interfacial properties of nanotubes. The physical functional-
ization techniques reported by Korneva are discussed below.

10.4.2.1  POLYMER WRAPPING

The suspension of CNTs in the presence of polymers leads to the wrap-
ping of the polymer around the CNTs to form super molecular complexes 
of CNTs. This process is achieved through van der Waals interactions and 
π–π stacking between CNTs and polymer chains containing aromatic rings.

10.4.2.2  SURFACTANT ADSORPTION

Polymer surfactants have also been employed to functionalize CNTs. The 
effects of different types of surfactants (nonionic, anionic, and cationic) 
were studied. The physical adsorption of the surfactant on CNT surface 
lowered the surface tension of the CNT, effectively preventing the forma-
tion of aggregates and hence improving the dispersion. Moreover, the 
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surfactant-treated CNTs overcome the van der Waals attraction by elec-
trostatic or stearic repulsive forces. The efficiency of this method depends 
on the properties of surfactants, medium chemistry, and the base matrix. It 
was reported that cationic surfactants are favorable for water soluble poly-
mers and for the water insoluble polymers, CNT dispersion was promoted 
by nonionic surfactant. The treatment of nonionic surfactants is based 
on strong hydrophobic attraction between the solid surface and the tail 
group of surfactant. Once the surfactant is adsorbed onto the filler surface, 
the surfactant molecules are self-assembled into micelles above a critical 
micelle concentration (CMC).8

10.4.2.3  ENDOHEDRAL METHOD

In this method, guest atoms or molecules are stored in the inner cavity of 
the CNTs by the capillary effect. The incorporation of guest atoms takes 
place at defect sites localized at the ends or on the sidewalls. The combi-
nation of these two materials (CNTs and guest molecules) is particularly 
useful to integrate the properties of the two components in hybrid mate-
rials for use in applications such as catalysis, energy storage, nanotech-
nology, and molecular scale devices. The filling of CNTs can be done in 
two ways.7

10.4.2.3.1  Filling by Exploiting the Phenomenon of Spontaneous 
Penetration

Capillary absorption is caused by extra pressure given by the Laplace 
equation of capillarity.

	
a m

2 cos P P
R

γ θ
− =

where Pa is the atmospheric pressure, Pm is the pressure under the 
meniscus, γ is the surface tension at the liquid air interface, θ is the liquid 
solid contact angle, and R is the inner radius of the nanotube.

From Laplace equation, we see that the difference (Pa – Pm) will be 
positive whenever θ is less than 90° and negative when vice versa.

Since the meniscus forms spontaneously, this extra pressure will pull 
the liquid into the nanotube if (Pa – Pm) is greater than zero, provided the 
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pressure in the reservoir is atmospheric. In short, to fill the nanotubes with 
some liquid, the contact angle must be less than 90°. If the contact angle 
is greater than 90°, extra pressure must be applied to the liquid in order to 
impregnate the nanotube. The contact angle is related to the surface ener-
gies of the constituent materials as

	
sv sl

lv
cos  

γ γθ
γ
−

= 	

where γ represents surface energy and subscripts sv, sl, and lv represent 
solid vapor, solid liquid, and liquid vapor, respectively.

For liquids, the surface energy is exactly the surface tension, that is, the 
spontaneous force acting at the imaginary cut to resist the surface extinc-
tion. It was reported that the metal carbides and metal oxides fill the nano-
tubes and not the pure metals. The reason behind it is that the carbides and 
oxides of metals have a surface tension lower than the surface tension of 
pure metals. So, it was assumed that the nanotubes were filled with metal 
carbides. Benjamin et al. reported that the liquids with surface tension less 
than 180 m N/m can moisten the inner cavity of a nanotube at atmospheric 
pressure.

Alternatively, in the wet chemistry method, the nanotubes were first 
filled with metals salts and heated in furnace. The temperature of the 
furnace depends on the type of metal salt used. The metal salts decompose 
into their respective elements at suitable temperatures. It was found that 
70% of the resultant nanotubes were filled with a very small amount of 
nanoparticles.7

10.5  DISPERSION OF CNTs

The commercially available CNTs are usually in the form of heavily 
entangled bundles, which gives difficulties in dispersion. Dispersion of 
CNTs is not only a geometrical problem (dealing with the length and size 
of the CNTs) but also relates to a method on how to separate individual 
CNTs from CNT agglomerates and stabilize them in polymer matrix to 
avoid secondary agglomeration.8 Incorporation of CNTs into a matrix 
requires exceptionally large quantity of particles. The high aspect ratio of 
fillers gives difficulties in uniform dispersion of these particles.10 Thus, the 
proper dispersion method is to be adopted which depends upon the matrix, 
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in which, the CNTs are to be dispersed. The extent of dispersion may be 
obtained by using Raman spectroscopy, X-ray diffraction studies, etc.

10.5.1  CRITERIA FOR DISPERSION

During mixing, the filler aggregates are subjected to shear stresses from 
the medium with which they are mixed (e.g., paint matrix, solvent) and 
this creates local shear stresses that are responsible for dispersion. A 
mixing process can be interpreted as the delivery of a mechanical energy 
into the solution to separate the aggregates. The opposing factor to separa-
tion is ultimately the binding energy which holds the aggregates together 
and so the supplied energy (or the local energy density) from the chosen 
mixing technique should be greater than the binding energy of the CNT 
aggregates (the energy per local volume of the contact) and should be 
lower than the energy which can fracture a single nanotube.10

Two types of dispersion are mentioned – mechanical dispersion and 
methods which are designed to alter the surface energy of solids either 
physically (non-covalent treatment) or chemically (covalent treatment).11 
Chemical methods use surface functionalization of CNT to improve their 
chemical compatibility with the target medium (solvent or polymer solu-
tion/melt), enhancing wetting or adhesion characteristics and reducing 
their tendency to agglomerate. However, aggressive chemical functional-
ization, such as the use of neat acids at high temperatures, might introduce 
structural defects resulting in inferior properties for the tubes.12 Non-
covalent treatment is particularly attractive because of the possibility of 
adsorbing various groups on CNT surface without disturbing the π system 
of the graphene sheets. In the last few years, the non-covalent surface 
treatment by surfactants or polymers has been widely used in the prepara-
tion of both aqueous and organic solutions to obtain high-weight fraction 
of individually dispersed CNTs.11

10.5.2  MECHANICAL DISPERSION OF CNTs

The different mechanical dispersion techniques suggested by Peng et al. 
are ultrasonication, high shear mixer, calendaring, ball milling, stirring, 
and extrusion techniques.
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Ultrasonication is the act of using ultrasound energy to agitate particles 
in a solution. It is usually achieved by using an ultrasonic bath or an ultra-
sonic probe. The principle behind ultrasonication is that when ultrasound 
waves propagate through series of compression, attenuated waves are 
induced in the medium through which the waves are passed. The produc-
tion of such shock waves promotes the peeling of individual nanoparticles 
(mostly peel off the nanoparticles located at the outer part of the bundle) 
and thus results in the separation of individual nanoparticles from bundles. 
After the removal of external shear stress, the dispersed CNTs in solution 
would reconfigure themselves to a new equilibrium state of low energy 
through reaggregation (driving force for reaggregation is provided by the 
van der Waals forces of attraction). This process will take place unless 
surfactants are added to provide steric hindrance or static charge repulsion 
in order to stabilize the particles.13 Literature studies show that the appli-
cation of weak shear subsequent to a well-mixed state can significantly 
accelerate the reaggregation.14 Sonication at higher rate to be avoided as it 
may lead to the damage of CNTs. This method is quite suitable to disperse 
CNTs in liquids having low viscosity.

A high shear mixer disperses a phase into a continuous phase with 
which it would generally be immiscible. It uses a rotating impeller or high-
speed rotor or series of impellers to create shear and flow. Calendaring 
technique is generally used when the dispersion matrix is viscous. In this 
method, high shear stresses are applied to disentangle CNT bundles and to 
distribute them into the matrix, while a short residence time will limit the 
breakage of individual nanotubes. However, there are several concerns in 
using calendaring technique for CNT dispersion. For example, generally 
the minimum gap between the rollers is maintained about 1–5 μm, which 
is comparable to the lengths of CNTs, but is much larger than the diam-
eter of individual CNTs. Such dimensional disparities between the roller 
gap and the dimensions of CNT may suggest that calendaring can better 
disperse the large agglomerated CNTs into smaller agglomerates at submi-
cron level (although some individual CNTs may be disentangled out from 
the agglomerates). Ball milling is a grinding technique which is used to 
grind materials into extremely fine powder for use in paints, ceramics, etc. 
In this technique, a high pressure is generated locally because of the colli-
sions between tiny and rigid balls in a concealed container. In stirring tech-
nique, the size, shape, and speed of the propeller control dispersion results. 
In this technique, CNTs tend to re-agglomerate as they are only separated 
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but not stabilized during separation. The extrusion process consists of twin 
screws which rotate at high speed and creates a high shear forces which 
help in dispersion. This technique is particularly used for producing CNT 
nano-composites with high filler content.8

10.5.3  DISPERSING CNTs USING SURFACTANTS

Strano et al. proposed a mechanism of nanotube isolation from a bundle 
with combined assistance of ultrasonication and surfactant adsorption. 
The role of ultrasonic treatment is likely to provide high local shear forces, 
particularly to the nanotube bundle end. Once the spaces or gaps at the 
bundle ends are formed, they are propagated by surfactant adsorption, ulti-
mately separating the individual nanotubes from the agglomerates. Gener-
ally, ionic surfactants are preferable for CNT/water soluble solutions and 
nonionic surfactants are proposed when organic solvents are used.

10.5.4  WATER-SOLUBLE DISPERSIONS OF CNTs

CNTs can be dispersed in water with the help of surfactants having rela-
tively high HLB (hydrophyle–lyphophyle balance). This is a straightfor-
ward non-covalent method and is classically employed to disperse both 
organic and inorganic particles in aqueous solutions. The nature of surfac-
tant, its concentration, and type of interaction are known to play a key role 
in the phase behavior of CNTs.

Among the ionic surfactants, SDS15 and dodecyl-benzene sodium 
sulfonate (NaDDBS)16 were commonly used to decrease CNT aggregation 
in water. The benzene ring along the surfactant is one of the main reasons 
for high dispersive efficiency of NaDDBS and even better efficiency of 
Dowfax surfactant (anionic alkyldiphenyl-oxide disulfonate), the latter 
having twice the charge of NaDDBS and a di-benzene group.17 π-Stacking 
interactions of the benzene rings onto the CNT surface are believed to 
increase the adsorption ratio of surfactants as well as of other highly 
aromatic molecules and rigid conjugated polymers.18

According to the so-called unzipping mechanism,19 a surfactant has to 
get into the small gaps between the bundle and the isolated tube, so as to 
prevent them from re-agglomerating. Surfactants with too bulky hydro-
phobic groups will be hindered to penetrate into the inter-tube region and 

FOR REFERENCE PURPOSES ONLY



194	 Novel Applications in Polymers and Waste Management

show less de-bundling efficiency. However, bulky hydrophilic groups 
were reported to have an advantage in the case of nanotubes suspended 
with nonionic surfactants probably due to the improved steric stabilization 
provided by longer polymeric groups.20

10.5.5  DISPERSIONS OF CNTs IN ORGANIC SOLVENTS

Compared to water-soluble systems, limited research work has been 
carried out with surfactant-assisted dispersions in organic solvents. As 
opposed to aqueous solutions, hydrophobic CNTs are expected to be 
wetted by organic solvents, and therefore to less self-assemble in bundles. 
However, CNTs showed solubility only in a limited number of solvents, 
namely, DMF, dimethyl acetamide, and dimethyl pyrrolidone.21 Unfortu-
nately, immersion of SWCNT in DMF was found to damage the structure 
of CNT.22

10.5.6  CHARACTERIZATION OF CNT DISPERSION

Besides the difficulty in obtaining stable and homogeneous dispersions 
of CNTs, another complication is finding a valid method to evaluate their 
state of dispersion. Agglomerates of CNTs could be visualized directly 
or with the help of mechanical or electric response of CNT-based mate-
rials which indirectly indicate the state of filler dispersion.12 Thus, if the 
dispersion is poor, the mechanical properties may decrease relatively to 
pure polymer. Visualization of CNT-based samples by optical microscopy 
enables to access mainly micrometer-sized bundles (agglomerates), while 
atomic force microscopy (AFM) is used to monitor suspended CNT at 
nanoscale level.23 However, by AFM, one can probe only a few nanotubes 
at a time, which might not be the representative of whole sample. Imaging 
of CNT-based polymeric composites by scanning electron microscopy or 
TEM (transmittance electron microscopy) often demands pretreatment 
using gold or carbon sputtering or microtome slicing of the sample, which 
might cause a defect in the original pattern.

Solutions of CNTs are best viewed with cryo-TEM, which is ideally 
suited for imaging of samples which are wet.20,24,25 Characterization of 
MWCNT suspensions by particle size analyzer based on dynamic light 
scattering technique was reported to be effective in indicating the bundle 

FOR REFERENCE PURPOSES ONLY



A Review on Preparation of Conductive Paints	 195

(agglomerate) size reduction with surfactant adsorption.11 However, in that 
work, the measurement was given assuming the particles to be spherical, 
resulting in an average value for the length of the CNT particles. As a 
result, the reported dimensions of nanotubes exhibited average sizes in 
the range of micrometer, though the dynamic light scattering technique in 
principle can be applied to rod-type and disk-type particles.26,27

The discovery of nanotube fluorescence15 has led to a precise method 
of detecting individual CNT dispersion.19 A nanotube in an aligned bundle 
does not emit because of energy transfer to neighboring nanotubes in the 
dispersion, particularly to the metallic ones. Thus, the dispersion process 
can be monitored by examining transient fluorescent emission as a func-
tion of various parameters, like the type of surfactant used, sonication 
time, and surfactant concentration and functionalization. On various occa-
sions, small angle neutron scattering, Raman spectroscopy, and size exclu-
sion chromatography were applied to evaluate CNT dispersions. UV–vis 
scanning of the tube suspensions enabled to plot CNT concentration 
with increasing sediment time and to conclude on surfactant stabilization 
efficiency.

10.6  PAINT PREPARATION

Paint is pigmented liquid composition containing drying oils in combi-
nation with resins which after application to a substrate in a thin layer 
converts to a solid film. Paints are formulated according to their proposed 
use. General paint preparation requires binder, solvent, additives, pigments, 
and an extender.

Binder, commonly called the vehicle, is the film-forming compo-
nent of paint. It holds the pigment particles distributed throughout the 
paint but it should not dissolve or affect the pigment in the paint. It is 
dispersed in a carrier (water or organic solvent either in molecular form 
or as colloidal dispersions). Binders provide good adhesion of the coating 
to the substrate and also strongly influence properties such as gloss, dura-
bility, flexibility, and toughness. These can be categorized based on the 
mechanism for drying or curing. Although drying may refer to evapora-
tion of solvent or thinner, it usually refers to oxidative cross-linking of 
binders and equivalent to curing. Some paints are formed only by solvent 
evaporation but most rely on cross-linking process.28 Examples of binders 
include synthetic or natural resins such as acrylics, epoxies, melamine 
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resins, polyesters, etc. Polyurethanes would fall into the category where 
paints cure by polymerization by way of a chemical reaction and cure into 
a cross-linked film.29

Solvent serves to dissolve the polymer and adjust the viscosity of paint 
and it is also used to control flow and application properties and in some 
cases even affect the stability of paint when in liquid state. It does not 
become a part of paint film as it is volatile and evaporates during drying of 
paint when applied on substrate.

Pigments are granular solids which impart color, opacity, film cohe-
sion, and sometimes corrosion inhibition to paint. Additives assist in 
improving the quality of paint and extenders are used in conjugation with 
pigments to extend the properties of the binders. Fillers impart toughness 
and texture, reduce cost of paint, and even help in incorporating special 
properties to paint.

Conventionally protective paint systems consist of primer, under-
coat, and top coat. Depending on the properties to be induced in the paint 
matrix, the paint layers are modified accordingly. Primer wets the surface 
and provides good adhesion for subsequently applied coats. Undercoats 
are applied to build the total film thickness, the thicker the coating, the 
longer the life of the paint. These are specially designed to enhance the 
overall protection and when highly pigmented decrease permeability to 
oxygen and water. Finish coat provides appearance and surface resistance 
to the system. It must also provide the first line of defense against various 
conditions of exposure like sunlight, weather, etc.30 Depending on the filler 
to be used in paint to obtain the necessary properties, the binder is chosen. 
To obtain uniformity of filler in paint, a dispersing agent is used whose 
selection depends on the properties of filler.

When CNTs are used as fillers, they need to be dispersed properly since 
they agglomerate more and hence, a suitable dispersing agent should be 
used which properly disperses CNTs and stabilizes them in the dispersed 
state. Selection of dispersing agent also depends on the type of binder 
(hydrophobic or hydrophilic). HLB number is used to predict the proper-
ties of dispersing agent and hence can be used as a tool to select it. This 
can be achieved by matching the dispersing agent’s HLB number to that 
of the material being dispersed. (CNTs behave like hydrophobic particles 
and tend to clump together in liquids. The appropriate dispersant is chosen 
for the CNT and the paint medium [aqueous or organic] and the dispersant 
is dissolved into the paint medium to form solution.)31
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In order to prepare a conductive paint with CNTs as fillers, the paint 
composition should be modified such that it carries the conductive prop-
erties of CNTs. Coupling agents and complexing agents can be added to 
paint matrix to serve the purpose. Complexing agent results in lower elec-
trical resistivity of conductive paint composition. 2,4-Pentadione is the 
generally preferred complexing agent while preparing conductive paint 
using CNTs. Coupling agents provide uniform distribution of the conduc-
tive filler particles and enhance the flow characteristics, that is, reduce 
the viscosity of the paint. Titanate and silane-coupling agents are some of 
the preferred coupling agents.32 Probe sonicator, high shear mixer, etc. are 
used for dispersing the surfactant (which disperses CNTs) with the paint 
matrix.

10.7  CONDUCTING PAINTS WITH CNTs

To prepare a conductive paint (with CNTs as fillers), first, CNTs are to 
be synthesized by chemical vapor deposition technique with the incor-
poration of copper nanoparticles. The addition of nanoparticles in CNTs 
is obtained by using a copper foil during the process of CNT synthesis.4 
Powdered form of CNTs are not preferred as it leads to health issues.33 The 
as prepared CNTs are to be dispersed properly in a suitable solvent (using 
ultrasonicator). The solvent should be compatible with paint constituents 
and also should be environment friendly. The rate of ultrasonication to be 
controlled in such a way that the aspect ratio of CNTs (which give unique 
properties to it) should not be reduced due to the shear forces applied on 
CNTs. The prepared nano-fluid having CNT particles is to be properly 
mixed with paint (using ultrasonicator). With variation in volume fraction 
of CNTs in the paint matrix, its conductivity varies. Conductivity for the 
different volume fraction of CNTs is to be checked and the volume frac-
tions to be optimized.

In another method, CNTs are to be prepared using suitable catalyst by 
CVD method and then obtained CNTs are to be functionalized using metal 
oxides (copper oxide) using endohedral method of functionalization. 
During this functionalization step, the metal oxide particles get filled in 
CNTs by capillary action (initially metal oxide particles are to be dispersed 
in suitable solvent then CNTs are to be added with suitable pressure so that 
the particles get incorporated in the CNTs through capillary action). Then, 
these functionalized CNTs are to be dispersed in suitable solvent using 
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ultrasonicator. The extent of dispersion may be analyzed using Raman 
spectroscopy and the efficiency of prepared paint needs to be studied.

The methods of preparation of copper nanoparticle-filled CNTs are 
reported in literature. Copper nanoparticle-filled multiwalled CNTs can 
be synthesized by chemical reduction method using chemical vapor depo-
sition technique and copper chloride. Cu/MWCNT-based nano-fluids are 
synthesized by dispersing nano-composites of Cu/MWCNTs in deionized 
water and ethylene glycol. A maximum thermal conductivity at a very 
low-volume fraction of Cu/MWCNTs can be obtained by homogeneous 
dispersion of Cu on the MWCNTs.34

The process of preparation of vertically aligned CNTs that are 
completely encapsulated by a dense network of copper nanoparticles 
involves the conformal deposition of pyrolytic carbon. These stabilized 
arrays can be functionalized using oxygen plasma treatment (to improve 
wettability) and then are infiltrated with an aqueous, supersaturated Cu 
salt solution. After drying, the salt forms a stabilizing crystal network 
throughout the array. The calcination and H2 reduction leads to deposition 
of Cu nanoparticles on the CNT surfaces.35

10.8  TEST METHODS FOR ELECTRICAL RESISTIVITY OF LIQUID 
PAINT

Some standard methods are prescribed according to ASTMD 5682-95 to 
determine the specific resistance of liquid paints and other related mate-
rials in the range of 0.6–2640 MΩ cm. These methods, methods A and B, 
measure direct current through concentric cylinder electrodes immersed in 
a specimen (here, the liquid paint). Test method A describes a procedure 
for making resistance test with a commonly used paint application test 
assembly and test method B describes a procedure for making resistance 
test with a conductivity meter. Conductivity meter permits evaluation of 
liquid paints in the resistance range of 0.05–20 MΩ. Methods A and B are 
suitable for testing paints’ compatibility with various electrostatic spray-
coating applications. Contamination of specimen, high humidity, temper-
ature conditions (resistivity varies with temperature), and electrification 
time (ions migration which causes current flow decreases with time) are 
likely to affect the test results. Very small amounts of water, acids, or polar 
solvents will lower the resistance of high resistivity solvents and paints.
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Various standards are mentioned for testing paint properties like adhe-
sion (tape test, X-cut) (ASTM D3359), flexibility (ASTM D522), impact 
resistance (ASTM D2794 and ASTM D4226), thickness (NIST standards), 
abrasion resistance (ASTM D4060), thermal shock, viscosity (ASTM 
D445, ASTM D5293 and ASTM D4684), and density (ISO 10012).

10.8.1  METHOD A

A paint application test assembly is designed to measure electrical resis-
tance of all types of conductive paint formulations. The meter is provided 
with a dual range selection to provide greater accuracy in measuring low-
resistance paints. The reagents and materials used for method A are low-
resistivity cell constant standards, potassium chloride (1000 MΩ/cm4), 
and cleaning solvents and solutions which are chosen on the basis of the 
paint tested. The probe must be dry and free from contaminants before 
and after tests. The probe must be standardized to measure the exact cell 
constant for maximum accuracy (a cell constant (K) of 132 may be used 
for routine measurements).

