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Preface

Though synthetic polymers are commonly used photocatalysts, researchers were urged
to develop sustainable and eco-friendly biomaterials using different biopolymers such
as agar, alginate, chitin, cellulose, dextran and derivatives, gelatin, gums and collagen
due to their multiple applications and abundance in nature. Their natural properties
such as large surface area, nontoxic nature, antibacterial activity, biocompatibility and
ease of handling have made them important. Different approaches such as sol-gel
method, ultrasonication, green synthesis, microwave-assisted synthesis, microbial syn-
thesis and electrospinning techniques have been fabricated to make biopolymers for
photocatalysis applications such as biohybrids, composite films, photocatalytic aero-
gels, nanocomposites and heterojunctions. Surface functionalization and deacetylation
are used to obtain derivatives of biopolymers such as deacetylation of chitin biopoly-
mers to form chitosan. To make hydroxyapatite, fish bone is pretreated by washing
and boiling with acetone, and then subjected to hydrolysis and calcination treatment.
These biomaterials are really promising materials which scale up their production by
fascinating results in different catalytic applications.
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Farid A. Harraz

1 Biomaterials for photocatalysis:
an overview

Abstract: Light-responsive bioinspired materials are emerging materials for precise
and controllable medical and biological applications. These light-responsive bioins-
pired materials have been studied to design light- induced modulators, nanovehicles
and biopolymers to control cell behavior, as well as regulate environments. Photoca-
talysis uses sustainable, eco-friendly, natural light and power for effective chemical
conversion. Biomaterial-assisted photocatalysis has become a hot spot for research
due to its applications: degradation of pollutants in water and air, artificial photosyn-
thesis, photochromism, cancer therapy, drug delivery, dissipation of heat and en-
ergy, sterilization and production of affordable energy sources. Photo-generated
electrons, bandgap energy and generation of electron-hole pair are applied to de-
grade or create different compounds by absorbing or releasing energy or heat. This
chapter will focus on the principle of photocatalysis along with biomaterial-assisted
photocatalysts.

Keywords: Photocatalysts, biomaterials, nanochemistry, enzyme, biotransforma-
tion, reduction, oxidation

1.1 Introduction

A combination of light-responsive surfaces and nanoparticles has emerged as an
innovation that provides positive sustainability to society. Biomaterials designed
by mimicking natural materials have become a current topic for research. The
idea to form biomaterial-assisted photocatalysts originated from photosynthesis
and became an effective option to produce renewable-energy [1]. Such photocata-
lysts have gained much importance due to their applications in removal of pollu-
tants from water and environment. Photocatalysts can be activated through both
UV and visible light. When photocatalysts are biomaterial-based, they provide
greater surface area, better functionality and porosity for not only better disper-
sion but also increased interaction with contaminants. Biomaterial-assisted pho-
tocatalysis uses natural materials to increase the compatibility of this approach
with living systems [2].

For ideal photocatalysis, there should be strong interaction, larger surface area,
greater adsorption, easy separation and higher resistance to denaturation of cata-
lyst. The biomaterials can be biopolymers, biochars, biomolecules, immobilized

https://doi.org/10.1515/9783110768749-001
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enzymes, proteins or peptides for excellent photocatalytic activity [3]. Usually, inor-
ganic photocatalysts have better activity than organic, due to optimum bandgaps
and greater electron flow. Moreover, biomaterial-based photocatalysts are preferred
over inorganic photocatalysts due to their environment-friendly nature and lowest
particle size [4, 5].

Various factors such as improved light absorption and greater photon harvest-
ing capability that can be related to size and structure of immobilized biomaterials
and crystallinity [6, 7] influence the efficiency of photocatalytic activity. As regards
physiochemical properties, the interactions and biomaterials are very important.
During typical photocatalysis, photons are absorbed at the interface, and thereby,
an electron—hole pair is generated to form hydroxide and superoxide anion radicals
[8]. Electrons generated in light-responsive reactions undergo reduction reactions,
and the charge carriers are involved in photocatalysis [9, 10]. Electrons play their
role in reduction reactions, whereas in reduction of pollutants, holes are involved
in oxidation reactions; they oxidize pollutants [11, 12].

The bandgap energy plays an important role in formation of free radicals to
start redox reactions. Various bottlenecks can affect the efficiency, such as spectral
mismatch, recombination of photogenerated electrons and low surface area [13, 14].
Therefore, different strategies have been developed to enhance the biomaterial-
assisted photocatalysis under UV or visible light, so far [15, 16], by tuning the
bandgap according to natural spectra to avoid spectral mismatch either by doping,
modifying bandgaps or sensitization [17, 18].

Hence, biomaterials with engineered nanoparticle-based photocatalysts are
used in various applications including detoxification, packaging and to combat en-
vironmental pollution [19, 20]. In subsequent sections of this chapter, the funda-
mental principle of photocatalysis will be discussed, followed by an overview of
biomaterial-based photocatalysts as a presentation of recent discovery in the field
of biomaterials. Different modes of synthesis and techniques to characterize bioma-
terials for photocatalysis will also be discussed. Challenges in modulation along
with strategies to develop an efficient photocatalyst with future directions will be
provided as a critical area for biomaterials.

1.2 Basic principle of photocatalysis

Photocatalysis involves light and a catalyst to proceed with a chemical reaction
that involves valence band (filled) and conduction band (empty) with energy gaps
(bandgap measured as electron volt, eV) [21]. Any photon having bandgap energy
can activate an electron from ground state (valence band) to jump to excited state
(conduction band) — an essential step during photocatalysis because electron of
conduction band and the hole in the valence band tends to move in lattice [22].
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These free electrons and holes are involved in ongoing and repeated redox reac-
tions during photocatalysis. The redox reactions are useful either to remove toxic
ions by dissolving them or mineralize dissolved toxic ions. Photocatalysis can be
done through different mechanisms, based on the incident wavelength of light on
the surface [23].

1.2.1 When the wavelength of light is >400 nm

Mostly, when dyes absorb visible light, photocatalytic degradation occurs through
direct mechanism. In direct mechanism, a photon excites the electron from its
ground state to excited state, thereby converting it to a semi-oxidized radial cation
through electron transfer in conduction band. The trapped electrons tend to react
with oxygen and form superoxide radical anion, converting it to a hydroxyl radical;
this radical further undergoes oxidation reaction [24].

1.2.2 When the wavelength of light is <400 nm
1.2.2.1 Generation of electron-hole pair

When the wavelength of light is <400 nm, the electrons does not move into excited
state; in that case, the photocatalyst helps the reaction to proceed. The bandgap is
typically higher, and the available energy is greater than the bandgap. Hence, the
photons from UV light tend to promote the movement of a photoelectron from va-
lence band of a photocatalyst to conduction band, leaving a hole behind in valence
band to generate an electron—hole pair [6].

lonization of water

The holes generated at the valence band, in response to UV light, react with water
to form hydroxide radical on the surface of a photocatalyst. It causes biomineraliza-
tion of organic molecules by reacting at the surface of a photocatalyst. The extent of
biomineralization depends upon the structure and stability of the respective organic
molecule [20].

Sorption of oxygen ions

The electrons of the conduction band react with oxygen ions and generate anionic
superoxide radicals, leading to an oxidation reaction, and prevent the generation of
electron-hole pair, thus retaining the neutral nature within the molecule.
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1.2.2.2 Protonation of superoxide

Apart from generation of an electron—hole pair, protonation of superoxides by form-
ing hydroperoxyl radicals is another approach to photocatalysis. The hydroperoxyl
radical produces hydrogen peroxide, further dissociates, and forms hydroxyl radi-
cals, reacting with pollutants to form carbon dioxide and water [17].

1.3 Overview of biomaterials for photocatalysis
1.3.1 Biopolymers-based photocatalysts

Though synthetic polymers are commonly used photocatalysts, researchers were
urged to develop sustainable and eco-friendly biomaterials using different biopoly-
mers such as agar, alginate, chitin, cellulose, dextran and derivatives, gelatin,
gums and collagen due to their multiple applications and abundance in nature.
Their natural properties such as large surface area, nontoxic nature, antibacterial
activity, biocompatibility and ease of handling have made them important [23]. Dif-
ferent approaches such as sol-gel method, ultrasonication, green synthesis, micro-
wave-assisted synthesis, microbial synthesis and electrospinning techniques have
been fabricated to make biopolymers for photocatalysis applications such as biohy-
brids, composite films, photocatalytic aerogels, nanocomposites and heterojunc-
tions. Surface functionalization and deacetylation are used to obtain derivatives of
biopolymers such as deacetylation of chitin biopolymers to form chitosan. To make
hydroxyapatite, fish bone is pretreated by washing and boiling with acetone and
then subjected to hydrolysis and calcination treatment [21].

Biopolymers are used as photocatalytic materials for various applications such
as decomposition of pollutants in contaminated water due to (i) abundance: bio-
polymers are bioinspired materials and can be extracted either from natural sour-
ces as chitin can be extracted from crabs, shell of shrimps and lobsters or from
chemical modification of derived biopolymers as chitosan from deacetylation of
chitin biopolymer; (ii) high functionality: biopolymers can perform a variety of
functions such as binding pollutants through their chemical bonds to remove pol-
lution; and (iii) nontoxicity: natural and derived biopolymers are nontoxic to living
systems [24].

Cai [24] synthesized TiO,/chitin nanohybrid for photocatalytic activity, by using
methylene blue. Zhang et al. synthesized chitin whisker AgsPO, biocomposites for
photocatalytic degradation of rhodamine B dye, by chemical deposition in 15 min.
Chitin was found to act as an electron transfer channel to favor photogenerated
electrons transfer at the surface by dispersing electrons and making them stable
photocatalysts. Another photocatalyst, Cu,0O-chitin ternary biocomposite has been
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reported in decomposition of methyl orange dye by scattering electrons, by improv-
ing photodegradation and decreasing rate of formation of electron-hole pairs [21].
Both metal-based photocatalysts and metal- free photocatalysts can be composited
on polymer surfaces for photocatalytic degradation of pollutants as chitin-derived
carbon/g-C;N, heterojunctions [14].

1.3.2 Biochar-based photocatalysts

Carbon-rich porous solid biochars produced by thermal decomposition of biomass
are commonly used in synthesis of photocatalysts for their low cost, larger surface
area and strong conductivity. Recently, biochars have been used as a support for
TiO, to promote its photodegradation and catalytic efficiency by using synergistic
effect, which enabled an immediate reaction between pollutants and the TiO, sur-
face. Biochar-based photocatalysts can be formed through incorporation of photo-
catalytic nanoparticles to biochar templates for low cost, better surface properties,
improved photocatalytic competency, better crystallinity and higher chemical sta-
bility than simple photocatalysts. Likewise, the biochar-based photocatalysts have
improved charge carrier density, bandgap and half-life of photo-charge separation
by the sol-gel method and hydrolysis method [23]. Biochars have been found to act
as electron-acceptors by decreasing the rate of electron—hole pair formations, pro-
moting its e —h" separation, increasing synthesis of OHe, increasing spectral absor-
bance and improving photocatalytic activity. A similar approach was followed by
[22] using ZnO as photocatalyst. Notably, the activity of the photocatalyst can be
improved by addition of nitrogen-containing functional groups in nitrogen-doped
biochars for better electron transport efficiency and improved photochemical prop-
erties. TiO, biochars are used as highly efficient photocatalysts for photocatalytic
degradation [25].

For improving the photocatalytic performance, a biochar can be used as it has
low cost and is an easily available carbon material for improving the visible light ab-
sorption, making available photogenerated carriers and separation of electron—hole
pairs in response to light, such as biochar-BiOX composite biomaterials. Also, to
reuse any catalyst is also very vital for photocatalytical application of biochar. Fe;0,
can be used to recycle photocatalyst; for instance, Fe;0,/BiOX/biochar was success-
fully recycled [22], with up to 90% recycle capacity.

Biochars can be used to support nanoparticles by tuning the functionality and
pollutant removal competency via adsorption or photocatalysis through shuttle
electrons, by improving electrical conductivity, increasing exposed surface area,
improving charge separation, acting as electron reservoir and reducing bandgap en-
ergy [23, 26].
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1.3.3 Biomolecule-based photocatalysts

Many biomaterials can be used to assist the synthesis of photocatalysts due to their
special biocompatible and biochemical nature, making them attractive for use in artifi-
cial methods for future applications. The synthesis of biomaterial-assisted photocata-
lysts can be done in two ways: (i) biometrics with different size ranges like leaves,
viruses or wings; and (ii) secreted, extracted or inspired biomolecules from plants and
microorganisms, such as silk, chitin, chitosan, biosilica, DNA and proteins. Biomole-
cules assist the synthesis by fabrication of plasmonic photocatalysts inspired by metal
nanoparticles as key components. Generally, the synthesis is done through in situ
method. Liu et al. [27] synthesized gold and silver nanoparticles-assisted photocatalysts
by exploiting the microfluids in Magnolia leaves through conversion of p-nitrophenol
into p-aminophenol. The solution-based method uses toxic compounds as precursors;
these toxic compounds are adsorbed and reduced into metals by biomass and the liv-
ing system [10].

Though synthesis of nanoparticles happens in harsh conditions, biomole-
cule-assisted synthesis takes place at ambient environmental conditions, with-
out affecting environment. Liu et al. [27] have reported synthesis of plasmonic
silver photocatalyst under mild conditions through lysogeny broth. AgNOs; and
NaCl underwent a precipitation reaction to form silver chloride nanospheres. Sil-
ver nanoparticles were synthesized by irradiation on silver chloride surface, which
generated electrons. The time of irradiation and the concentration used during the
reaction can fine-tune the bandgap [28]. These were found to show excellent oxidiz-
ing properties against pollutants and microorganisms. These advanced photocata-
lysts are now being used to address different environmental demands like energy
conversion and green chemistry [29].

Mussels are unrestrained fouling organisms, having classic adherent proper-
ties to attach with all types of surfaces, either organic or inorganic, and even
with adhesion-resistant surfaces such as poly(tetrafluoroethylene). This versa-
tile nature of mussels is due to the presence of specific proteins near its inter-
face; 3,4-dihydroxy-L-phenylalanine amino acid is mostly common in these
proteins. Polydopamine (PDA) coating is another adhesive protein in mussels.
This approach was adopted in the synthesis of biomaterials; the coatings on the
surface were fabricated on different supports such as silica beads and PET films.
This strategy enhanced the conversion of L-glutamate, thereby coupling the en-
zyme with photochemical regeneration of NADH [1, 23].

1.3.4 Immobilized enzymes and peptide-assisted photocatalysts

For different biocatalytic applications, immobilized enzymes and peptides can be
used, as in environmental detoxification. However, cost-effectiveness, complexity
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and suitability have been real concerns. Different immobilizations can be done by
crosslinking, adsorption and entrapment. Optimal techniques are also important to
preserve activity and stability of immobilized enzyme (Table 1.1).

For example, peroxidase is known for its biocatalytic activity, high stability and
broad substrate specificity. Di Paola [30] prepared a photocatalyst using Ti and per-
oxidase (TiO,-peroxidase) by integrating into matrix. Soybean peroxidase was used
for its broad range of substrate specificity. Additionally, peptides and proteins are
also used in photocatalytic systems. Hemin and iron-porphyrin that are comprised
of m-conjugated system show biomimetic catalytic activity.

Chen et al. made imidazole-coordinated hemin for photocatalysis of phenols and
other antibiotics. This hemin catalytic coordination showed an excellent photocataly-
sis of 4-chlorophenol in comparison to intact hemin, as imidazole ligands helped the
peroxide cleavage by donating electrons leads to form Iron oxide. Under visible light,
reactive oxygen species were formed by generation of electron—hole pair.

Biomimetic photocatalysts, by using hemin-coordinated bismuth tungstate,
were formed by immobilization of hemin and tungstate layer for antibiotic (tetracy-
cline) degradation. During photocatalysis, hemin acted as electron shuttle to trans-
fer oxygen [21].

Hemin can also be used to make TiO,/GO/hemin catalyst through sol-gel method
to degrade rhodamine B under UV-visible light. Its high efficiency over a wide pH
range makes it a heterogeneous photocatalyst to generate free hydroxyl radicals.

Peptides are used as templates to immobilize photocatalysts. Platinum nano-
particles can be immobilized on graphene oxide by using oligopeptide B-sheets as a
cross-linker for metal-binding thiol and amino group, to form a bridge between Pt
nanoparticles and graphene oxide nanosheets. It shows excellent photocatalysis in
dye degradation through electron transfer from GO to Pt, thereby transferring the
hole from oxidized GO.

Peptides can also be used for fabrication. Li et al. fabricated TiO, to make biotem-
plates by self-assembling peptides to control catalytic activity of the prepared compo-
sites. The peptide-TiO, showed photocatalysis by using three peptides namely; HG12,
HG6 and CN225. Effective photocatalysis was shown by Cu,0, which photodegraded
maximum methyl orange under visible light [31].
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Table 1.1: An overview of biomolecule-assisted photocatalysts, sources, derived catalyst and

activity.
Source Derived catalyst Activity Reference
Biochar Fe;0,/BiOBr/biochar Significant photocatalysis of [28]
carbamazepine under UV light,
permits entry of reactants in spheres
by improving the electron transfer
Biochar TiO,/biochar Photodecolorization and [24]
biomineralization of methyl orange
dye
Biopolymer Cellulose/titania-based High photobleaching of methyl orange [32]
nanocomposite films
Biopolymer Bi,WOg-TiO,/starch (BT/starch)  Photodegradation of ethylene [33]
Biochar Fe-Mn/binary oxides-biochar Photodegradation of naphthalene [34]
(photo-Fenton system)
Enzyme Lactase-immobilized bacterial Photocatalysis of reactive red X-3B [35]
cellulose/TiO, functionalized dye
composite membranes
Protein CG-400 resin-supported FePz Photodegradation of Rhb [36]
(hmdtn)4
Peptide Cuprous oxide nanostructures Photodegradation of dyes [37]
tuned by histidine-containing
peptides
Biomaterial GC/GO/TiO,I0SL/GOD Photoreduction and photooxidation of [38]
hydrogen peroxide
Biotemplate Molecular imprinted polymer Photocatalysis of pentachlorophenol [39]
(MIP) coated P25 TiO,
photocatalyst (DNP-P25)
Biomolecule GOx/TiO,/PU(glucose oxidase Photodegradation of AO7 [40]
immobilization)
Biochar TiO, supported on SM biochar Larger surface area to catalyze the [41]
degradation of orange dye
Biopolymer CdS/chitosan composite by Photodegradation of chromium red [42]

biomineralization process

dye
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1.4 Techniques to characterize biomaterials
for photocatalysts

Different methods have been used to characterize physical, chemical and optical
properties of biomaterials for photocatalysts through X-ray photoelectron spectros-
copy (XPS), Fourier transform infrared (FT-IR), Raman spectroscopy, scanning elec-
tron microscopy (SEM) and nuclear magnetic resonance (NMR) by evaluation of its
morphology, surface area, stability, chemical composition, functional groups and
other chemical structures (Table 1.2).

1.4.1 Biological analysis

SEM and transmission electron microscopy (TEM) are exclusively used to analyze
the morphology, surface area, crystallinity and structures related to the biological
and microscopic topology of biomaterials by imaging. Xiao et al. [43] studied the
structures of biochar-assisted photocatalysts and nanocrystals by SEM imaging to
isolate and quantify different elements in active biochars. Othman et al. [44] stud-
ied the structure of transparent aggregated nanosheets through TEM images. Zhao
et al. [31] used SEM to evaluate the biological properties of active elements in rape-
seed biochars and revealed that O content decreased, and C content increased, as
the temperature was raised. Other properties such as surface area, porosity and ad-
sorption can also be evaluated by studying the adsorption-desorption isotherm. The
porosity properties vary extremely with change in temperature. For instance, the bi-
ochars that have pores like a honeycomb can be broken at pyrolysis temperature
700 °C and maintained at 200 °C. Commonly, biological characterization has facili-
tated the study of adsorption of different pollutants to abate environmental pollu-
tion by biomaterials [45, 46].

1.4.2 Chemical analysis

X-ray diffraction (XRD), XPS, FT-IR and Raman spectroscopy are commonly used to
study structures, chemical composition and conformation of biomaterials. The crystal
structure of an intact and photocatalytically degraded biomaterial were studied and
compared. [g-MoS2/PGBC] through XRD spectrum. Abdel-Wahab et al. [46] used XRD
spectrum to investigate macroalgae and TiO, biocomposites. XRD spectrum was used
to detect the activated carbon structure and other linked structures. Moreover, the
peaks in the spectrum showed the active chemical properties of TiO, by indicating its
good intercalation at layers. FT-IR spectrum can be used to differentiate not only the
active functional groups but also the degree of carbonization of different bioinspired
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materials for photocatalysis. For example, the higher wave numbers at 710 cm™ and
stretching vibration at 875-1,035 cm™’, found to be associated with increase of TiO,,
indicated the properties of T-OC— bond and charge transfer. FT-IR can be used to
investigate molecular components along with degree of carbonization. XPS is used to
analyze the chemical composition and surface chemistry of biomaterials. Moreover,
the bond energies and elemental analysis can be done by studying the surface activ-
ity of functional groups [46].

Raman spectroscopy is used to characterize nanostructures by demonstrating
the crystallinity, intensity ratio, graphitization and electronic conduction of bioins-
pired materials for photocatalysis. NMR is an additional spectroscopic technique
used for in-depth investigations of the chemical structures. The functional groups,
reactivities and stability of bioinspired materials for photocatalysis can be studied
at different temperatures and can be compared by NMR spectroscopy. It provides a
detailed data on not only the functional groups and hydrocarbons but also on other
than C-containing functional groups, making it more suitable for analyzing bioins-
pired materials. Henceforth, most researchers would prefer the use of NMR and FT-
IR to study chemical structure and other functional groups [47, 48].

1.4.3 Optical properties

Diffuse reflectance spectroscopy (DRS), by using UV-visible rays, is frequently used
to investigate the optical properties, absorbance, energy band properties, bandgap
values and photocatalysis of biopolymers, biomolecules, biochar and other bioins-
pired materials. Carbon content in the biomaterials expands the absorbance range

Table 1.2: Overview of characterization of biomaterials for photocatalysts.

Characterization of biomaterials Biological Morphology (SEM, TEM, AFM)
for photocatalysis properties

Surface area (SEM-EDS)

Porosity, crystallinity and graphitization
(adsorption—-desorption isotherms)

Chemical Crystals (XRD, SEM, UV-visible spectroscopy)

roperties
prop Electronic surface chemistry (XPS, NMR)
Functional groups (Raman spectroscopy, FT-IR)
Unknown and known functional groups and their
structures (NMR)
Optical Energy gaps (DRS)
properties

Thermal activity (TGA)
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and shows a redshift toward longer wavelengths. Nevertheless, it quantifies the car-
bon content by showing relative absorbance waves in visible region and UV region.
The energy gap can be studied using the Kubelka—Munk function used to display
its photocatalytic activity. Other analysis such as thermogravimetric analysis (TGA)
can be used to evaluate the mass loss and relative stability. Moctezuma et al. used
TGA method for analysis of the thermal stability of sulfonated biomaterial.

1.5 Mode of synthesis

Different methods such as in situ method, ultrasound-assisted synthesis, calcina-
tion, hydrothermal approach and sol-gel method have been reported for synthesis
of bioinspired materials for photocatalysis.

1.5.1 In situ method

Biomaterials-assisted photocatalysts, metal oxides and biochar can be prepared by
following the in situ method. Ariza et al. proposed the method to prepare TiO, sus-
pensions in bacterial matrix. The bacterial cells were suspended in acidic solution,
and Tio, was added drop by drop, followed by constant stirring. It was filtered and
dried in a vacuum evaporator to obtain biomaterial- assisted photocatalysis. Ex situ
method can be also followed by comparison of different BCPs. The photocatalytic
hydrogels were prepared both in situ and ex situ. The bacterial hydrogels were
mixed with P25, sol-gel was obtained, fabricated, mixed with deionized water,
stirred, washed to remove excessive solvent and preserved. Du et al. prepared BCPs
by in situ precipitation method and demonstrated its effectiveness and high perfor-
mance compared to other techniques.

1.5.2 Ultrasonication

Ultrasonication or green technology has been potentially used to fabricate photoca-
talysts at normal conditions and yields highly pure and uniform particle coatings,
instantly. Different biomaterials can be synthesized using green technology assisted
by ultrasound. TiO,-BCPs and its derivatives were prepared through this technol-
ogy. Biochar can be synthesized by pyrolysis of biomass, fabricated and mixed with
metal oxides, followed by sonication. The concentrated form can be obtained by
evaporating the solvent in a vacuum evaporator, followed by calcination to obtain
BCPs [45].
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1.5.3 Sol-gel method

The sol-gel method has been used to prepare highly pure and uniform particles.
Usually, the sol is synthesized by uniform mixing, followed by ageing to form gel.
The shape of the nanoparticle cannot be controlled in this approach. Zhang et al.
fabricated BC-TiO, by using coconut shell as biomass through sol-gel. The sol-gel
method takes place in the following sequence: (i) ethanol is mixed with butyl tita-
nate to make solution 1; (ii) ethanol is mixed with water, acetic acid and polyethyl-
ene glycol to make solution 2; and (iii) solution 2 is added dropwise into solution 1
and kept for 24 h to get aged. The prepared sol-gel is aged and calcinated to obtain
the final product.

1.5.4 Calcination

Typically, any natural source is used to prepare biocomposite of photocatalysis
activity, crushed into powder form, added into tetrabutyl titanate and potassium
hydroxide, stirred well, centrifuged, washed and dried to obtain precursor. The
precursor is further calcinated under inert gas at high temperature. Wang et al.
fabricated bamboo to make BCP composites by calcination. The crystallinity and
photocatalytic activity were enhanced and improved under both UV and visible
region. Double calcination is also followed by [49] to improve the photocatalysis
and remarkable stability of support.

1.5.5 Hydrothermal approach

A crystallization process involving low temperature and high pressure, hydrother-
mal approach, has gained success for better purity, low agglomeration, low cost,
higher dispersion and other outstanding advantages. Different types of bioinspired
photocatalysts have been prepared using the hydrothermal approach. Li et al. re-
ported the synthesis of biocomposite through hydrothermal method. Waste biomass
was used to prepare ZnO biocomposite through physical activation under low tem-
perature. The results were found to show excellent photocatalytic activity, reduced
bandgap and recyclability, both under UV and visible radiations.

In another study, Primo et al. synthesized TiO, biocomposite for photocatalysis
under both/either UV and/or visible light, through multistep hydrothermal reac-
tions. The activation of biomass was done by using appropriate agents. The acti-
vated biomass was suspended in ethanol at 27 °C, Ti(OBu), was diluted, and added
dropwise into a suspension of biomass. Afterwards, it was homogenized well; the Ti
precursor was hydrolyzed by dropwise addition of deionized water. It was stirred,
heated at low temperature, washed and dried overnight through the hydrothermal
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route. The obtained TiO,/PCs was found to show better photocatalytic activity at
10 nm particle size, under sunlight.

1.6 Effect of various factors on photocatalysis

Various bioinspired materials for photocatalysis have been designed to obtain re-
quired properties such as stability, adsorption, and activity under UV and sunlight.
The bioinspired materials can increase the photocatalysis and yield improved dis-
persion and high exposure to light, along with reactants aimed for various applica-
tions, notably, degradation and detoxification of pollutants of any sort [17, 47].
Different factors affect the photodegradation efficiency and rate of reaction:

(i) Nature of photocatalyst: Different photocatalysts have different photocata-
lytic efficiency based on their particle size, morphology, nature, surface area, pu-
rity and lattice structure. These parameters control the behavior of a catalyst, rate
of adsorption, generation of electron—hole pair, and half-life of an excited elec-
tron. For instance, Titanium dioxide (TiO,) has three different natures: brookite,
anatase and rutile. Anatase is the most effective of all forms for the photocataly-
sis, due to stable peroxide groups at the surface. The mixed forms of anatase and
rutile have been found to perform better activity than these forms used alone.
Moreover, higher the exposed surface area of the photocatalyst, the higher will be
the available active sites to support the reaction. It can be related to its photode-
gradation activity. More active sites tend to adsorb more molecules for catalysis
and therefore, it increases its photodegradation activity [27].

(ii) Effect of pH: The photocatalytic activity can be regulated by controlling the pH
of system, as it influences the reaction rate, directly. The adsorption of molecules
on the surface of any catalyst is a key step to start the reaction; the rate of adsorp-
tion depends on the pH. Hence, pH controls the photocatalytic degradation. At low
pH, holes act as oxidation species, while at higher pH, hydroxyl radicals tend to act
as oxidation species. Different photocatalysts show different activities at different
pH levels. Their performance can be improved by changing the pH. Some catalysts
show enhanced activity at low pH, due to increased electrostatic attraction; in-
creased adsorption leads to better catalytic activity. Some catalysts show better re-
moval and photodegradation activity at high pH [50].

(iii) Concentration of photocatalyst: Photocatalytic efficiency can be controlled by
photocatalyst concentration. The catalyst loading in a reaction controls the activity
in heterogeneous photocatalysis. Initially, higher the concentration of photocata-
lyst, the higher will be the photodegradation. Later, the photodegradation rate de-
creases as the concentration of catalyst is increased, due to unfavorable scattering of
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photons, thereby reducing the penetration of light due to excessive loading of photo-
catalyst. Therefore, it is necessary to calculate the optimum concentration of photoca-
talyst for loading. The optimum concentration can be calculated by considering the
light intensity, morphology of nanoparticles and design of biomaterial-assisted photo-
catalysis, as inconsistent loadings have been reported [41].

(iv) Duration and intensity of Light: The rate of reaction can be controlled by in-
tensity of photons and absorption of these photons by the photocatalyst. At low
light intensity, the generation of electron-hole pair becomes predominant; the rate
of reaction increases linearly as light intensity is increased, thereby, formation of
electron-hole pair tends to compete with its recombination and lowers the effect of
intensity of light on rate of reaction; hence, the rate constant becomes inversely re-
lated to the intensity of light and time of irradiation. It occurs due to the pseudo-
first order kinetics of photocatalysis. After repeated exposure of high intensity pho-
tons and deposition of byproduct, the photocatalysis deactivates [30].

(v) The impact of adding oxidizing species: The addition of oxidizing species to
suspensions minimizes the recombination of electrons and holes. Mostly, hydrogen
peroxide is used as an additive in catalytic reactions for production of hydroxyl rad-
icals either through reduction on the surface by accepting electron and promoting
charge separation in conduction band, or by decomposition. The degradation in-
creases linearly with its concentration, until critical concentration is reached; the
electron acceptors start scavenging radicals to reduce photocatalysis [6].

(vi) Temperature: Temperature of the reaction affects the rate of photocatalysis and
follows first-order rate constant, increasing linearly as the temperature increases. At
high temperature, the rate of reaction decreases, due to lower adsorption of molecules
at the surface and loss of charge carriers on the surface. Therefore, specific temperature
is favorable for photocatalysis. However, as the temperature lowers, activation energy
is also increased [41].

(vii) Adsorption: By reducing the size of particle of photocatalyst, the rate of dif-
fusion of photogenerated electron—hole pair can be controlled. The morphology of
the particle, surface area, porosity and other reaction parameters (reaction tem-
perature, pH of system and inorganic solvents) greatly impact photocatalytic reac-
tions. Considering the morphology and properties of surface can be helpful in
developing highly selective photocatalytic systems. Additionally, it would be eco-
nomical and recyclable by using bioinspired materials as support of photocata-
lysts. Higher photocatalytic activity can be obtained by increasing surface area,
porosity and adsorption capacity of the photocatalyst. Some supports have compar-
atively higher adsorption capacity, and thus, are brought to the surface for maximum
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photocatalysis, with more hydroxyl radical generation onto the surface and immediate
reaction capability than others. Other than support, the thickness of the adsorbed layer
also influences photocatalysis.

(viii) Dissolved oxygen: Dissolved oxygen helps scavenge electrons by trapping
electrons from conduction band and helping reduce recombination of electron-hole
pair. Thus, photodegradation increases when dissolved oxygen is increased in solution.
The rate of transfer of electrons from the surface of electrons is increased as concentra-
tion of dissolved oxygen increases. Dissolved oxygen can stabilize the free radicals by
biomineralization and direct photodegradation [29].

1.7 Challenges in enhancing photocatalytic
properties

Different biomaterial-assisted photocatalysts have emerged as revolutionary cata-
lysts, due to their properties like higher stability, huge bandgap, multiple functions
and less toxicity. Nanomaterials have proved to be advantageous for photocataly-
sis, due to assorted morphology. Yet, the efficacy of photocatalyst is lower due to
some associated challenges, such as mismatch between the bandgap and spec-
trum, insufficient separation of charges and instability of biomaterial (Figure 1.1).

1.7.1 Spectral mismatch

The bandgap energy regulates absorption of incident photons, and hence, to regulate
the bandgap energy is a challenge for an efficient photocatalyst. The spectrum produ-
ces different wavelengths including IR (55%), visible (40%) and UV (5%) wavelength.
Mostly, the photocatalysts are designed to have high energy bandgaps to absorb
maximum UV wavelength, while the spectrum has more IR and visible rays. This phe-
nomenon is defined as spectral mismatch. Therefore, remodulation of the bioinspired
photocatalysts for spectral match is a fundamental challenge. Modulating the PCs so
as to absorb maximum photons will be beneficial [51].

1.7.2 Recombination of the photogenerated charges

The recombination of electron—hole pair poses another challenge in modulation of PCs.
Normally, the electron-hole pair is generated as the photons incident on the surface
takes place; photogenerated electrons tend to migrate toward surface, and oxidation
and reduction reactions take place. During this process, sometimes, photogenerated
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charge carriers may recombine either in bulk or on the surface. The energy is dissipated
in the form of heat, suppressing the photocatalysis. In modulation of photocatalysts,
there is no force to separate charge carriers. These charge carriers, however, are
randomly involved in reaction and lead to nonproductive recombination, causing
production of defected crystals. It is, therefore, necessary to reduce the chances of
recombination to enhance the photocatalysis [24].

1.7.3 Low surface area

Surface area is another factor that influences photocatalysis activity by altering the
interface chemistry, absorption of photons and rate of energy transfer. Therefore, to
maintain higher surface area at the interface is another challenge in modulation of
PCs, as all the reactions take place at the surface only. The surface area is directly
proportional to photocatalytic activity [14].

spectral mismatch | sensitization | kg
_ between modulated : wedlifieaition
photocatalyst and -
natural spectrum
— morphological
Challenges maintaining a modifications
larger surface area
at interface
. : lasmonic
heterojunctions | P
| recombination of | [piliecaiicl i

electron-hole pair

Figure 1.1: Challenges and strategies for an improved photocatalysis.

1.8 Techniques to increase photocatalytic efficiency

Different strategies have been proposed to enhance the biomaterial-assisted photo-
catalysis under UV or visible light so far, by tuning the bandgap according to natu-
ral spectra. It could be one of the most effective strategies based on remodulation of
its structure; to achieve this, band structure can be modified to harvest maximum
photons at the interface [4, 51-53].
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1.8.1 Electronic band structure modification

Both conduction and valence band modulations can enhance the net photon har-
vesting efficiency. It can be achieved by adding specific impurity for induction of
localized electronic state between ground state and excited state for electrons to re-
duce the overall bandgap. Consequently, it shifts the absorption from UV region to
visible region and leads to better absorption. The level of doping and modifications
of photon harvesting ability modifies the elemental properties by formation of ho-
mojunctions at the interface, by a well-controlled method [4].

1.8.2 Increasing charge separation

In photocatalysis, charge separation is a critical factor, having multiple phases and
phase junctions. By increasing charge separation, the efficacy can be improved. It
is a widely used approach for controlled photocatalysis [21]. For example, TiO,,
known for its use as photocatalyst, has three forms: brookite, rutile and anatase.
Degussa P25 is the commercial replacement for TiO,; it structurally resembles
anatase—rutile mixture and is used for its high photocatalytic properties. Its perfor-
mance can be related to the synergetic effect and its reduced bandgap. Fabrication
can increase the overall activity by enhancing the charge separation [51].

1.8.3 Band energy engineering

This can enhance the photocatalysis by modifying the light absorption and redox
potential. For effective photon harvesting, band energy engineering can be a power-
ful approach for developing photocatalysts of visible active region. To engineer the
band energy, three approaches can be used: (i) nonmetal doping to modify its va-
lence band; (ii) metal doping to modify conduction band; and (iii) continuous mod-
ification of valence band and conduction band [54].

1.8.4 Improved charge separation through heterogeneous
networks

By fabricating this, the challenges in photocatalysis can be overcome. Heterojunc-
tions are very beneficial in increasing the absorption by sensitization, enhancing
optical properties by stabilizing the photocatalyst and charge separation, enhanc-
ing charge separation by junction with metals or semiconductors and improving
overall stability by surface passivation to protect the interface from direct degrada-
tion and side reactions [41].
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1.8.5 Morphology control

Lower the size of any particle, larger will be its surface area, and accordingly, greater
will be its number of available active sites. Particle morphology is another strategy to
cope up the challenges, hence the overall activity [21]. A suitable concentration gradi-
ent is to be maintained for effective charge separation on the surface; it is correlated
with structure, particle size and surface properties. Mostly, researchers rely on the
study of the morphologies to study the photocatalytic activity. Synthesis of modu-
lated photocatalysts is another strategy to enhance light absorption and optimize
charge separation by providing better porosity, larger surface area, and interconnec-
tions. Biotemplating is used to get morphology-controlled bioinspired materials with
high structural and functional strength. The advantage of biotemplating is the result
of final stage of photocatalyst, which can be tuned for its performance by selection of
template with selective morphology.

1.9 Conclusion

Scientists are keen to develop bioinspired materials as a substitute for synthetic ma-
terials for different applications with a motive “return to nature.” This chapter has
elaborated different kinds of bioinspired materials: biopolymers, biochar, biomole-
cules, enzymes, peptides and proteins, for their role in photocatalysis. Such materials
not only come from nature but also have a special interaction with biomolecules.
Their physiochemical properties, surface area and structure provide insightful advan-
tages in photocatalytic systems. The extensive research on bio-based photocatalysts
and rapid advancement in their design and fabrication has enabled environmental-
ists to modulate the properties of biomaterials by preserving their activity and struc-
ture, not only during its synthesis but also during the light exposure. Subsequent
sections of the chapter focused on various modes of synthesis with their advantages
and disadvantages. The bio-based photocatalysts have been used for photocatalytic
removal of contaminants with high performance. However, even after considerable
advancement, environmentalists are still trying to develop strategies for different
challenges in modulation of bioinspired materials to assemble biological and pho-
tocatalytic properties, without losing their individuality. Enhanced research is
needed to enhance their photocatalytic potential as compared to more capable
“star” photocatalysts. Their industrial feasibility is still under doubt, due to the
difficulty in mass manufacturing, nature and activity. Thus, research is needed to
elucidate the complex mechanism of immobilized biomolecules, specifically en-
zymes in photo degradation. This could be done by collaboration among chemists
and scientists to develop novel bio-based, cost- effective and eco-friendly photo-
catalysts by developing biohybrid technologies.
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2 Adsorption study via biomaterials

Abstract: With advancements in Nanochemistry, formulations of biomaterials have
gained importance in biomedical applications for therapeutic and nontherapeutic
purposes. Biomaterials have been studied for their regenerative applications in
tissue engineering to provide scaffold and support for diverse cellular activities,
as a biotherapeutic agent. After implantation, different biomolecules are adsorbed
onto the surface of biomaterial for different activities. Irrespective of activity, bio-
molecules are either physically or chemically adsorbed on the surface. Physical
adsorption results from entrapment of the biomolecule or forming layers, while
chemical adsorption involves a chemical reaction for tethering biomolecule to sur-
face. The adsorption and consequent activity of biomaterial are influenced by the
surface chemistry and biocompatibility of biomaterial surface and biomolecules
in order to avoid nonspecific adsorption of biomolecules. Thus, surface chemistry
characterizes encouraging directions to specifically engineer its biofunctionality
at the biomaterial-cellular interface to control related biological response, with-
out changing overall properties of biomaterial. The concept of adsorption methods
as also surface modifications to avoid nonspecific adsorption and the techniques
to study the mechanism of adsorption and chemistry of adsorbed and adsorbing
molecules are provided in this chapter.