It is made sure that the probe is thoroughly cleaned before starting the 
test. The paint test probe is then inserted into the jack in the lower right side 
of the meter case of the test assembly and the scale set switch is set to scale 
B. The mode-select switch is adjusted to zero adjust position and the zero 
adjust knob is rotated until the dial indicator needle is centered on the adjust 
position. Now, the mode-select switch is moved to the paint test position. 
The probe is immersed vertically into a well-mixed specimen of the testing 
material until the holes at the bottom of the probe are submerged. The paint 
resistance is read from scale B. If it is less than 0.5 on scale B, the scale-
select switch is moved to the scale A position and the mode-select switch 
is again adjusted to zero adjust position and the zero adjust knob is rotated 
until the dial indicator needle is centered on the adjust position and the 
paint resistance is read from scale A. The scale value at 10 s after immer-
sion is read. Any slow drift that occurs after this time is ignored. The mega 
ohms reading on the tester is converted to resistivity in MΩ cm by multi-
plying by the constant K. The probe is cleaned thoroughly and the appa-
ratus and specimen are allowed to stand for 1 h (the lids on the specimen 
should be tightly closed to prevent any loss of volatiles). The measurement 
is repeated making sure to remix the specimen. The result is reported as a 
mean value of the two measurements (ASTM D 5682-95).
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10.8.2  METHOD B

The measurement of electrical resistivity of solvents and paint formula-
tions is done by a conductivity meter in the resistance range of 0.05–20 
MΩ. The probe must be standardized to measure the exact cell constant 
for maximum accuracy [a cell constant (K) of 132 may be used for routine 
measurements].

The probe is thoroughly cleaned before the tests and the measuring 
cable of the probe is connected to the socket in the back of the instrument. 
The measuring cell is immersed into a well-mixed specimen which should 
reach the two holes in the probe. Ten seconds after the measuring button is 
pressed, the measured value is displayed in mega ohms which is converted 
to specific resistivity in MΩ cm by multiplying by 132.5 cm. The probe is 
cleaned thoroughly and the apparatus and specimen are allowed to stand 
for 1 h. The measurement is repeated making sure to remix the specimen. 
The result is reported as a mean value of the two measurements (ASTM 
D 5682-95).

10.9  SPRAYING OF ELECTRICALLY CONDUCTIVE PAINTS

Conductive paints cannot be handled or applied in the same manner as 
conventional paints as these carry heavy metal fillers which tend to settle 
quickly for which continuous agitation is required. An air-driven mixture 
for the paint pot or a recirculation loop or both will help in keeping the 
paint constantly moving and prevent particles from settling down. If a 
recirculation loop is not provided, the paint tries to settle in the spray lines 
and these lines must be fully purged before spraying can resume. In high-
volume spray applications, it is sometimes less expensive to use the equip-
ment with a recirculation loop than to purge and dispose of conductive 
paint.

Another issue in spraying conductive paint may be “dry spray.” Dry 
spray occurs when the paint does not level correctly, causing particles to 
not lie down. The potential cause of dry spray is that the percentage of 
solids is too high, and other is that too much solvent evaporates between 
atomization and contact with a substrate. This can be fixed by decreasing 
the distance between the spray nozzle and the substrate or by addition of 
more solvent to the paint.
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Coating thickness is also an important factor to be considered when 
spraying conductive paints. The more conductive the filler, the thinner a 
coating required to achieve the paints’ full shielding potential. Uniform 
thickness is significantly more important when spraying a conductive 
coating.36

10.10  CONCLUSION

CNTs with metallic particles show conductive properties and when they 
are used as fillers in paints, they tend to acquire those conductive proper-
ties and such paints can be used as solar paints. Various techniques of 
CNT preparation with metallic particles induced in them, functionaliza-
tion techniques of CNTs, dispersion techniques of CNTs, paint preparation 
methods, testing methods for electrical resistivity of paint, and techniques 
of applying conductive paint to substrate have been discussed in this 
report. Thus, the suitable technique for the paint preparation with addition 
of CNTs is to be chosen for attaining the required properties.
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ABSTRACT

In the present scenario, due to the discharge of large amount of metal-
contaminated wastewater, heavy metals such as Cd, Cr, Cu, Ni, As, Pb, 
and Zn are the most hazardous among the chemical intensive industries. 
But here’s the problem arises. Because of their high solubility in the 
aquatic environments, there is a chance that that it can be absorbed by the 
living organisms and they enter in the food chain, which may cause severe 
very serious health diseases. So, one can understand why there is a need 
of removing these heavy metals from the industrial wastewater before 
sending it to the environment. There are certain conventional treatment 
processes available such as chemical precipitation, ion exchange, etc., but 
they have the disadvantages like incomplete removal, high energy require-
ments, and the main disadvantage that limits their use is nothing but the 
production of sludge of higher toxicity.

11.1  INTRODUCTION TO HEAVY METALS

“Which heavy metals are found in industrial wastewater?”
“Why there is a need to remove those heavy metals?”
“Why the current technologies are facing problems?”
“Why the latest technologies/methods are most promising and 

economic?”
“What can I do to adopt these latest methods with my existing plant?”
“Will this latest development lead the nation ahead?”
These types of questions come to the minds of the Chemical Engineers 

and Environmental Engineers while discussing about the topic. This intro-
ductory chapter aims to address these and other fundamental questions 
about the need and importance of the research.

In the present scenario, due to the discharge of large amount of metal-
contaminated wastewater, heavy metals such as Cd, Cr, Cu, Ni, As, Pb, 
and Zn are the most hazardous among the chemical intensive industries. 
But here’s the problem arises. Because of their high solubility in the 
aquatic environments, there is a chance that that it can be absorbed by the 
living organisms and they enter in the food chain, which may cause severe 
very serious health diseases.1 So, one can understand why there is a need 
of removing these heavy metals from the industrial wastewater before 
sending it to the environment. There are certain conventional treatment 
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processes available such as chemical precipitation, ion exchange, etc., but 
they have the disadvantages like incomplete removal, high energy require-
ments, and the main disadvantage that limits their use is nothing but the 
production of sludge of higher toxicity.2

“Now what to do?”
“How to deal with this problem?”
“Don’t you think there’s a need of developing new methods for 

removing heavy metals from industrial wastewater?”
Well, to overcome the disadvantages of the conventional processes, 

many researchers worked on developing the methods/processes for 
removing heavy metals from industrial wastewater all around the world. 
Many processes are being invented for the same. But, from all the processes 
invented in the recent time, adsorption has become one of the major alterna-
tives.3 Now again, the need arises in selecting proper adsorbent for adsorbing 
heavy metals on it. One will have the questions like in the next section:

11.2  SOURCES OF HEAVY METALS IN THE INDUSTRIAL 
WASTEWATER

“Are the existing adsorbents are having low cost and eco-friendly?”
“Do all they have high metal-binding capacities?”
“Are all the adsorbents having organic or biological origin?”
Usually, these type of questions will come in to the mind of the readers 

while discussing about this process. But,
“Why we are more emphasized on the ‘biopolymers’?”
“Can we use it directly?”
“Why the research is going on making modified biopolymers?”
This chapter presents an overview of the various modified biopolymers 

and hydrogel adsorbents which are invented in recent time. The maximum 
contaminant level (MCL) standards for the heavy metals in industrial 
wastewater are also mentioned. The advantages along with disadvantages 
of the various adsorbents in application are also discussed. The future 
scope of the use of certain modified biopolymers and hydrogel adsorbents 
is being discussed along with the case study on how to use these adsor-
bents with the existing plant in the industry and how it can be adopted with 
other wastewater treatment plants.

“What are the heavy metals?”
“From where do all the heavy metals come into the environment?”
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The metals whose density exceeds 5 g/cm3 are generally termed as 
heavy metals.

The industrial wastewater streams containing heavy metals may come 
into the environment7 from different industries, such as

•	 electroplating industry;
•	 metal surface treatment process industry;
•	 Printed Circuit Board manufacturing industries;
•	 wood processing industry—where a chromated copper-arsenate 

wood treatment produces arsenic-containing wastes;
•	 inorganic pigment manufacturing industry that produces pigments 

containing chromium compounds and cadmium sulfide;
•	 petroleum-refining industries which generates conversion catalysts 

contaminated with nickel, vanadium, chromium; and
•	 photographic operations producing film with high concentrations 

of silver and ferro cyanides.

11.3  MCL STANDARDS FOR THE HEAVY METALS

United States Environmental Protection Agency (US EPA) has established 
certain MCL standards, which are summarized in Table 11.1.

TABLE 11.1  MCL Standards for the Heavy Metals by US EPA.

Heavy metals MCL (mg/L)
Arsenic 0.05
Cadmium 0.01
Chromium 0.05
Copper 0.25
Nickel 0.2
Zinc 0.8
Lead 0.006
Mercury 0.00003

The Central Pollution Control Board of India (CPCB), under Environ-
mental Protection Act (1986), in their notification based on 30 March 2012 
defined limiting concentrations of heavy metals in wastewater, especially 
for the electroplating industries as shown in Table 11.2.4
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TABLE 11.2  Limiting Concentration of Heavy Metals for Electroplating Industry 
Notified by CPCB of India.

Heavy metals Limiting concentration (mg/L)

Nickel 3

Hexavalent chromium 0.1

Total chromium 2

Copper 3

Zinc 5

Lead 0.1

Cadmium 2

Total metal 10

11.4  ADSORPTION ON MODIFIED BIOPOLYMERS

“What is adsorption process?”
“How is it helpful in removing heavy metals from industrial 

wastewater?”
“Why biopolymers are used as adsorbent with some modification?”
“Why there is a need to modify the natural biopolymers?”
Well, you may find the answer of above questions in Section 11.4.
Adsorption is a mass transfer process by which a substance is trans-

ferred from liquid phase to the surface of the solid or adsorbent and 
becomes bound by chemical/physical interactions.5

Biopolymers are industrially attractive because

•	 Widely available and safe environmental point of view.
•	 Possess a number of different functional groups such as hydroxyl 

and amines, which helps in increasing the efficiency of metal ion 
uptake and also helps to maximize chemical loading possibility.

Then why it is necessary to modify the biopolymers?
It is because of the reason that the active binding sites of these biopoly-

mers are not readily available for adsorption. Transport of metal contami-
nants to the binding sites plays a very important role in the process design. 
Therefore, it is necessary to provide the physical support and increase the 
accessibility of the metal-binding sites for process applications.8
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11.5  NATURAL BIOPOLYMERS AND MODIFIED NATURAL 
BIOPOLYMER ADSORBENTS

Chitosan has the highest adsorption capacity for several metal ions.9

Chitin (2-acetamido-2-deoxy-b-d-glucose-(N-acetyl glucan)), which is 
a main structural components of insects, fungi, algae, and marine inver-
tebrates like crabs and shrimps.10–12 Worldwide, the solid waste from 
processing of shellfish, crabs, shrimps, and krill constitutes large amount 
of chitinaceous waste.

“Why chitosan is used as base of the modified adsorbent?”
“Why chitin is not being used as base of the modified adsorbent?”
Well, it is because of the fact that the chitosan chelates are in 5–6 times 

greater amount of metals than chitin.

11.5.1  ADSORPTION ON MODIFIED BIOPOLYMERS

11.5.1.1  CHITOSAN-BASED MODIFIED BIO-ADSORBENTS

1.	 Chitosan-coated palm oil shell charcoal: The combination of the 
useful properties of palm oil shell charcoal and that of natural 
chitosan could introduce a composite matrix with many applications 
and a very good adsorption capability. To overcome the mass transfer 
limitations, researchers have developed a chitosan-based modified 
bio-adsorbent by making a synthesized bio-adsorbent by coating 
chitosan on palm oil shell charcoal. Using synthetic wastewater, the 
successive removal of Cr from it was experimented (Fig. 11.1).

FIGURE 11.1  The figure demonstrates the pictorial view of palm oil shell, palm oil shell 
charcoal, and chitosan which is after all coated on the palm oil shell charcoal and can be 
used as adsorbent.
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2.	 Nonporous glass beads immobilized with chitosan can also be 
used as adsorbent for the removal of heavy metals from the indus-
trial wastewater.13

These materials have high adsorption capacity for Pb(II), Cr(III), 
Cd(II), and Hg(II).

11.5.2  STARCH-BASED MODIFIED BIO-ADSORBENT

The chemical modification of starch allows preparation of cyclodextrin 
that is also being used as an adsorbent for the removal of heavy metals 
from the industrial wastewater.

Modified bio-adsorbents prepared by chemical reactions. Cyclodextrin 
molecules are natural macrocyclic polymers, formed by the action of an 
enzyme on the starch.

The most characteristic features of cyclodextrin as a modified bio-
adsorbent are as follows:

•	 The interior cavity of the molecule provides a relatively hydro-
phobic environment into which polar pollutant can be trapped.

•	 It has the ability to form inclusion compounds with various mole-
cules, especially aromatics.

But, there are certain limitations of use of cyclodextrin as modified 
bio-adsorbent such as

It exhibits poor mechanical properties which limit its use in columns 
as it creates column fouling in the large columns; however, it can be used 
in the small columns.

11.6  MODIFIED BIO-ADSORBENTS PREPARED BY 
CHEMICAL REACTION OF CROSSLINKING AGENT WITH THE 
POLYSACCHARIDES

Through chemical reactions, particular with crosslinking and grafting reac-
tions, polysaccharides can give interesting macromolecular superstruc-
tures, for example, gels and hydrogel network, polymeric resin, beads, 
membranes, fibers, and composite materials. These polysaccharide-based 
materials can then be used as adsorbents.
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The various materials thus obtained are as tabulated in Table 11.3.

TABLE 11.3  Some selected examples of polysaccharide-based materials which are 
widely used in the wastewater treatment for removal of heavy metals.15–19

Polysaccharide Crosslinking agent Materials obtained Pollutant
Chitosan *GLA Beads Ni2+, Cu2+, Zn2+

*GLA Membranes Ni2+, Cu2+

Benzoquinone Beads Cu2+, Zn2+

EPI, GLA, **EDGE Beads Cu2+

Starch POCl3 Beads Pb2+, Cu2+, Cd2+

*GLA, Glutaraldehyde; **EDGE, ethylene glycol diglycidyl ether.

Well, till now, what we have seen is about removing the heavy metals by 
adsorption process on modified biopolymers, but we haven’t discussed about 
removing the selected heavy metals. Say you have an industry and you have 
the effluent coming out from the industry that contains only some selected 
heavy metals, provided that you want to only remove some selected heavy 
metals from your industrial wastewater then what you would do? Right?

“What if I want to remove particular metal ions from the industrial 
wastewater?”

“Is it possible to do so?”
So, in order to resolve that problem, throughout the world, many 

researchers have worked on that and are still working for getting the better 
adsorption capacity with having minimum cost too. The following research 
studies suggest the modified bio-adsorbents for removing particular heavy 
metals from the industrial wastewater:

•	 A cross-linked starch graft copolymers containing amine groups 
can be used as the adsorbents for the particular removal of Pb(II) 
and Cu(II) ions. Zhang and Chen20 proposed in their research study 
that 2 h of adsorption tends to be sufficient for reaching the adsorp-
tion equilibrium.

•	 For removing several hundred ppm of divalent metal ions (Cu, Pb, 
Cd, Hg), Kim and Lim19 proposed that an adsorbent prepared by 
crosslinking starch with POCl3 can be used. In their studies, it was 
found that these divalent metal ions can be effectively removed 
from water by dispersing only 1% of the modified starch within a 
few minutes.
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So, don’t you think that this research study is helpful? Because it leads 
us toward the minimum amount of adsorbent required, less process time, 
and the main advantage is that this process is eco-friendly leading toward 
giving the safe environment to our loved ones!

But again, the problem arises as after the discussion, one will have a 
question in mind:

“Is the modified bio-adsorbent what we are using is cytotoxic?”
“If yes then, what is the solution?”
“If it is not cytotoxic, can I use it for the other application too?”
Well, Shyu21,22 reported that the beads which are prepared by cross-

linking reaction with GLA are cytotoxic. But he also suggested that instead 
of GLA, if we use tripolyphosphate, for preparing the chitosan beads then, 
the beads prepared are less cytotoxic than those cross-linked by GLA, and 
they also have the quick gelling ability, which helps in removing heavy 
metals from the industrial wastewater.

11.7  ADVANTAGES AND LIMITATIONS OF CHITOSAN-BASED 
AND STARCH-BASED MODIFIED BIOPOLYMER ADSORBENTS

11.7.1  CHITOSAN-BASED MODIFIED BIO-ADSORBENTS

Advantages

•	 Low-cost natural polymers;
•	 extremely cost-effective;
•	 environment friendly;
•	 outstanding metal-binding capacities;
•	 a high-quality-treated effluent can be obtained; and
•	 easy regeneration if required.

In the recent studies, it was found that a maximum of 88% of Cr(IV) 
was desorbed from the metal loaded chitosan with 0.1 M H2SO4 without 
any physical damage to the adsorbent.27

Limitations

•	 Nonporous adsorbents;
•	 pH-dependence; and
•	 requires chemical modifications to improve its performance.
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11.7.2  STARCH-BASED MODIFIED BIO-ADSORBENTS

Advantages

•	 Very abundant natural biopolymer and widely available in many 
countries;

•	 economically attractive and feasible;
•	 remarkable high swelling capacity in water;
•	 amphiphilic cross-linked adsorbent; and
•	 easy to prepare with relatively inexpensive reagents.

Limitations

•	 Low surface area;
•	 its use in adsorption column is limited since the characteristics of 

particles introduce hydrodynamic limitations and column fouling.

Now, let us discuss about another new adsorbent, that is, hydrogels in 
the next upcoming section.

11.8  ADSORPTION OF HEAVY METALS ON HYDROGELS

“What is this hydrogels?”
“How they can be made?”
“Why they are helpful in removing heavy metals from industrial 

wastewater?”
“What are the advantages and limitations of using it?”
While discussing about the title of this topic, one will have the ques-

tions similar like as mentioned above. Right? Then, let us see in detail 
about the various hydrogels as an adsorbent. Hydrogel is a cross-linked 
hydrophilic polymer which is capable of expanding their volume due to 
high swelling in water. Various hydrogels are widely used in the waste-
water treatment.

Figure 11.2 shows the schematic representation of polymerization/
cross-linking reaction that results in three-dimensional network formation 
of cationic hydrogel.

Hydrogels have been defined as two or multicomponent system 
consisting of three-dimensional network of polymer chains and water, 
which fills the space between macromolecules.
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FIGURE 11.2  Three-dimensional network formation of cationic hydrogel.23 (Reprinted with 
permission from Barakat, M. A.; Sahiner, N. Cationic Hydrogels for Toxic Arsenate Removal 
from Aqueous Environment. J. Environ. Manage. 2008, 88, 955–961. © 2008 Elsevier.)

In swollen state, mass fraction of water in a hydrogel is much higher 
than the mass fraction of polymer resulting in the increase of the efficiency 
of treating industrial wastewater-containing heavy metals.

FIGURE 11.3  Figure demonstrates the stimuli response of hydrogels.26 (Reprinted with 
permission from Ahmed, E. M. Hydrogel: Preparation, Characterization and Applications: 
A Review. J. Adv. Res. 2013, 6, 105–121. © 2013 Elsevier.)
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Now, let us see the swelling and deswelling transition of pH-responsive 
hydrogel and temperature-responsive hydrogel, because the temperature 
and pressure are among the physical stimuli that we have earlier discussed 
and have effect on volume transition that can be understood by seeing 
Figure 11.4.

FIGURE 11.4  Schematic sketch of the swelling and deswelling transition of 
pH-responsive hydrogel (A) and temperature-responsive hydrogel (B).28

Poly(3-acrylamidopropyl) tri-methyl ammonium chloride hydrogel 
is prepared by Barakat and Sahiner,23 in their studies, it was found that 
maximum binding capacity increases with pH increase to above 6.

Poly(ethylene glycol di-methacrylate-co-acrylamide) hydrogel beads 
are also in the use for treating industrial wastewater.24

Poly(vinyl pyrrolidone-co-methylacrylate) hydrogel is another 
example of hydrogel being used as an adsorbent.25

Now, let us see one case example on how to implement this modified 
bio-adsorbent/hydrogel in the existing equipment which are being used for 
treating industrial wastewater.

CASE EXAMPLE 11.1
Problem statement:

Assume that you are the owner of the effluent treatment plant (ETP), and 
your plant was established say 15 years ago. Now, as the new industries 
are developing rapidly day by day and to your effluent treatment plant, so 
as more amount of effluent will come to your ETP. On the effluent analysis 
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you found that the common effluent is having the heavy metals. Now, 
as per the norms given by the government, the effluent should meet the 
standard for the MCL level for heavy metals, that is, your effluent should 
contain heavy metals within limit. So how would you proceed? How you 
can use these modified bio-adsorbent/hydrogel with your existing equip-
ment in order to satisfy dual needs within one unit which should be finan-
cially feasible too?

Answer:

Let us say, in the ETP, many preliminary, secondary, and tertiary treat-
ment process are being carried out. Now for our convenience, let us 
assume that we have only Fenton process, which is used to reduce the 
COD of the effluent, but as it is common effluent, the effluent would 
contain heavy metals and that needs to be removed as it is harmful to the 
environment as we have seen at the starting of this chapter. So, one can 
setup or modify the unit as shown in Figure 11.5. Isn’t it so simple? Do 
you Agree or not?

FIGURE 11.5  Effluent treatment plant.

11.9  FUTURE SCOPE FOR RESEARCH/BUSINESS

As we have seen in this chapter, you will find that less research work is 
done specially in the case of hydrogels, so one can do further research 
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in this area. As far as modified bio-adsorbents are concerned, rela-
tively more studies have been done, but still researchers are working 
on preparing modified bio-adsorbent which are less cytotoxic and have 
the required strength too and are having highest adsorption capacity 
but with a necessary condition cost-effectiveness and with an easy 
regeneration.

However, the price of chitosan in the global market is from around 2 
to 300 USD depending upon which quality of chitosan you want because 
chitosan is not only used in the wastewater treatment but is also widely 
used in the drug delivery system. If an entrepreneur want to start his/her 
own business on making chitosan-based modified bio-adsorbent and has 
the proper location of the plant near seashores, one can earn so many 
profits with an advantage as many pharmaceutical industries are using 
chitosan, so one can also supply it to them.

Now, talking about technical aspects of this study, much work is neces-
sary for better understanding of adsorption phenomenon and to demonstrate 
the possible technology at the industrial scale. As we imagine, the future 
trend use of these adsorbents, technical applicability, plant simplicity will 
play a major role in selection of this adsorption process for the removal of 
the heavy metals from the industrial wastewater.

11.10  CONCLUSION

As you have observed, over the time period of past two decades, the envi-
ronmental regulations have become more stringent as improved quality 
of treated effluent is required for saving the environment and to make 
environment safe and maintain its flora and fauna and wholesomeness. 
So, after reading this chapter, you will definitely come to a conclusion 
that the modified bio-adsorbent and hydrogels are recently studied and the 
adsorption process is sustainable in removing heavy metals from heavy 
metal-contaminated industrial wastewater. On the basis of the advantages, 
we have seen the use of these modified bio-adsorbent will reduce the 
waste generation which is now all the industries are bearing as in the form 
of sludge produced after the treatment process. But this problem is now 
solved after studying this chapter. Right?
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ABSTRACT

In an age of increasing oil prices, global warming, and other environmental 
problems, the change from fossil feedstock to renewable resources can 
considerably contribute to a sustainable development in the future. Espe-
cially, plant-derived fats and oils bear a large potential for the substitution 
of currently used petrochemicals, fine chemicals can be derived from these 
resources in a straightforward fashion. The price and availability of the 
petroleum products is souring every day and alternatives resources have to 
be searched. At present, detergents industries are totally using petroleum 
based active ingredients such as linear alkyl benzene sulphonate and alpha 
olefin sulphonate in 20–30% in detergent formulations. Efforts are neces-
sary to substitute these petroleum-based products by ecofriendly products 
such as coconut oil and rosin which is of vegetable origin so they can 
be labeled as biopolymer for green environment. Biopolymer is used as 
polymeric surfactants in liquid detergent formulations as partial as well 
as total substitute for linear alkyl benzene sulphonate and sodium lauryl 
sulphate.The special feature of these liquid detergents is freedom from 
conventional linear alkyl benzene sulphonate and sodium tripoly phos-
phate. Some formulations, which are technically excellent and yet cost-
effective have been identified for commercial production.

12.1  INTRODUCTION

The petrochemical-based surfactant has somewhat tarnished image 
because of their past association with environmental pollution, foaming 
river, and eutrophication were often linked with surfactant. The new 
class of surfactant was introduced that is polymeric surfactant. Most 
of polymeric surfactants are biodegradable in nature and prepared 
from renewable sources.1,2 The present work is attempt to synthesis 
biopolymer. The new concept of polymeric surfactant got popularity in 
last 25 years. The six important features that a polymer can deliver are 
calcium and magnesium sequestration, clay soil dispersancy, clay soil 
removal, calcium carbonate inhibition, and prevention of soil redeposi-
tion, fabric anti-incrustation.3–5

The molecular weight is important in case of biopolymer and has wide 
impact on detergency properties such as hardness of water, clay removal, 
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percent detergency, surface tension foam volume, and pH. The Mw= 3500–
4500 is ideal for getting excellent detergent properties.

In the present paper, the preparation of biopolymer and its character-
ization and usefulness in detergent formulation is discussed. The main aim 
of this paper is to focus on preparation of biopolymer based on vegetables 
oil.

Biopolymers are produce in closed kettle than the open kettles because 
in open kettle, there is a considerable loss of phthalic anhydride from 
sublimation. However, this loss is not serious in a properly closed kettle 
and does not occur at all in the solvent method.

12.2  EXPERIMENTAL

12.2.1  RAW MATERIAL ANALYSIS6,7

12.2.1.1  ANALYSIS OF COCONUT OIL

The analysis of coconut oil was done as per the ASTM Standard methods. 
The oil was analyzed for its acid value, hydroxyl value, saponification 
value, viscosity, iodine value, and specific gravity.

12.2.1.2  ANALYSIS OF ROSIN

Rosin was analyzed for its acid value by ASTM Standard method.

12.2.1.3  ANALYSIS OF SORBITOL

The sorbitol was analyzed for moisture content, percentage content of 
sulfated ash as per ASTM Standard methods.

12.2.1.4  ANALYSIS OF MALEIC ANHYDRIDE AND PHTHALIC 
ANHYDRIDE

These anhydrides were analyzed for their acid values using ASTM Stan-
dard method.
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12.3  PREPARATION OF BIOPOLYMER8

Biopolymers were investigated in this research work by selecting different 
compositions based on coconut oil, sorbitol, phthalic anhydride, maleic 
anhydride, rosin, and benzoic acid.

12.3.1  COMPOSITION OF BIOPOLYMER

Compositions selected for the preparation of biopolymer are given in 
Table 12.1.The percentage of coconut oil was taken 16. The chain stop-
pered compound like benzoic acid and rosin was used. The content of 
maleic anhydride was taken 2.5% while phthalic anhydride was taken 
5.0%.

TABLE 12.1  Composition of Novel Biopolymer (% by Weight).

Ingredient Composition (wt%)

Coconut oil 16.00

Sorbitol 36.00

Phthalic anhydride 05.00

Maleic anhydride 02.50

Benzoic acid 02.50

Rosin 38.00

Catalyst used: 1.5% sodium bisulphate and 0.5% sodium bisulphite on weight of total 
mass.

12.3.2  STIOCHOMETRICAL CALCULATION FOR INDIVIDUAL 
INGREDIENTS IN

12.3.2.1  BIOPOLYMER

The functional groups (–OH and –COOH) present in the reactants of the 
batch of 100 g can be calculated as follows
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12.3.3  CALCULATION FOR –OH GROUPS

a)	 Sorbitol
	 Mol. Wt. of sorbitol = 182.2
	 One mole sorbitol contains six –OH groups
	 No. of –OH groups in 360.0 g of sorbitol =06 × 360.0/182.2= 11.86.

12.3.4  CALCULATION FOR –COOH GROUP

a)	 Rosin
	 Mol. Wt. of rosin= 56,100/A.V.
	 Acid value of rosin is 166.5
	 Mol. Wt. of rosin=56,100/166.5 = 336.9
	 One mole rosin contains one –COOH group
	 No. of –COOH group in 380 g of rosin=1×380/336.9 = 1.128.

b)	 Maleic anhydride
	 Mol. Wt. of maleic anhydride=98
	 One mole of maleic anhydride contains two –COOH groups.
	 No. of –COOH group in 25.0 g of maleic anhydride =2 ×25.0/98 = 

0.510.

c)	 Phthalic anhydride
	 Mol. Wt. of phthalic anhydride=148
	 One mole of phthalic anhydride contains two –COOH groups.
	 No. of –COOH group in 50.0 g of phthalic anhydride = 2 ×50.0/148 

= 0.6756.

d)	 In benzoic acid
	 Mol. Wt. of benzoic acid=122.12
	 One mole of benzoic acid contains one –COOH group.
	 No. of –COOH group in 25 g of benzoic acid =1×25/122.12= 

0.2047

	 Total No. of –COOH group = 2.518
	 Total No. of –OH group= 11.86.
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12.3.5  THE REACTOR

The preparation of biopolymer was carried out in a glass reactor. The reactor 
consists of two parts. Lower part of the rector is a round bottom vessel with 
very wide mouth. The capacity of the flask is about 2 L. The upper part 
of the reactor is its lid, having four necks with standard joints. A motor-
driven stirrer was inserted in the reactor through the central neck, while 
another neck was used for thermometer. A condenser was fitted with the 
reactor through the third neck. And the fourth neck was used for dropping 
the chemicals in to the reactor. The reactor was heated by electric heating 
mantle having special arrangement for smooth control of the temperature 
of the reactor. The speed of the stirrer was controlled by a regulator. The 
reaction vessel and its lid were tied together with the help of clamps.

12.3.6  REACTOR PROGRAMING

The flow chart representation has been given in Table 12.2.

TABLE 12.2  Heating Schedule of Novel Biopolymer.

Order of addition of ingredient Temp. (°C) Time of heating (h:min)
coconut oil, sorbitol, rosin

Malelic anhydride, benzoic

Acid, sod. bisulphate, and sod.

Bisulphite

↓

Lowering the temp.

↓

Phthalic anhydride

↓

Cool down temp.

200

120

230–240

200–210

0.2:00

03:00

02:00

First Step:

Initially coconut oil, sorbitol, rosin, maleic anhydride, benzoic acid, and 
catalyst were taken in glass reactor. The mass was heated slowly and 
steadily to 200°C in about half an hour.
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Second Step:

The reaction was carried steadily for 2 h. Now the temperature was 
brought down to 120°C. Now, phthalic anhydride was added steadily and 
(3:1) xylene:butanol solvent by weight was added at this lower tempera-
ture. Now temperature was raised slowly to 230–240°C. The reaction was 
continued for 3 h.

Third Step:

The reaction was continued further for 2 h at a lower temperature of 
200–210°C. The batch was taken out after lowering the temperature to 
120°C (benzoic acid was added as a chain stopper because it is difficult to 
control the reaction at such a lower oil length of 16%).

Fourth Step:

Acid value and viscosity is observed periodically and reaction is terminated 
when desired acid value and viscosity is attained. Total water removed is 
measured. Batch is withdrawn and weighted to find out % yield.

12.4  METHODS OF PHYSICOCHEMICAL ANALYSIS

12.4.1  ACID VALUE

The no. of milligrams of KOH required for neutralization of 1 g of mate-
rial under consideration of test.

Acid value of the samples was determined by ASTM Standard method, 
using following formula.

56.1 ×V×N
Acid value =W
where, V = volume of alcoholic KOH solution
N = normality of alcoholic KOH solution
W = weight in g of biopolymer.
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12.4.2  SAPONIFICATION VALUE

The saponification value is the amount of alkali necessary to saponify a 
definite quality of the sample. It is expressed as the number of milligrams 
of KOH required to saponify 1 g of the sample.

56.1 × (B−S) ×N
Saponification value =
Weight of the sample
where B = blank titration reading
S = sample titration reading
N = Normality of 0.5 N HCl.

12.4.3  VOLATILE CONTENT

It was determined by weighing out 2–3 g of biopolymer sample into a 
petri dish and heating for about 3 h. At 105°C, it was cooled, weighed, 
and reheated for further half an hour to check that the weight was 
constant. The volatile content is expressed as a percentage of the orig-
inal polymer.

12.4.4  SOLID CONTENT

The percentage of solid in the biopolymer was calculated as follows:

% Solid = (100 − Volatile content).

12.4.5  DETERMINATION OF MOLECULAR WEIGHT 
VISCOSITY-AVERAGE METHOD9–11

This method depends upon the principle that the limiting viscosity number 
that is proportional to molecular weight. The molecular weight is related 
with limiting viscosity number (n), specific viscosity (nsp), and ratio of 
amount of nonvolatile to the amount of volatile (C).
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12.4.6  DETERMINATION OF HYDROPHILIC LIPOPHILIC 
BALANCE12,13

It is defined as the ratio of hydrophilic group to hydrophobic group. HLB 
of the sorbitol-based polymer is calculated by the saponification method. 
This method includes finding out the saponification number of a polymer 
and acid number of acid present in the reaction mass. The value in substi-
tutes in the formula given by Griffin (1954) is as follows:

The HLB is calculated by using saponification method describe by 
Griffin (1949) by the formula.

SVHLB 20 1
AV

 
 

= ×


−

where SV is the saponification value of the polymer and AV is the acid 
value of the raw material.

12.5  PREPARATION OF LIQUID DETERGENT

The compositions of selected liquid detergent are given in Table 12.3. 
Required amount of novel biopolymer and other ingredient like sodium 
lauryl sulphate, sorbitol foam booster sodium sulphate, and urea were 
taken in a 500-ml beaker and after being homogenized by running the 
stirrer for about half an hour, a clear solution of liquid detergent was 
obtained after 1 h. This clear liquid solution was filtered and packed in 
superior grade air-tight container.

TABLE 12.3  Compositions of Liquid Laundry Detergents Based on Novel Biopolymer.

Sr. 
No.

Ingredients LD1 LD2 LD3 LD4 LD5

1 Neutralized acid slurry (75% solid) 4.8 3.6 2.4 1.2 0.0
2 Sodium lauryl sulphate 5.9 4.5 3.1 1.55 0.0
3 Alpha olefin sulphonate (76% solid) 7.1 7.1 7.1 7.1 7.1
4 Sodium sulphate 5 5.0 5.0 5.0 5.0
5 Urea 2.5 2.5 2.5 2.5 2.5
6 Sodium lauryl ether sulphate (71% solid) 10 10.0 10.0 10.0 10.0
7 Sorbitol (70% solid) 7.0 7.0 7.0 7.0 7.0
8 Neutralized novel biopolymer 80% solid 2.4 4.8 7.2 9.6 12.00
9 Distilled water 55.3 55.5 55.7 56.05 56.4
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TABLE 12.4  Physico-chemical Properties of Novel Biopolymer.

Sr. No. Physical property Observation
1 Acid value of polymer 69.62
2 pH value 1.21
3 Saponification (Sap) value 198.4
4 Solid (%) 71.84
5 Color Dark brown
6 Consistency Thick
7 Solubility of biopolymer:

(i) In hot water

(ii) In alcohol

(iii) In xylene:butanol

(iv) In NaOH

Partially soluble

Soluble

Soluble

Soluble
8 HLB ratio of biopolymer 18.31
9 Molecular weight of biopolymer 3241
10 Viscosity (by Ford Cup Method) (70:30) 160 s

TABLE 12.5  Analysis of Laundry Liquid Detergents.14

Sr. No. Sample %Solid pH
1 LD1 44.7 9.36

2 LD2 44.5 8.14
3 LD3 44.3 9.46
4 LD4 44.1 7.87
5 LD5 43.9 8.94
6 CD1 46.80 7.54
7 CD2 45.14 7.98

70% KOH solution was prepared for neutralization of polymer and for adjusting pH.

TABLE 12.6  Physiochemical Properties14 of Liquid Laundry Detergents Based on Novel 
Biopolymer.

Property Conc. (%) LD1 LD2 LD3 LD4 LD5 CD1 CD2
Foam volume (cm3) 
(cylinder method)

5 700 600 550 450 500 500 400
1 800 700 650 550 600 600 500

Surface tension(dyne/
cm) Stalagnometer test10

5 39.56 40.21 40.25 41.65 42.36 42.85 43.89
1 36.52 37.89 38.52 38.96 39.12 39.65 41.48

LD, Liquid detergent; CD, commercial detergent.
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12.6  RESULT AND DISCUSSION

1.	 A 2-kg batch of novel biopolymer has been prepared based on 
coconut oil, sorbitol, maleic anhydride, phthalic anhydride, rosin, 
and benzoic acid. The proportion of benzoic acid (chain stopper) 
and catalyst sodium bisulphate and sodium bisulphite has been 
maintained constant.

2.	 The synthesis was carried out in glass reactor by batch process. 
The time of heating and order of addition of various ingredients 
has been planned as given in Table 12.2. After 1.5 h, a small 
quantity of water was added to maintain paste-like consis-
tency of the mass. The reaction conditions have been standard-
ized to get molecular weight of 3000–3500. The total time of 
heating was 5 h and 30 min. The heating temperature range was 
120–150°C.

3.	 The composition of polymer and physicochemical analysis is 
given in Table12.1 and 12.4, respectively.

4.	 An ingredient like rosin and coconut oil which are of natural origin 
fulfills the demands of the biodegradable polymers. In our country, 
vegetable-based polyol like sorbitol is abundantly available and 
cheap. Our detergent industry is totally dependent on petroleum-
based products like linear alkyl benzene sulphonate, so in this 
research work, we have tried to develop polymeric surfactant 
based on sorbitol and natural ingredients.

5.	 In first liquid detergent compositions LD-1, combination of 
acid slurry, sodium lauryl sulphate, alpha olefin sulphonate, 
and sodium lauryl ether sulphate has been used. In successive 
progressive compositions LD-2 to LD-7, acid slurry and sodium 
lauryl sulphate has been progressively replaced by selected novel 
biopolymer so that the final compositions are free from soft 
acid slurry and sodium lauryl sulphate and contain 12% novel 
biopolymer.

6.	 The proportion of alpha olefin sulphonate and sodium lauryl ether 
sulphate has been maintained at a constant level of 7.1% and 10%, 
respectively. A small proportion of urea and sodium sulphate has 
been incorporated.

7.	 The desired pH of 7.5–9 has been active by neutralized of sample 
with 30% KOH solution.
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8.	 The sample is free from sodium tripolyphosphate and harsh alkali 
sodium carbonate and builders and fillers which unnecessarily 
increase the bulk weight of detergent and create pollution.

9.	 A small proportion of sorbitol (7%) has been incorporated for 
clearly, homogeneity, and smooth feel of liquid detergent. In all 
the samples about 55–56%, water has been incorporate.

12.7  CONCLUSION

1.	 The novel biopolymer based on coconut oil, sorbitol, maleic anhy-
dride, phthalic anhydride, and benzoic acid has been synthesized. 
The mole ratio, temperature, stirring, the proportion of catalyst, 
time of heating, and order of addition of ingredients has been 
standardized to get novel renewable polymer in molecular weight 
ranges from 3000 to 3500 (Table 12.2).

2.	 The pH of the sample is acidic. The HLB ratio, molecular weight, 
and viscosity of sample suggest that they can be used with advan-
tage for making liquid detergent.

3.	 In formulation of liquid detergents, constant properties of sodium 
lauryl ether sulphate (10%) and alpha olefin sulphonate (7%) have 
been used. In the first composition, acid slurry (6.0%) and sodium 
lauryl sulphate (7.3%) have been used. Both these ingredients are 
successively replaced by 2.8–14.2% novel biopolymer. In the final 
compositions, acid slurry and sodium lauryl sulphate have been 
totally replaced by novel biopolymer.

4.	 In India, the common people are more prone to use powder and 
cake detergent. The use of liquid detergent should be promoted to 
avoid pollution. Many types of filler, silicates, and sodium tripoly-
phosphates are used in these properties. The liquid detergent is 
practically free from these ingredients.

5.	 The main barrier in using liquid detergents is their high cost and 
psychologies of the user. Our products based on novel raw mate-
rials are quite cheap. To give cost estimations, our liquid detergent 
is just cost of Rs. 30–40 per liter. The masses need to be educated 
for more use of liquid laundry detergent. This will make sure water 
resources are pollution free.

6.	 In some instances, the stain-removing property in cotton cloths is 
slightly better than polyesters and terricot cloths.
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ABSTRACT

Aloe vera is a perennial succulent plant, each and every component of 
which has its own individual and established beneficial properties. It is 
used as laxative to immunostimulant, anti-inflammatory agent, antiseptic, 
moisturizer, anti-ageing, wound healing and as antioxidant. In recent 
years, many studies have indicated the role of A. vera in treating arthritis, 
especially osteoarthritis, which is the most common disease among elderly 
people. Nine out of 10 aged person have complains about joint pain, 
swelling, stiffness of joint, and lack of movement which are the common 
symptoms of osteoarthritis. A. vera can be considered as a potential thera-
peutic agent in treatment of osteoarthritis. A. vera can activate a series 
of factors essential in cartilage tissue repair, collagen synthesis, and anti-
inflammation. A. vera not only contributes in treating the disease but is 
also easily available and cost-effective.

13.1  INTRODUCTION

Aloe vera has proved its medical efficacy since early civilization. With 
every passing year, new spheres of beneficial properties of A. vera have 
come to the lime light. Since early times, A. vera has been used as laxa-
tive, for healing wounds, in cosmetics, etc.1 But with time and further 
experiments, numerous other therapeutic properties of A. vera have 
been discovered. Nowadays, when the demand of natural medicine has 
highly increased, patients want medicine with maximum benefit but 
minimum side effects. A. vera has surely gained popularity in this field. 
A. vera gel is said to contain most of the therapeutic properties, with few 
very important beneficial components. Though the mucilaginous gel is 
composed of 99–99.5% of water, the remaining 1–0.5% of dry constituent 
is rich with ingredients like glucomannans, amino acids, vitamins, sterols, 
carbohydrate, enzymes, etc.2–4 The major polysaccharide in A. vera gel, 
acemannan,5–7 has gained particular recognition for its beneficial role in 
immunostimulation, detoxifying cell debris, cell regeneration, and many 
more, though all the other components are also equally efficient.

Considering all the beneficial ingredients in A. vera, it can be presumed 
that A. vera can be used as a treatment in osteoarthritis. Osteoarthritis is 
a chronic degenerative disease that causes pain in the joints, swelling and 
crippled movement of the joint. Age, sudden injury, and obesity cause 
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erosion in the cartilage tissue that covers the joint bones. Loss of water 
content in the extracellular matrix restricts smooth movement of the joints, 
resulting in degraded cartilage tissue, synovitis, impaired collagen, and 
proteoglycan synthesis. Though not particularly an inflammatory disease, 
it shows all the symptoms related to inflammation. Recent studies have 
revealed that inflammation is a major aspect in the pathophysiology of 
osteoarthritis. Moreover, the cytokines released in course of the inflam-
matory response also activate a series of factors like matrix metallopro-
teinases (MMPs), ADAMTs that contribute to chondrocyte apoptosis, 
collagen degradation, proteolysis of aggrecan, and extracellular matrix 
degeneration.8 Many over the counter medicines available for osteoar-
thritis are suggested by physicians, but none of them can be considered as 
a treatment for this particular disease as most of them are pain killers and 
steroids and come with huge side effects.

A. vera contains many biologically potent ingredients that have the 
potential to treat osteoarthritis. Components like bradykinase, sterols, have 
anti-inflammatory effect, acemannan which is the most abundant polysac-
charide in A. vera gel, stimulates immune response by releasing macro-
phage and cytokines, these components can detoxify the damaged area 
and serve as pain killers. Acemannan also stimulates monocytes to cleave 
macrophage in M1 and M2, where M1 carry out phagocytes to remove 
cell debris and induce inflammation, M2 activates anti-inflammatory cyto-
kines, growth factors that promote cartilage remodeling and extracellular 
matrix repair.9

So, the aim of this review is to revisit the pathophysiology of osteoar-
thritis and the therapeutic role of A. vera in treating osteoarthritis success-
fully by either reversing or eliminating the causes.