Keywords: Biomolecules, biomaterials, nanochemistry, adsorption, surface chemis-
try, biocompatibility

2.1 Introduction

Biomaterials are nonviable substances that interact with the biological systems, de-
veloped for different medical, nonmedical and pharmaceutical purposes, in both
therapeutic and nontherapeutic areas [1-3]. Biomaterials are natural or non-natural
materials used to replace or repair damaged body tissues and organs and can en-
hance or replace certain reduced or lost functions [4, 5]. Living cells are easily com-
bined with the biomaterials, particularly when their surfaces comprise cell adhesion
fragments, proteins or peptides [1, 6]. Different biological fields such as cell culture
and tissue engineering include various examples of different biological cells—surface
interactions [7, 8]. This hybrid combination of natural cells with synthetic materials
confers the biological functionality of cells to synthetic biomaterials [9-11]. Thus, by
understanding the biomaterial adsorption, biomaterial-biomolecule interaction [12]
and surface chemistries, biological mechanisms occurring between biomaterials and
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biomolecules [13] and molecular events can be the central key to the successful prac-
tice of biomaterials in clinics [14-16].

Surface functionalization enables the interaction of biomolecules with biomateri-
als in different orders of magnitude [17, 18]. Within a few seconds of implantation of
any biomaterial, an abundance of serum proteins is adsorbed on the surface of bioma-
terial instantly, leading to a series of ensuing effects such as cellular adhesions, coag-
ulation activity [19, 20], complement system activation, leukocytes reactions, Intrinsic
coagulation, fibrinolytic activity and platelets activation [10, 15, 21, 22]. The composi-
tion of adsorbed proteins, consequently, determines the response of the cells lying
under the biomaterial scaffold, forming either effective tissue integration or disrup-
tive body reactions. Unfortunately, if the nonspecific adsorption occurs, an associ-
ated inflammatory response happens [23]; it can be minimalized by modifications
of the biomaterial surface chemistry. Furthermore, biomaterial surfaces are func-
tionalized in a way to present them to a specific protein or peptide sequence,
which encourages a particular cell adhesion [1, 24, 25]. In an effort to control the
biological-material interface in a better way, different physical and chemical surface
biocompatibility strategies are developed [26, 27]. Promoting specific adsorption, con-
trolling cellular behavior and avoiding any adverse host responses are considered
key issues during the design of any biomaterial for biological applications [6, 28].
Though other properties such as matrix composition and its mechanical model play
crucial roles in determining the biomaterial’s overall biocompatibility with the sur-
face and its success towards engineered tissue scaffold, properties of adsorptive sur-
faces are one of the most critical factors on how any biomaterial tends to interact
with its surrounding environment [9, 29, 30].

This chapter will focus on the adsorption study involving physical adsorption
via surface adsorption, physical entrapment, self-assembled monolayer and layer-
by-layer deposition and chemical adsorption of biomolecules on biomaterial surfa-
ces exclusively, to create an understanding about the biocompatibility of surface
and biomolecule, along with specific surface modifications for effective adsorption
of biomaterials for different applications requiring the bioactivity of the adsorbed
biomolecules. This chapter will exclusively elaborate the techniques to monitor the
mechanism of adsorption and the molecules adsorbing on biomaterial surface or
already adsorbed molecules on the surface.

2.2 Fundamentals of adsorption

To begin with, adsorption of a biomolecule to a biological material surface is mainly
affected by the bulk protein content. However, this process is much more intricate
when structurally and functionally different proteins are present because, in this
case, many proteins get involved in the reaction [31]. Another significant factor in
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protein—biomaterial interaction is the diffusion and effusion rates of the protein in
cell - these rates are controlled primarily by the protein itself [32]. Smaller proteins
easily get to the surface of the cell as these are faster and adsorbed onto the surface
compared to bulkier proteins. Again, another crucial factor, and definitely the most
important for long-term concerns, is the affinity of a specific protein for biomaterial
surface [33]. The affinity of any protein for biomaterial surface defines how probable
that protein’s adsorption is and its strength of adherence to any biomaterial surface
[34]. The proteins with higher affinity for biomaterial are easily adsorbed and stay
on the biomaterial surface. This interaction varies immensely, based on the biocom-
patibility of protein and biomaterial surface [33, 35].

Normally, after implantation of biomaterial in biological system, the biomateri-
als tend to adsorb proteins. Many proteins may adsorb on the surface of biomateri-
als nonspecifically to denature the biomaterial. For example, immune proteins like
platelets and monocytes tend to adsorb on biomaterial, which concurrently causes
an elevation in cytokines and other inflammatory cells and proteins in the human
body. The implanted biomaterial can cause either specific or nonspecific response
in the body, depending on the reaction between protein and surface of biomole-
cules [1, 36]. Mostly, the implanted biomaterials are designed in a way that avoids
their phagocytosis by macrophages, so their size is kept bigger than the macro-
phages. The cytokines are accumulated at the surface of biomaterials at the site per-
manently and use collagenous fibrous system for cellular adhesions [7].

Proteins adsorbed to biomaterial form bonds; high affinity proteins form stron-
ger bonds while low affinity proteins tend to make weaker bonds. Protein level,
rates of diffusion and effusion and protein affinity — these aspects together confer
that proteins adsorbed on biomaterial surface can replace each other, over time
(Vroman effect) [32, 37]. The interactions formed between a protein and biomaterial
are established throughout the adsorption mechanism, are not stable, can be bro-
ken and reformed randomly over time [35, 38]. However, any protein is unlikely to
desorb off surface, because all connections between both the surface and the pro-
tein can be broken down at the same time. Contrary to other proteins, new bonds
may be formed at available sites [34]. If the novel protein demonstrates greater af-
finity for the accessible site, the protein will take over the available site even at
lower affinity [38]. Nonetheless, for in vivo system and implantation, the adsorbed
layer of biomolecules on the surface of biomaterials is developed specifically in the
form of small size fragments, sensors and kidney dialyzers.

The biological system and its environment affect the process of adsorption, such
as conformation, stability and interactions, to a great extent. Temperature has an im-
portant effect on adsorption; high temperature can cause denaturation, and reduced
bioactivity causes ineffective results. Different biomolecules are affected at different
rates at varied temperature and pH; the environmental effects cause denaturation,
aggregation and total destruction of conformation of proteins. The biomaterials are
designed to carry out their bioactivity in a range of temperature and pH. The change
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in pH causes variations in interaction in cell-biomaterial interface. Adsorption of any
biomolecule would be highest at a specific temperature and pH. Last but not the
least, the surfactants can also cause alterations in rate of adsorption to biomaterial
by competing with other biomolecules for available sites or by directly binding to bio-
molecules [39, 40].

2.3 Adsorption of biomolecules on surface
of biomaterials

The adsorption of biomolecules occurs by hydrophobic, ionic or covalent interac-
tions between biomolecules and the surface of biomaterials where the binding
takes place at the activated functional groups [6]. Noncovalent interactions occur,
leading to passive adsorption [29]. Consequently, the covalent interactions are
highly stable and preferable, as the chances of nonspecific adsorption are very low.
The adsorption events manifest a number of characteristics — the required reaction
should occur quickly and require comparatively lower amount of reagents [41]. The
process of adsorption occurs easily, when common functional groups such as
amines, carboxylic acids, thiols and alcohols are found. Occasionally, the physical
adsorption involves different molecules of stronger affinity, verging on different co-
valent interaction levels, as in biotin—streptavidin interactions. Thus, the “immobi-
lization” term can refer to either short-term or any permanent localization of the
biomolecules, with or without support [41, 42]. In a drug delivery system, the immo-
bilized drugs are only supposed to be released, either over a short term or may be
for longer duration, while any immobilized enzyme, peptide or protein carrying the
ability of cell adhesion in any organ is supposed to be designed to attach or entrap,
within a specified duration [41]. Both physical and chemical immobilizations lead
to comparatively long-term or permanent retention time, especially if immobilized
biomolecules are large [42, 43].

2.3.1 Physical adsorption

Physical adsorption occurs through van der Waal’s interactions, electrostatic inter-
actions and affinity recognition. Physical adsorption is simpler than chemical ad-
sorption and less likely to affect related biomaterial properties. A thin film of
coatings is formed on the surface of biomaterial in physical adsorption, instead of
any alteration in atoms and molecules present on the surface. These films and coat-
ings are formed as a result of electrostatic, hydrogen interactions and nonchemical
strategies and occur during physical entrapment and layer assembly. For physical
immobilization, the biomaterials are exposed to air to increase their hydrophilicity
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[41, 43]. Noncovalent adsorption is based on electrostatic interactions between sur-
face and biomolecules. For example, gelatin microparticles are loaded with trans-
forming growth factor-1 (TGF-1) and encapsulated in polyethylene glycol (PEG)
hydrogels at a pH of 7.4 to form an ionic complex. The interactions are developed
due to negative charge of the functional groups of gelatin and TGF-1 positive charge
[41, 44].

2.3.1.1 Physical entrapment

The physical enclosure of biomolecules on the surface of biomaterial in a small
space, usually at the matrix and membrane, is a major method of physical entrap-
ment. Physical entrapment forms a comparatively stable and noncovalent interac-
tion with the surface of various biomaterials and requires cautious selection of
active functional groups to solubilize the biomolecules integrated on the surface,
preventing its degradation [45]. The biomaterial is swelled in a suitable solution, a
nonsolvent is added, resulting in shrinkage of biomaterial, and the biomolecules
are entrapped on surface. This technique has been effectively used to integrate bio-
molecules (chitosan, gelatin and heparin) on surfaces of biomolecules, resulting in
cellular adhesion [46]. Although physical entrapment forms relatively more stable
surface interactions than passive adsorption, it is unable to work properly for many
biomaterials and other surface-functionalized molecules and allows the biomole-
cules to pass through it easily, but retains the biomolecules in a confined network
too. Hence, it works as a restriction for biomolecules movement. Characteristically,
it can improve the stability and reduce the denaturation of biomaterial. Thus, by
encapsulating the biomaterial, it becomes more fruitful [46, 47].

It is an irreversible method of immobilization of biomolecules, where entrap-
ping takes place on or in the surface of biomaterials, either on the membrane or
inside the lattice. Physical entrapment is followed by a number of biomaterials in-
cluding biopolymers, sol-gels, biocomposites [48] and inorganic biomaterials.
Proper adsorption can be done when the pore size of biomaterial is kept small.
Other modifications can enhance or decrease the effectiveness [49].

2.3.1.2 Surface adsorption

Physical adsorption of biomolecule on the surface is one of the simplest methods of
adsorption. Simply, a coating of biomolecules is formed on the biomaterial surface,
aided by some proteins such as fibrinogen, fibronectin, laminin and collagen for
improved cellular adhesions [50]. As already described, the adsorption of any bio-
molecule to a surface is controlled by different factors such as surface properties,
properties of biomolecules, coupling method and environmental conditions. The
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interplay of multiple factors tends to make it problematic to control the adsorption,
resulting in low coating efficiency. More essentially, passive adsorption is compara-
tively unstable and desorbs over time [41, 51].

2.3.1.3 Self-assembled monolayers

Self-assembled monolayers are spontaneously formed on the surface of biomaterials
as highly ordered, thin surface coatings. Mainly, the biomolecules comprise of a cer-
tain structure having a chemical head functional group, which tends to bind with the
biomolecule with different strengths — strong to moderate [52]. The tail group pos-
sesses a terminal functional group that allows increased strength and stability [53].
The chemical groups involved in forming self-assembled monolayers can be precisely
selected, by taking alkane thiols and disulfides on metal surfaces, for example.
Though self-assembled monolayers with surface functionalization of many biomateri-
als have limited applications, novel classes of amphiphilic biopolymers, which can
form similar layers on biopolymeric surfaces with hydrophobic interactions [41, 54]
are being developed.

2.3.1.4 Electrostatic layer-by-layer deposition

Electrostatic layer-by-layer deposition involves the consecutive adsorption on the
surface of biomaterial by forming alternative layers of opposite charges containing
polyelectrolytes [55]. Temporarily, charged biomaterial is submerged in a polyionic
solution, adsorbed on the surface, yields the first layer by reversing the net charge
and unbound electrolytes are rinsed away [56]. A second layer is formed by immers-
ing it in another polyionic solution containing opposite charges. If the first layer
was formed by submerging it in polycationic solution, then the second layer is sup-
posed to be formed by submerging it in polyanionic solution [57]. This cycle of layer
formation is repeated several times, until the desired form is obtained. The proper-
ties of layers can also be fine-tuned by the photoelectrolytes. The layers can be pro-
duced by grafting, spraying and coating. Different factors like surface chemistry,
permeability of membranes and thickness can be tailored too [52]. Multilayers can
be formed and modified for a variety of purposes, by having the conformation of
biomaterial and biological system in view [56]. More attractively, many coatings
like albumin coating, chitosan coating and phospholipidic coatings have been de-
signed by using electrostatic interactions, hydrogen bonding and hydrophobic in-
teractions [41, 55].
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2.3.2 Chemical adsorption

Chemical adsorption takes place via comparatively weaker interactions than physi-
cal adsorption and covalent binding with functional groups (Table 2.1). The process,
sometimes, tends to form permanent immobilization with specified conformation
[58]. Chemical adsorption is the most commonly used method, as it works as power-
ful link and prevents the release of biomolecules before reaction, once attached.
Once the reaction completed, stability of the biomolecule is enhanced by multiple
covalent bonds. It can be understood well by taking silica and chitosan coatings as
examples. The biomolecules are localized on the surface of biomaterials, and it en-
hances further attachment and support [42].

After covalent bonding, the bioactivity of biomaterial depends on the basic
conformation of biomaterial, the coupling method of biomolecules, composition
of the biomaterial, specific environmental conditions during coupling and avail-
able functional groups on the surface [59]. The available reactive functional
groups provide room to interact without modifications, or the matrix is modified
in a way that generates functional groups [58]. The electrophilic groups on the
biomaterial surface tend to react with nucleophiles on the biomolecule and vice
versa [42, 60].

Table 2.1: An outline of comparison of chemical surface functionalization with respective
advantages.

Chemical Hydrolysis Activates surface for adsorption and grafting
adsorption
P Oxidation Activates functional groups to enhance adsorption
Grafting-to Creates flexible antifouling and active surface to enhance
adsorption

Plasma Increases cell adhesion
treatment
Aminolysis Activated surfaces

Antifouling and biomimetic coatings

Grafting from Flexible coatings

High grafting densities
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2.4 Overview of biomaterial surfaces related
to adsorption: strategies, challenges and
approaches

Whether the target is to prevent nonspecific adsorption of biomolecules, enhance
only specific cellular adhesion, trigger specific biological reaction or allow delivery of
any bioactive agent, the surfaces play a pivotal role. In order to increase the in vivo
activity of surface modified, nonfouling, biocompatible, biomimetic and bioactive bi-
omaterials, chemical and physical methods have been developed for surface modifi-
cations. Therefore, a brief note on surfaces of biomaterials, biocompatibility with the
biomolecules, challenges and approaches is given in this chapter.

2.4.1 Biomimetic surfaces

Biomaterial surfaces can be modified to promote specific cellular adhesion and func-
tion by modifying their molecular sequences. It not only improves the chance of ef-
fective integration but also simulates the physiological interactions, as cell-matrix
cellular adhesion. Surfaces with modified proteins or peptides sequences that mimic
the matrix proteins or peptide sequences of biological system showed functionalized
and improved cellular adhesion and viability for implantation and activity of bioma-
terials [61]. Coating the surfaces with some proteins commonly found in extracellular
matrix such as fibronectin, collagen, and elastin has been an interesting approach to
modify the surfaces into biomimetic surfaces [62]. These proteins are comprised of
specific motifs involved in binding integrins with receptors to promote cellular adhe-
sion. These surfaces can be developed and functionalized by surface adsorption, sur-
face grafting and chemical conjugation. These biomimetic surfaces enhance cellular
adhesions [61, 63].

2.4.2 Surface properties

The properties of biomolecules are as important as the properties of surfaces of bio-
materials in adsorption. Both factors are determinants of the required function in
the biological systems that preferentially adsorb [37]. It is to be noted that, after im-
plantation, serum proteins are adsorbed on the biomaterial surface, and the water
molecules in the biological system tend to interact with biomaterial. The hydropho-
bic biomaterials create a film or coating of water molecules around; water mole-
cules interact both itself and with the surface. A film of water molecules is formed
in an ordered form and low entropy. When the entropy is increased, so does the
adsorption. Thus, the entropy acts as a limiting factor in adsorption of proteins to
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biomaterial hydrophobic surfaces. Accordingly, there is an elevated adsorption,
and changes in conformation of biomaterial have been observed on these surfaces
[64]. Conformational changes affect the activity of proteins and, thereby, adsorption
is also affected, as the native state of protein requires being interacted [65].

In the case of hydrophilic surfaces, water molecules tend to make hydrogen
bonding, and a competition arises among the water molecules or other biomole-
cules, causing a reduction in adsorption by specific biomolecules and changes in
its conformation [66]. Furthermore, the surface of biomaterials has a specific charge
on it due to specific active functional groups. As same charges repel each other,
only the opposite charges help in adsorption and different interactions such as
ionic, van der Waal’s and hydrophobic interactions can occur [67, 68]. Meanwhile,
negatively charged blood serum proteins, if there is a net negative charge on bioma-
terial surface, will cause reduction in adsorption of serum proteins; it allows the
binding of other positively charged biomolecules to the surface of biomaterial. It is,
however, a problem because protein containing positively charged domains amino
acids may still be able to make some interactions [66, 69].

2.4.2.1 Effect of functional groups of biomaterial surface on adsorption

The functional groups on a biomaterial surface potentially not only affect adsorp-
tion of biomolecules specifically proteins, but also trigger the successive cellular
adhesions. Surface chemistry, topography, conformation and bioactivity of the ad-
sorbed biomolecules depend on the available functional groups on the surface.
There is no direct relationship between protein concentration and the bioactivity at
the surface — high concentration of proteins or other bioactive molecules at the site
never confers high bioactivity [70, 71]. It could be a totally different story. In this
chapter, different functional groups and their effects on the adsorption are dis-
cussed in following paragraphs.