13.2  COMPONENTS OF ALOE VERA

A. vera with its uncountable beneficial properties has been famously called 
“the magical plant.” Back in early civilization, A. vera has been used as 
laxative,10,11 in beauty treatments and in wound healing.12,13 A. vera is a 
perennial xerophyte growing mainly in regions of India, Africa, Europe, 
and America where there is erratic water availability. But A. vera has very 
high adaptive quality, so if provided with proper care, it can be grown in 
any region of the world. This high adaptive property of A. vera enhances 
its specialty more as a highly beneficial plant.14 The plant belongs to 
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Liliaceae family and is specialized in storing large amount of water in their 
tissues. The leaves are fleshy, triangular in shape and the sides are serrated. 
Aloe vera leaf is composed of three parts; the outer rind, the middle latex, 
and the inner mucilaginous gel.15 The inner gel of A. vera is composed of 
many components, all with its individual usefulness. Extraction of A. vera 
gel is a delicate process where temperature, centrifugation speed has to be 
specific,16 as the components of A. vera gel tend to loose their biological 
properties to high temperature, improper centrifugation, and time. Centrif-
ugation was done at 5°C temperature, 10,000 rpm speed for 30 min (http://
www.aloecorp.com)17,18 To preserve all the properties of the gel extract for 
longer period of time, usually preservatives are added. But preservatives 
can have adverse negative effects to our health and can even contaminate 
the actual structural and biochemical properties of the gel extract. Freeze-
dried gel extract is a dry, light powder which is devoid of any preservative 
and additive. Freeze drying is done in temperature varying from −45 to 
30°C, the frozen gel is kept in high vacuum where water sublimes from 
frozen gel as temperature increases.19 A. vera gel has manifold benefits 
in medical and pharmaceutical world. Properties like immunostimulant, 
anti-inflammation, anti-diabetic, moisturizer, anti-arthritis, antioxidant, 
wound healing, etc. have come to the lime light recently.4,20–23 A schematic 
diagram in Figure 13.1 is showing the properties briefly.

FIGURE 13.1  Presentation of useful properties of Aloe vera.
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13.3  FEW COMPONENTS OF ALOE VERA THAT CAN BE 
BENEFICIAL IN TREATING OSTEOARTHRITIS2,5,23–29

Active 
components

Compounds Function

Polysaccharides Pure mannan
Acetylated mannan 
(acemannan)
Acetylated glucomannan
Glucogalactomannan
Galactan
Pectic substance
Xylan
Cellulose
Mannose
Glucose

Acemannan is the most abundant 
polysaccharide in Aloe vera gel.  
It is said to have immunostimulatory 
effect, acts as antiarthritic and  
anti-inflammatory agent
Mannan-6-phosphate can help in 
collagen deposition and can stimulate 
release of growth factors
Stimulate fibroblast that promotes 
tissue regrowth

Hormones Auxins
Gibberellins

Wound healing and anti-inflammatory
Fortifies body’s natural 
immunoreaction to pathogen

Organic com-
pounds and lipids

Arachidonic acid
Steroids (campesterol, 
cholesterol, β-sitosterol)
Triglycerides
Triterpenoid
Saponins
Lignin
Salicylic acid
Uric acid

Salisylic acid acts as anti-
inflammatory and antibacterial agent
Saponin can be used as cleanser and 
moisturizer
Lignin increases deep penetrating 
properties of other components
Have anti-inflammatory function

Vitamins B1, B2, B6, C
β-Carotene
Choline
Folic acid
Ascorbic acid

Antioxidant
Neutralizes free radicals

Enzymes Bradykinase
Alkaline phosphatase
Amylase
Carboxypeptidase
Catalase
Cyclooxidase
Cyclooxygenase
Lipase
Oxidase
Phosphoenolpyruvate
Carboxylase
Superoxide dismutase

Help in metabolism and breakdown of 
sugar and fat
Bradykinase has proven  
anti-inflammatory effects
Possess antifungal and antiviral 
activity but toxic at high 
concentrations
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Chromones C-glucosyl
Isoaloeresin D
Isorabaichromone
Neoaloesin A

Acts as anti-inflammatory
Antiallergic

13.4  OSTEOARTHRITIS

Osteoarthritis is a chronic degenerative disease that causes the breakdown 
of cartilage in the joints. Symptoms include pain, stiffness, and swelling. 
Osteoarthritis causes progressive breakdown and wearing away of the 
cartilage, leaving the bone ends unprotected. As this occurs, the joint can 
become painful, stiff, and difficult to move and eventually swollen.30

This is the most common type of rheumatism, mostly seen in people 
of age group above 40 years. A study conducted in USA reported that 
about 90% of the populations between the age group of 40–90 years are 
suffering from this chronic disease.31

To understand the pathophysiology of the disease properly, it is neces-
sary to have a sound knowledge about the morphology of the articular 
cartilage so that the gradual step by step changes induced by the progres-
sion of the disease becomes clear.

13.4.1  STRUCTURE OF THE CARTILAGE

The articular cartilage is divisible into three structurally and morphologi-
cally different zones, depending on the arrangement of type chondrocyte 
cells, II collagen fibers, and proteoglycan. Zone I which is known as super-
ficial or tangential zone has flattened chondrocytes with collagen arranged 
parallel to the surface and this zone is in direct contact with the synovial 
fluid. Superficial zone comprises about 10–20% of the cartilage thickness 
and it protects the other zones from stress and force during movement. 
The density of chondrocyte cells in this zone is very high compared to 
the other. The superficial zone is immediately followed by the transitional 
zone which occupies about 40–60% of the total volume of the cartilage. In 
this zone, the density of chondrocytes is comparatively low and is spher-
ical in shape; the collagens are obliquely arranged to the surface intervened 
by proteoglycan in between as shown in Figure 13.2. This zone provides 

Table (Continued)
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resistance to huge force falling on the joints during movement. Next is the 
basal zone which has much less density of chondrocyte cells and higher 
density of collagen and proteoglycan. Collagen is arranged perpendicular 
to the surface and this arrangement works as a cushion that can withstand 
maximum of the compressive force.32,33

Thus, the cartilage comprises the chondrocyte cells and extracellular 
matrix which is composed of water, collagen, proteoglycan, and few non-
collagenous proteins and glycoproteins (Fig. 13.2).

FIGURE 13.2  Structure of the articular cartilage.

13.4.2  CHONDROCYTE CELLS

The chondrocyte is the specialized cell type in the articular cartilage. 
Chondrocytes are highly modified, metabolically active cells that have the 
most important part to play in the development, maintenance, and repair 
of the extracellular matrix. Origin of chondrocytes is from mesenchymal 
stem cells and constitutes about 2% of the total volume of articular carti-
lage.34 Chondrocytes have different shape, number, and size that vary 
depending on the different anatomical regions of the articular cartilage. 
The chondrocytes in the zone I are flatter and smaller and generally have 
a greater density than that of the cells of other zones, deeper in the matrix. 
Each chondrocyte establishes a specialized microenvironment and is 
responsible for the turnover of the ECM in its immediate surrounding. 
Chondrocytes maintain a balance between matrix synthesis and break-
down that helps in normal tissue metabolism. Though chondrocytes do 
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not form cell-to-cell contacts for direct signal transduction and commu-
nication between cells, but they definitely respond to a variety of stimuli 
like growth factors, mechanical loads, and hydrostatic pressures. Chon-
drocytes have limited replication capability which prevents rapid healing 
caused by any injury, but if provided with proper chemical and mechanical 
environment, the cells can survive.35

13.4.3  COLLAGEN

Collagen constitutes about 10–20% of wet weight of the articular carti-
lage. The major component of fibrillar collagen in articular cartilage is 
type II collagen; it constitutes 90–95% of total collagen present in carti-
lage. Type II collagen forms a highly cross-linked and interconnected 
network of collagen fibrils. Other than type II collagen, types IX and XI 
collagen are the most abundant among the minor types of collagen and 
both are present in equal amounts. Type IX collagen is short fibrillar 
collagen with a proteoglycan moiety and forms cross-links with type II 
collagen along the surface of collagen fibrils and integrates with proteo-
glycan in the extracellular matrix. Type XI collagen mainly regulates 
the diameter of the fibril of type II collagen, to form copolymers.36 
Though the rate of metabolism of collagen is slow, but in condition of 
injury or disease, the rate of metabolism increases excessively and can 
exceed the ability of chondrocytes to produce a well-organized replace-
ment matrix. In this type of conditions, the matrix undergoes more rapid 
mechanical failure and deterioration, which results in degeneration and 
the development of osteoarthritis. High levels of collagenases, which 
degrade collagen, have been reported responsible in the pathogenesis of 
osteoarthritis.37

13.4.4  PROTEOGLYCANS

They are protein polysaccharide molecules that constitute 10–20% of 
the wet weight and provide a compressive strength to the articular carti-
lage. The fluid and electrolyte balance in the articular cartilage is main-
tained by proteoglycan.38 Chondrocytes produce these proteoglycans and 
secrete in the matrix. The subunits of proteoglycan, which are known 
as glycosaminoglycans, are of mainly two types, chondroitin sulfate and 
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keratin sulfate. There are two major classes of proteoglycans found in 
articular cartilage, large aggregating proteoglycan monomers, or aggre-
cans and small proteoglycans, including decorin, biglycan, and fibro-
modulin.38 Aggrecan is the most abundant proteoglycan in the matrix and 
is composed of a central core protein bound to glycosaminoglycans by 
sugar bonds. The core protein stabilizes the structure with a central hyal-
uronic acid chain to form an intricate structure of the glycosaminoglycans 
molecule. There are two types of the chondroitin sulfate, type 4 and type 
6. Type 6 remains constant throughout life, whereas type 4 decreases with 
the age. Depletion in proteoglycan level has been observed in experi-
mental arthritis.38

13.5  PROGRESSION OF THE DISEASE

The two most observed causative agents leading to osteoarthritis are 
age and obesity. Sudden injury or past trauma and genetics are the rare 
causes that could lead to the disease. Use and over use of the joints over 
years causes loss of plasticity and fluidity of the joints. Decrease in water 
content results in reduction of proteoglycan level which in turn makes 
the collagen fibers susceptible to degeneration and finally cartilage 
degradation.

The main function of the cartilage is to distribute the weight on the 
joints uniformly. During movement when pressure falls on the joints, the 
viscous synovial fluid between the cartilages is pushed in and out, thus 
lubricating the joints and helping in smooth movement. Due to obesity as 
the pressure on the joints increases, extra effort is needed to keep lubri-
cating the joints and the cartilages constantly rub against each other, even-
tually causing erosion in the cartilage. This wear and tear in the cartilage 
and surrounding synovial fluid triggers inflammatory response for preven-
tion of infection and tissue regeneration.39

It has been observed that the ratio of women suffering from osteo-
arthritis is much higher than male. Moreover, women who has reached 
menopause are the main sufferers. The Framingham knee osteoarthritis 
study suggests that the lack of estrogen production after menopause 
contributes to the pathogenesis of the disease. Estrogen is known for its 
anti-inflammatory property, so it can be presumed that during normal times 
when the level of estrogen is high, it prevents the effects of inflammation, 
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like pain and swelling. But as the level of estrogen drops, these symptoms 
express themselves.40 Normal cartilage maintains a state of homeostasis 
where regeneration and degeneration occurs simultaneously to maintain a 
healthy equilibrium. In osteoarthritis joints, this equilibrium is disturbed, 
imbalance between repair and degradation is seen which leads to struc-
tural damage, inflammation in the synovium, and pain. Figure 13.3 gives a 
general idea of the difference seen before and after the effect of the disease 
osteoarthritis.

FIGURE 13.3  Schematic presentation showing difference between normal and osteoarthritic 
joint. 

Osteoarthritis occurs as a cascade of structural, biochemical, and meta-
bolic changes as follows:

13.5.1  STRUCTURAL CHANGES

The hyaline cartilage, coating the surface of the joints, is mainly composed 
of chondrocyte cells embedded in extracellular matrix which is consti-
tuted by water, type II collagen, and proteoglycan (Fig. 13.2). During 
movement, the cartilage distributes the weight on the joint uniformly, 
thus reducing stress. A viscous synovial fluid present in between the artic-
ular cartilage acts as a lubricant and reduces friction between cartilages 
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during movement. This synovial fluid has high concentration of hyal-
uronic acid. In general, a healthy cartilage maintains a state of homeo-
stasis where there is a constant process of resorption and regeneration of 
cartilage matrix. But in case of osteoarthritis, the balance between this 
resorption and regeneration is disturbed. The cell tries to repair itself but 
is unable to regenerate a functional matrix and the shock-absorbing func-
tion is gradually lost.39

In the early stage of osteoarthritis, degeneration of chondrocytes and 
type II collagen leads to fibrillation. As the homeostasis between the 
anabolism and catabolism in the cartilage is lost, constant apoptosis of 
the chondrocytes occurs mainly in the surface of the articular cartilage. In 
an attempt to self-repair, chondrocytes rapidly proliferates, forming irreg-
ular sub-articular cysts. As the disease advances, deep clefts are formed 
in cartilage, nearby matrix gets depleted of metachromatic material, indi-
cating loss of proteoglycans. A rapid loss of aggrecan, the most predomi-
nant proteoglycan in cartilage, results in excessive load on the collagen 
networks which slowly starts losing its tensile strength and degrade. All 
these ultimately lead to the destruction of extracellular matrix and loss 
of cartilage. The degraded fragments of the cartilage get deposited in 
the synovium which results in thick and hypertrophied synovium and it 
also triggers the inflammatory response leading to synovitis as shown in 
Figure  13.3.20,41

13.5.2  COMPLEMENT SYSTEM

Researchers at Stanford University of Medicine observed that osteo-
arthritic patients were diagnosed with high level of proteins that were 
usually secreted by the body when under bacterial or viral attack. These 
are the proteins of the complement system that attack damaged osteoar-
thritic joints, as they would have attacked any other antigen harmful to 
body. This active complement system carries off a cascade of events as 
shown in Figure 13.4 leading to inflammation and severe pain experienced 
in osteoarthritis.

Complement system activates a cluster of proteins called membrane 
attack protein (MAC). In osteoarthritic joints, MAC activates inflam-
matory response that causes cartilage degradation and leads to impaired 
movement.42
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FIGURE 13.4  Schematic representation of the pathway of complement cascade. C(1–9)—
complement components.

13.5.3  INFLAMMATORY RESPONSE

Synovial inflammation or synovitis can be a leading factor in irregular 
functioning of the chondrocytes that causes imbalance between the 
catabolic and anabolic activity of chondrocytes, in extracellular matrix 
remodeling in the cartilage. Though osteoarthritis is not defined as an 
inflammatory disease because the synovial fluid lacks neutrophils, the 
symptoms of inflammation, like pain, swelling, stiffness, and impaired 
movement, are prevalent in the patients.43 Even active lymphocytes like 
B cells and T cells and pro-inflammatory mediators like macrophage and 
cytokines have been regularly detected in osteoarthritic joints.44 From 
recent studies, it is evident that inflammatory process involves the Toll-
like receptors and activation of complement cascade which lead to the 
synthesis and release of cytokines and chemokines.45 As shown in Figure 
13.5, in response to the pro-inflammatory macrophages, cytokines like 
interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α) are secreted. 
This enhances the production of prostaglandins E2 by influencing the 
activities of cyclooxygenase 2, microsomal PGE synthetase-1, and soluble 
phospholipase A2, which stimulate the production of nitric oxide (NO) in 
chondrocytes by activating NO synthetase. NO blocks the synthesis of 
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collagen and proteoglycan by activating MMP and also promotes apop-
tosis of chondrocytes by producing free radicals. IL-β and TNF-α, synthe-
sized by activated synoviocytes, mononuclear cells, or articular cartilage, 
upregulate the gene expression of metalloproteinase.46,47 These cytokines 
block the chondrocyte compensatory synthesis pathway that can restore the 
integrity of degraded extracellular matrix. In patients with osteoarthritis, 
the receptor for IL-β (IL-1R1) has shown to be increased in the chondro-
cytes and fibroblast-like synoviocytes.47 IL-1β blocks the chondrocytes 
to synthesize main building blocks of extracellular matrix, that is, type 
II collagen and aggrecan. IL-1β and TNF-α stimulate ADAMTS-4 and 5 
(A Disintegrin And Metalloproteinase with a Thrombospondin 4 and 5) 
productions which are mainly responsible for proteolysis of aggrecan 
molecules.48 The schematic flowchart given in Figure 13.5 provides a 
stepwise representation of their way of function. Even these cytokines 
induced rapid chondrocytes apoptosis. All these factors synergize together 
and result in inflammation, chondrocyte apoptosis, and finally extracel-
lular matrix degradation.

FIGURE 13.5  Schematic representation of pathway of action in inflammatory response. 
ADAMTS—A Disintegrin And Metalloproteinase with a Thrombospondin; IL-1β—
Interleukin-1 β; TNF-α—tumor necrosis factor α.
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13.5.4  EFFECT OF MMPS

It is evident from many studies that MMPs play an important role on matrix 
degradation, degeneration of collagen, and proteoglycan.49 Although 
different types of MMPs are synthesized by different genes, some of the 
matrix metalloproteinases are synthesized in chondrocytes and synovial 
cells itself in osteoarthritic joints.50

The major MMPs that are responsible for extracellular matrix degra-
dation are MMP-1, MMP-8, and MMP-13, but among these, MMP-13 is 
most potential in degradation of type II collagen, the main collagen compo-
nent in cartilage. Other than this, MMP-2, 3, and 9 cleave substrates like 
gelatin, fibronectin, elastin, proteoglycan, and type IX and XI collagen.51 
MMP-3 even plays an important role in activation of other metalloprotein-
ases.52 Moreover, the different types of membrane type metalloproteinases 
(MT-MMPs) contribute to the activation of Pro-MMP-2 and Pro-MMP-13 
which are considered as important players in breakdown of type II collagen 
in the cartilage53,54

13.5.5  BRADYKININ

Bradykinin belongs to the family of kinins, which are significantly associ-
ated with pro-inflammatory mechanisms and pain. Bradykinin binds to its 
activated receptor, B2, and induces activation of phospholipase C and its 
signaling pathways, like protein kinase C and phospholipase A phosphory-
lation,55 NO synthase activation, and ultimately release of inflammatory 
mediators. B2 receptors in chondrocytes and synovial fluid bind to brady-
kinin and stimulate the release of inflammatory cytokines like IL-6, IL-8, 
and MMP-3 that is involved in collagen degradation. Presence of brady-
kinin in synovial fluid, fibroblast, and endothelial cell lining has been 
detected in patients with osteoarthritis. Moreover, it can also interact with 
IL-1β signaling and increase cyclooxygenase 2 expression which results 
in increased prostaglandin production.56

13.6  FACTORS CONTRIBUTING TO CARTILAGE REPAIR

It is previously mentioned that a cascade of immune reactions leads to the 
pathogenesis of osteoarthritis. Just like that, several factors are also there, 
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which when stimulated properly can play major roles in cartilage repair 
and remodeling.

13.6.1  MACROPHAGE

Macrophages are a type of white blood cell that play a critical role in 
nonspecific defense and also help to initiate specific defense mechanisms 
by inducing inflammatory response in injured tissue. Macrophage has 
multifacet functions in tissue remodeling too. There are two phenotypes 
of macrophage, M1 and M2;57 both have their individual properties but 
interestingly have antagonistic functions. M1 macrophages activated by 
classical pathway consist of immune-effector cells which have an acute 
inflammatory response. These are highly aggressive against bacteria and 
carry out phagocytosis by producing large amount of lymphokines. The 
anti-inflammatory M2 macrophages, activated by alternative pathway, 
reportedly have three subtypes – M2a, M2b, and M2c, which have various 
different functions, including regulation of immunity, angiogenesis, and 
tissue repair/wound healing. In osteoarthritic joint repair, M2 plays a 
major role.9 M2 activates cytokines IL-4, IL-10, and IL-13, all of which 
have anti-inflammatory functions. These cytokines downregulate the 
synthesis of NO, thus lowering the level of inflammatory cytokines and 
matrix degrading protein, MMP. Along with anti-inflammatory cytokines, 
M2 can also stimulate the activation of growth factors like transforming 
growth factor β (TGF-β), bone morphogenetic protein (BMP), etc. which 
are the main components in matrix degeneration, collagen synthesis, and 
chondrocyte differentiation. Thus, macrophage has an overall function in 
both pathogenesis and repair of osteoarthritic joints.58,59

13.6.2  GROWTH FACTORS

Numerous extracellular stimuli affect the chondrocytes by influencing 
the biosynthesis and catabolic activity such as mechanical stress. Ageing, 
sudden injury, and any disease can cause imbalance in regulatory factors 
which can hinder proper maintenance and repair of tissue. All these result 
in deleterious changes in gene expression altering extracellular matrix 
constitution and tissue degeneration. As a consequence, it causes an accel-
erated erosion of the articular surface, leading to end stage of osteoarthritis. 
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In order to maintain growth and development and restore homeostasis in 
the cartilage, numerous growth factors work together in a healthy articular 
cartilage. Growth factors are biologically active polypeptides, synthesized 
in our body that can promote cell division, differentiation, and growth.

Thus, in osteoarthritic joint, growth factors can stimulate cartilage 
regeneration. The multifaceted functions of growth factors in articular 
cartilage include synthesis of type II collagen, proteoglycan, promote 
differentiation of chondrocyte cell in mesenchymal stem cells, and down-
regulate the effects of cytokine IL-1 and MMPs.60 Considering all these 
functions of growth factors, if proper stimulation is provided, they can 
have the potential in treating degraded cartilage in osteoarthritis. Different 
growth factors with different functions work in concert to regenerate 
eroded cartilage and regain its previous healthy state.