Methyl, a hydrophobic functional group, binds fibrinogen and IgG and encour-
ages higher production of inflammatory cells at the infection site, caused by its
higher adsorption. It promotes protein adsorption for required cellular adhesions and
increases accumulation of fibrinogen and platelets. Albumin, immunoglobulins and
fibrinogen easily interact with methyl groups and generate inflammatory cells [72].
Hydroxyl, a hydrophilic functional group, reduces the activity of certain plasma pro-
teins at the infection site, modifies conformation of fibronectin, and thereby, exposes
the head and tail domains for cellular adhesions to strengthen and elevates the level
of structural signaling components [73]. It also aids in better differentiation of osteo-
blasts and mineralization as compared to other functional groups. It causes reduction
in levels of adsorption of plasma proteins, thereby leading to higher platelet adhe-
sions. Amine, a hydrophilic group, binds to the positively charged proteins in blood
and serum. It also binds strongly to the fibronectin to cause responses in immune
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cells by triggering inflammatory cells. Carboxyl, a hydrophilic group, binds to blood
and serum protein, reacting especially more easily with fibronectin and albumin to
elute them from the surface. The surfaces containing carboxyl terminals show en-
hanced cell growth, but the abundance of these terminals can halt the cellular
growth by giving the membrane overall negative charge, inhibiting differentiation of
osteoblasts and causes biomineralization. In the case of both hydrophobic and hydro-
philic functional groups, a competition arises, as the concentration of hydrophilic
groups decreases the protein adsorption, platelet activation and cellular adhesions.
The presence of other biomolecules like water in the biological system also affects
the rate of adsorption, to a great extent [72, 74, 75].

2.4.2.2 Surfaces that inhibit nonspecific interactions

Surface modifications can prevent nonspecific interactions between biomolecules
and biomaterials, helping improve their physiochemical interactions at molecular
and cellular levels for better cellular adhesions and to avail many other properties;
for example, it prevents corrosion of the surface and enhances surface functionali-
zation by promoting the biocompatibility of biomaterial with biomolecule [76]. Dif-
ferent approaches have been consistently used to inhibit nonspecific adsorption on
the surface of biomaterials by using phospholipids, hydrogels, polyethylene oxide
(PEO), fluoropolymers and silicones [75, 76]. Some inorganic surfaces that resist up-
take of proteins and biomolecules by cells highly, have been prepared through
radio frequency plasma deposition of PEO films [77]. This approach has been used
for developing thin and tightly adherent films coated on any material surface in a
single step through dry process. This approach of RF-plasma immobilization has
been described elsewhere [78]. Nevertheless, the biomaterial surfaces are coated,
pressurized under a specific pressure, contaminants are removed, pumped under
low pressure, another coating is deposited, evacuated and all the coated samples
are removed. Such surface modifications resist interactions of proteins, platelets
and other biomolecules. Surface functionalization studies revealed that layers simi-
lar to PEO films added on the biomaterial surfaces have substantial structural and
functional similarity to PEO for inhibiting its recognition and avoiding any nonspe-
cific interaction [78-80].

2.4.3 Nonfouling surfaces

Though hydrophilic surfaces are considered for their decreased adsorption, they
are found to stimulate adsorption. The process of decreased adsorption by hydro-
philic surfaces is known as nonfouling. This process can be well illustrated by con-
sidering proteins as adsorbed biomolecule [78]. As the serum proteins are adsorbed
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on cardiovascular biomaterials for immunological responses like blood clotting, if
the strategy is to use such biomaterials inhibiting adsorption of serum proteins,
PEG or PEO can be used. PEG is a hydrophilic biomolecule, used in drug delivery
systems, as a surface in biomaterials and for various medical applications for its
low protein adsorption [81]. PEG has low affinity for proteins due to its hydrophilic-
ity. Once surrounded by water, these hydrophilic polymers are coated with water
molecules and get super hydrated. When any protein comes in direct contact with a
PEG surface, it requires energy to adsorb the protein, as it is thermodynamically un-
favorable. But, with greater exposure time, some protein adsorbs to a smaller de-
gree, such as tetraglyme (tetraethylene glycol dimethyl ether), known to produced
cross-linked nonfouling assemblies, highly resists adsorption on in vitro surfaces
and activates inflammatory responses by promoting the uptake of leukocytes.
Though tetraglyme is highly resistant to blood serum proteins, the complementary
system of the body adsorbs on tetraglyme surface, in substantial amounts. Mono-
cytes cooperate with the complement factor, C3, in blood and serum for cellular ad-
hesions, proposing that the binding of monocytes to adsorbed C3 on tetraglyme is
the sole way to bind monocytes with tetraglyme surface, and is otherwise, not pos-
sible. The removal of tetraglyme surface from the biomaterial results in continuous
loss of nonfouling activity. It suggests that PEG-coated surfaces must have gone
through a significant C3 adsorption in vivo, to induce activation and adhesion of
monocytes [82]. Therefore, modifying the biomaterial surfaces can reduce the chan-
ces of nonspecific protein adsorption and is done to avoid any adverse body re-
sponse [80]. PEG reduces the interactions of nonspecific proteins on the surface
coated by it and allows cell adhesion, while its nontoxic nature makes it favorable
for use in biological systems. PEG and derivatives develop an associated hydrated
layer and flexible polymer chains to resist proteins and cause steric repulsions. Dif-
ferent techniques can be used to make nonfouling surfaces coated with PEG, such
as surface grafting, plasma spraying, physical adsorption, chemical adsorption,
coating, self-assembled monolayers and polyelectrolyte multilayers [80]. PEG-based
nonfouling coating lacks long-term stability, is degraded by oxidative and thermal
damage and hydrolyzed easily. The basic problem with PEG chains is their auto-
oxidation in aqueous solutions and reduction in protein resistance [83].

Zwitterions contain neutral charged units and a stable mixture of charged groups
that interact by hydrogen and electrostatic interactions, strongly bound water layer
and are important in forming nonfouling layer on the surface of biomaterials. The
phosphorylcholine-containing biopolymers are the most studied nonfouling zwitter-
ions, for their biomimetic surface [84]. Zwitterions containing biopolymers are useful
for their nonfouling properties and are extensively used for surface modifications, as
they resist protein adhesions with better potential as compared to PEG coatings and
show a better stability, in vivo. These zwitterion biopolymers surfaces are developed
on biomaterial surfaces by grafting, self-assembled monolayers, layer-by-layer films
production and other depositions [85].
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Polysaccharides have urged scientists to extensively investigate them for their
nonspecific interactions, cell adhesions and nonfouling properties. Many polysac-
charides and coated polymers have been created for their protein-repellent proper-
ties; they are coated on the surface of biomaterials [86]. The most commonly used
nonfouling polysaccharides are dextran and its derivatives. Different methods have
been employed to establish useful and effective polysaccharide-modified biopoly-
mers coatings on the biomaterial surfaces, such as surface grafting, self-assembled
monolayers, surface adsorption, grafted biopolymers and electrostatic layer-by-
layer films [87]. Dextran and its derivatives are more stable, and after coating, re-
duce the cellular adhesions by proteins. Apart from the biomimetic nature of these
biomaterials, nonfouling films that are formed by polysaccharides yield various ad-
vantages along with resistance to degradation by thermal changes and oxidation
and long-term stability [88].

2.5 Molecular events during adsorption: biological
and conformational changes

Molecules adsorbed to surfaces can go through biological and conformational
changes because of different properties of adsorbed molecules: their structural high
flexibility, low stability, tendency to form new bonds and variable thermodynamics.
Biological changes are detected by detecting the changes in conformation of ad-
sorbed molecules. Some molecules are easily adsorbed than others due to their low
thermodynamic stability as soft proteins, while other molecules, due to their high
stability, cannot be more persistently adsorbed [89]. By comparing the adsorptive
nature of different biomolecules, it can be deduced that highly stable molecules are
less adsorptive [90]. Hard proteins are highly stable even at different temperatures;
do not unfold them at elevated temperature to prevent the denaturation. The under-
standing of surface chemistries of developed biomaterials according to the biocom-
patibility with the adsorbed molecule has been a major breakthrough in developing
nonfouling biomaterial surfaces, in recent years. The adhesion of platelets requires
adsorbed proteins, and therefore, protein repelling biomaterial is a topic of keen re-
search [91]. Different compounds are studied and focused due to their protein-
repellent capability and reduced platelets adhesion — polyethylene oxide (PEO) and
different types of coatings of PEO on different surfaces (PEO-coated polylactide bio-
polymers, PEO-grafted polyurethanes or PEO-grafted polystyrene) or PEG, both
in vivo and in vitro. Another major issue is faced in designing a biomaterial with
the least affinity to fibrinogen, as fibrinogen tends to bind even at lowest amounts;
the least binding can result in maximum platelets adhesion, even exposed in undi-
luted plasma [92]. Another point of interest is that PEO and PEG are used for short-
term applications, as they are hydrolyzed and their protein repellency is lost, over
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time. Surfaces of polyurethane coated with PEO were found to show maximum pro-
tein repellency by adsorbing lipoproteins [very low density lipoproteins (VLDL),
low-density lipoprotein (LDL), high-density lipoprotein (HDL)]; an unusual high
concentration of lipoproteins allows least adsorption by proteins readily. These
membranes can also encapsulate lipid molecules, such as cholesterol on their sur-
faces, being highly resistant to proteins. Other PEO-coated surfaces can also adsorb
VLDL, LDL and HDL irreversibly over time and may cause platelets adhesion, result-
ing in thrombosis [93].

Many studies have suggested that proteins and enzymes are completely dena-
tured after adsorption, while some sort of limited activity of probes, proteins and
enzymes is retained in adsorbed state [90], particularly when these molecules are
adsorbed from high concentration to reduce unfolding of 3D conformation induced
by adsorption [89].

The study of retention time of enzyme activity through hydrophobic chromatog-
raphy has revealed that the denaturation of any enzyme is dependent on different
factors after adsorption: duration of adsorption over the surface of matrix, solvent,
pH, temperature and the concentration of enzyme [91]. Cellular adhesion of platelets
to the biomaterial surface can be associated with the specific amount of antifibrino-
gen interactions, signifying adsorbed fibrinogen in a totally different conformation
on biomaterial surface. After adsorption of fibrinogen, a transitional state results,
with reduced adhesion of antibodies and platelets, and plasma is displaced by chang-
ing amide II frequency. The binding of antibodies can be prevented by adding albu-
min the solvent [90, 94].

Another study of fibronectin on different biomaterial surfaces shows different
results — fibronectin adsorbed to tissue culture-grade polystyrene-supported ad-
sorption and cell adhesions. Otherwise, fibronectin adsorbed to regular polystyrene
surface did not support cell adhesions, but albumin was added to aid the process
[70]. The self-assembled monolayers (SAM) interact with other biomolecules to a
greater extent, as the hydrophobic monolayers only support the process when these
are rescued by albumins. Thus, albumin promotes cell adhesions and cell spreading
by being adsorbed to different polymers and promotes the outgrowth of corneal epi-
thelial cells. Albumin not only increases the adhesion of different biomaterial-
coated surfaces but also decreases the competition between fibronectin molecules for
the available sites [95]. Uniform biomaterial surfaces with different active functional
groups show the usefulness of modulation of surface chemistry and biological prop-
erties by adsorbed molecules. The biomaterial surfaces containing terminal func-
tional groups such as CHs, COOH, OH and NH,, adsorbed by fibronectin were found
to cause varying cellular adhesions. The surface with high amount of CH; requires
higher amount of fibronectin for cellular adhesion than OH surfaces [70, 89, 95].
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2.6 Techniques to study adsorption via biomaterials

Various techniques have been developed to study mechanism of adsorption, molecu-
lar events, and to characterize properties of biomaterials. This section will elaborate
the exclusive techniques to monitor the mechanism of adsorption and the molecules
adsorbing on surface or already adsorbed molecules on the surface. Researchers
focus on various aspects while studying the subject of biomaterials: kinetics of the
reaction, thickness of the membrane, structure or conformation of adsorbed mole-
cules, type of biomolecule, the operating forces between the biomolecule and matrix
and the biocompatibility of both reactants. These aspects, somehow, urge them to
innovate in the field of biomaterials. To study the conformation and structure of the
adsorbed biomolecules, spectroscopy/spectrometry provides useful data. Infrared
spectroscopy uses an IR beam, and a spectrum is developed by different IR absor-
bance peaks by different components. Different chemical bonds allow different vibra-
tions and frequencies, and thus are absorbed by IR at different frequencies to allow
them to generate an IR fingerprint, which, ultimately, provides information about
conformation of adsorbed molecule [70]. IR spectrometry analyzes the bioactivity of
biomolecules by detection of the IR spectra. The spectra differ according to the re-
spective vibrational bands. Another advantage of this method is to cancel out the
noise and collect the required vibrational bands only. The changes in concentration
of any biomolecule can be measured over time, as the concentration of adsorbed mol-
ecule varies with time, on the surface. Another way to quantify the adsorbed mole-
cule may be its loss in the bulk matrix, and the kinetics can be studied by plot of
change in concentration of bulk versus time. The labeled fluorescent proteins, probes
or fragments can be used to measure the radioactivity at the surface [70, 96].
Secondary ion mass spectrometry (SIMS) is significantly advantageous in study-
ing adsorbed protein layers at a higher resolution, by bombardment of ions, caus-
ing emission of particles, which are analyzed for molecular data on its surface.
Time-of-flight is coupled with SIMS to enhance the activity by free drifting and ac-
celerating the secondary ions, allowing its increased separation and sensitivity.
Modern mass spectrometry classifies the biomolecules like proteins into multiple
components containing solutions, which can be applied to both in vivo and in vitro
systems and are able to resolve a number of molecules of different molecular
masses. X-ray photoelectron spectroscopy (XPS) is another technique to study the
conformation of adsorbed proteins at the surface, irradiated by monochromatic X-
rays, and released photoelectrons are captured to analyze [97] for molecules.
Attenuated total reflectance coupled with Fourier transform infrared spectros-
copy, (ATR)-FTIR, provides information about the structure of adsorbed molecule
by measurement of all the wavelengths at once; hence, making the biomaterial sur-
face’s cross-sectional area smaller for examination provides not only conforma-
tional analysis but also molecular and submolecular level data about molecules.
Surface enhanced infrared adsorption spectroscopy (SEIRA), a modified form of IR
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spectroscopy, is an improved form used to study and recognize the adsorbed mole-
cules like proteins, DNA and RNA. It has been used to study the interactions be-
tween biomolecules and biomaterial surfaces. SEIRA has improved the resolution
and amplification of signal by two orders. It not only recognizes the biomolecules
but also provides high levels of sensitivity, as improved analysis about changes in
conformation of biomolecules predicts the change in functionality of adsorbed mol-
ecule [98].

The ELISA method, which measures the rate of protein adsorption in biological
systems, is also another effective method. The targeted adsorbed proteins are de-
tected and specified by specific antibodies in a recognizable conformation, by either
providing information about its bioactivity at a certain site or by characterizing the
presence of protein on targeted surface [90].

By utilizing polarized light, ellipsometry is used to examine the thickness of ad-
sorbed molecule by a detector. The polarized light is received by a nondestructive
surface at a definite angle and reflected back. Changes in reflected beam provide
data about the interaction and thickness of the adsorbed proteins [99]. Surface plas-
mon resonance (SPR) is similar to ellipsometry and works by exciting the surface
plasmons (rather than using polarized light). Neutron reflectivity is another tech-
nique to detect the adsorption rate by using a beam of neutrons directed at the sur-
face and reflected back in a monitor to detect the reflected radiation profile. It
predicts either the thickness of adsorbed biomolecule or its conformation. It is risky
to use, if the surface is radioactive and causes irradiation; due to its drawbacks, it is
not widely used [15, 90].

Atomic force microscopy (AFM) has allowed the recognition of biomolecules in
their native form and predicted their three-dimensional structure. A cantilevered tip
works to function on the surface with a very thin microscale. Recently, AFM cou-
pled with scanning tunneling microscope (STM) has described one adsorbed parti-
cle protein accurately, by measuring quantum current between the surface and
cantilevered tip. Subsequently, the excavating electrons move among the cantilev-
ered tip or conducting surface, and an automated image is generated by capturing
every single change in height of scanned area. STM-AFM is now being widely used
to distinguish the conformational changes in metallo-proteins [100].

Mass spectrometry using matrix-assisted laser desorption ionization time-of-
flight (MALDI-ToF) provides limitless mass resolution at even low detection limits.
A pulse light source is used to irradiate the adsorbed layer, the measured ions from
the release; mass-to-charge ratio is created, compared with available database and
analyzed to determine particular structure by comparison with available data [101].
This method can observe a mass range and resolve larger structures. The threshold
point for sensitivity of any biomolecule relies heavily on the individual spectrome-
ter used. The researchers are focusing on an innovation in MALDI by digesting the
adsorbed molecules with certain enzymes and blotting the solution on matrix plate.
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The analysis by a mass spectrometer with a lower range would result in detection of
larger fragments and enhanced selectivity [102].

MALDI-ToF/MS 2D gel electrophoresis can be used to isolate adsorbed proteins
from the surface in the form of specific bands. MALDI-ToF/MS has potentially lim-
ited use, as proteins cannot be recognized at low concentration, and protein can be
denatured during MALDI. Some advances in mass spectrometry, MALDI and IR will
resolve these problems by using tandem approaches and improved protein process-
ors [89]. Transmission electron microscope (TEM), scanning electron microscopy
(SEM) and solid-state crystallography can be used to study the conformation of ad-
sorbed molecules too. There are, however, some drawbacks: they require high con-
centration of adsorbed molecules, altering both the surface and chemistry, and
distort the layer structure on it. These methods require the molecule in dehydrated
form for analysis; the dehydrated form can alter the chemistry of both surface and
molecule [89, 101].

Tandem scanning probe microscopy technique suggests the details of every single
biomolecule adsorbed on the surface of biomaterial [103]. The advancements in spec-
troscopy fields may offer a new gateway to study the conformation of every single
atom at cellular levels and would be a great breakthrough. Recent advancements have
allowed the improved version of sensitivities and shown the tremendous potential of
adsorption by biomaterial surfaces. To progress to higher resolutions of spectrometry,
scientists are studying a few surface treatments by specifically using certain compo-
nents in the matrix to protect the sample from denaturation and aggregation during
the reaction, and it has improved the vision of the story.

2.7 Conclusion

As shown in this chapter, the process of adsorption to biological material surfaces
under various conditions provides fundamental information and understanding of
cellular adhesions, biological responses following biocompatibility and molecular
events. In various studies, scientists have reported variations in conformation of bi-
omolecules and changes in bioactivity after adsorption; however, molecular events
relating to the biomaterial surface and its chemistry, conformational changes and
bioactivity are still not fully elaborated. Nanomaterials is an untapped field that
will help study the biomaterial phenomenon at nanoscale. Using different techni-
ques and coupling them with nanomaterials chemistry will add valued data and an
improved understanding about biomolecule-surface interactions. By improving un-
derstanding of adsorption, Nanochemistry will allow an enhanced control over spe-
cific adsorption (by successive cellular adhesions and its functions relevant to
tissue implantation), and it will also lead to design and formulation of improved
biomaterials for clinical applications.
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3 Recent trends in biomaterials
for photodegradation of dyes

Abstract: Synthetic dyes are highly carcinogenic and can cause life-threatening prob-
lems. These dyes are part of products of daily use, including textile mills, leather in-
dustries, common accessories and furniture. Dyes are released in the environment
and water as a major effluent, due to different anthropogenic and industrial activi-
ties. The accumulation of nondegradable dyes in environment poses serious health
threats. Different conventional methods have been reported so far as being used to
degrade the dyes from environment. Photodegradation is one of the most promising,
cost-effective and facile methods to remove dyes. Recently, biomaterials have been
used as a new frontier to degrade dyes by heterogeneous photodegradation, and it
has appeared as the most emerging technology due to its cost effectiveness. This
chapter deals with photodegradation of dyes via biomaterials. The photodegradation
properties with recent advances and trends are discussed. It includes a brief under-
standing of photodegradation, the potential use of biomaterials and their composites
in the photodegradation of synthetic and toxic dyes. Furthermore, we conclude with
further prospects to improve the efficiency of biomaterials used for removal of dyes.