13.6.2.1  PLATELET-DERIVED GROWTH FACTOR

Platelet-derived growth factor (PDGF) is the first growth factor present 
in a wound and initiates connective tissue healing through the promotion 
of collagen and protein synthesis. The most important specific activities 
of PDGF include angiogenesis, chemotaxis for fibroblasts, and collagen 
synthesis. The primary effect of PDGF can be its mitogenic activity on 
mesoderm-derived cells like fibroblasts, vascular muscle cells, and chon-
drocytes. Studies supported the role of PDGF in wound healing or stimula-
tion of matrix synthesis in growth plate chondrocytes.61

13.6.2.2  TRANSFORMING GROWTH FACTOR β

TGF-β is an important member of the growth factor family which has major 
role in cartilage repair and extracellular matrix remodeling. TGF-β usually 
remains in inactivated form and needs stimulation in the form of any injury 
or disease, which can trigger immune response. Activated TGF-β usually 
forms hetero- or homodimers with single disulphide bond. Activated 
TGF-β regulates cell proliferation, migration, differentiation, and apop-
tosis. In osteoarthritic cartilage, the isoforms of TGF-β, TGF-β1, TGF-β2, 
and TGF-β3 can bind to different promoter sequences, inhibit catabolism 
of extracellular matrix, and promote chondrocyte differentiation.62,63
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TGF-β1 and 3 has a role in maintaining the balance of anabolism in 
cartilage and synthesis of extracellular matrix. In vitro studies suggested 
that in normal cartilage, the level of TGF-β was high, which was drasti-
cally decreased in osteoarthritic cartilage. Even if TGF-β pathway was 
blocked in normal cartilage, it became more prone to damage and suscep-
tible to osteoarthritis.64 This indicates that TGF-β is a major factor in 
maintaining cartilage homeostasis. TGF-β can suppress the expression of 
cytokines like IL-1 and 6 and induce extracellular matrix synthesis and 
chondrogenesis. TGF-β signaling is mediated by Smad (mothers against 
decapentaplegic homolog) via activin-like kinase 1 and 5 receptors.65–67 In 
spite of all these beneficial activities of TGF-β, it can also be harmful as it 
highly increases chondrocyte proliferation which can result in formation 
of osteophyte.62

13.6.2.3  BONE MORPHOGENETIC PROTEIN-2

Many experimental data indicated that BMP-2 could stimulate matrix 
synthesis and was capable of reversing chondrocyte dedifferentiation to 
some extent, by increasing synthesis of cartilage-specific collagen type II 
in dedifferentiated and OA chondrocytes.68 Studies conducted in defective 
cartilage of animal models has shown BMP-2 to enhance cartilage repair 
and also increase chondrocyte localization.69,70 There is a similarity between 
the function of BMP-2 and TGF-β1 in their effect on mesenchymal stem 
cells with increased extracellular production and decreased expression of 
collagen type 1.71 In a mouse model of IL-1-induced cartilage degenera-
tion, BMP-2 enhanced cartilage matrix turnover by increased aggrecan 
degradation and increased collagen type II and aggrecan expression70,71

19.6.2.4  OSTEOGENIC PROTEIN-1/BONE MORPHOGENETIC 
PROTEIN-7

Several in vitro studies conducted on normal as well as osteoarthritic carti-
lage highlighted the immense functional attributes of osteogenic protein-1 
(OP-1)/BMP-7. Apart from maintaining homeostasis in the cartilage, by 
controlling the rate of catabolism and anabolism, it can also promote 
anabolism in osteoarthritic cartilage, where high rate of catabolism causes 
chondrocyte destruction. OP-1 stimulates the release of extracellular 
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matrix-specific proteins, collagen, and proteoglycan. The most notable 
property of OP-1 is that it upregulates the rate of metabolism in cartilage 
chondrocytes but does not promote excessive chondrocyte proliferation 
leading to osteophyte formation72,73 Moreover, OP-1 activates the gene 
expression of TIMP (tissue inhibitor of metalloproteinase) that inhibits 
the expression of MMP, which is the most important component respon-
sible for extracellular matrix degradation. OP-1 can inhibit the inflamma-
tory cytokines IL-1β, IL-6, and TNF-α which can stimulate the release of 
matrix metalloproteinase 1 and 13.

An important aspect about OP-1 that makes it valuable in cartilage 
repair is that its function is not affected by age like other growth factors. 
Age is an important causative factor in osteoarthritis and with age, the 
functional properties of many growth factors diminish. OP-1 is an 
exception.60,74

OP-1 if coupled with insulin-like growth factor-1 (IGF-1) enhances the 
repair mechanism of damaged cartilage further. Chondrocyte cell survival, 
extracellular protein synthesis, and chondrocyte proliferation increase 
double fold resulting in rapid cartilage remodeling.60,72,74

13.6.2.5  INSULIN-LIKE GROWTH FACTOR-1

The function of IGF-1 in articular cartilage metabolism has been an 
interesting subject of investigation in cartilage-related diseases.75 IGF-1 
induced a series of anabolic effects and decreased catabolic responses 
when applied in monolayer or explant culture of normal cartilage from 
variety of species.76,77 An in vivo study in rats showed that chronic defi-
ciency of IGF-1 led to articular cartilage lesions which proved the fact 
that IGF-1 is necessary to maintain cartilage integrity.74 Chondrogenic 
differentiation of mesenchyme stem cells is stimulated by IGF-1, but it is 
reported to be enhanced further when a combination of IGF-1 and TGF-β1 
is used. In animal models, IGF-1 has led to enhanced repair of extensive 
cartilage defects and protection of the synovial membrane from chronic 
inflammation. However, with age and in osteoarthritis, chondrocytes fail 
to respond to IGF-1.67,77,78 In spite of the fact that the ability of IGF-1 to 
decrease catabolism in cartilage goes down with age and in osteoarthritic 
cartilage, a combination with BMP-7 enhances the function of IGF-1. 
Activity of BMP-7 does not go down with age or injury, so its combina-
tion with IGF-1 resolves the age-related lack of property in IGF-1.74,79,80

FOR REFERENCE PURPOSES ONLY



13.6.3  WNT-SIGNALING PATHWAY

Wnt-signaling pathway has been identified as a key regulator in bone, 
cartilage, and joint development and maintaining homeostasis. It has been 
studied that at late embryonic and post natal development, the level of 
β-catenin synthesized by chondrocytes stimulated bone formation.81,82

Recently, Wnt/β-catenin-signaling pathway has been reported to play 
a major role in relating cartilage and subchondral bone in its remod-
eling. During osteoarthritis, when the chondrocyte cells are hypertrophic, 
expression of β-catenin regulates the synthesis of RANKL (receptor acti-
vator of nuclear factor kappa-B ligand),83 which can control osteoclast 
activity in subchondral growth plates.84 Wnt signaling can occur through a 
canonical pathway, involving stabilization of β-catenin and its transloca-
tion to the nucleus to regulate gene expression. Another way of regulation 
can be through a β-catenin independent noncanonical pathway, involving 
calcium and calcium-calmodulin kinase II.85–89

During the progression of osteoarthritis, the observed altered activity 
of Wnt signaling in chondrocytes affected the osteoplastic activity in 
subchondral bone growth plates, leading to sclerosis or osteophyte forma-
tion at the edges of joints. Alteration in Wnt-signaling pathway appeared 
to modulate key regulatory factors for remodeling of subchondral bone, 
resulting in its aberrant behavior as observed in the case of osteoarthritis.90,91

13.7  THERAPEUTIC ROLE OF COMPONENTS OF ALOE VERA 
IN TREATING OSTEOARTHRITIS

It has been well established from various studies that inflammation plays 
a major role in pathophysiology of osteoarthritis. The degenerative carti-
lage and synovium stimulate the immune system which in turn activates a 
cascade of responses such as the complement system, inflammation, and 
activation of various matrix degenerative factors. Normally, physicians 
recommend anti-inflammatory drugs, steroids, or tropically administered 
cortisone injections. These over the counter medicines surely ease pain 
caused due to osteoarthritis but come with undesirable side-effects and 
are also unable to repair damaged tissue. A. vera not only eases pain but 
has also proved itself potential in repairing damaged tissue, having anti-
inflammatory function and detoxify by dispersing degenerated tissues 
with its deep penetrating property.
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Aloe vera has been known for its anti-inflammatory, immunostimu-
latory, and cell or tissue repairing properties. Ample studies have been 
done which proves this fact that there is more than one component in A. 
vera which contributes to healing injured or degenerative tissues. Studies 
suggested that mannose-6-phosphate can bind to fibroblast receptors and 
induce fibroblast proliferation which can promote collagen deposition and 
tissue reorganization.92 Mannan-rich polysaccharide of A. vera gel serves 
the same function as mannose-6-phosphate.

It has been mentioned before that bradykinin has an active role in 
inducing inflammation in osteoarthritic cartilage. A peptidase, namely brady-
kinase, present in A. vera gel extract has shown strong anti-inflammatory 
effect.93,94 In vitro study on carrageenin-induced paw oedema of rat showed 
that bradykinase along with few other components like C-glucosyl chro-
mone has rapidly reduced inflammation in injured cartilage and decreased 
pain.95 Bradykinase may have inhibited the binding of bradykinin to B2 
receptor present in synovial fluid. This has prevented bradykinin to stimu-
late the release of inflammatory cytokines via cyclooxygenase pathway. 
Bradykinase has shown to reduce the production of prostaglandin E2 from 
arachidonic acid. Eventually, a drastic decrease in cyclooxygenase and NO 
synthesis has been observed, which led to downregulation of MMP, the 
collagen degrading component in inflamed cartilage.96 Other than bradyki-
nase, few different plant sterols in A. vera gel like compesterol, β-sitosterol, 
cholesterol, and lupeol have notable anti-inflammatory and analgesic effect 
and aspirin-like compounds have anti-microbial property,95,96 as shown in 
adjuvant-induced arthritic inflammatory rat model.95,97

Antioxidants like vitamin C and ascorbic acid present in A. vera 
gel can play an important role in eliminating free radicals and increase 
collagen synthesis. Free radicals are unstable oxygen molecules that cause 
cell damage, cell death, and break collagen/proteoglycan cross-link. Pro-
inflammatory cytokine-induced inflammation that releases free radicals 
damages near by cells in the form of chain reaction. Antioxidants trap and 
neutralize these free radicals, thus prevent further cell damage.98

Acemannan has well-established immunostimulatory property, it has 
been found to stimulate the release of white blood cell activity. These 
white blood cells are necessary for detoxifying the degenerated tissue 
particles in the synovial fluid and activating cytokines to induce inflamma-
tion. On the other hand, it activates different other factors which promote 
cartilage repair. Acemannan can activate macrophages which are very 
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essential in tissue repair; they increase cell and tissue growth, fibroblast 
proliferation, and activity. They are highly specialized in removal of dead 
cell/tissue or tissue debris by the process of phagocytosis. This debris, if 
not removed, results in chronic inflammation which is the main causative 
agent of prolonged pain in osteoarthritis. There is also an interrelation 
between acemannan-activated macrophages that induce inflammation and 
macrophages that has function in anti-inflammation, detoxification, and 
most importantly tissue repair. These are the most important aspects in 
treatment of osteoarthritis.99

Monocytes activate macrophage cells in the blood; it can be presumed 
from various studies that acemannan stimulates the differentiation of mono-
cytes, which activate macrophages. Macrophage presents two different 
phenotypes, macrophage 1 (M1) and macrophage 2 (M2). Interestingly, M1 
and M2 have antagonistic functions (Fig. 13.6). M1 exhibits strong tumor 
suppressor and adjuvant properties. Activated M1 stimulates the release 
of various cytokines like IL-1, IL-6, and TNF-α that can enhance T-cell-
mediated cytotoxicity and proliferation resulting in inflammatory response, 
characterized by chronic pain, swelling, etc. On the other hand, M2 stimu-
lates the release of cytokines like IL-4, IL-10, and IL-13 which have anti-
inflammatory effect. Moreover, as shown in Figure13.6, M2 promotes 
tissue repair or remodeling by activating growth factors like TGF-β, BMP, 
IGF-1, and PDGF and stimulates Wnt-signaling pathway which promotes 
fibroblast growth, chondrocyte differentiation, and collagen regeneration.

FIGURE 13.6  Schematic representation of the pathway of action of A. vera in osteoarthritic 
cartilage repair.

The Therapeutic Role of the Components of Aloe vera	 257

FOR REFERENCE PURPOSES ONLY



258	 Novel Applications in Polymers and Waste Management

13.8  CONCLUSION AND FUTURE PERSPECTIVE

Though huge percentage of population in every nation is suffering from 
osteoarthritis, still no established treatment or cure has been found. In most 
of the cases, physicians recommend regular exercise, pain killers to ease the 
pain, cortisol injections, and in acute cases, joint replacement. All these treat-
ments come with its own set of side effects and are really costly. A. vera is a 
succulent xerophyte growing almost in every corner of the world, apart from 
being numerously beneficial for human health; its easy availability is also an 
advantage. A. vera plays a major role in treatment of osteoarthtitis. A. vera 
has well-established anti-inflammatory, antioxidant, immunostimulatory, 
pain relieving properties, but recently, it has attracted much attention by its 
role in tissue repair and regeneration. Components of A. vera stimulate chon-
drocyte differentiation, increase collagen, and proteoglycan synthesis and 
restore extracellular matrix. The main polysaccharide, acemannan in A. vera, 
stimulates the growth factors via macrophage which acts on osteoarthritic 
cartilage to promote repair and remodeling. Thus, A. vera can be considered 
as a potential therapy for osteoarthritis. A. vera may be applied tropically on 
area of injured cartilage to ease the pain and inflammation but oral adminis-
tration of A. vera may be much more beneficial as it will be specific in action 
and may have quicker results. But many aspects like pH sensitivity and colon 
digestive profile may affect the efficacy of the components of A. vera.

If A. vera can be delivered by coating, it with any biodegradable, nonionic 
polymer, its colon release profile, and pH sensitivity can be improved, resulting 
in high beneficial effect. Considering the huge capabilities of A. vera in 
medical field, further research can bring new spheres in curing many chronic 
diseases which have no established treatment till date, just like osteoarthritis.
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ABSTRACT

The adsorption of reactive blue 21 (RB 21) on fly ash and MnO2-coated 
fly ash was studied in batch and column modes of operation. Various 
experimental parameters were studied including initial dye concentra-
tion (2.5–50 ppm), contact time, pH, and temperature (25–35°C). The 
experimental data were analyzed using Langmuir, Freundlich isotherm 
model. The adsorption RB 21 for fly ash and treated fly ash was found to 
follow Langmuir and Freundlich isotherm, respectively. The fly ash and 
MnO2-coated fly ash were characterized by scanning electron microscopy, 
X-ray fluorescence, and Brunauer–Emmett–Teller. The column adsorption 
experiments were carried out in glass columns, filled with fly ash and sand 
mixtures with different proportion (1:1, 1:2, and 1:3). Removal of dye 
decreases with the increase in solution concentration at room temperature, 
showing the process to be highly dependent on the concentration of the 
solution. It is concluded from the present study that MnO2-coated fly ash 
is a potential and active low-cost adsorbent for the removal of reactive dye 
from its aqueous solution and industrial wastewater.

14.1  INTRODUCTION

Dyeing process is main source of pollution in textile industry. The disposal 
of dye-laden wastewater poses one of the industry’s major problems 
because such effluents contain a number of contaminants including acid 
or caustic, dissolved and suspended solids, toxic compounds, and coloring 
pigments. Dye removal is one of the biggest challenges in treating dyeing 
wastewater because of their complex molecular structures, which make 
them more stable and difficult to treat.

Color is the first contaminant to be recognized in wastewater. The pres-
ence of these dyes at 0.005 ppm in water is highly visible. The occurrence 
of color in water reduces aquatic diversity by blocking the passage of light 
through water.

Reactive dyes are the largest single group of dyes used in textiles 
industry and their removal is the most problematic compound among other 
dyes in textile wastewater. It is highly water-soluble and estimated that 
10–20% of reactive dyes remains in the wastewater generated during the 
production process.1
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The removal of dyes from industrial waste before they are discharged 
into water bodies is therefore very important from health and hygiene 
point of view and for environmental protection in general.2 Different treat-
ment methods are reported in literature, including biological, chemical, 
and physical method.3 Among these methods, adsorption has been proven 
to be more efficient, offering advantages over conventional processes, 
biological and chemical processes.4

Adsorption is an effective method for the separation of pollutants in 
wastewater and an efficient treatment option. Among various factors, 
adsorption capacity of adsorbent also depends on the characteristics of 
material namely specific surface area; pore size, pore volume, and its 
distribution; etc.

Use of granulated-activated carbon or powdered-activated carbon is 
most common. However, these adsorbents are expensive and their regen-
eration or disposal has several problems. Thus, to make the process 
customer friendly, the use of several low cost adsorbents can be targeted. 
Locally available natural material can minimize or avoid the concerns and 
significantly reduce the treatment cost. This has led to search for cheaper 
and simpler substitutes. New approaches based on the use of natural, inex-
pensive adsorbent materials for effluent treatment have been reported.5–10

The present work was undertaken to explore the feasibility of finding 
an effective low cost adsorbent, from the easily available materials. Use 
of clay minerals,11 bottom fly ash,12–18 waste apricot,19 rice husk,20–22 
sawdust,20–23 fungi,24 waste materials from agriculture,25,26 pomegranate 
peel27 as adsorbent is reported.

14.2  MATERIALS AND METHODS

Fly ash (Fig. 14.1 (A)) was procured from Koradi Thermal Power Plant, 
Nagpur, Maharashtra. It was washed several times with water to remove 
impurities. Then, it was dried in an electric oven at 105°C for 24 h. The 
fly ash was passed over the standard size mesh no. 45 (354 µm) molecular 
sieve (Endecott). The sand was also passed over standard size mesh no. 14 
(1.41 mm). Dye was acquired from Ludhiana, Punjab. The dye used in the 
analysis was reactive blue 21 (RB 21). RB 21 is commonly called copper 
phthalocyanine dye and is readily soluble in water, ethanol, and dimethyl 
formamide. Properties of RB 21 are given below.
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A different concentration of synthetic dye water was prepared by 
dissolving reactive dye in distilled water. The concentration of 2.5–50 
mg/l was selected after literature survey. Each dye solution was made in 
small batches of 2 l in a glass container. The chemicals used in the present 
study were of analytical grade and the details are given in Table 14.1.

TABLE 14.1  Molecular Formula, Formula Weight, Structure, and Color CAS Details of 
Chemical Used.

Color 
index 
dyes

CAS 
No.

Molecular formula Formula 
weight

Structure

Reactive 
blue 21

12236-
86-1

C41H23N14O14S5Cl1Na4Cu1 1126.71

14.2.1  TREATMENT OF FLY ASH

Treatment of fly ash for increasing the adsorption efficiency for dye 
removal is reported.28,29 It was reported that MnO2 was an effective water 
treatment agent. Thus, treatment of fly ash was carried out in laboratory 
to increase the adsorption capacity of fly ash as a low cost adsorbent. An 
amount of 20 g raw fly ash was mixed with 50 mmol of MnSO4 (Merck) 
in 70 ml aqueous solution and maintained at constant temperature of 
80°C using water bath for 20 min. under magnetic stirring. A volume of 
350 ml KMnO4 aqueous solution (33 mmol) was added gradually in the 
above reaction mixture. Addition was done with continuous magnetic 
stirring, which results in the immediate formation of brown precipitation 
of MnO2. After complete addition of KMnO4, the reaction mixture was 
kept for stirring at 80°C for 15 min. Then, it was allowed to cool at room 
temperature. Washing was done several times by centrifugation (Cooling 
Centrifuge-REMI) using distilled water and then, the MnO2-coated fly ash 
(Fig. 14.1(B)) was dried at 100°C overnight.

FOR REFERENCE PURPOSES ONLY



(A) (B)

FIGURE 14.1  (A) Fly ash and (B) MnO2-coated fly ash.

14.2.2  CHARACTERIZATION OF ADSORBENTS

Fly ash and MnO2-coated fly ash were first characterized by different tech-
nique to know its surface area, pore size, pore volume, chemical contents, 
and mineralogical composition. The surface area, pore size, and total 
pore volume of the raw fly ash and MnO2-coated fly ash were measured 
through N2 adsorption–desorption method Brunauer–Emmett–Teller 
(BET) (Micrometrics). The chemical content of the raw fly ash and MnO2-
coated fly ash were analyzed using X-ray fluorescence (XRF) technique. 
The surface morphology and quality of raw fly ash and MnO2-coated fly 
ash was characterized by a high resolution scanning electron microscopy 
(SEM) (JEOL, JXA-840).

14.2.3  ADSORPTION OF DYE

14.2.3.1  BATCH STUDY

Batch experiments were conducted to determine the optimum pH, dye 
concentration, adsorbent dose, contact time, and temperature for color 
removal using fly ash and MnO2-coated fly ash for reactive dye 21 (RB 21) 
solution. As a general practice, all laboratory glassware used in the experi-
ments was washed with detergent solution and then with dilute hydrochloric 
acid (HCl). The glassware were then thoroughly rinsed with tap water and 
finally with distilled water to prevent any traces of residual color.
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14.2.3.2  BATCH ADSORPTION STUDIES AT VARIOUS 
OPERATING CONDITIONS

14.2.3.2.1  Effect of Dye Solution pH

The pH is a key factor for determining the optimal conditions for dye 
adsorption onto fly ash. pH studies were conducted by shaking 100 ml of 
RB 21 solutions of 10 mg/l with 1 g of fly ash and MnO2-coated fly ash 
for 90 min over a range of initial pH values from 2.5 to 11.5 at 298 K. 
About 0.1 N HCl or 0.1 N NaOH solutions were used for pH adjustment. 
The samples were shaken in 250 ml glass bottles having stoppers on a 
shaking incubator (Tempo Make) at a speed of 100 RPM. Blank solution 
containing 100 ml of only dye solution without any adsorbent was shaken 
simultaneously as control to determine the impact of pH change on solu-
tion color. The sample after 90 min of shaking were allowed to settle for 1 
h followed by filtering the samples through 0.45-µm glass microfiber and 
subjected for the measurement of absorbance value.

14.2.3.2.2  Effect of Contact Time and Temperature

Studies were carried out to evaluate the effect of temperature on dye solu-
tion. Three temperatures were selected are 288, 298, and 308 K. Each 
dye solutions of 10 mg/l concentration were shaken in 250-ml glass bottle 
with constant dosage of both the adsorbent 1 g/100 ml of RB 21 on a 
shaking incubator (Tempo Make). One gram of fly ash and MnO2-coated 
fly ash in 100 ml of the dye solution was shaken starting from 2 to 120 
min, until equilibrium was reached and no further dye/color was removed 
upon continuous shaking. Blank runs with only the adsorbents in 100 ml 
of distilled water were conducted simultaneously at similar condition, to 
assess for any color leached by both the adsorbents. The samples were 
filtered through 0.45-µm glass microfiber prior to concentration measure-
ments for equilibrium color removal.

14.2.3.2.3  Effect of Initial Concentration and Adsorbent Quantity

A series of 250-ml glass bottles containing 100-ml solution of RB 21 ranging 
from 2.5 to 50 mg/l with different quantities fly ash and MnO2-coated fly 
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ash varying from 0.5 to 2.0 g were shaken at 100 RPM in shaking incubator 
(Tempo) for 90 min at the temperature of 298 K. The samples after shaking 
were immediately filtered through 0.45-µm glass microfiber (Whatmann 
Make). The filtered solution was then measured for color in terms of concen-
tration using calibration graph of RB 21 on a UV–visible spectrophotometer 
(Shimadzu). Blank were conducted simultaneously with varying amount of 
fly ash and MnO2-coated fly ash in 100 ml of distilled water.

14.2.3.2.4  Adsorption Isotherm

Once pH, equilibrium time, temperature, optimum adsorbent dosage, and dye 
concentration were optimized for both the adsorbents—dye combinations, 
isotherm studies were conducted by varying the mass of adsorbent used.

Hundred milliliter of each dye solution was shaken with varying quan-
tity of fly ash and MnO2-coated fly ash, from 0.5 to 2.0 g on a shaking incu-
bator (Tempo Make) at 100 RPM for optimum contact time period. The 
sample after shaking were allowed to settle for 1 h and then filtered through 
0.45-µm glass microfiber. The filtered solutions were then measured for 
color in terms of concentration unit on a UV–visible spectrophotometer 
(Shimadzu). Blanks were conducted simultaneously with varying quanti-
ties of both the adsorbents in 100 ml of distilled water, the color leached 
by both the adsorbents were measured and subsequently used to adjust for 
the actual color values.

14.2.3.3  COLUMN STUDY

Column experiments were carried out to measure removal of RB 21 on 
both the adsorbents. Different combination of fly ash:sand (1:1, 1:2, 1:3) 
were tried in order to increase the filtration rate. The column experiments 
were conducted using a glass column (4.1 cm inner diameter, 10 cm in 
height). The column was packed with the different ratio of fly ash:sand 
between two supporting layers of glass wool and glass beads. The dye 
solution was fed through the fixed bed column in the down flow mode. 
Before starting the experiment, the bed was rinsed with distilled water 
and left overnight to ensure a closely packed arrangement of particles 
with no void or cracks. The dye solution was passed through the column 
using a peristaltic pump (Watson Marlow). The samples were collected at 
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specific interval of time and measured for the dye concentration by UV–
visible spectrophotometer. The flow to the column was continued until the 
effluent concentration approached nearly to influent concentration of the 
dye solution. The effect of both dye concentration at constant bed height 
and flow rate was examined.

14.3  RESULTS AND DISCUSSION

14.3.1  CHARACTERIZATIONS OF ADSORBENTS

14.3.1.1  BRUNAUER–EMMETT–TELLER

The specific surface area, pore size, and pore volume of fly ash obtained 
from the N2 equilibrium adsorption isotherm (BET) were found to be 
1.2530 ± 0.0112 m2 g−1, 70.9976 Å, and 0.002224 cm3 g−1, respectively.

The specific surface area, pore size, and pore volume of MnO2-coated 
fly ash are 69.5820 ± 0.1960 m2 g−1, 48.9785 Å, and 0.085200 cm3 g−1, 
respectively, which causes drastic increase in BET surface area. Larger the 
specific surface area and the finer the particle size distribution of adsor-
bent, the greater its adsorption capacity and interaction with an adsorbates 
are.28

14.3.1.2  X-RAY FLUORESCENCE SPECTROMETRY

The chemical composition obtained using XRF shows that the major 
components of raw fly ash are SiO2: 60.36%, Al2O3: 23.71% while for 
MnO2-coated fly ash the major component are SiO2: 44.65%, MnO2: 
19.75%. Other chemicals present in both the adsorbent as estimated are 
given in Table 14.2.

TABLE 14.2  Chemicals Present in Both the Adsorbent.

Sample Al2O3 Fe2O3 SiO2 MnO2 MgO CaO LOI

Raw fly ash 23.71 6.60 60.36 0.06 0.57 0.78 0.22

MnO2-coated fly ash 16.19 3.20 44.65 19.75 0.41 0.57 6.88

LOI, Loss on ignition. All values are in percentage.
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14.3.1.3  SCANNING ELECTRON MICROSCOPY

Fine particles, that is, microstructure of fly ash showed an important role 
on the adsorption capacity. Fly ash particles are generally spherical in 
shape. The investigation revealed that most of the particles present in the 
fly ash are spherical in shape with a relatively smooth surface grain.

A marked change in surface morphology was observed, when the 
MnO2-coated fly ash is compared with the raw fly ash. The raw fly ash 
comprises porous spherical particles (Fig. 14.2), whereas Figure 14.3 
shows that MnO2 accumulated on fly ash particles, covering it unevenly.

FIGURE 14.2  SEM image of raw fly ash.

FIGURE 14.3  SEM image of MnO2-coated fly ash.
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14.3.2  BATCH ADSORPTION STUDY

14.3.2.1  EFFECT OF DYE SOLUTION PH

The effect of pH on the adsorption of RB 21 using raw fly ash and MnO2-
coated fly ash were studied by varying the pH of the solutions ranging 
from 2.5 to 11.5 using 0.1 N NaOH and HCl solutions at 298 K. The 
results (Fig. 14.4) indicate that both adsorbents showed removal was 
optimum at an initial pH of 2.5, ~71% for raw fly ash and ~100% for 
MnO2-coated fly ash, whereas the percentage adsorption at pH 7 for raw 
fly ash was ~66% and for MnO2-coated fly ash was ~79%, respectively. 
At alkaline pH (11.5), the removal efficiency decreased drastically (raw 
fly ash: ~7% and MnO2-coated fly ash: ~28%). However, maintaining dye 
solution pH 2.5, the solution shows acidic behavior which may not be 
directly dispersed off into the environment.

Since the pH of an aqueous dye solution is about 7.0, the following 
experiments were made without the pH adjustment of the dye solutions.

14.3.2.2  EFFECT OF CONTACT TIME AND TEMPERATURE

Adsorbent have fixed capacity of adsorption and therefore adsorption is 
affected by the contact time. Temperature change will also change the free 
energy and entropy of adsorption. So, to evaluate the effect of contact 
time of the aqueous media between dye and adsorbent and temperature, 
the agitation time was varied between 2 and 160 min for both raw fly ash 
and MnO2-coated fly ash. The results are shown in Figures 14.5 and 14.6.

FIGURE 14.5  Effect of temperature on adsorption of RB 21 by raw fly ash (initial dye 
concentration: 10 mg/l, contact time: 2–160 min, adsorbent dose: 1.0 g/100 ml).
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FIGURE 14.6  Effect of temperature on adsorption of RB 21 by MnO2-coated fly ash 
(initial dye concentration: 10 mg/l, contact time: 2–160 min, adsorbent dose: 1.0 g/100 ml).

It was observed that optimum equilibrium adsorption time and temper-
ature for raw fly ash was established within 90–120 min at 298 K, whereas 
for MnO2-coated fly ash, the equilibrium time was same, that is, 90–120 
min but optimum temperature was found to be 308 K. The removal of 
color in different time interval using both the adsorbent are shown in 
Figures 14.7 and 14.8.

FIGURE 14.7  Dye (RB 21) removal in different time interval using fly ash.

It was observed that adsorption of dyes followed the trend of initial 
rapid followed by gradual adsorption. The dye molecules first encounter 
the boundary layer effect and thereafter adsorb on the surface, and this 
is followed by diffusion into the porous structure of the adsorbent which 
takes a longer time.12
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FIGURE 14.8  Dye (RB 21) removal in different time interval using MnO2-coated fly ash.

14.3.2.3  EFFECT OF INITIAL DYE CONCENTRATION

The adsorption capacity of raw fly ash and MnO2-coated fly ash for reactive 
dye RB 21 was determined at different initial dye concentrations (10–50 
mg/l). It was observed that dye removal efficiency for RB 21 reached up to 
33% and 88% (2.5 mg/l) at lower concentration, then decreasing to less than 
6% and 77% at higher concentration (50 mg/l) for raw fly ash and MnO2-
coated fly ash, respectively. Higher dye adsorption achieved at low initial 
concentration was because of the availability of unoccupied binding sites on 
the adsorbents.11 The results presented in Figure 14.9 show that the amount 
of dye adsorbed decreases with increase in the initial dye concentration 

FIGURE 14.9  Effect of initial dye concentration on percent adsorption and dye adsorption 
capacity using raw fly ash and MnO2-coated fly ash (initial dye concentration: 2.5–50 mg/l, 
contact time: 90 min, adsorbent dose: 1.0 g/100 ml, temperature: 298 K).
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of solution from 2.5 to 50 mg/l at 298 K, indicating the inverse relation 
between adsorption and initial dye concentration confirming that the adsorp-
tion process to be highly dependent on the initial dye solution concentration.

14.3.2.4  ADSORPTION ISOTHERM

The calculation to determine the percent adsorption of the dyes was made 
according to the equation:

	 0 e

0

% Removal .
C C

C
−

= 	 (14.1)

The percentage removal of the dye and the amount adsorbed (mg g−1) were 
calculated using the following relationship:

	 ( )0 e
e .

C C
Q

m
−

= 	 (14.2)

Langmuir developed a theoretical equilibrium isotherm relating the 
amount of gas adsorbed on a surface to the pressure of the gas. The linear 
form of Langmuir isotherm equation is given as

	
e

e 0 0 L

1 1C
Q Q Q K

= + 	 (14.3)

Ce/Qe was plotted against Ce using linear regression analysis as shown in 
Figure 14.10. The constants Q0 and KL were determined from the intercept 
and slope of the linear plots, respectively. The Q0 from Langmuir isotherm 
for raw fly ash were 0.536, 0.287, 0.255, and 0.189 mg g−1, while the values 
of KL were found to be 0.374, 0.420, 0.512, and 1.14 L mg−1, respectively.

Freundlich developed an empirical model which can be applied to 
nonideal adsorption on heterogeneous surfaces13 as well as multilayer 
adsorption. The Freundlich model14 equation is expressed as

	 1/
e F e

nQ K C= 	 (14.4)

The linear logarithmic form of Freundlich is given by the following equation:

	 e F e
1log log logQ K C
n

= + 	 (14.5)
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where KF is defined as an adsorption or distribution coefficient and repre-
sents the amount of adsorbate adsorbed on an adsorbent for a unit equilib-
rium concentration. The slope 1/n is a measure of the adsorption intensity 
or surface heterogeneity.11 The slope ranges between 0 and 1 and is a 
measure of adsorption intensity or surface heterogeneity becoming more 
heterogeneous as its value gets closer to zero. A value below unity implies 
chemisorptions process, where 1/n above one is an indicative of coopera-
tive adsorption.15

FIGURE 14.10  Langmuir adsorption isotherm for raw fly ash showing [initial dye 
concentration range: 2.5–50 mg/l, contact time: 90 min, temperature: 298 K].

Figure 14.11 presents the plot of ln Qe against ln Ce. The Freundlich 
isotherm indicate that KF values for MnO2-coated fly ash were found as 
0.238, 0.154, 0.121 and 0.095 mg g−1, and the values of 1/n were 0.188, 
0.339, 0.463 and 0.554, respectively.

Freundlich isotherms tend to fit the experimental data better at low 
concentrations, whereas Langmuir isotherms fit better at higher concentra-
tions.16 For both the isotherms, the accuracy balancing the isotherm model 
to experimental equilibrium data which was typically assessed based on 
the coefficient of correlation for determination for the linear regression, 
that is, the isotherm giving an R2 value closest to unity was deemed to 
provide the best fit.

Equilibrium adsorption data of RB 21 onto raw fly ash and MnO2-
coated fly ash concludes that raw fly ash fitted to Langmuir adsorption 
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isotherm indicating monolayer adsorption process was favored, while 
MnO2-coated fly ash fitted to Freundlich isotherm confirming multilayer 
adsorption process occurring.

FIGURE 14.11  Freundlich adsorption isotherm for MnO2-coated fly ash showing [initial 
dye concentration range: 2.5–50 mg/l, contact time: 90 min, temperature: 298 K].

14.4  COLUMN STUDY

The removal of dye by adsorption on column composed of (fly ash and 
sand) and (MnO2-coated fly ash and sand) mixtures reach equilibrium 
condition when the adsorbent mixture stops adsorbing the solute dye. The 
adsorption equilibrium point is indicated by the concentration of the dye 
in the filtrate, the time beyond which no further color removal is observed. 
At this point, the concentration of the dye in the filtrate is nearly equal to 
the initial feed concentration.

Maximum removal was observed for both the adsorbent at low flow 
rate (1.2 ml/min). This is because exhaustion time was increased with 
decrease in flow rate. This may be due to the fact that at a low rate of 
influent the reactive dye had more time to be in contact with the adsor-
bent which resulted in a greater removal of all reactive dye molecules in 
column.30 At higher flow rate, the adsorption capacity was lower due to 
sufficient in residence time of the solute in the column for diffusion of the 
solute into the pores of the adsorbent to take place, and therefore the solute 
left the column before equilibrium occurred.31

For column fed with 1:1 ratio of raw fly ash and sand, the removal 
efficiency was found to be 88–92% for RB 21 which slightly decreased to 
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nearly 88% for 1:2 ratio and to below 80% for 1:3 ratio at low concentra-
tion as shown in Figure 14.12. In case of MnO2-coated fly ash at low flow 
rate (1.2 and 1.5 ml/min), the removal efficiency for RB 21 was above 
90%, whereas at 2.5 ml/min, the removal efficiency was decreased to 
80–85% at low concentration, respectively, as shown in Figure 14.13.

FIGURE 14.12  Percent adsorption of reactive blue 21 from aqueous solution of different 
concentrations in media mixture of fly ash and sand in different ratio.

FOR REFERENCE PURPOSES ONLY



FIGURE 14.13  Percent adsorption of reactive blue 21 from aqueous solution of different 
concentrations in media mixture of MnO2-coated fly ash (MCF) and sand in different ratio.

14.5  CONCLUSIONS

The chemical composition of raw fly ash and MnO2-coated fly ash were 
observed to be the following:
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Raw fly ash: SiO2 (60.36%), Al2O3 (23.71%), Fe2O3 (6.60%), CaO 
(0.78%), MgO (0.57%), MnO2 (0.06%), and loss on ignition (LOI) 
(0.22%).

MnO2-coated fly ash: SiO2 (44.65%), Al2O3 (16.19%), Fe2O3 (3.20%), 
CaO (0.57%), MgO (0.41%), MnO2 (19.75%), and LOI (6.88%). The 
higher percentage of SiO2 led to an increase in dye adsorption, whereas 
higher content of SiO2 and MnO2 helped in more efficient dye removal 
in aqueous solution.

The characteristics of raw fly ash and MnO2-coated fly ash were as 
indicated in Table 14.3.

TABLE 14.3  The Characteristics of Raw Fly Ash and MnO2-coated Fly Ash.

Parameters Raw fly ash MnO2-coated fly ash

BET surface area (m2 g−1) 1.2530 ± 0.0112 69.5820 ± 0.1960

Adsorption average pore width (Å) 70.9976 48.9785

Pore volume (cm3 g−1) 0.002224 0.085200

The SEM images clearly show that raw fly ash particles are mainly 
spherical, smooth, and porous, whereas MnO2-coated fly ash particles 
are irregular with rough surface and accumulated with cubic structure of 
MnO2 unevenly. Dyes adsorption study for color removal conducted at 
different pH (2.5–11.5) and dosage 0.5–2.0 g/100 ml, varying reactive dye 
concentration 2.5–50 mg/l, and reaction time 2–120 min. Based on the 
study, the optimum dosage and operating conditions for dye adsorption 
were as shown in Table 14.4.

TABLE 14.4  The Optimum Dosage and Operating Conditions for Dye Adsorption.

Sr. No. Parameter Raw fly ash MnO2-coated fly ash

1 pH 7.0 (~66%) 7.0 (~79%)

2 Concentration 10 mg/l 10 mg/l

3 Time 90 min 90 min

4 Dose 1 g/100 ml 1 g/100 ml

5 Temperature 298 K 308 K
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In column technique, at low flow rate (1.2 ml/min) both adsorbent 
shows good removal efficiency. Still, MnO2-coated fly ash is best suitable 
and cheap adsorbent for treatability of the selected reactive dyes.
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ABSTRACT

Zeolites are hydrated, microporous crystalline alumina-silicate with 
three dimensional framework made up of T-O-T (T = Si, Al) bonds with 
enclosed cages/channels of uniform dimensions. This property enables 
them to avail as membrane to separate the molecules on the basis of their 
size; hence they are also known as molecular sieves. Zeolites are widely 
demanded inorganic resins in the field of water and waste water treatment, 
credited to its ion exchange, molecular sieving, adsorption, detergent 
builder, water softening, etc. properties. Many leading detergent manufac-
tures use Zeolite 4A as builder material, which has proven to be a better 
alternative to phosphatic additives.

Although literature studies reveal the potential applicability of many 
types of Zeolites, it has been noticed that Zeolite 4A resin is manufactured 
commercially on a mega scale. In spite of its tremendous potential, the 
high cost of Zeolite 4A has limited its bulk utility. In this reference, many 
investigations have been reported on the eco-friendly production of Zeolite 
4a resin using waste materials such as flash, rice husk ash, composite ash 
generated from coal and biomass co-firing, aluminum waste, ceramic and 
clay minerals, etc. The current paper accounts the efforts attempted by 
researchers towards the manufacture of Zeolite 4A with economic consid-
eration along with delineation applications.

15.1  INTRODUCTION

Zeolite was first discovered by Swedish mineralogist A. F. Cronstedt in 
1756. Zeolites are crystalline microporous aluminosilicates with very 
well-defined structures that consist of a framework formed by tetrahedral 
units of SiO4 and AlO4. The isomorphism substitution of Al3+ and Si4+ in 
the tetrahedra results in a negative charge on the Zeolite framework that 
can be balanced by exchangeable cations.1 Interstitial cations in Zeolites 
can be exchanged to fine-tune the pore size of Zeolites. For example, the 
sodium form of Zeolite A has a pore opening of approximately 4 Å (4A 
molecular sieve). If Na+ is exchanged with the K+, the pore opening is 
reduced to approximately 3 Å; Ca2+ replaces 2Na+; thus, the pore opening 
increases to approximately 5 Å.2 Zeolites are having the following formula: 
Mx/n[(Al2O3) × (SiO2)y]·zH2O, where M is an exchangeable cation located 
in the voids.3 These voids define many special properties of Zeolites, such 
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as the adsorption of molecules in the huge internal channels. The ability 
to adjust the pores precisely determines the uniform openings to allow for 
molecules smaller than its pore diameter to be adsorbed whilst excluding 
larger molecules, hence the name “molecular sieves.” As a consequence 
of the peculiar structural properties of Zeolites, they have a wide range of 
industrial applications,4 mainly based on

•	 Ion exchange: Exchange of inherent Na+/K+/Ca2+ for other cations 
on the basis of ion selectivity.

•	 Water adsorption: Reversible adsorption of water without any 
desorption chemical or physical change in the Zeolite matrix.

•	 Gas adsorption: Selective absorption of specific gas molecules.

There is significant interest in the preparation of Zeolite 4A owing to 
its wide-spread industrial applications in separation processes as a sorbent, 
membrane, detergent builder, and catalyst, etc.

Initially, only natural Zeolites are used, but more recently, synthetic 
forms have been made on.

Industrial scale is giving rise to tailor made Zeolites that are highly 
reproducible.

15.2  FRAMEWORK STRUCTURE OF ZEOLITE A

The primary building unit for Zeolites is the tetrahedron and the secondary 
building units (SBUs) are the geometric arrangements of tetrahedra.5 In 
most Zeolite structures, the primary structural units, the AlO4 or SiO4 tetra-
hedra, are assembled into SBUs which may be simple polyhedra, such 
as cubes, hexagonal prisms, or cubo-octahedra.6 The structures can be 
formed by repeating SBUs and according to them, Zeolites can be clas-
sified into eight groups. Figure 15.1 is presenting the components of the 
Zeolite structure, respectively.

Zeolites have an open-structure framework which consist of many 
channels and/or interconnected voids of discrete size (in the range 0.3–20 
Å) which are occupied by cations and water molecules. Each AlO4 tetrahe-
dron in the framework bears a net negative charge which is balanced by a 
cation. The cations can reversibly be exchanged for other ions possessing 
the same sign charge when aqueous salt solution is passed through chan-
nels and voids. This replacement results in the narrowing of the pore 
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diameter of the Zeolite channels. The SBUs can be a simple arrangement 
of tetrahedra such as 4, 6, 8, 10, or more complicated rings. Other factors 
such as the location, size, and coordination of the extra-framework cations 
can also influence the pore size.

FIGURE 15.1  Chemical structure and primary building unit of Zeolite structure.

The Zeolites can be primarily categorized on the basis of (i) their silica/
alumina ratio and (ii) their pore opening with specific dimensions. The 
pore diameter of Zeolites of type A is between 3 and 5 Å. Using these 
characteristic properties, the structures can be named accordingly. The 
nomenclature is represented in Table 15.1.

TABLE 15.1  Classification of Zeolite.

Sr. no. Zeolite SiO2/Al2O ratio Pore openings (Å)
1 Zeolite A (Na+) 1.0–1.2 4
2 Ca2+ Zeolite 1.0–1.5 5
3 K+ Zeolite 1.0–1.5 3
4 Zeolite-X 1.5–2.0 7–8
5 Zeolite-Y 2.0–2.5 7–13
6 Siliceous-Y 2.5–4.0 7–13
7 Mordenite/ZSM-5 8.0–20 13–15

15.3  NOMENCLATURE

The wide variety of possible Zeolite structures is due to the large number 
of ways in which the SBUs can be linked to form various polyhedra. One 
such polyhedron is the truncated octahedron, better known as the sodalite 
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cage. Each sodalite cage consists of 24 linked tetrahedral which are further 
linked to form different Zeolites with distinct framework topologies7 as 
depicted in Figure 15.2. Each type of Zeolite has specific uniform pore 
size. According to database, Zeolite A is classified into three different 
grades 3A, 4A, and 5A, all of which possess the same general formula 
but have different cation type. On the basis of crystallographic reports, the 
Structure Commission of the International Zeolite Association determines 
and assigns a three letter code to Zeolite “topology.”8

FIGURE 15.2  Frame work topologies of Zeolite 3A (a) and Zeolite 4A (b).