Keywords: Dyes, biomaterials, photodegradation, toxic components, water,
environment

3.1 Introduction

Synthetic dyes are annually synthesized and used in textile, leather, nutraceutical,
pharmaceutical, cosmetic and paper industries. More than 100,000 synthetic dyes
are commercially available, with an annually increasing synthesis rate, most of
which contaminates the environment and water. Even trace amounts of dyes can
contaminate the environment in an undesirable manner. These contaminants can
cause serious health threats to aquatics and also distort human health [1-3]. Col-
ored wastewater discharge and inefficient treatment methodologies can cause seri-
ous environmental concerns. So far, different conventional strategies have been
developed to remove dyes from the environment, including adsorption, biodegrada-
tion, coagulation, photodegradation and adsorption. Among these approaches,
photodegradation can be used to degrade and remove dyes through different bio-
materials and their derivatives [4—6].

https://doi.org/10.1515/9783110768749-003
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In this chapter, the photodegradation of dyes based on different biomaterials
and their derivatives will be discussed in subsequent sections. Different biomateri-
als-assisted photocatalysts can be prepared using biotemplates for their enhanced
photodegradation of dyes. The water solubility, coordination of biomaterials with
dyes and cooperativity of components for biodegradation lead to efficient binding
of dyes and biomaterials [7-9]. The as-obtained biohybrids possess enhanced activ-
ity by promoting light absorption and the ability to accept electrons generated due
to the absorption of photons of light, thereby yielding superoxide radicals [10, 11].
The scheme of reaction mechanism can be illustrated as shown below:

Dye + hv — Dye*
Dye* + TiO, — Dye*
Biomaterial(e) + O, — biomaterial(e) + 0>~
e 0°" + biomaterial(e) + 2H * — H,0, + biomaterial

e H,0, + biomaterial(e) — OH+OH ™~ + biomaterial

Biomaterial-assisted synthesis of biohybrids can be used as an attractive and prom-
ising method to degrade dyes. The carbon-rich biomaterials have been derived from
biomass to synthesize biochars under pyrolysis, with limited oxygen supply, to un-
dergo carbonization [12-14]. Usually, cellulose, lignin and hemicellulose are used
as biomass to assist in the preparation of biomaterials. The modified and function-
alized biomaterials find their applications in environmental remediation. Some
bio-carbonaceous materials, including biotemplates, biochars, biomolecules and
bioinspired molecules are replacing conventional materials, due to their versatile
nature in removing different pollutants such as antibiotics, aromatic dyes and or-
ganic pollutants [15-17].

The subsequent sections of this chapter briefly focus on the latest and most re-
cent breakthroughs in use of biomaterials for photodegradation of dyes, by using
different green chemistry principles for safer and bioinspired remediation of pollu-
tants. Certain plant materials, biomolecules and biohybrids may open an avenue
for the development of biomaterials for environmental remediation. Furthermore,
we conclude with future prospects for nanotechnology and biomaterials for en-
hanced applications.

3.2 Dye molecules

Owing to the solubility, stability and activity of photosensitive dyes during homoge-
neous photocatalysis, ruthenium analogues and its complexes are commonly used.
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Recently, the cationic complex of Ru(II) and tris(2,2’-bipyrazyl) has been used to
initiate the redox reaction, by acting as an artificial cofactor to continuously re-
duce and lower the catalysis of their equivalents [18, 19]. Furthermore, the cat-
ionic complex of tris(2,2’-bipyridyl) and Ru(Il) have been applied to remove the
electron-hole pairs from water molecules, under visible light. The Ru-based pho-
tocatalysts enhance the optical properties by making available three phases of Ru,
by linking them with hydrophobic interactions [20]. The hybrids and complexes of
Ru facilitate the delocalization of excitons by empowering the interaction between
ligands and nanostructures. Additionally, the efficiency of these complexes can-
not only be correlated to the intrinsic absorption of light by Ru as photocatalyst,
but also affect the transfer of energy from complexes to the main chemical reac-
tion system, which proves the consequence of the synergetic effect between pho-
tons and complexes [6, 21].

Owing to the high efficacy of quantum effect of dyes, the xanthene dyes cap-
ture visible light. The eosin Y is a dye molecule that is known for its implication
as a photocatalyst in hybrid system. The photocatalyst finds its application in re-
generation of NADH at an exceptionally high rate. The photocatalytic property
can be attributed to the reversible interactions between eosin Y and metal center.
The Rh complexes are important in this regard too, by acting as a potential gradi-
ent to transfer electrons in a specific vicinity [21, 22]. Therefore, eosin Y is capable
of photogeneration of NADPH, which, thereby facilitates the cytochrome P450 to
catalyze the dealkylation of 7-ethoxycoumarin. The light-harvesting capacity can
be enhanced by core shell-nanostructures, as plasmonic nanohybrids of eosin Y
have been reported. The fine encapsulation enhances the local surface plasmon
resonance to amplify the absorption of photons and generates the charge carriers.
Thioflavin T and benzothiazole dye possess specific binding affinity for -sheets
amyloids. Owing to these properties, light-harvesting nanofibrils have been re-
ported by using insulin as precursor, to improve the photocatalytic activity and
extend the excited half-life of electrons of ThT [6, 7, 20].

3.3 Biomaterials for dye degradation

Owing to the large-scale use of dyes in many industries, certain technologies and
materials have been designed to remove/degrade the dye molecules from aqueous
solution, so far. Thousands of articles have reported the use of different techniques
and materials to remove dyes and many recommended cost-effective and eco-
friendly materials for degradation of dyes, indicating their interest to search for
new techniques. The most recent techniques in dye degradation techniques are ad-
sorption, advanced oxidation processes (AOPs), coagulation/flocculation, electro-
chemical/biological treatment, membrane filtration, and many others. Albeit efforts
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made so far for development of an effective technology for degradation of dyes,
many of them pose a few challenges for their general use [23, 24]. Most of the bottle-
necks of these technologies are their high cost, labor involvement, environment
hazardous nature and complexity. Most of them use precursors which are nonbio-
degradable and cause pollution, themselves. Moreover, chemical-based methods
are also avoided due to their multistep synthesis and nature of chemicals. There-
fore, researchers are keen to develop bioinspired or biomaterial-based natural poly-
mers, such as cellulose, chitin, chitosan and other biomolecules. Recently, different
bioinspired materials have been developed and employed for the photodegradation
of dyes [25-27].

The use of biomaterials in this regard is gaining importance due to their abun-
dance, ease of availability, low cost, tailored surface properties (surface area and
porosity), ease of handling and environment-friendly nature [11]. Biomaterials pos-
sess advantages over synthetic materials and chemicals, as they are biodegradable
and do not pose any side effects on living organisms. Biomaterials are highly bio-
compatible and are derived from renewable sources, making them one of the most
sustainable and suitable alternatives, over other materials. Since some functional
classes are present, such as hydroxyl, amine, carboxyl and amide, it becomes easy
to functionalize their surfaces, without affecting the biological and chemical prop-
erties of the biomaterial. Furthermore, the modified biomaterials exhibit increased
biocompatibility, robustness, flexibility, crystallinity, surface area, size modifica-
tions, shape modifications, thermal stability, chemical stability and rigidity [11, 28].

Biomaterials can also be fabricated with other materials and structures, such as
spherical, nanofilms, hydrogen bead, nanofibers, scaffolds and nanoparticles. How-
ever, recent advances in biomaterials are also accompanied by a variety of bottle-
necks, such as contamination, fluctuations in the chemical and structural properties
and addition of other impurities during the purification process [29]. This chapter
summarizes all the current developments and recent advances of biomaterials and
bionanomaterials with their major advantages and limitations.

3.3.1 Photocatalytic degradation of dyes by biopolymers

Biopolymers can be used to degrade dyes, due to their quick and facile recovery
from the reaction system. Certain biopolymers, including cellulose and chitosan,
act as support for metal oxide-containing photocatalysts, by providing a high sur-
face area for strong adsorption. Owing to the high surface area, biopolymers reduce
the reaction intermediates during photodegradation of dyes [27]. Additionally, chi-
tosan and cellulose afford their reusability, as they can be recycled during photo-
catalysis. Photodegradation by using biopolymers is different in the manner that
the photons are involved to induce photocatalysis during reaction. Due to photons,
the oxygen molecules accept electrons generated by the photodegradation of dyes
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[28]. Biopolymers have exhibited rapid and facile degradation of dyes under radia-
tions of visible light. The concept of eco-friendly and cost-effective biopolymers for
photodegradation of dyes was initially developed, a decade ago. Recently, green
chemistry approach is being employed using nanomaterials for photocatalysis of
dyes and other organic pollutants. Nanotechnology is now popular and explored
for bioremediation, for its high performances and next-generation approaches. The
reactive textile dyes can be removed by breaking the electron affinity between the
lone pair of electrons and chelating agents [30, 31].

The nanoparticles interact with the backbone of the polymeric chain and distort
the ionic nature to destabilize the interactions between them. Also, biopolymeric
membrane-integrated metal oxides nanomaterials have attracted the attention of re-
searchers for their better activity, selectivity, reusability and hydrophilicity, even at
high temperatures [26, 32]. Gallic acid as biomaterial can be integrated into metal
oxide nanomaterials and is now used in photodegradation of reactive dyes. The
nanomaterial TiO,/chitosan—acrylic acid integration has been explored for its pho-
todegradation of Malachite green dye. The metal oxide and biomaterial integration
such as Fe;0,/chitosan has been used for degradation of X-3B dye, under visible
light [33]. The carbon black-cellulose acetate/ZnO is also under research for its deg-
radation properties, and it has been reported to degrade Congo red, methyl orange
and methylene blue dyes [34]. MnO,/cellulose is another biomaterial-based metal
oxide used to degrade indigo carmine [35]. The ZnO/cellulose and ZnO/cellulose
nanofibers based on green chemistry approach have been successfully used to de-
grade methylene blue and Rhodamine B dyes [36]. Figure 3.1 illustrates the proper-
ties and analysis techniques used to describe biopolymeric nanomaterials.

Different characterization analysis can be used to explore different physical, struc-
tural, configurational, compositional and chemical properties of as-synthesized bioma-
terials, other composites and hybrids. These properties specifically determine the
surface chemistry, functionalization, arrangement, dispersibility, agglomerations, func-
tional groups, elemental composition, stability and activity and so on [17, 37]. The most
commonly used techniques are microscopic [scanning electron microscopy (SEM),
transmission electron microscopy (TEM), atomic absorption spectroscopy (AAS),
atomic force microscopy (AFM) and dynamic light scattering (DLS)] and spectro-
scopic techniques [Fourier transform infrared spectroscopy (FTIR), X-ray photo-
electron spectroscopy (XPS), UV-visible, zeta-potential, energy-dispersive X-ray
spectroscopy (EDAX), and X-ray diffractometry (XRD)]. AAS is a very powerful
characterization tool used to determine the concentrations of certain elements in
biomaterials. XRD predicts the crystallinity and amorphous nature of any bioma-
terial. EDAX is the most commonly used method for elemental analysis in biona-
nomaterials. XPS provides information about the oxidation state of atom. FTIR
provides information about the presence of functional groups in the bionanomate-
rials. SEM is used for determination of properties of the structure, surface area,
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Figure 3.1: Properties and analysis of biopolymers.

and particle diameter. TEM is also an advanced technique that provides informa-
tion about surface charge and particle size along with AFM [30, 38].

3.3.1.1 Synthesis of biopolymeric nanomaterials

Dyes absorb or emit light to produce color in visible light due to their chromogenic/
chromophoric nature. Usually, dyes contain auxochromes (bridging) and solubiliz-
ing groups (reactive) anchor to the substrates with different functional groups
through physical adsorption or covalent fixation. Typically, the aromatic structure
of dyes contains benzene, naphthalene and anthracene rings. The aromatic rings
carry auxochromic binding groups with delocalized electrons to form a conjugation.
Certain functional groups affect the binding capacity of dyes, including azo, me-
thine, ethylene, carbon-sulfur, carbonyl, nitro, nitroso, carbon-nitrogen, crinoid,
carboxyl, amino, sulfonate and hydroxyl groups. In the production of cellulosic fi-
bers, the reactive functional groups such as fluoro, chloro, methyl sulfone and nic-
otinyl of dyes become covalently bound to the substrate. The leaving groups of
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dyes and the substrates react through nucleophilic substitution reaction and get ac-
tivated by adjacent nitrogen atoms of triazine ring [29, 39-41].

Conventionally, the polymeric nanomaterials can be synthesized by chemical
methods; which are mostly toxic for their instability in environment, whereas the
biopolymers are environment friendly materials due to their synthesis that uses
safe monomers. Moreover, the biopolymers-based nanomaterials are advantageous,
due to their morphological manipulation constructed at nanoscale. Biopolymeric
nanomaterials can be derived from bacteria, algae, plants, fungi and animals. Fur-
thermore, biomolecules can also be employed to derive biomaterials such as starch,
alginate, chitin, chitosan and dextran. Among them, chitosan, starch and cellulose
are the most commonly used biomaterials derived from microorganisms and plants
[38, 42, 43].

Particularly, chitosan, a polysaccharide, is the most commonly used biomate-
rial for photodegradation of dyes and to remove pollutants from wastewater, due to
its unique compositional and physiological properties. Biopolymeric nanomaterials
are synthesized by integrating metal atoms into biopolymers by intramolecular hy-
drogen bonding. For example, starch can be incorporated to metal oxides to form
biopolymeric nanostructures. Silver (Ag) is the most commonly used metal, and it
has been reported to incorporate starch in molecular binding to form biopolymeric
nanomaterials by adsorption/impregnation. Biopolymer-containing biomaterials
comprise of solid and colloidal particles of 10 nm to 1 um dimensions [25, 44, 45].
The as-synthesized biopolymeric substances for photodegradation of dyes can be
characterized by microscopic, spectroscopic and other analytical techniques, as
shown in Figure 3.1.

3.3.1.2 Metal-incorporated biopolymeric nanomaterials

As mentioned above, the metals and metal oxides can be incorporated in nanomateri-
als to enhance the efficiency of degradation of dyes such as azo dyes and methylene
blue. The metal incorporation affects the porosity, rigidity and chemistry of biomate-
rial. The basics of photodegradation involve transfer of electrons, coupled with oxida-
tion and reduction reactions. The semi-conductance nature of biomaterials can also
be altered by incorporating metals and nanoparticles [29, 37]. The transfer of electrons
at interface decreases the rate of oxidation of incorporated metals. The augmentation
of reactivity of biomaterials not only enhances the lifetime of electrons but also in-
creases the reactivity. The small particle size affords the transfer of electrons, thereby
increasing the surface plasmon resonance. The incorporated metals act as stabilizer
during the synthesis of biopolymeric nanomaterials. In industries, to remove dyes,
resins are most commonly used as metal-incorporated biomaterial [42, 46].
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Other than incorporation of metal oxides, the metal nanostructures can be
grafted on different biomaterials to enhance the robustness and stability of bioma-
terials and provide them with functionalities. The metal monomeric nanostructures
are different in size, and their incorporation in biopolymers enhances the homoge-
neity and renders them stable [47, 48]. The integration of microbial cellulose fibers
with gold nanoparticles have been reported for the photodegradation of methylene
blue dye, in less than 4 h. Owing to their substrate specificity, gold nanoparticles
can degrade different types of organic pollutants, including dyes. The lanthanum
metal can also be used to incorporate due to their f-orbital electrons, which reacts
with the functional groups of dyes to form different complexes. The incorporation
of lanthanum metals in biomaterials has been reported in photodegradation with
comparatively better adsorption, specifically for organic dyes, for example, azo
dyes. The biocomposite of lanthanum metal and metal oxide incorporated with chi-
tosan have been reported to degrade 90% methylene blue dye in less than 40 min
[37, 46, 49].

3.3.1.3 Metal oxide-incorporated bionanomaterials

Bionanomaterials integrated with metal oxide are now extensively used for photode-
gradation of complex chemical structures, such as methylene blue and azo dyes. The
incorporation of metal oxides not only improves the chemical properties of the bio-
materials but also enhances the properties of nanomaterials. For example, ZnO is
now one of the most effective nanomaterials for photodegradation of dyes, due to its
semiconductance, durability and activity. ZnO incorporated on starch has been re-
cently reported for its enhanced dielectric properties as compared to other metal
oxides [42, 50]. Cellulose-based metal oxide nanomaterials have been reported to ex-
hibit better thermal stability as compared to other metal oxides, and, therefore, are
now extensively used for bioremediation of wastewater. The nano-TiO, grafted on
chitosan—acrylic acid has been reported to remove malachite green at neutral pH, by
visible light irradiation. The nano-Fe;0, grafted on chitosan has been reported to de-
grade X-3B dye-containing wastewater due to magnetic and dipole—dipole interac-
tions. Recently, TiO, has been widely studied to synthesize metal oxide-incorporated
bionanomaterials due to advantageous surface and photocatalytic properties, when
these are exposed to visible light. Cyclodextrin, an oligosaccharide derived from
starch, can also be used as derivative of biomaterial and can be integrated into nano-
materials and TiO, [47, 51].

The ZnO/carbon black can be grafted on cellulose acetate support to remove
some azo dyes, including Congo red and methylene blue, under visible light. The
MnO,/cellulose bionanomaterials can degrade about 90% indigo carmine in less
than 25 min, under acidic pH. Moreover, the bionanomaterials can be easily recov-
ered from reaction system for 10 cycles, without any definite change in removal
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efficiency of dyes. It can be described as the photons are involved in photodegrada-
tion of complex and reactive azo dyes within few minutes through environmentally
benign and reusable process. Some biomaterials are also employed as enzymes to
degrade azo dyes. Laccase is an enzyme used for bioremediation of environmental
pollutants, and it exhibits better potential to remove the contaminants from waste-
water. The metal oxides, such as Fe;0,/SiO, anchored on immobilized laccase,
have shown full azo dye breakdown, specifically, Congo red MX-5B, in less than
20 min [19, 44, 52].

3.3.1.4 Metal sulfide-incorporated bionanomaterials

Metal sulfides are also incorporated on bionanomaterials to aid their crystallization,
such as ZnS can be incorporated on chitosan nanoparticles for photocatalysis activ-
ity, and it has been widely used for photodegradation of reactive dyes in aquatic
environment. Not only Zn, but Cd and Pb have also been reported to synthesize
their corresponding sulfide nanoparticles. For example, Klebsiella pneumonia has
been reported to synthesize an electron-dense CdS nanostructure, based on its
membrane for the photoreduction of reactive azo dyes like methyl orange through
subsequent electron transfer reactions. Bionanomaterial based on nano-chitosan
has also been used to degrade dyes by forming chitosan-based quantum dots. Also,
the nano-photocatalyst has been integrated with ZnS to remove methylene blue dye
under visible light. The metal sulfides improve the conductance and behave as
semiconductors, thereby improving the overall efficiency of biomaterial. The ZnS/
chitosan-based bionanomaterial has been found to induce 90 percent photodegra-
dation of methylene blue dye through oxidation reactions under UV and visible ir-
radiation in 1 h [13, 32, 53, 54].

3.3.2 Other bionanomaterials

Owing to the diverse compositional and chemical manipulations added by metal
oxides and metal sulfides to biomaterials, these bionanomaterials are of special in-
terest for researchers to clean the environment, due to their semiconductance and
improved rate of generation of electron-hole pairs under visible light, which,
thereby, enhance the photon activity, leading to the escalation of photocatalysis.
The thin films of dual metal atoms, for example, Ag-TiO,, can be integrated in resin
biopolymers to enhance the photodegradation of rhodamine B dye, compared to
pure metal oxides. These integrated bionanomaterials decrease the rate of recombi-
nation of electron—hole pairs. Also, a hybrid of TiO,/Ag nanomaterials supported
on carboxymethyl cellulase and gelatin biomaterials has been reported for en-
hanced [44, 52] removal activity of organic pollutants, due to their functional
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groups such as benzene and NH;. Many other biochemicals can be incorporated on
biopolymers to make photocatalytic bionanomaterials. Different coupled reactions
have also expanded the photocatalytic activity, such as single metal atom integrated
on nanomaterials, metal oxides, metal sulfides and dual metal systems incorporated
on biomaterials to make integrated biopolymeric systems [11, 42]. The dual metal
atoms can be beneficial due to their various band positions under sunlight exposure;
this stops electron-hole pairs from recombining, thereby improving the overall photo-
catalytic activity of biomaterials. The synthesis of bionanocomposites has opened an
avenue in the field of environmental sciences. Researchers are keen to prepare biona-
nocomposites based on single metal atoms, metal oxides and biopolymers to en-
hance the photodegradation of synthetic and reactive azo dyes [29, 30, 33].

The chitosan-based ZnO/AgCl dual metal atom bionanocomposites have been
used as biopolymer supported on hydrogel beads for complete photodegradation of
methylene blue dyes. The integration of chitosan as bionanocomposite has signifi-
cantly increased the biodegradation, as a consequence of adsorption of organic pollu-
tants in an eco-friendly manner. The chitosan can also be coated on other metals to
oxidize the reactive dyes. For example, recently, chitosan has been coated on Cu,SO,
bionanocomposite and it was synthesized from Psidium guajava leaf extracts. It was
found to oxidize the dyes and improved the removal of Congo red and methylene
blue dyes, within 2 h. The rate of generation of electron-hole pair was enhanced due
to the exposure of sunlight. The cellulose nanocrystals are under research for
bleaching the bagasse pulp, by reacting it with ZnO/CuO biopolymers with dual
metal oxide bionanocomposites. The as-synthesized bionanocomposites can be
used to completely degrade rose bengal in 40 min. The immobilized enzymes such
as laccase can be conjugated with chitosan based on Fe;0, hybrids with enhanced
magnetic properties, to remove reactive and synthetic blue and acidic blue dyes in
less than 1 h [14, 32, 46, 53, 54].

3.3.3 Nanocomposites of biomaterials

Nanocomposites can be combined with different biomaterials with particle size
range 1-100 nm. The use of nanocomposite biomaterials has gained much impor-
tance due to their improved physicochemical properties. These biomaterials are
highly efficient for diverse functional and compositional applications in advanced
science and technology, including mechanical strength, robustness, crystallinity,
hierarchical porosity, toughness, electrical and thermal conductance, high mobil-
ity and durability. Recently, they have been used for bioremediation of different
inorganic and organic pollutants by photocatalytic degradation. They can also be
used for photodegradation and removal of organic and reactive dyes. The single/
dual metal oxide-based bionanocomposites with impressive surface chemistry,
biostability and tailored structural features make them highly feasible in the



3 Recent trends in biomaterials for photodegradation of dyes —— 55

photodegradation of pollutants, mainly dyes. Owing to their remarkable photode-
gradation efficiency, tailored bandgap and efficient synthetic modulations, these
bionanomaterials are now potentially employed for photodegradation of dyes.
Certain metal oxides containing biomaterials can be supported on supports such
as graphene oxide and biopolymer for successful photodegradation of organic
dyes from aqueous environment [11, 28, 43, 50].

3.3.4 Green synthesis of bionanomaterials

Recently, researchers have focused their attention on synthesis of bionanomaterials
based on green chemistry pathways. The green synthesis of biomaterials involves the
use of biological materials, including plants, bacteria and algae carbohydrates and
oligomers. Certain researches have shown green synthesis of bionanomaterials as an
emerging frontier for better morphological manipulation with improved activity, as
shown in Table 3.1. Therefore, these processes afford various benefits such as eco-
friendly, simple, facile, conventional and economic pathways. Up to now, the
metal oxide nanoparticles, for example, titanium dioxide NPs, zinc oxide NPs and
iron oxide NPs has been synthesized for their use in photodegradation of organic
pollutants such as dyes. Advanced oxidation processes (AOPs) have emerged as
one of the most useful processes to decontaminate the environment from hazard-
ous pollutants via the synthesis of ROS, for example, hydroxyl radicals (-OH) and
superoxide free radicals (-0?7), and production of free radicals can further proceed
to various pathways. It can follow photolysis, ozonation, Fenton reactions and
photocatalysis [21, 48].

Photolysis and ozonation involve the use of peroxides along with UV light and
ozone, respectively, by producing free radical. Fenton reactions are most currently
being employed to treat wastewater, and it involves the use of peroxides along with
ferrous ions as photocatalysts. Photocatalysis also involves the generation of free
radicals using light absorbing materials, including semiconductors. Among all
these reactions, photocatalysis is one of the most preferred methods, due to the
photocatalysts, which use renewable energy and do not involve any hazardous
chemical. Therefore, photocatalytic activity is now considered as the most effective
green and sustainable approach to degrade dyes and other organic pollutants. The
mechanism for biodegradation of pollutants and dyes can take two pathways, that
is, indirect and direct pathways, of which indirect pathway is better. In the indirect
pathway, the irradiation induces photoexcitation, and the semiconductor gets acti-
vated [16, 17, 37].
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Table 3.1: Green synthesis of biomaterials for photodegradation of dyes.

Biomaterial Morphology Dyes Photodegradation Light Reference
Aloe vera leaf Flake-like Malachite green dye 58% (50 min) Visible, [55]
extracts uv

Mangrove Deformed and  Blue 19 dye and Red  ~15% (120 min) Visible [54]
extracts spherical 76 dye ~15% (120 min)

Monsonia Spherical Methylene blue dye 86% (180 min) UV [53]
burkeana extracts

Lagenaria Irregular Reactive green 19 99% (60 min) UV [56]
siceraria extracts spherical dye

Citrus aurantium  Spherical Methylene blue dye 91% (150 min) UV [51]
extract

Deinbollia Semispherical  Methyl orange dye 99% (150 min) UV [57]
pinnata extract

Acacia catechu Sphericaland  Rhodamine B, rose, 99% (120 min) Visible [52]
extract hexagonal Bengal dye

Hydnocarpus Spherical Methylene blue dye 96% (30 min) UV [58]
alpina extract

Longan seed Hexagonal Methylene blue, 100% (180 min) Visible [50]

extract malachite green,
methyl orange,

orange Il dyes

3.3.5 Cotton wastes as biomaterials to remove dyes

The cotton wastes in textile industries have been reported for their use in adsorption
of reactive dyes in an economically viable pathway and at a large scale, due to ease
of availability and processing. Cationic dyes are mainly removed by using cotton
wastes from aqueous solutions. The wastewater containing dyes can be cleaned by
different reaction mechanisms, such as Fenton reaction, oxidation, advanced oxida-
tion pathway and ozonation. The photocatalytic adsorption of dyes from wastewater
can be removed by using TiO, as a photocatalyst, due to its improved photocatalytic
activity and stability. But the photocatalytic adsorption is enhanced under the radia-
tions of UV light. The efficiency of cotton wastes for photodegradation of dyes can be
enhanced by adsorption pathway due to its cost-effectiveness and high removal effi-
ciency in low time of activity. The adsorption capacity of processed cotton waste
such as polyacrylethyl trimethyl ammonium chloride cotton has been reported for its
use to remove reactive scarlet 3BS dyes. An increase in concentration of processed
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cotton and temperature of the reaction was found to enhance its activity as adsor-
bent, which highlighted its efficiency in bioremediation of dyes [22, 59].

The maximum adsorption capacity can be obtained by Langmuir isotherm
model by processed cotton, which showed its higher activity than other activated
carbon materials and unmodified cotton. The significance of the effect of chemi-
sorption and low uptake of BR2 dye and BR3 dye as substrates may occur due to
unavailability of active sites and pores on the catalyst particles of processed cotton.
The maximum sorption capacity can also be accomplished by polypyrole-coated
cotton fabrics to efficiently uptake methylene blue dye. The efficiency of cotton
wastes can be improved by processing the waste for removal of dyes from aqueous
solution, as shown in Table 3.2.

Table 3.2: Photodegradation of certain dyes in textile industry (adapted from [59]).

Precursors of cotton wastes Activity

Pure cotton waste Photodegradation of methylene blue dye

Impure cotton waste fabrics Photodegradation of alizarin dye from aqueous solution
Processed cotton waste Photodegradation of methylene blue and azo dyes

Cotton fiber Methylene blue dye and rhodamine B 6 G dye removal

Waste of cotton seeds Basic red 2, basic violet 3 dye removal

CNC from cotton seeds Methylene blue dye removal from solution under light irradiation
Cotton hull wastes Reactive blue dyes and red hues removal under visible light

3.4 Conclusion

The biodegradation of reactive and synthetic dyes by using photocatalysts is one of the
most sustainable techniques in bioremediation. Here, in this chapter, we described
some biomaterials and their derivatives supported on metals and metal oxides, by in-
corporating biopolymers to degrade and remove dyes. Certain biopolymers, including
chitosan, gallic acid and cellulose afford a strong backbone to incorporate metal, metal
oxides, metal sulfides, biopolymer, biohybrids and bionanocomposites due to their
unique functional groups to facilitate the degradation of organic pollutants. In previous
paragraphs, we explained the frequent use of novel and recently synthesized bio-
materials and their composites for degradation of dyes, as compared to their pure
counterparts. Additionally, the enhanced photocatalytic activity and reusability en-
dorse their commercial use as photocatalyst. As a future prospect, commercial use of
photocatalysts will not only aid in easy removal of dye effluents from textile industry
at a large scale, but also facilitate the easy cleaning of harmful organic pollutants that
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are usually present in aquatics and water bodies. In this way, the threats to water bod-
ies can be eliminated, while ensuring a promise to a safer future.
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4 Metals removal from wastewater via
biomaterials

Abstract: Potable and safe water is required for all living organisms to thrive. Ac-
cess to water has been ranked at the top among the requisites to define standard of
life. There is a continuous decline in water quality due to anthropogenic and indus-
trial activities, and poor water quality severely affects water resources, causing dis-
asters. Globally, many initiatives have been taken to clean water. Researchers are
now focusing on wastewater bioremediation protocols to decontaminate water from
organic and inorganic pollutants. Water fortification requires the use of natural ma-
terials instead of non-biodegradable chemicals. Bioderived materials can be used to
detoxify the high reactivity of metals in wastewater, considering selectivity and en-
vironmental benignity, over conventional technologies. Biomass-derived biomateri-
als are now used as alternatives for biosorption of heavy metals from wastewater as
an innovative technology. The biotechnological exploitation of biomaterials de-
pends upon the reusability of biosorption materials. This chapter specifically aims
to provide information about the cheaper biomaterials that occur as natural adsorb-
ents and biosorbents, to clean up heavy metals from wastewater. The metal binding
properties and mechanisms of biosorbents are also discussed to elaborate the use
of biomaterials for bioremediation and environment cleaning, along with their fu-
ture prospects.

Keywords: Biomaterials, wastewater, bioremediation, metals removal, biosorption

4.1 Introduction

In recent decades, one of the most pressing environmental concerns is the availabil-
ity of potable and safe water to living organisms, as water pollution is one of the
important worldwide issues. The presence of inorganic contaminants in water, in-
cluding heavy metals, is due to human or geological activities. It presents a serious
threat to all living organisms of aquatic and terrestrial ecosystems [1, 2]. Annually,
many tons of inorganic pollutants are discharged from industries into aquatic eco-
systems, which change the physicochemical properties of natural water, making it
harmful for use. For example, the presence of inorganic pollutants may decrease
the penetration and absorption of sunlight, which halts photosynthesis in contami-
nated aquatic ecosystems [3-6].
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Therefore, it is high time to search and explore some efficient materials and
technologies to degrade these contaminants from wastewater. Up to now, different
treatment technologies have been reported for environmental cleaning, by either re-
moving or degrading inorganic and toxic contaminants, specifically metals and
metal ions. These strategies include advanced oxidation processes (AOPs), biologi-
cal/electrochemical oxidation, photodegradation, photocatalysis, biodegradation
and chlorination [7-9]. Certain traditional strategies are also in common use to de-
contaminate water, such as membrane filtration, coagulation/flocculation and puri-
fication, etc.

These strategies are not sufficient to clean up water completely due to certain
drawbacks such as being laborious, cost-ineffectiveness, take a lot of time, and gen-
erate hazardous byproducts and undesired reaction intermediates, preventing their
use on a large scale [10-13]. Moreover, some chemicals and reaction intermediates
that are synthesized during the reaction are resistant to biodegradation and photo-
catalysis. Up to now, the use of natural materials for bioremediation of wastewater
to degrade metals by using microorganisms such as algae and bacteria is somewhat
typical [14-17]. These limitations can be overcome by using different water remedia-
tion techniques that would be more suitable than conventional strategies, such as
how adsorption is now considered as one of the most appealing strategies.

Biomaterials can be used as natural biosorbents due to their easy-handling,
time saving ability and environment effective methods for degrading inorganic
pollutants. Recently, various materials have been reported as bioadsorbents, such
as biopolymeric matrices, agroindustrial wastes, biomass, chitosan, cellulose, cot-
ton wastes, inorganic matrices and hybrid nanoporous solids (MOFs) to degrade
metals in wastewater [18-21]. This chapter aims to provide a brief description on
the current research activities in the field of biomaterials by evaluating whether
biosorption can eventually be used as an efficient alternate approach over other
conventional approaches in this field. We discuss that biomaterials are effective
in removing metals by biological treatment, as metals tend to accumulate in bio-
logical environments. This perspective highlights the most important develop-
ments in wastewater treatment technologies. We offer a short note on the future
challenges for in-depth study. Additionally, current challenges in bioremediation
approaches by biomaterials are presented.

4.2 Metals removal from wastewater

Metals can be removed from wastewater by using biomaterials; it is an innovative
approach for environment cleaning. Overall, bioremediation has emerged as one of
the most sustainable approaches for biological cleaning of the environment from
various pollutants. In this regard, biomaterials catalyze the removal/degradation of
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pollutants by using biological systems. Biomaterials are therefore important as they
can be used to clean water streams, acting as low-cost biosorbents. Different cost-
effective and biodegradable biomaterials, such as seaweeds, yeasts, bacteria, molds
and agricultural products, can be used to remove metal ions from wastewater. How-
ever, it is necessary to find biomaterials for industrial and large scale applications
for water treatment purposes [8, 10, 22].

During water treatment, particulate suspensions can be removed by flocculants
and coagulants —neutralize the charged suspensions by coagulation or aggregate
the suspension by flocculation. Recently, nanomaterials-based biomaterials have
been the subject of study for their efficient application as coagulants and floccu-
lants. Municipal wastewater can be cleaned using anionized nanomaterials. The
functionalized biomaterials exhibited efficiency in coagulation and flocculation
water treatment [4, 23, 24].

Many agricultural products, which otherwise are of no use, can be used as
highly valued biomaterials for cleaning water — bioremediation of metallic contami-
nants — as shown in Table 4.1. Adsorption isotherms reveal that biomaterials show
maximum activity at a definite range of pH. Non-competitive and concentration-
dependent isotherms can be studied to model and predict the concentration of met-
als and biomaterials. Furthermore, the capacity of biosorption of certain plants has
been studied to remove As, Cr, Cu, Zn, Ni, Fe, Hg, Mn and Pb from wastewater. Pb
metal ions (with concentration of up to 2 g), along with Zn and Cu, can be removed
by using plants as biomass. Phosphate-treated rice husk, at different concentra-
tions, can be used as biosorbents to remove Cr and Zn. Bacillus spp. have been re-
ported for their high metal removal efficiency — removing Pb, Cu, Co and Zn from
wastewater by biosorption. Micrococcus spp. are also very efficient in removing
metals from wastewater. Mucor spp. are fungi remarkable for its metal removal effi-
ciency from wastewater by biosorption. Amanita spp. can also treat water by bio-
sorption, offering different adsorption efficiencies at different concentrations with
[14, 15, 22, 25, 26].

Bacteria can be used to remove metals — Ecklonia spp. has been reported to re-
move Cr metal ions at low pH. Jack fruit extracts can be treated with acid to improve
their bioadsorption as a biomass. Complete removal of some metals has been re-
ported by treating them with 0.001 M HCI. By using apricot seeds, biosorption can
be achieved at acidic pH. These biomaterials can be reused with retained activity by
successive adsorption-desorption cycles. M. oleifera seeds have also been reported
to remove metals from wastewater. Rice husk can be used to remove Zn, As and Hg,
with different adsorption capacities at different concentrations. Date pits can be
used to remove Cu and Cd from wastewater [24, 39]. Pine sawdust has been reported
for its efficient Zn removal efficiency. Coir pith has also been reported to remove
hexavalent Cr from water by biosorption. Sugarcane bagasse is an agro-based by-
product; it has been reported to remove metals from wastewater by reducing the
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Table 4.1: Biomaterials reported for biosorption of metals from wastewater.

Biomaterial Nature Metals removed Capacity of metals Reference
by biomaterial removal (mg/g)
Cystoseira indica Algae Ur(v1) 318 [27]
Anabaena sphaerica Algae cd(n 111 [28]
Maugeotia genuflexa Algae As(llI) 53 [27]
Cladophora hutchinsiae Algae Se(lv) 74 [28]
Trametes versicolor Fungi Cu(in 140 [29]
Mucor rouxii Fungi Zn(Il) 53 [30]
Gliomastix murorum Fungi Cu(ll) 9 [29]
Trametes versicolor Fungi Pb(Il) 280 [31]
Corynebacterium Bacteria Ni(l1) 111 [27]
glutamicum
Spirulina platensis Bacteria Hg(Il) 428 [27]
Geobacillus toebii Bacteria Cu(In 41 [32]
Banana peel Plant Pd(ll), Cd(1) 2,5 [33]
Lemon peel Plant Ni(ll), Cu(l), 22,50 [34]
cdqn
Orange peel Plant Pb(ll), Cd(ID, 476,293,118 [35]
Zn(ll), Cr, Cu
Almond green hull Agro-by-product  Co(ll) 45 [36]
Sugarcane bagasse Agro-by-product  Zn(ll), Cu(ll) 45,9 [37]
Corncob Agro-by-product  Zn(ll) 49 [38]

metals [34, 37]. Figure 4.1 illustrates the living and non-living sources of biomateri-
als to remove metals from wastewater.

Bioaccumulation is an alternative to biosorption, and can be used for the re-
moval of metals from wastewater. Both biosorption and bioaccumulation are na-
ture-driven processes, which mainly depend upon pH and temperature. The only
difference between the two processes is that bioaccumulation involves living cells
while biosorption involves non-living cells. The biological cells take up metals and
other contaminants by involving active metabolic activities, which happens through
energy consumption. Biological cells survive only in a definite environment under
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defined conditions; therefore, even at low concentrations, bioaccumulation is more
efficient than biosorption. But living cells should be handled with care, and thus are
avoided. But due to its low-cost and biodegradable nature, biosorption is preferred
over bioaccumulation [23, 40-42].

Biomaterials

I—l—l

Non-living
materials

Living materials

Biosorption Bioaccumulation J

Micro-organisms

Agricultural by-
] products Plants

Bacteria

Algae \ / Fungi

Figure 4.1: An illustration of different biomaterial sources for metal removal from wastewater.