15.4  SYNTHESIS OF ZEOLITE 4A

With the awareness of society toward the depletion of energy resources, it 
is time to move on to develop other methods of fulfilling the requirement 
of energy. Biomass is an effective alternative to alleviate this problem. 
Today, synthetic Zeolites are used commercially more often than natural 
Zeolites. Greening the manufacture of Zeolites 4A for wide range of 
industrial applications and simultaneously lowering production cost is a 
pervasive challenge. The sources for early synthesized Zeolites were stan-
dard chemical reagents. The main advantages of synthetic Zeolites are that 
they can be engineered with a wide variety of chemical properties and pore 
sizes and that they have greater thermal stability. Conventional Zeolite 
synthesis involves the hydrothermal crystallization of aluminosilicate gels 
or solutions in a basic environment. The type of the Zeolite is affected 
by various factors such as composition of the reaction mixture, nature of 
reactants and their pretreatments, temperature of the process, pH of the 
reaction mixture (pH > 10), and other factors.9,10
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At present, the main problem existing in Zeolite synthesis is the avail-
ability and cost of raw material specifically the silica sources. The prepa-
ration of synthetic Zeolites from silica and alumina chemical sources 
is expensive. Yet, cheaper raw materials such as clay minerals, natural 
Zeolites, coal ashes, municipal solid waste incineration ashes, and indus-
trial slags are utilized as starting materials for Zeolite synthesis. The use of 
waste materials in Zeolite synthesis contributes to the mitigation of envi-
ronmental problems.

15.5  COMMERCIAL METHOD FOR PRODUCTION OF ZEOLITE 4A

It is reported that Zeolite 4A can be commercially produced using the 
hydro-gel process. The typical raw materials include aqueous solution 
of sodium silicate (Na4SiO4)·H2O, Al2O3·3H2O, and sodium aluminate 
(NaAlO2) with caustic soda to maintain high pH during reaction.11 These 
materials are mixed with water in a tank, followed by gelation, aging, and 
hydrothermal crystallization, as shown in Figure 15.3. The reactions are 
presented as follows:

2NaOH + Al2O3·3H2O → 2NaAlO2 (sodium aluminate) + 4H2O
Zeolite 4A gel formation
Na4SiO4 (sodium silicate) + NaAlO2 (sodium aluminate) + H2O → 
2Na2O:Al2O3:1.75SiO2 − 70H2O

FIGURE 15.3  Commercial method for production of fly-ash-based Zeolite 4A.
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15.6  SYNTHESIS OF ZEOLITE 4A USING WASTE SOURCES

15.6.1  FLY-ASH-BASED ZEOLITE 4A

In India, National Environmental Engineering Research Institute, 
Nagpur, has conducted pioneering work in the field of Zeolite synthesis. 
Various processes have been developed for synthesis of Zeolite from 
fly ash, which have been reported by several patents and research arti-
cles.12,13 Currently, there is increasing interest in the synthesis of Zeolite 
from by-products such as coal fly ash (CFA), rice husk ash (RHA), and 
bagasse fly ash, etc.14–19 CFA is the waste product of combustion of coal 
in a coal-fired thermal power station.20 CFA represents major compo-
sition as oxides of silicon and aluminum with iron oxide up to certain 
extents are having the largest industrial solid-waste generation. It has 
been reported that approximately 750 million tons of CFA is produced 
globally each year; on average, only 25% of this is utilized and the rest is 
disposed of as a waste causing yet another environmental concern.21 Shih 
and Chang investigated the effects of curing temperature and chemical 
composition on formulation of two types of Zeolites, MS 4A and MS 
13A, using Class F coal ash at lower temperature (only 311 K), but the 
treatment time required for synthesizing Zeolite 4A coal more than 3 days 
was longer enough.22

A number of researchers have used hydrothermal process successfully 
by varying the temperature within the range of 333–573 K. Fusion of the 
alkali–fly ash mixture facilitates the formation of highly active Na-alumi-
nate and silicates, which are readily soluble in water and enhance Zeolite 
formation. Addition of sodium aluminate to the fly ash before fusion 
brought the success in obtaining NaA Zeolite.23 Chang observed that the 
addition of aluminum hydroxide to the fused coal ash solution followed 
by hydrothermal treatment at 60°C produced Zeolite 4A depending on the 
source of ash. The results confirm that the quantity of dissolved aluminum 
species is critical for the type of Zeolite formed from fused CFAs.24 
The present result is, therefore, very much useful in opening up a way 
to synthesize Zeolite at low cost with useful applications. Figure 15.4 is 
pointing various bituminous coal-based power plants in Chandrapur and 
Rajasthan, India.
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FIGURE 15.4  Pure coal-based thermal power plants (TPP) in India.

15.6.2  RICE-HUSK-ASH-BASED ZEOLITE 4A

Globally, about 600 million tons of rice paddies are produced per 
annum.25 This is an alternative silica source instead of the pure chem-
ical sources earlier, because it is less selective and highly active.26 The 
large amount of silica freely obtained from RHA provides an abun-
dant and cheap alternative of silica sources for many industrial uses, 
including synthesis of Zeolite. Reports are available on process for 
production of Zeolite A from RHA generated from biomass-based 
power stations.

The RHA was obtained by combusting the rice husk at different 
temperature and durations, that is, 450–750°C for 2–6 h. The resulting 
black ash contains silica (SiO2) which varies from 85% to 98% 
depending on the burning conditions, the furnace type, the rice variety, 
and the rice husk moisture content. NaA type of Zeolite was synthe-
sized from RHA with high purity and absence of impurities via the 
hydrothermal condition. They produce more than 90% amorphous 
silica from RHA.27

Hadi Nur has reported the direct synthesis of Zeolite 4A from rice 
husk and carbonaceous RHA. The quality of carbonaceous RHA-based 
Zeolite 4A was higher than that of normal rice husk.28 Younesi formu-
lated nano-Zeolite NaA from rice husk at room temperature without 
organic additives by hydrothermal method.29 Figure 15.5 is depicting 
the various rice husk-based mini power plants in Andhra Pradesh and 
Bihar, India.
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FIGURE 15.5  Pure rice husk-based mini power plants in India.

15.6.3  BAGASSE FLY-ASH-BASED ZEOLITE 4A

Bagasse and sugarcane straw wastes are generated by the sugar and alcohol 
production processes. Sugarcane straw is the material that is removed before 
the cane is crushed and comprises the dried/fresh leaves and the top of the 
plant.30,31 Combustion of sugarcane bagasse in boiler for steam and power 
generation produces a great amount of another solid waste which contains 
significant amount of carbon as well as silica, denominated sugarcane bagasse 
ash (SCBA).32 Therefore, the development of new procedure for its produc-
tive reuse is relevant. By means of an alkali fusion extraction method, quartz 
particles can be dissolved and used as a silicon source for synthesizing silica 
materials such as Zeolites.33 The SCBA can be successfully used as a raw mate-
rial for the hydrothermal synthesis of Zeolite A. Some authors have reported 
the conversion of bagasse fly ash into Zeolites.34 Zeolite was successfully 
developed from the low cost sugarcane straw ash in the absence of organic 
templates, without addition of aluminum solution and without fusion prior to 
hydrothermal treatment.35 Figure 15.6 is pointing various biomass-based mini 
power plants in Maharashtra, Andhra Pradesh, and Karnataka, India.

 
FIGURE 15.6  Pure biomass (bagasse)-based mini-power plants in India.
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15.6.4  COMPOSITE-ASH-BASED ZEOLITE 4A

Composite ash represents the physico-chemical composition of coal and 
biomass simultaneously. The conversion of this ash into a value-added 
product, Zeolite 4A, can help to reduce the environmental burden of 
composite ash, in addition to CFA, to a great extent.36 Majority of the 
electrical energy in our country is produced from the combustion of coal 
and hence, the rate of consumption of coal from natural reservoirs is quite 
high. Searching for a suitable alternative of coal for energy generation 
is a need of hour. To resolve this issue, most of the mini-thermal power 
stations pertaining power generation capacity in the range of 5–20 MW 
have already started the process using rice husk as bio fuel. Since the 
calorific value of rice husk is almost two-third of coal, it is preferred 
to blend it with coal for cost-effective production of energy. During 
combustion, it reduces the CO2 emission responsible for global warming 
up to certain extent, since rice husk is having low-carbon composition. 
Zeolite A resin was prepared using composite ash as a source material 
for extraction of sodium silicate which acts as the main ingredient in the 
composition.37 The possibilities of synthesizing value-added product such 
as aluminosilicate resin commonly known as Zeolite 4A were explored 
as composite ash contains about 85% silica and 5% alumina. Zeolite A 
resin was prepared using composite ash as a source material for extrac-
tion of sodium silicate which acts as the main ingredient in the composi-
tion.38 The other main component, sodium aluminate, was prepared using 
aluminum hydroxide gel as reported elsewhere.39 Figure 15.7 is pointing 
composite (coal and biomass)-based power plants in Akaltara and Andhra 
Pradesh, India.

FIGURE 15.7  Rice husk and coal co-firing power plants in India.
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15.7  ENVIRONMENTAL APPLICATIONS OF ZEOLITE 4A RESIN

Zeolite A has extensive applications in basic science, petrochemical science, 
energy conservation/storage, medicine, chemical sensor, air purification, 
environmentally benign composite structure, and waste remediation.

The specific objective of this study is to generate data toward synthesis 
of Zeolite 4A resin in a more economically viable fashion using waste 
materials such as coal ash, RHA, and composite ash and exploring their 
utility in major industrial applications.

15.7.1  PHOSPHATE-FREE DETERGENT BUILDER

Sodium tripolyphosphate and tetrasodium pyrophosphate are the most 
popular detergent builders and have been used extensively in detergents and 
soap industries. However, their use is environmentally hazardous due to the 
excessive deposition of phosphates and nitrates into water bodies that result 
into eutrophication as shown in Figure 15.9.40 In 1978, “Procter and Gamble” 
introduced Zeolite NaA in its laundry detergents and nowadays, most of 
the commercial washing powders contain Zeolite, instead of harmful phos-
phates, banned in many parts of the world because of the risk of water eutro-
phication.41 At present, more than 1000,000 tons of Zeolite 4A per annum 
is used in detergents and cleaning products worldwide (Fig. 15.8). The high 
exchange property helps to remove hardness-causing ions resulting in high 
sequestering power and exhibits phenomena like soil anti-redeposition and 
dye transfer. FAZ-A-based detergents can affect the optical brightness of 
fabrics to a certain extent, due to the presence of iron oxide. Recently, a 

FIGURE 15.8  Zeolite-A-based detergents (Henkel Ltd.).
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novel route to produce Zeolite A using composite ash and their applicability 
in detergents have been explored successfully and reported elsewhere.

FIGURE 15.9  Effect of eutrophication on fishes.

15.7.2  ION EXCHANGER/WATER SOFTENER

Hydrated cations within the Zeolite pores are bound loosely to the Zeolite 
framework and can readily exchange with other cations when in aqueous 
media. Hence, Zeolite 4A are used in water-softening process in boiler in 
many industries as these impurities can corrodes the internal machinery. 
Zeolites are effectively used as ion exchanger for removal of ammonium 
ions from water/wastewater. CFA-based Zeolite A is used in water decon-
tamination and has good efficiency for metal uptake from wastewaters 
from electroplating baths.42

FIGURE 15.10  Ion-exchange and regeneration properties of Zeolite 4A.
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15.7.3  SORPTION OF HEAVY METALS AND ANIONIC 
POLLUTANTS

The presence of the toxic metals generated by metal finishing or mineral 
processing industries in streams and lakes can result in major hazards to 
the environment and public health. Zeolites have been widely explored 
for heavy metal immobilization from natural or industrial water. Fly-
ash-based Zeolite A with anionic characteristics have been developed for 
their applications for removal of arsenic from water using suitable surfac-
tant HDTMABr. Unique properties and selectivity of Zeolites are being 
exploited for environmental remediation of soils contaminated with heavy 
metals and oxyanions.43

FIGURE 15.11  Schematic diagram of modification of a Zeolite surface by surfactants.

15.7.4  ADSORBENT FOR CO2 CAPTURE AND VOCS

Zeolites are used to adsorb a variety of materials. This includes applica-
tions in drying, purification, and gas separation. The shape selective prop-
erties of Zeolites are also the basis for their use in molecular adsorption.44 
They can remove volatile organic chemicals from air streams, separate 
isomers, and mixtures of gases. Surface modified fly-ash-based Zeolites 
are used as versatile materials for VOCs monitoring in indoor environ-
ment. The FAZ material is routinely added to small air filters to adsorb 
harmful gases and reduce allergy problems. Attempts have also been made 
to immobilize microorganisms to impart microbial activities (Azotobacter 
chroococcum) in Zeolites. The in-situ incorporation of AMP (3-amino-2-
methyl-1-propanol) resulted in an adsorbent with significantly improved 
characteristics to adsorb carbon dioxide at lower temperatures.45
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FIGURE 15.12  Surface modification of Zeolite A for removal of targeted pollutants,

15.7.5  MEMBRANE FOR SEPARATION OF MOLECULES

Zeolites are porous solid materials which exhibit the property of acting 
as sieves on a molecular scale. The unique properties of molecular sieve 
have led to their use in wide variety of processes for treating gas and 
liquid, namely, drying, sweetening (sulfur removal), removal of carbon 
dioxide, isomer separation, for designing thin films, coatings, membranes, 
and separation of gas mixture.46–48 All these rely on the molecular sieve 
causing greater selectivity for one type of molecule as compared with 
others. However, selectivity mainly depends upon the shape and size of 
molecule and molecular polarity. This membrane was also used for other 
reverse osmosis and pervaporation applications.

FIGURE 15.13  Molecular sieve for separation of molecules.
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15.7.6  CATALYST IN CHEMICAL/PETROCHEMICAL INDUSTRIES

Zeolites have been widely used as industrial catalysts because they are 
inexpensive and environmentally benign. The high surface area of Zeolite 
4A (400–450 m2/g) provides large area for carrying out the catalytic reac-
tion for reactant molecules. Zeolite A is used as catalysts in petroleum 
refining, particularly in the area of high octane gasoline, in the processing 
of heavy crudes and in the production of diesel.49 Shape selectivity is a 
unique property of Zeolites. As a consequence, Zeolites are able to restrict 
or prevent the passage of organic molecules, based on size and stearic 
effects. An important application of reactant shape selectivity is in the 
cracking of linear alkanes by protecting the branched chain ones particu-
larly in petrochemical industry.

FIGURE 15.14  Shape selective catalysis in Zeolite 4A resin.
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ABSTRACT

The additives are generally the polymer materials with dispersed matrix 
without affecting significantly the molecular structure of the polymer 
to attend certain desirable properties. There are number of advantages 
in adding these additives in the wood–plastics composites (WPCs). The 
major advantages are shown here. One of such additives, that is, palm 
kernel nut shell (PKNS) powder was prepared. This being an eco-friendly 
additive can replace other inorganic additives including the base material 
(up to certain percentage).

Addition of wood flour or such additives improves the mechanical 
properties of thermoplastics, but on the other hand, it increases the burning 
speed of the materials. Thus, to achieve good WPCs, additives are very 
critical and indispensible even though they are used at just small percent-
ages, as they give WPCs sufficient stiffness, rigidity, and good stability 
against light and heat. Hence, a study is made to select such additives with 
right percentage, so as to provide the required properties.

WPCs can be made with a variety of plastics and wood additives, 
such as polyethylene, polypropylene, polyvinyl chloride, and polystyrene. 
What’s more, WPCs are just one category of an emerging family of mate-
rials that can be termed “thermoplastic biocomposites.” Besides wood, 
these biocomposites can also utilize other natural fibers such as rice hulls, 
palm fiber waste, or flax.

In this chapter, a study of physical and mechanical properties of poly-
propylene and untreated and treated PKNS powder composites is explained 
in detail. The result analysis and graph are prepared and discussed here.

16.1  INTRODUCTION

Wood–plastic composites (WPCs) are defined as composite materials that 
contain thermoplastics and wood in various forms. The average product 
contains about 50% wood in particulate form. The additives are gener-
ally the polymer materials with dispersed matrix without affecting signifi-
cantly the molecular structure of the polymer to attend certain desirable 
properties. There are number of advantages in adding these additives in 
the wood plastics. The major advantages are to improve processing condi-
tions, increase resin’s stability to oxidation, obtain better impact resis-
tance, increase or decrease hardness, control surface tension, facilitate 
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extrusion molding, control blocking, reduce cost, increase flame resis-
tance, and many more. The various types of additives are the fillers, anti-
oxidants, heat stabilizers, UV stabilizers, colorants, antistatic, flame/fire 
retardants, cross-linking agents, blowing agents, lubricants, impact modi-
fiers, processing aids, etc.1

Because the WPC industry is relatively young, the long-term 10–20-
year durability of outdoor products like decking is still being proven in the 
field. To achieve good WPCs, additives are very critical and indispensible 
even though they are used at just small percentages, as they give WPCs 
sufficient stiffness, rigidity, and good stability against light and heat. A 
study is made to select these additives so as to provide these properties as 
required.

Till now, the wood–plastics composites (WPCs) were using 30–40% 
of wood or fillers. Remaining components were other chemicals including 
the base polymer material. But now the WPCs, with up to 90% wood fiber 
or wood flour content is gaining popularity. Wood filler, usually added 
in ratios of 40–60% of a given WPC formulation, adds stiffness, and 
decreases the tendency of plastic to creep. This, itself is an eco-friendly 
additive for the WPC. Thus, the demand for WPC is expected to rise in 
quest for minimal maintenance requirements, excellent weather ability, 
and high resistance to wear and tear in construction applications. Adding 
wood flour improves the mechanical properties of thermoplastics, but on 
the other hand, it increases the burning speed of the materials. This is one 
of the major disadvantages in WPCs.2

16.2  ADDITIVES

Plastic additives are specialty chemicals used to impart specific proper-
ties to plastics for making them more desirable for application in end-
user segments. Plastic additives are available in different types based on 
the functions they perform. Some of the major types include plasticizers, 
heat and light stabilizers, flame retardants, antioxidants, antifog, slip, anti-
block, lubricants, and master batch additives. The use of plastic additives 
provides certain properties to the end product such as durability, flexi-
bility, antioxidant potential, and microbial resistance among others, which 
is driving the demand for plastic additives.3

The demand for plastic additives is growing in line with increasing 
demand for plastics, which is strongly correlated with economic growth of 
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the country. Demand for plastics is growing as they offer a better alterna-
tive to traditional materials such as wood, metal, and glass in a wide range 
of applications. As per “Tech Sci Research” report in “India Plastic Addi-
tives Market Forecast & Opportunities, 2019,” plastic additives market 
revenues are projected to grow at a CAGR of 14% during 2014–2019 due 
to increasing demand from end-user markets for plastics, such as pack-
aging, construction, and automobiles.

Few of the important types of additives are fillers, antioxidants, heat 
stabilizers, UV stabilizers, colorants, antistatics, flame/fire retardants, 
cross-linking agents, blowing agents, lubricants, impact modifiers, and 
processing aids. They are gaining the popularity.

16.3  ECO-FRIENDLY ADDITIVES

Petroleum-based products such as resins in thermoset plastics are toxic 
and non-biodegradable. Recyclability and environmental safety are 
becoming increasingly important to the introduction of materials and 
products. Ecological concerns have resulted in renewed interest in natural 
materials. They are converted into the form of H2O and CO2. These H2O 
and CO2 are absorbed into the plant systems. The resins and fibers used 
in the green composites are biodegradable, when they dumped, decom-
posed by the action of microorganisms. This helps the green composite 
combine plant fibers with natural resins to create natural composite 
materials.4

A list of few green additives is given below:

•	 Soybean/starch and plant-based fibers soy protein, starch, etc. 
Polymer processing green composites trash collection and transport 
compost life cycle of “green” composites.

•	 Other polymers—lignin natural rubber, polyesters—poly-hydroxyl 
alkanoates (PHAs), proteins—collagen/gelatin casein, albumin, 
fibrogen, silks, elastins, protein from grains, polysaccharides—
starch, cellulose, chitin, pullulan, levan, konjac, elsinan, natural—
biodegradable polymers.

•	 Biodegradable polymers synthetic—(1) poly(amides); (2) 
poly(anhydrides); (3) poly(amide-enamines); (4) poly(vinyl 
alcohol); (5) poly(ethylene-co-vinyl alcohol); (6) poly(vinyl 
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acetate); (7) polyesters—poly(glycolic acid), poly(lactic acid), poly 
(caprolactone), poly(ortho-esters); (8) poly(ethylene oxide); (9) 
some poly(urethanes); (10) poly(phosphazines); (11) poly(imino 
carbomates); and (12) some poly(acrylates).

•	 The other fibers used are palm kernel nut shell (PKNS), coir 
(coconut), bamboo, pineapple, ramie, natural fibers such as kenaf, 
flax, jute, hemp, and sisal have attracted renewed interest, espe-
cially as a glass fiber substitute in the automotive industry. This 
includes nonwood fibers and wood fibers.

16.4  EXPERIMENTAL WORK

Wood–fiber/thermoplastic blends have already made a name for them-
selves in extruded decking and fencing boards. Now they are moving into 
injection molding. However, recent developments in the manufacture of 
WPC compounds have significantly improved the quality, consistency, 
and capability of this environmentally friendly material. In fact, the latest 
generation of WPCs can be run smoothly through traditional injection-
molding equipment with minimal adjustments to process settings and no 
physical hardware modifications. However, these materials do have some 
processing characteristics that distinguish them from familiar molding 
resins.5

Out of above the additive selected here is PKNS. A fine powder was 
made of this shell of about 80 µm size. Two separate experimental set 
up were made. In one case, the shell powder was used as virgin material, 
whereas in other case, it was treated with NaOH solution of approximately 
1–2 pH value. Various properties were tested for these two batches sepa-
rately. These samples were casted in specific specimen for the set of tests. 
The tests conducted were density, melt flow index (MFI), and flexural 
strength.

The results obtained are discussed below:

16.4.1  DENSITY

The densities found for the both set are tabulated in Tables 16.1 and 16.2 
separately. The values found are as under.

FOR REFERENCE PURPOSES ONLY



314	 Novel Applications in Polymers and Waste Management

TABLE 16.1  Density of Composites at Different Loading of UPKSP.

Composition (wt%) Density (g/cm3)

PP UPKSP
100 0 0.9097
90 10 0.9309
80 20 0.9398
70 30 0.9577

UPKSP, Untreated palm kernel nut shell powder; PP, polymer matrix.

TABLE 16.2  Density of Composites at Different Loading of TPKSP.

Composition (wt%) Density (g/cm3)
PP TPKSP
100 0 0.9097
90 10 0.9319
80 20 0.9426
70 30 0.9595

TPKSP, treated palm kernel nut shell powder; PP, polymer matrix.