As compared to bioaccumulation, the shortcomings of biosorption are fewer, such
as smaller size of biomaterial used, nonliving form and incorporation/separation
from the system. Similarly, several factors, including active functional groups on
the surface of biomaterial, reaction conditions, pH, ionic strength, efficiency of re-
action and coexistence of ions, affect the targeted adsorption of metals from waste-
water. The pH of the solution is essentially monitored during the reaction. The
precise understanding of biosorption mechanism can be used to design specific bio-
materials for specific biosorption of metals from wastewater [31, 33, 43, 44].
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4.2.1 Nanomaterial-based adsorbents

The growing trend of nanochemistry urged researchers to develop nanomaterial-
based bioadsorbents for water treatment. Extensive research has been carried out
and reported to develop effective biomaterials for removal of metals from wastewater.
The optical, magnetic, and thermal characteristics of biological materials and their
catalytic properties can be tailored by tuning their structures and composition. Nano-
materials provide the biomateials with certain advanced properties such as enhanced
adsorption, high binding capacities, good interfacial properties and a particularly
high surface area at nanoscale, in comparison to other molecular counterparts. Addi-
tionally, the nanomaterial-based bioadsorbents can be finely and precisely tuned to
modify their structures and properties. Owing to its simple nature, adsorption is one
of the most significant approaches in water treatment. The benchmark for an efficient
adsorbent includes cost, robustness, adsorption capacity, integrity, surface area, ease
of reusability and environmental benignity [5, 23, 36, 45, 46].

Due to the limitations caused by conventional adsorbents, recent efforts are fo-
cused on developing sustainable and efficient bio-based alternatives for water treat-
ment. Researchers have reported the use of nanocellulosics as nanomaterial-based
bioadsorbents to remove metals from water. Nanocellulosics have been efficiently
used to remove cadmium(II) ions from wastewater extracted from spinifex. Spinifex
belongs to the genus Triodia, an abundant and not commonly used grass with a
wide distribution across all continents. The nitro-oxidation approach can be em-
ployed to develop nanocellulosics with low crystallinity, high surface charge and
remarkable hydrophilicity. The high efficacy of nanocellulosics was displayed by
suspension, which was substantially better than conventional adsorbents. There-
fore, spinifex has been reported to harness its potential for the bioremediation of
water [17, 33, 47-49].

Nanomaterial-based aerogels have been recently reported to remove highly
toxic and reactive mercury metal ions from polluted water due to their simple, reus-
able and environmental benign nature as bioadsorbents. This study demonstrated
the use of surface-tailored nanomaterial-based biomaterials. Nanocellulosic aero-
gels can be obtained by the freeze drying synthesis approach. They can be extracted
from bamboo. The TEMPO functional group on the bamboo-based nanocellulosics
was oxidized into NFC in the presence of mercaptopropysiloxane. The thiol groups
are adsorbed on the nanocellulosics surface, while the metal ions can be efficiently
removed. Nanocellulosics thereby demonstrate the highly efficient nanomaterials
in the field of biosorption [16, 30, 31, 41].
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4.2.2 Biosorption to remove metals

Heavy metals can be removed by different biomaterials; it takes place by biosorp-
tion. Biosorption, by using biomaterials, involves metabolism-independent passive
transport of a solid phase (sorbent) in a solvent (liquid phase) and helps to dissolve
the sorbed species. Biomaterials are good sorbents and possess a high affinity for
metals and metal ions [39, 44]. The interactions between metal ions and biomateri-
als involve adsorption, complexation and chemisorption on the surface of the sorb-
ents, through ion exchange. Agricultural residues can be used to remove toxic
metals from wastewater by adsorption, complexation and ion exchange through a
facile, economic, conventional, efficient and potential technique [47, 50].

The proposed mechanism for biosorption involves the sorption of cationic
metal species through ion exchange between the protons of metals and the counter
ions in the biomass. The cationic ion exchange takes place between the acidic and
basic functional groups, and the metal ions. The biomass is active and takes up cat-
ions from the metal ions in wastewater. Complexation is another mechanism of bio-
sorption, followed by some vegetal biomaterials, such as lignin and cellulose. They
possess specific functional groups, including alcoholic, ketonic and carboxylic
groups, which participate in the complexation with metal ions [51, 52].

Owing to water treatment, protein can be used as biomaterials for the biosorp-
tion of metal ions from wastewater. Most preferably, keratin has been reported to
be used as a bioadsorbent due to its biodegradable and biocompatible nature. Re-
searchers have reported the use of a modified keratin for its potential application of
water decontamination, as a renewable source. Most of the research is based on ker-
atin extracted from chicken feathers-based biosorbents. Chicken feathers were mod-
ified in a work conducted by [45] to analyze its biosorption properties. The modified
keratin removed Pb(II) at different concentrations, different pH levels and at differ-
ent temperatures. Landin-Sandoval et al. [43] reported the biosorption of Zn(Il) by
using keratin as a biosorbent. Under acidic pH, the uptake of Zn was found to be
maximum at 30 °C. Other sources of keratin protein to remove Cd, Ni, Cr, Zn, Ar,
Ag, Pb and Cu from wastewater could be egg shell, wool and horn hoof [47, 48].

In acidic pH, the binding efficiency of a biomass and a heavy metal can be cal-
culated by the degree of dissociation of the functional groups. It can be investigated
to analyze the dissociation of metal ions during biosorption. The dissociation of
some earth and alkaline earth metals has been studied to determine the ion ex-
change between metals and the biomass. The functional groups on biomaterials
may involve the sorption of metal ions, and it can be characterized by using certain
techniques. Many characterization technologies have been employed to determine
the characteristic mechanism of biosorption by studying various factors and compo-
nents [23, 25]. The oxidation state of metals, which preferably bind to biomaterials
and the functional groups involved in the biosorption process, can be studied by
Fourier-transformed infrared spectroscopy (FTIR).
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Other useful techniques may include UV-Vis spectroscopy, atomic adsorption
spectroscopy, scanning electron microscopy, transmission electron microscopy, X-
ray diffraction analysis and X-ray photoelectron spectroscopy, as shown in Table 4.2.
UV- Vis spectroscopy is very important as it is used to detect the oxidation state of
metals and the information about the oxidation state of metals provides direct infor-
mation about its energy to absorb the exciton and the dissociation energy [46, 53].
The SEM and the images captured with a TEM can reveal morphological data of the
adsorbent, before and after biosorption. The atomic energy levels during biosorption
can also be probed by using the photoelectron spectroscopy. The nature of metal
ions and the difference in their morphology after biosorption can also be understood
by XRD analysis. The XPS further confirms the oxidation states of the bound metal
ions. In the most recent reported studies, the ion exchange process during biosorp-
tion between the metal ions and the biomaterials was confirmed by using the scan-
ning electron microscopy—energy dispersive X-ray analysis (SEM—EDX) [24, 26, 40].

Table 4.2: Common characterization techniques for the biosorption of metal ions.

Analysis Techniques Applications
Spectroscopic X-ray diffractometry (XRD) Nature and behavior of metal ions
analysis
4 Energy dispersive x-ray lon exchange between metal ions and
spectroscopy (EDX) biomaterials

Atomic absorption spectroscopy  Determination of concentrations of metal
(AAS) ions in wastewater

X-ray photoelectron spectroscopy Oxidation state of heavy and light metal

(XPS) atoms
UV-Visible spectroscopy Absorption properties
Fourier transform infrared Oxidation state and functional groups
spectroscopy (FTIR) determinations
Photoelectron spectroscopy Atomic molecular energy levels
Microscopic Scanning electron microscopy Structural features
analysis (SEM)

Transmission electron
microscopy (TEM)

Atomic force microscopy (AFM)

Other analysis Dynamic light scattering (DLS) Surface charges
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4.2.3 Bioremediation to remove metals

The conventional approaches used to remove metal ions from wastewater are cost-
ineffective and environment non-friendly. To avoid the environmental problems
caused by wastewater disposal, biosorption can be used to remove the accumulated
toxic metal ions by using biomass. The bioremediation technology explores bioma-
terials to form complexes with accumulated metal ions by using the available li-
gands and functional groups on the surface of biomaterials. Specifically, cell walls
of microorganisms, algae, fungi and plants are responsible for the biodegradation
of metal ions. This phenomenon can be commonly employed due to its cost effec-
tive nature to purify wastewater [50, 51]. The bioremediation technology is so pow-
erful that drinking water quality can also be obtained from wastewater. The major
advantages of biosorption through the use of biomaterials, over conventional ap-
proaches, may include: cost-effectiveness, high efficiency, minimal use of chemi-
cals, reusability of biosorbents and metal atoms recovery [22].

Heavy metals and metal ions are toxic even at low concentrations when they
exceed a certain threshold; they persist as water pollutants. Through activated car-
bon, the metals are precipitated on the surface through metal ion sequestration,
while it is quite an expensive strategy to remove metal ions. A recent approach is
the use of cotton waste to remove metals from wastewater in a cheaper way. The
cotton waste acts as precursors in the adsorbent media. The sorption capacity of
cotton waste to remove/degrade metal ions from wastewater is comparatively better
than other conventional methods. Pb, Cr and Cd ions were easily removed by using
waste cotton yarn [48, 52]. Waste cotton yarn has been reported to remove Pb, Cd,
Cr and As metal ions from the wastewater of textile industries. Waste cotton fibers
are also reported to remove inorganic pollutants including metals from aqueous so-
lution at a high efficiency. Cotton hull has been reported to remove Cr(VI) from
aqueous solutions and Pb(II) from gold mining liquid effluents, at high concentra-
tions [52].

4.2.4 Emerging wastewater treatment methods

Advanced oxidation processes (AOPs) for wastewater purification have recently
been reported as an emerging wastewater treatment technology. AOPs generate
radicals and involve in-situ chemical oxidation reactions. Owing to the high oxi-
dation nature, the generated radicals can mineralize the contaminants very effec-
tively. Through AOPs, different non-biodegradable and highly stable aquatic
contaminants can be removed very efficiently. Their mineralization, either de-
creases or completely removes the pollutants from wastewater. The chances of
secondary pollution are also minimized due to the use of bio-inspired materials
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for the biodegradation of metal ions as no toxic reaction intermediates are gener-
ated [2, 7, 11, 49, 54, 55].

Photocatalysis is another promising method and has been recently emerging as
one of the most sustainable methods for the decontamination of wastewater. It in-
volves the use of renewable energy resources; semiconductors act as photocatalysts
in this regard by acting as a preferable technology to remove the organic and inor-
ganic pollutants from aquatic systems by using solar light and suitable photocata-
lysts. Hydroxide and superoxide radicals are generated on illumination through a
photocatalyst in the suspension of aquatic pollutants, and play a vital role in the
biodegradation of environmental pollution and aids in the sustainability of the en-
vironment. Owing to the efficiency of the emerging photocatalytic technology for
wastewater treatment, researchers are much more focused to study the properties
and factors affecting their remarkable activity. The role of semiconductors and met-
als as photocatalysts can be determined and illustrated by studying their properties.
The support materials also aid the interactions between pollutants and help in the
facile and subsequent transport of free radicals for the degradation of metals in
wastewater [14, 25, 56].

An appropriate and ideal support can be provided by using biomaterials to en-
hance the strong connections between the photocatalysts, and to provide a large sur-
face area, better adsorption and enhanced stability. Owing to the physio-chemical
properties, biopolymers used as biomaterials can efficiently trap the photogenerated
electrons for enhanced biodegradation. However, the decreased solubility, thermal
stability, surface area and weak mechanical strength have restricted researchers from
using these in industrial wastewater treatment. Correspondingly, to attain suitable
photocatalysis, a considerable attention is focused on organic biopolymers, including
chitin, chitosan, starch, hydroxyapatite, keratin and other biomolecules, as they are
biodegradable and easily available. Furthermore, the porosity and abundance of the
polar functional groups help in the enhanced interaction between metals and biopol-
ymers [2, 46, 47].

4.2.5 Biosorption by microbial biomass

The microbial biomass binds the selective contaminants in wastewater by biosorp-
tion. Bioaccumulation is, conversely, based on the complex phenomenon of active
metabolic processes. The biosorption of dead biomass is based on the strength of
interaction between the biosorbent and the contaminants. The biomass can be
used to remove metal ions, either directly or by subjecting it to modification. But
to achieve better results, the biomass is subjected to chemical modification. The
dead biomass is immobilized to improve the mechanical strength, enhance the
separation of metals and ease the process of biosorption. The toxic and heavy met-
als can be removed by using biomass such as algae as biosorbents, with high
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selectivity and mechanical properties. The constituents of algal cell wall, such as
brown algae, alginate and fucoidan, have been reported to chelate heavy metals.
Some algal strains, including Chlorella spp., Spirulina spp., and Cladophora spp.,
have been reported to exhibit significant removal efficiency in an aqueous solu-
tion [25, 26, 29, 31].

Fungal strains as biomass have been reported to remove metals. Their ease of
availability from fermentation industries has increased their use as biosorbents.
Their cell wall constitutes chitin, mannin and proteins, which are made up of car-
boxyl, hydroxyl, phosphate, thiol, amide and imidazole functional groups. Their
dead biomass possesses biosorption capacity to remove pollutants. Certain fungal
species, including Aspergillus niger, Schizophyllum commune, Rhizopus arrhizus and
Mucor spp. have been reported in the removal of metals from wastewater. Crucial
environmental conditions such as pH, modification strategies, nature of fungi and
concentration greatly affect the biosorption of metals. Similarly, the cell walls of
bacterial species interact with the contaminants in wastewater, such as metal ions
[30, 31, 41].

4.2.6 Low-cost biomaterials as bioadsorbents

Conventional approaches using conventional adsorbents, such as activated carbon,
sludge, soya cake, rubber tires, fly ash and rice husk-based substrates have been
reported to remove metal ions from wastewater. Owing to their drawbacks, re-
searchers have reported different biomaterials as bioadsorbents for metal ions.
Crushed palm fibers and coconut husk can be used as biomaterials to remove chro-
mium(VI) from wastewater. These biomaterials were highly active to biodegrade the
metal ions due to their unique elemental composition, such as cellulose, hemicellu-
loses and lignin. Neem leaf powder can also be used as bioadsorbent to remove
metal ions from wastewater due to the presence of active bio-components and
amino acids with polar functional groups such as -NH2, —-COOH and —OH. These
bio-components, along with functional groups, affect the surface properties of
neem powder and aid in creating the negative surface charge by increasing the
electronegativity [24-26]. Nanoparticles can be prepared from neem powder to en-
hance the surface chemistry, along with providing more surface area, and thereby
increasing the number of exposed active sites. Cellulose and their derivatives have
been explored for biosorption to remove metal ions, with remarkable adsorptive ca-
pacity. Though the efficacy of cellulose for heavy metal removal has been reported
so far, further modifications can be done to improve the ion exchange between cel-
lulose and metals as the adsorption capacity is reduced after each cycle of removal
[14, 15, 22, 25, 29].

The reaction proceeds at a faster rate initially due to the high concentration of
metals. The percent removal increases by increasing the concentration of metals.
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Evidently, this behavior can be directly attributed only due to the fixed and avail-
able binding sites. The biosorption increases by increasing the pH of the reaction
system. At acidic pH, the metals ions compete for binding sites on the biomaterial.
But at alkaline pH, the biosorption decreases as the efficiency of the metal ions
binding to the binding sites of biomaterials decreases. The electrostatic interaction
between the biomaterials and metal ions is the principal factor to affect the rate of
binding between them. The better interaction leads to a higher adsorption of metal
ions [12, 13, 53, 55].

Neem powder has showed better efficiency of metals removal due to the pres-
ence of high electronegative bio-components. Recently, some novel biomaterials
have been reported for metals removal from wastewater by following strategies for
both direct and indirect elimination. Direct reduction is a method that involves elec-
tron donor groups of biomaterials, and metal atoms are directly reduced. By follow-
ing the mechanism, Cr(VI) can be reduced to Cr(IIl) by the functional groups of
biomaterials with a lower reduction potential. The indirect reduction mechanism in-
volves the binding of the anionic metal ions to cationic functional groups of bioma-
terials. The metal ions are thereby reduced due to the adjacent electron donor
functional groups and the reduced metal ions are released into the aqueous envi-
ronment. Sometimes, electronic repulsion is caused due to the cationic functional
groups of biomaterials and cationic metals. The reduced metals thereby lead to
form complexes through complexation. If the biomaterials have low electron donor
functional groups, the metal ions bound to the biomaterials may remain intact and
do not reduce. Metals can be removed at a faster rate by increasing the concentra-
tion of the biomaterial [8, 38, 51].

As mentioned earlier, the decrease in the pH of the aquatic solution increases
the removal rate of metals as the protons (H") participate in the anionic metal ad-
sorption and metal reduction reactions. Temperature also affects the removal rate.
Usually, the removal rate increases as the temperature increases due to the endo-
thermic redox reactions. However, the acid decreases the active uptake of metal
ions due to preferential adsorption of protons, in comparison to metal ions. For ex-
ample, calcium alginate beads can adsorb metal ions in wastewater in the absence
of a biomass. But the rate of metals uptake is increased threefold to fourfold in the
presence of biomaterials. It strongly adsorbs metal ions due to the polysilicate
layers present on such type of an alginate [27, 28, 46].

Bacteria can also be used as biomaterials to remove metals from wastewater. Dif-
ferent bacteria have been studied and they have recently characterized for their effi-
ciency to remove metal ions. Some examples of such bacteria are E. coli, P. putida,
P. denitrificans and B. subtilis. The ubiquitous methane-oxidizing bacteria can be po-
tentially used for the biodegradation of organic and inorganic contaminants in water.
Methylococcus capsulatus has been reported to remove chromium metal ions in vary-
ing concentrations. The results suggest that the rate of reduction of metals depends
on the availability of the reducing components of the substrate (methane) and the
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active cellular metabolism. The substrate methane is involved in reduction by provid-
ing electron donor groups for reduction. Furthermore, the genome sequencing of
M. capsulatus shows that five genes were involved in the reductase activity against
metal ions. E. coli has also been reported to reduce metal ions by using NADH (reduc-
tant), which reduces metal ions and NADH into NAD-metal complexes [33, 47, 48].

4.3 Conclusion

Metal contamination in wastewater has become one of the most significant envi-
ronmental concerns around the globe. The supply of potable and safe water has
become a major challenge. Different conventional technologies, such as precipita-
tion, coagulation/flocculation, ion exchange, complexation and membrane filtra-
tion, have been developed for hazardous, reactive, soft and heavy metals removal.
Biosorption is an efficient and cost-effective method to remove metals even at low
concentrations. Owing to the successful use of biosorption, an effective biomass
with significant biosorption selectivity should be chosen. Biomaterials act as an
alternative to the expensive adsorbents for the degradation/removal of metal ion
complexes from wastewater. But the standard choice with selectivity and stan-
dardization to extract the metal ions needs further research. Future studies are re-
quired to fabricate biomaterials for wastewater treatment at a large scale.
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5 Bionanomaterials and their impact on
organic pollutants via photodegradation

Abstract: Due to rapid industrialization, organic contaminants are becoming a sig-
nificant concern with special consideration on hazardous and refractory contami-
nants that need to be addressed effectively. Biomaterials and nanomaterials can be
coupled to develop bionanomaterials for synergistic effect of biosorption and pho-
tocatalysis. The coupled bionanomaterials can be effectively used to remove or-
ganic pollutants by providing multiple and selective functional groups for efficient
absorption on the nanoscale surface of biomaterials. Also, bionanomaterials help in
dispersion and recovery of nanomaterials by modifying their band structure. In this
chapter, the green route approach is discussed for the synthesis of eco-friendly and
cost-effective bionanomaterials. The fabrication of biomaterials/nanomaterials is
also discussed. The application of fabricated bionanomaterials to remove organic
pollutants via photodegradation is also addressed. Although bionanomaterials are
efficient to remove pollutants, there are still a few bottlenecks for their limited effi-
ciency. Therefore, we also present an up-to-date research progress on bionanomate-
rials to improve their pollutant removal efficiency.