These two tables are graphically represented in Figure 16.1. Density 
of virgin PP is 0.9097 g/cm3. But the density increase with the increase in 
filler loading. For 30% untreated palm kernel nut shell powder (UPKSP) 
loading, the percentage increase in density of composites, compare to 
virgin PP is around 4.80%.

FIGURE 16.1  Density of UPKSP and TPKSP-PP composites.
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16.4.2  MELT FLOW INDEX

The experimental values for the MFI for both set of samples are found and 
represented graphically as shown in Figure 16.2.

FIGURE 16.2  MFI of UPKSP and TPKSP-PP composites.

MFI of composites with different filler content are shown in 
Figure 16.2. MFI of virgin PP is 10.57. It is found that the MFI increases 
with filler contain. MFI of 30% UPKSP content composites is 11.45 and 
the percentage increase in MFI is 88%. MFI of 30% treated palm kernel 
nut shell powder (TPKSP) content composites is 11.19 and the percentage 
increase in MFI is 62%.

Results show that PKSP impart plasticity to the PP. The reason for this 
is high lignin (53.4%) contained in the PKSP. Lignin acts as processing 
aids and imparts flexibility to PP. After treating PKSP with NaOH, the 
treated PKSP-PP composite shows reduction in MFI due to increase in 
density with PPP compare to untreated PKSP-PP composite.

16.4.3  FLEXURAL STRENGTH

The experimental values for the flexural strength for both set of samples 
are found and represented graphically as shown in Figure 16.3.
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It is found that the flexural strength of PP is 336 kg/cm2, whereas 
the flexural strength of PKSP-filled PP composites is increased with 
increasing of filler loading. For example, the flexural strength at 30% 
UPKSP filled PP is 363 kg/cm2. The percentage increase in flexural 
strength at 30% loading of UPKSP is around 8% compare to virgin PP. 
This is expected because the addition of filler increases the stiffness of 
the composites.

FIGURE 16.3  Flexural strength of UPKSP and TPKSP-PP composites.

After alkali treatment, flexural strength is increased substantially. 
Treated PKSP-PP composites show very high flexural strength compared 
to untreated PKSP-PP composites. Flexural strength at 30% TPKSP filled 
PP is 395 kg/cm2. Percentage increased in Flexural strength at 30% loading 
of TPKSP is around 18% compared to Virgin PP. Treatment led to increase 
the flexural properties of composites by improving adhesion across the 
interface also overcome the dispersion problems.

Therefore, by addition of PKSP, it not only increases the biodegrada-
tion properties but also the physical and mechanical properties of polypro-
pylene are increase.
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For preparing articles made from such materials that can be used 
commercially, a study of biodegradable resin named PHAs was also made. 
This is a natural resin compound with translucent color having product 
description as given below. At present, this resin is used for injection-
molded articles along with various polymers. It can be also be used for 
making the injection-molded WPC articles.

16.5  INNOVATION

Unlike traditional plastics, Ecomann PHA bioplastics are derived from 
agricultural waste; its finished products are completely biodegradable 
in soil, salt water, home-composting and industrial-composting environ-
ments. In accordance to ASTM D6400 and EN 13432 standards, Ecomann 
PHA bioplastics degrades up to 90% within 180 days in a composting 
environment, and it eventually turns completely into carbon dioxide and 
water. The basic properties of this compound made, are given below in 
Table 16.3.

TABLE 16.3  Properties and Value of Poly-hydroxyl Alkanoates.

Sr. No. Property Value

1 Density 1.29 g/cm3

2 Melt flow rate 4 g/10 min

3 Tensile strength 25 MPa

4 Breaking extension 5%

5 Notched impact strength 3 kJ/m2

16.6  APPLICATIONS

From this compound, the commercial articles were made successfully. 
The method applied to make these articles was injection-molding process. 
Various parts such as pen, soap container, tooth brush stand, etc. were 
made. A few of them are displayed in Figure 16.4.
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FIGURE 16.4  PHA used for making molding parts such as pen, soap container, tooth 
brush, etc.

16.7  CONCLUSION

A new building material known as WPCs has emerged. WPCs are a 
combination of a thermoplastic matrix and a wood component, the former 
is usually recycled polyethylene or polypropylene, and the latter a wood-
processing residual, for example, sawdust, natural fiber and wood shav-
ings, etc.

Biobased materials made from renewable resources, such as wood 
or such additive, play an important role in the sustainable development 
of society. One main challenge of biobased building materials is their 
inherent moisture sensitivity, a major cause for fungal decay, mold growth, 
and dimensional instability, resulting in decreased service life as well as 
costly maintenance.

The disintegration of the modified wood components during processing 
also creates a more homogeneous compound of the WPCs, which may be 
beneficial from a mechanical performance perspective. This compound can 
be made suitable for processing by both “extrusion process” and “injec-
tion-molding process.” Future studies are suggested to include analyses of 
the surface composition, in order to tailor new compatible wood–polymer 
combinations in WPCs and biocomposites.
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ABSTRACT

With the increase in consumption of plastics, we are also posing a threat 
to mankind. Since plastics take more than a century to degrade, we are left 
with a question, “How do we dispose plastics and where?” Since years, we 
have been dumping it either on grounds or in sea. Incineration has also not 
proved to be that effective. We have a solution. What if we could utilize 
this waste plastics and turn it back to raw material. As simple as water to 
ice and back to water? Yes, this chapter will guide you through the science 
of converting waste plastics to crude oil.

17.1  INTRODUCTION

Plastic products have become an integral part in our daily life as a basic 
need. It is produced on a mammoth scale worldwide and its production 
crosses 150 million tons per year globally. Plastics are a relatively new 
man-made material that provides vast material benefits throughout their 
useful lifespan. However, their end-of-life disposal currently leaves much 
to be desired. The US EPA estimates that 30 million tons of the municipal 
solid waste generated in the United States annually are in the form of 
plastics. Of this, only 7% is recovered for recycling, mostly in the form of 
polyethylene, and roughly 10% is combusted in waste-to-energy facilities 
to generate electricity. The remainder of plastic wastes is land filled, which 
is clearly a loss of nonrenewable, fossil-based resources. Also, plastics 
litter in some cases poses a threat to human health and also threatens other 
ecosystems. There is also an estimated 100 million tons of plastic litter in 
the ocean, with millions more tons added annually.3

In India, approximately 8 million tons plastic products were consumed 
every year (2008) which rose to 12 million tons by 2012. It is a fact that 
plastics will never degrade for several years. Further, the recycling of a 
virgin plastic material can be done 2–3 times only, because, after every 
recycling, the strength of plastic material is reduced due to thermal degra-
dation. It is to mention that no authentic estimation is available on total 
generation of plastic waste in the country. However, considering 70% of 
total plastic consumption is discarded as waste, thus approximately 5.6 
million tons per annum of plastic waste is generated in country, which is 
about 15,342 tons per day.4 Conversion of waste plastics to oil is by far the 
only technique that can be used for plastics waste management as it solves 
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two of the today’s major problems, that is, disposal of plastics waste and 
generation of fuel at lower price.

17.2  PYROLYSIS

Pyrolysis process cracks/breaks down polymer chains into useful lower 
molecular weight compounds. The products of plastic pyrolysis process 
could be utilized as fuels or chemicals.

Three different pyrolysis processes are reported:

•	 hydro-pyrolysis,
•	 thermal pyrolysis, and
•	 catalytic pyrolysis.

Pyrolysis is the process wherein complex organic molecules such as 
heavy hydrocarbons are broken down into simpler molecules such as light 
hydrocarbons, by the breaking of carbon–carbon bonds. The rate of pyrol-
ysis and the end products are heavily dependent on the temperature as well 
as the presence of catalysts. Basically, pyrolysis is the breakdown of a large 
alkane into smaller, more useful alkanes or alkenes. Simpler, pyrolysis is 
the process of breaking a long chain of hydrocarbons into short ones.

“Pyrolysis” is used to describe any type of splitting of molecules 
under the influence of heat, catalysts, and solvents, such as in processes of 
destructive distillation or cracking.

17.2.1  THERMAL PYROLYSIS

Thermal pyrolysis involves the degradation of the plastic materials by 
heating in absence of oxygen. The process is generally conducted at 
temperatures in the range of 350 and 900°C and results in the formation of 
a solid residue (mostly carbonized char) and a volatile fraction that may 
be separated into condensable hydrocarbon oil consisting of paraffins, 
isoparaffins, olefins, naphthenes, and aromatics, and a noncondensable 
high calorific value gas. The proportion of each fraction and their precise 
composition depends not only on the nature of the plastic waste but also 
on process conditions. The extent and the nature of these reactions depend 
both on the reaction temperature and also on the residence of the products 
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in the reaction zone, an aspect that is primarily affected by the reactor 
design. However, the thermal degradation of high molecular weight plas-
tics to low molecular weight materials requires high temperatures, and this 
has a major drawback. In that, a very broad product range is obtained. But, 
this problem can be addressed by using catalysts.

17.2.2  CATALYTIC PYROLYSIS

In this process, a suitable catalyst is used to carry out the pyrolysis reaction. 
The addition of catalyst lowers the reaction temperature and also reduces 
the cycle time. In addition, catalytic degradation yields a much narrower 
product distribution of carbon atom number with a peak at lighter hydrocar-
bons and occurs at comparatively lesser temperatures. From an economic 
perspective, reducing the cost even further will make this process cost-
effective and an even more attractive option. This option can be optimized 
by reusing the catalysts and the use of more effective catalysts in lesser 
quantities. This method seemed to be the most promising to be developed 
into a cost-effective commercial plastics waste management system process 
to solve the acute environmental problem of plastic waste disposal.

17.2.3  MECHANISM OF THERMAL DEGRADATION

The plastic pyrolysis follows very complex routes that cannot be described 
by one or more chemical reactions, but still rather imperfectly by either 
empirical formulas which feature fractional stoichiometric coefficients 
or compressive systems of elementary reaction. A detailed study on the 
mechanism for the thermal decomposition of plastics is proposed by Cullis 
and Hirschler.5

The four different mechanisms proposed are as follows:

•	 end-chain scission or unzipping,
•	 random-chain scission/fragmentation,
•	 chain-stripping/elimination of side chain, and
•	 cross-linking.

The decomposition mode mainly depends on the type of plastic (the 
molecular structure).
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17.3  LABORATORY PROCESS

17.3.1  EQUIPMENT

•	 Heating mantle,
•	 round-bottom flask,
•	 condenser,
•	 90° bent,
•	 collection beaker, and
•	 thermostat.

17.3.2  PROCESS CONDITIONS

•	 Temperature: 350–400°C,
•	 condition: inert atmosphere,
•	 entire setup insulated with glass wool, and
•	 double insulation by asbestos.

17.3.3  PROCESS

Figure 17.1 will help to better understand the process. Waste plastic is 
stuffed inside the round bottom flask. All the connections are done, that is, 
bents, condenser, and beaker. The heating mantle is switched on. Temper-
ature is to be maintained between 450 and500°C. Adjust the regulator 
accordingly. Insulation is provided all around the equipment. Glass wool is 
the best option that we could use. To make it further effective, we covered 
the glass wool with asbestos belt. This provided double insulation. At the 
same time, it decreased the heating time drastically as the heat loss was 
minimized. The plastic material inside the round bottom flask starts to melt. 
As we know that generally plastics burn directly into vapors on heating. 
But, one must know that what we see is direct heating of plastics. Whereas 
in this case, the plastics are inside the flask, that is, we heat the flask and the 
plastic directly. This is called indirect heating of plastics. Thus on indirect 
heating of plastics, the plastics start to melt. By this time, one should start 
the water circulation through the condenser. On further heating, the plastics 
tend to boil like water. On extensive heating, that is, above 300–350°C, the 
plastics start to evaporate. They start converting to vapors.
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FIGURE 17.1  Experimental setup.

These vapors then are made to pass through the condenser. Here, the 
temperature is much lower because of the circulation of cool water. Thus, 
the vapors condense.

Chemically, when the plastics are heated to such high temperatures, they 
break the bonds between them. The chain breaks and reduces in size. And 
then, while we condense it, these shorter chains condense to a fluid. This 
fluid is nothing but precious crude oil. This is chemically proved since oils 
have lesser chain lengths than plastics. Thus, breaking long chains of plas-
tics yields us to shorter chains of oils. This is then passed through another 
90° bent. A beaker is placed below this bent which is half-filled with water. 
The bent is kept dipped inside the water in the beaker. This is an additional 
safety measure used to avoid any possible leakage of vapors. There are 
two types of vapors. One is condensable vapors and the other is noncon-
densable vapors. The condensable vapors condense on passing through 
the condenser, thus converting to oil and further collected in the beaker. 
The noncondensable vapors do not condense at all and remain in vapor 
phase. These vapors are collected separately through the opening provided 
separately. These vapors are then collected together to be enclosed in a 
container. These are used as fuel gas. They are combustible vapors. Major 
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application is in cooking gas. The condensed gas, that is, oil is collected 
into the beaker. It is then separated from water using separating funnel. 
The separated oil is then stored and sent to the refinery. There it is further 
distilled into various products like petrol, kerosene, diesel, etc. through a 
fractional distillation tower according to its various boiling points. These 
then further are used for several applications like automobiles, engines, 
generators, ships, etc.

17.3.4  EXPERIMENTAL WORK

17.3.4.1  1ST TRIAL

•	 Operating time—1 h
•	 Raw material—40.19 g
•	 Oil obtained—55 ml
•	 Residue—4 g

17.3.4.2  2ND TRIAL

•	 Operating time—4 h
•	 Raw material—300 g
•	 Oil obtained—420 ml
•	 Residue—2 g

17.4  RESULTS

17.4.1  TESTS RESULTS

Test ASTM Sample Petrol

Flash point D93 47°C 43°C

Kinematic viscosity D445 4.8345 mm²/s at 35°C 2–4.5 mm²/s at 40°C

Cloud point D2500 15°C About 10°C

Pour point D97 8°C 3°C

Centrifuge D4007 No phase separation No phase separation
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17.5  CONCLUSION

In this way, we can conclude that the waste plastics that we generally 
consider waste are not waste but an invaluable resource from which 
crude oil can be obtained. This technique solves world’s two biggest 
problems for which it is not able to find a solution, that is, disposal of 
waste plastics and generation of crude oil. This will not only help the 
world to get rid of plastics waste but also get it converted to precious oil. 
This technology if triggered properly could change the present scenario 
of the world. It will also play an important role in changing the Indian 
economy as well.

KEYWORDS

•• pyrolysis

•• waste plastics

•• oil

•• fuel

•• energy

REFERENCES

1.	 Zadgoankar, A. Eco-friendly Plastic Fuel. Conversion of Waste Plastic into Liquid 
Hydrocarbons/Energy—A Major Breakthrough in the Arena of Non-conventional 
Sources of Energy. Information Brochure and Technical Write-Up.

2.	 Panda, A. K.; Singh, R. K.; Mishra, D. K. Thermolysis of Waste Plastics to Liquid 
Fuel. Renew. Sustain. Energy Rev. 2009, 743, 1–16.

3.	 Bhatti, J. A. Current State and Potential for Increasing Plastics Recycling in US. 
College Report, Columbia University, 2010.

4.	 Central Pollution Control Board. An Overview of Plastic Waste Management. J. 
Parivesh 2013, 139–144.

5.	 Garforth, A.; Lin, Y. H.; Sharratt, P. N.; Dwyer, J. Production of Hydrocarbons by 
Catalytic Degradation of High Density Polyethylene in a Laboratory Fluidized Bed 
Reactor. Appl. Catal. A: Gen. 1998, 169(2), 331–342.

FOR REFERENCE PURPOSES ONLY



Synthesis of Crude Oil by Catalytic Pyrolysis	 329

6.	 Singh, B.; Sharma, N. Mechanistic Implications of Plastic Degradation. Polym. 
Degrad. Stab. 2008, 93, 561–584.

7.	 Pyrolysis of Rejects of a Waste Packaging Separation and Classification Plant. J. 
Anal. Appl. Pyrol. 2009, 85, 384–391.

8.	 Microwave-induced Pyrolysis of Plastics Waste. Ind. Eng. Chem. Res. 2001, 40, 
4749–4756.

FOR REFERENCE PURPOSES ONLY



FOR REFERENCE PURPOSES ONLY

http://taylorandfrancis.com


PART V

Modification of Inorganic Materials

FOR REFERENCE PURPOSES ONLY



FOR REFERENCE PURPOSES ONLY

http://taylorandfrancis.com


CONTENTS

Abstract.................................................................................................. 334
18.1	 Introduction................................................................................. 334
18.2	 Experimental Studies.................................................................. 335
18.3	 Physical Appearance................................................................... 335
18.4	 Conclusion.................................................................................. 336
Keywords............................................................................................... 337
References.............................................................................................. 337

GROWTH OF KNbO
3
 CRYSTALS AND 

THEIR APPEARANCE

NARESH M. PATIL1*, VIVEK B. KORDE1, and  
SANJAY H. SHAMKUWAR2

1Department of Applied Physics, Laxminarayan Institute of 
Technology, RTM Nagpur, Nagpur 440033, India

2Arts, Commerce & Science College, Kiran Nagar,  
Amravati 444606, India

*Corresponding author. E-mail: nmpatil70@gmail.com

CHAPTER 18

FOR REFERENCE PURPOSES ONLY

mailto:nmpatil70@gmail.com


334	 Novel Applications in Polymers and Waste Management

ABSTRACT

The doped KNbO3 single crystals have been synthesized using flux 
method by taking K2CO3 and Nb2O5 in the molar ratio of 1:2:1 with an 
impurity of Al2O3 (25 and 50 mg). Slow heating and cooling techniques 
were adopted to get good quality single crystals. The good quality 
single crystals were obtained by this method. The size of the crystal 
is about 0.4–0.6 cm in length with very small thickness (i.e., 0.1–0.2 
cm). The crystals are partially transparent which are suitable for optical 
properties. The color of the grown crystals is silver black. The crystals 
are irregular in shape and hard to cut. It has smooth cleavage. The 
details of growth technique will be given separately in another chapter.
The study of characterization and their dielectric properties is under 
process.

18.1  INTRODUCTION

Recently, much attention has been given to the research on new lead free 
ferroelectric material, because of the concern regarding the detrimental 
effect of lead on environment.1 Such material are BaTiO3, KNbO3 (KN), 
Ba5Ti2O7Cl4,

2, etc. potassium niobate KNbO3 are considered to be prom-
ising candidate for lead free ferroelectric material,3 as they have strong 
room temperature ferroelectricity and high Curie temperature.4 The KN 
has an orthorhombic symmetry at room temperature and undergoes 
phase transition at −10, 225, and 425°C from rhombohedral → ortho-
rhombic → tetragonal → cubic, respectively.5 The lead free complex 
perovskite, KN single crystals are promising materials for technolog-
ical applications as high permittivity capacitors, ferroelectric devices, 
electro-optic devices, actuator, sensors, transducers.6,7 Therefore, it is 
of special interest due to very large electro-optic properties and good 
dielectric properties.8

In this chapter, we study about the growth technique of single crystals, 
and their interesting properties which appear due to addition of external 
impurity (Al2O3), further detailed study of synthesis and physical appear-
ance is given in this chapter.
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18.2  EXPERIMENTAL STUDIES

18.2.1  PREPARATION OF SAMPLE

Doped KNbO3 single crystals were prepared by flux method. The appro-
priate amount of the composition of AR grade potassium carbonate 
(K2CO3), niobium pentaoxide (Nb2O5), and aluminum oxide (Al2O3) are 
taken in the molar ratio of 1.2:1 with an impurity of Al2O3 (25 and 50 
mg) separately. Then the mixture was ground together in a mortar for 5–6 
h, and in last stage, the mixture were taken in two separate crucible, that 
is, Al2O3 (25 mg) and Al2O3 (50 mg) separately. The total weight of the 
mixture was 10 and 20 g, respectively.

18.2.2  GROWTH MECHANISM

In growth mechanism, the mixture was placed in to a 50-ml flat-bottomed 
platinum crucible covered with a platinum lid and introduced in a 
programmable furnace for crystal growth (made by Electronic Equipment 
Company, Mumbai) at 1080°C. The mixture was heated in furnace up to 
1100°C. The mixture was soaked at this temperature for 24 h and cooled 
slowly at the rate of 20°C/h up to 900°C. It was reheated till 1000°C and 
kept at this temperature for 18 h. Finally, the crucible was cooled at the 
rate of 20°C/h till room temperature and the large sized single crystals 
were obtained. The reheating mechanism is important in order to get large-
sized single crystals. Conventional method supports stray nucleation due 
to which small crystallites develops. The reheating is expected to redis-
solve the number of small crystals that might be nucleated initially as a 
result of stray nucleation. In the reheating process, the smaller crystal-
lites dissolve rapidly, while the larger crystallites are also attacked and get 
reduced in size. Gradually, while during re-soaking and recooling process 
the crystallites in the solution acts as a crystal growth centers or as seeds 
for crystal growth and large crystal growth take place.

18.3  PHYSICAL APPEARANCE

The larger single crystals were obtained by this method. The size of 
crystal is about 0.4–0.6 cm in height, having thickness 0.1–0.2 cm. The 
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crystals are semitransparent with smooth cleavage. The KN crystals 
doped with Al2O3 (25 mg) and Al2O3 (50 mg), are labeled as A and B, 
respectively, for the discussion. The color of sample labeled as A is silver 
black color and for the sample labeled as B is white with blackish tints 
which are prominent throughout the sample. The coloration of crystals 
A and B are presented in Table 18.1. Technological conditions of crystal 
growth are also presented in Table 18.1. Both the samples are brittle in 
strength. In fact, the crystal breaks even by putting a nominal pressure 
on it.

TABLE 18.1  Comparison of Crystals.

Crystal Coloration Remarks

A Silver black color Semitransparent with smooth cleavage

B White blackish color Semitransparent with smooth cleavage

The physical properties to cover a broad range of technological 
important dielectric, piezoelectric, ferroelectric, and electrical prop-
erties, carrying out further systematic studies, with varying compo-
sition and preparative conditions, appropriate materials for different 
industrial and technological application can be developed out of these 
systems.

18.4  CONCLUSION

In this chapter, we have studied growth technique of Al-doped KNbO3 
single crystals. The properties of these crystals are strongly affected by 
the technique of crystal growth as well as by adding external impurities, 
that is, dopants. The doping may cause coloration of crystals, generation 
of both point defects and extended defects. It also studied about physical 
appearance of the grown crystals. Grown crystals are semitransparent in 
nature, so it has good optical property.
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