Keywords: Bionanomaterial, biomaterial, pollutants, biodegradation, photocatalysis

5.1 Introduction

Over several decades, the environmental pollution has become a serious concern
due to industrialization across the globe. Different pollutants such as metals, or-
ganic pollutants and pathogens from industrial wastes are released into to either
terrestrial or aquatic environment. These pollutants are nonbiodegradable and are
a constant threat to living organisms and their environment even in trace amounts
[1-3]. The organic pollutants are removed from wastes of several industries such as
fertilizers, pharmaceuticals, dyes, mining and pesticides. They prefer to concentrate
in the food chain and are poisonous and nonbiodegradable, may be carcinogenic
thus imposing terrific health risks. These organic pollutants are commonly charac-
terized by their wide dispersion in aquatic and terrestrial ecosystems due to their
easy bioaccumulation. They can cause chronic toxicity, cancer, endocrine disrup-
tion and drug resistance. Owing to their tremendous health concerns, it is necessary
to develop some effective strategies for complete and effective removal of organic
pollutants from the environment [4-6].

https://doi.org/10.1515/9783110768749-005
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Various conventional materials such as adsorbents are in use to remove pollu-
tants from environment. Mostly, the activated carbon is used; however, its cost-
ineffectiveness has urged researchers to find alternatives of same activity. Biomaterials
have emerged as an alternative to conventional adsorbents with their environment
benignity and cost-effective properties. Some biomaterials are used as photocata-
lysts to trigger redox reaction in organic pollutants as shown in Figure 5.1 [7-10].
The process of photocatalysis utilizes solar light energy and generates charge car-
riers of high energy for induction of redox reactions. In this regard, the fabrication
of biomaterials and nanomaterials can be an effective and promising strategy due to
their combined and synergistic activities such as nontoxicity, high durability, en-
hanced activity, low cost and improved stability. Various semiconductors have been
fabricated with biomaterials at nanoscale to utilize them for cleaning of environ-
ment. The photodegradation property of bionanomaterials has been successfully em-
ployed to remove various pollutants. The organic pollutants are reduced due to the
high energetic electrons generated by photons of solar light and can be either re-
moved or recovered [11-14].

Remediation of
organic pollutants

Oxidation by Advanced Adsorption/Biosorption Photodegradation via
oxidation processes (Biomaterials based bionanomaterials, bio-
(AOPS) biosorbents) inspired materials and

nanoparticles

Figure 5.1: Commonly used strategies for the remediation of organic pollutants.

The photon-mediated degradation of pollutants by bionanomaterials has been used
as a promising strategy to turn waste into treasure, and the recovered material can
be further used in various fields. For example, degradation of organic contaminants
into simpler inorganic compounds is possible due to oxidation of parent molecules
by reactive oxygen species. Also, the treatment of contaminants by bare and pure
biomaterials is not sufficient; therefore, it is necessary to fabricate bionanomateri-
als for light-driven redox reactions on their surfaces for enhanced photodegradation
[15-18].

Another aspect is that green chemistry approaches can be used for the synthesis
of bionanomaterials which helps their dispersion and recovery from the reaction
system after bioremediation in a portable platform. Only the appropriately and well-
designed bionanomaterial is so efficient to retain organic pollutants to its surface
and increase the efficiency of a photocatalyst. So, the proper immobilization of



5 Bionanomaterials and their impact on organic pollutants via photodegradation =— 81

bionanomaterials by using living or nonliving biomaterials will not only enhance the
efficiency of bionanomaterials to remove pollutants but also increase their photo-
degradation. Thus, by developing and modifying biomaterial/nanomaterial com-
posites as photocatalysts can be selectively and efficiently used to remove trace
organic pollutants, thereby converting and obtaining the organic-inorganic com-
posites to exhibit enhanced photodegradation of pollutants [19-21]. This chapter
aims to summarize the impact of bionanomaterials on photodegradation of or-
ganic pollutants. Furthermore, the recent advances in the fabrication of bionano-
materials as photocatalysts and their applications in environment cleaning are
also provided. The subsequent sections of the chapter also brief an insight to im-
prove the fabrication and development of bionanomaterials by green chemistry
approach for photodegradation.

5.2 Bionanomaterials for photodegradation
of organic pollutants

Different nanomaterials, graphene oxides, carbon nanotubes, covalent organic
frameworks and MXenes can be used to degrade pollutants from the environment
with excellent properties such as high biosorption, selectivity and stability as
shown in Table 5.1. Owing to the biocompatibility and complementarity, any bioma-
terial should be able to recognize the organic pollutant molecules effectively. Only
the biomimetic materials can recognize pollutants selectively to adsorb them on
their surfaces. For example, the TiO, loaded on eggshell has been reported to re-
move pollutants with very high efficiency due to the synergy between egg shell (bi-
omaterials) and TiO, photocatalyst [22, 23]. Other biomaterials such as fish scales
can also be used as biosorbents owing to their binding capacity. The fish scales are
rich in collagen protein with alluring functional groups, including phosphate, car-
boxyl, thiol, amine and amide for biosorption of pollutants. Various carbon sources
have also been reported for their enhanced activity in photodegradation of pollu-
tants [24, 25].

The photodegradation of persistent and synthetic organic pollutants under the
radiations of visible light is one of the most promising ways to remove pollutants at
even trace concentrations efficiently. TiO, and ZnO coupled with different biomate-
rials have been extensively reported by researchers for photodegradation of organic
pollutants. MXene is an efficient photocatalyst with facilitated separation, genera-
tion and recombination of electron-hole pairs. The modified Ti;C,~MXene/Bi,Fe,
nanocomposites have been synthesized to degrade Congo red and acetophenone in
solar light. The Congo red was degraded within 42 min and acetophenone within
150 min. Owing to the metal-free, low-cost and ubiquitous nature of C3N, has been
significantly used for photodegradation of various organic and inorganic pollutants
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Table 5.1: Summary of different nanomaterials used for removal of pollutants.

Nanomaterials

Merits

Demerits

Graphene oxides

Improved biosorption, surface
functionalization, functional groups
and large surface area

Difficulty in separation from reaction
system, poor selectivity and cannot be
used on a large scale

Carbon
nanotubes

Large surface area, highly stable, low
pH working ability and easy synthesis

Relatively high cost, low selectivity,
low biosorption ability and cannot be
used on large-scale synthesis

Metal organic

Large-scale synthesis, functional

High cost and low hydrophilicity

frameworks group, large specific surface area and

high porosity

Covalent organic  Easy biosorption, highly thermally and Costly synthesis, difficult separation

frameworks chemically stable, functional groups and control of structure
and surface functionalization
MXenes Accessible and excessive biosorption  High cost and poor selectivity

sites, and controlled layered structure

Bionanomaterials Photodegradation of organic
pollutants even at low concentration,
highly selective, highly stable, cost-

effective and environment benignity

Low efficiency after continuous use

as an efficient photocatalyst. The AlVO,/g-C5N, nanohybrids can be used for photo-
degradation of methylene blue from wastewater due to the significant generation of
electron-hole pair in response to visible and ultraviolet light. Additionally, the role
of Ti0,/g-C3N, has also been reported for the photodegradation of acetaminophen
under visible light irradiation. The as-obtained nanocomposites exhibit stronger
and selective oxidation of pollutants, thereby degrading and removing pollutants
from the environment [26, 27].

The Ag nanoparticles decorated on phosphorus-doped CsN, surface have been
reported for photodegradation of sulfamethoxazole with high stability and durability
for at least six cycles without any loss in photocatalytic activity. These nanocompo-
sites have also been used for removal of dyes with ~98% efficiency and up to 33%
efficiency for removal of metals. The photodegradation of pollutants can be ascer-
tained by radical scavengers by contributing active species in the reaction system.
Hence, the heteroatom doping can improve the absorption of light, enhance the sepa-
ration of electron-hole pairs, introduce multiple electron-reactive centers to trap the
substrates and increase the transfer of charges [28-30].

Therefore, the recycling and maintaining the stability of as-synthesized photocata-
lyst can be used as a strategy to improve their applications in the photodegradation of
organic pollutants. The photodegradation of pollutants is appropriate for the treatment
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of wastewater at trace concentrations. At high concentrations, the organic pollutants
may need longer duration for their complete removal and degradation [10, 31, 32].

5.2.1 Biochar-based bionanomaterials

Biochar-based bionanomaterials act as a surrogate for conventional materials. Under
pyrolysis and carbonization, the dead biomass or carbon-rich biomaterial such as
wood, agro-by-products, sugarcane bagasse and livestock manure can be converted
into biochar. The biochar can be used as a precursor to improve the adsorptive proper-
ties [33]. The availability of excessive functional groups on the surface make them ad-
vantageous over conventional activated substances as these groups exhibit alluring
catalytic properties and serve as a platform for biosynthesis of biochar-based bionano-
materials. The structural and chemical properties define the extent of interaction be-
tween the biochar and pollutants. Different mechanisms can be followed by biochars
for removal of pollutants such as pore-filling, diffusion, partitioning, surface hydropho-
bic and hydrophilic interactions, aromatic interactions, cationic interactions, electro-
static interactions and hydrogen bonding [31]. The uptake of organic pollutants by
biochars is not only the function of surface but also the bulk properties of carbonized
and non-carbonized fractions. The photocatalytic oxidation of pollutants can be en-
hanced by developing surface-modified biochars using corn cob as a precursor via
sol-gel method. Surprisingly, the as-obtained biochar exhibited higher removal effi-
ciency due to hydrophobic interaction between the biochars and pollutants than other
pure counterparts. The photocatalytic oxidation of organic pollutants by using biochars
depends upon the loading and irradiation time with negligible toxicity which confirms
the stability of biochar-based bionanomaterials and their eco-friendly heterogeneous
photocatalysis [32, 34, 35].

5.2.2 Lignin-based bionanomaterials

The lignin can be employed as a precursor and biomaterial for the synthesis of mes-
oporous nanomaterials through hydrolysis precipitation approach. Owing to the
electronegativity and unique structural skeleton, the as-obtained nanocomposites
possess a BET surface area and remarkable porosity. Due to the enhanced interac-
tions between functional groups of biomaterial and the surface functional groups of
the nanoparticles, the calcined composites afford better crystallinity and mesopo-
rous structure along with remarkable particle growth. However, the doped metal
atoms are low electronegative and therefore easily react with a nucleophile [36, 37].
The polycyclic mesh of lignin has electronegative -OH groups with stronger affinity for
cationic-doped metal ions. Other functional groups of lignin, such as phenolic, alco-
holic and carboxyl groups, can also react with biopolymers to form nanocomposites.
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The as-obtained bionanomaterials exhibit significant efficiency due to their proper
fabrication and uniform distribution of nanopores. Due to the nonporous nature of
polysaccharides, they are limited in their diffusion and surface property-related ap-
plications. To obtain mesoporous polysaccharides, certain presynthesis and postsyn-
thesis modifications such as preheating can be done prior to the formation of gel.
The surface tension can be lowered by exchanging water with ethanol. The postsyn-
thetic modification such as carbonization of obtained material for the synthesis of
final mesoporous carbons can be done. The controlled carbonized polysaccharides
show unique chemical and structural properties which depend upon their degree of
carbonization. Another important property is their outstanding mesoporous nature
with remarkable porosity [29, 38-40].

5.2.3 Other bionanomaterials for photodegradation

Natural gum, as a polysaccharide, has antimicrobial properties with high binding
efficiency. Owing to its unique properties and classification, natural gum-based
nanocomposites can be effectively used to remove organic pollutants. The iron-
containing guar gum bionanomaterials have been fabricated and used for photode-
gradation reaction of organic pollutants under solar light illumination [41]. The
metal oxide nanoparticles have also been fabricated with natural gum to enhance
their efficiency, as a bionanomaterial such as Al,05; powder supported on guar gum
has been reported for 90% photodegradation of malachite green when compared to
pure Al,Os. The xanthan gum is another class of natural gum, and it has been stud-
ied for its photodegradation activity against organic pollutants. TiO,-based biona-
nocomposites have been synthesized and used for photodegradation under visible
light as shown in Table 5.2 [42, 43]. The large exposed surface area and photon-
harvesting property of xanthan gum-TiO, increased the photodegradation effi-
ciency of composites to more than 74% as compared to pure counterparts. Other
modifications such as addition of hydrogen peroxide in the reaction system en-
hanced the removal efficiency of composites to 89%. The gum arabic and karaya
gum can also be used to form natural gum nanocomposites such as TiO,/ gum ara-
bic and TiO,/karaya gum have been reported for better photodegradation of organic
pollutants under visible light irradiation due to the reduced bandgap of TiO,. Due
to their hierarchical biodegradation and biocompatible nature, these nanocompo-
sites can be used as photocatalysts and bionanomaterials to degrade and remove
organic pollutants of various nature from different ecosystems [42, 44, 45].
Collagen is a protein and can be used for biodegradation of various pollu-
tants. The modified and cationic collagen protein can be immobilized on Fe?*-
doped metal oxide nanoparticles as a novel photocatalyst. Particularly, high
weight percentile collagen can be loaded on iron-doped TiO, nanocomposites for
maximal photodegradation [55, 56]. The iron-doped TiO, cationic collagen has
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Table 5.2: Summary of bionanomaterials used for photodegradation of organic pollutants.

Bionanomaterials Organic Intensity of Photodegradation Ref.
pollutants light efficiency

TiO,/chitosan/Ag 4-Nitrophenol uv 100% [46]
TiO,/chitosan/glass Methyl orange ~ White light 87% [47]
Core-shell/chitosan/TiO, MO uv 55% [48]
Cs-Ti0,/glass MO uv White light, UV [49]
Wool fabrics—TiO, Methylene blue UV 6% [50]
TiO,/chitosan matrix Rhodamine B White light 94% [51]
Aegle marmelos SDBS uv 81% [52]
leaf-Ag—Au-TiO,

TiO,/Fe—N-cotton knit Methylene blue UV 87% [53]
Chitosan-TiO, Rhodamine B uv 94% [53]
Cellulose/titania-based films  Methylene blue  Solar light 80% [50]
Chitosan—-Mo00s-TiO, Methyl orange Solar light 70% [54]

been reported for high degradation efficiency of ~96% under visible light irradia-
tion due to —N(CHs)>* functional group, surface immobilization, iron doping and
nanoparticle surface. Owing to these properties, the nanocomposites promote the
rapid migration of anionic organic pollutants on the surface of iron-doped TiO,
nanomaterial through strong electrostatic interactions and thereby establish an
adsorption equilibrium. The adsorbed organic molecules degrade at the surface
rapidly. Additionally, the sites of active adsorption act as trap centers for induced
electrons generated by irradiated photons of light. The collagen monohybrids can
also be supported on different silver salts to prepare nanocomposites as bionano-
materials for highly efficient photodegradation of organic pollutants [57-59].

The silver acetate, silver chloride, silver phosphate and silver molybdate can be
immobilized on collagen nanohybrids through in situ synthesis. Their photodegra-
dation efficiency has been reported against methyl orange under ultraviolet and vis-
ible light illumination. The surface plasmon resonance effect of nanoparticles can
be related to the efficiency to absorb light and generation of electron—hole pairs.
The induced electrons are shifted to conduction band and react with pollutants to
form superoxide radicals. Also, the generated holes of valence band are migrated to
its surface and react with nanoparticles, thereby decomposing the organic pollu-
tants at the surface of bionanomaterials [30, 60, 61].
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5.3 Fabrication of biomaterials/nanomaterials

The biomaterials can be fabricated with nanomaterials for bioremediation of envi-
ronmental pollutants with distinctive qualities like biodegradable, biocompatible,
nontoxic and low-cost fabricated materials. These materials act as bioadsorbents
for organic pollutants in which biomaterials act as a support to disperse nanopar-
ticles. By using well-developed procedures, the multifunctional bionanomaterials
can be obtained. The biomaterials/nanomaterials are fabricated to obtain the syner-
gistic effect. The inherited multifunctional biomaterials provide support for the dis-
persion of nanoparticles, enhance the overall stability of nanoparticles and make it
reusable for multiple cycles of activity [1, 31, 40, 43]. The adsorption capacity of bio-
materials along with their photocatalytic property of nanoparticles can be inte-
grated to form bionanomaterials, which can remove various organic pollutants
even in trace amounts. Under specific environmental and reaction conditions, the
band structure can also be tailored to improve the absorption of solar light and sep-
aration of photogenerated charge carriers. Furthermore, the metals, nonmetals, het-
eroatoms and metal oxides can be doped to enhance the photodegradation activity
of bionanomaterials under radiations of visible light [23]. Along with the synergistic
effect induced by these materials, other functional groups can also be responsible
for effective absorption of molecules of pollutants by them. The ionic/molecular im-
printing of these materials enhances their selectivity toward any specific organic
pollutant. It makes easier for the biomaterial to separate and recover pollutants by
the coupled effect of magnetic Fe;0, [10, 31-33].

The synergy between biomaterials and nanomaterial specifically depends
upon the obtained material and the extent of formed interaction between them.
Up to now, various researches reported the facile synthesis of bionanomaterials
via simple mixing of nanomaterials with the biomaterials. Additionally, some
postsynthetic modifications can be done to bionanomaterials to obtain sup-
ported or free-standing nanostructures. The restricted use of nanomaterials and
controlled synthesis can be employed to obtain ordered nanofilms of photode-
gradation activity. The development of biomaterials/TiO, nanocomposites as
photocatalysts with core—shell morphology has been reported recently with
maximum exposure of active sites onto its surface to enhance the biosorption of
pollutants along with photodegradation of organic pollutants under exposure to
visible light [9, 44, 45, 61].

5.3.1 Mechanism of action
To understand the basic mechanism of photodegradation via bionanomaterials, dif-

ferent spectroscopic techniques, theoretical calculations and characterization techni-
ques can be studied. Density functional theory (DFT) is a very useful tool to provide
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data about the exposed and accessible active sites, the nature of substrates, total en-
ergy and charge density. The interaction between bionanomaterials and pollutants
can be understood by analysis of the electronic properties. The reaction intermedi-
ates, transition states, reaction conditions, oxidation states and bond distances of the
photocatalytic degradation can be stimulated by further characterization studies. The
DFT calculation of photodegradation can be used to predict the state of reaction inter-
mediates, their transition states, oxidation states and bond energies as an evidence
of the possible pathway degradation. The X-ray photoelectron spectroscopy analysis
can be done to obtain information about the chemical composition, oxidation state,
concentration and bonding relationship of targeted ions [50, 62—-64].

5.3.2 Organic polymers as nanomaterials

Organic pollutants are recalcitrant and highly persistent in the environment to cause
serious health threats. These organic pollutants released from pharmaceuticals, do-
mestic products, synthetic chemicals, pesticides and organic dyes can be remediated
in wastewater. The synthetic and organic dyes are highly carcinogenic and can be
divided into cationic and anionic dyes. Certain bionanomaterials with high surface-to
-volume ratio can be extensively used to degrade these pollutants from wastewater.
For example, silver bromide-based nanomaterials supported on hexadecyltrimethyl
ammonium bromide has showed efficient activity to remove organic dyes such as
Congo red, orange, indigo carmine, methylene blue and methyl orange in wastewater
under visible light irradiations. Photodegradation acts as a useful remedy for biore-
mediation without any side effect to the environment [29, 38-40].

The organic polymers can be used as nanomaterials in the form of pure or-
ganic-based nanoparticles and inorganic—organic polymers such as cellulose and
chitosan. Owing to the presence of -NH, and —OH functional groups, the biomate-
rial-based nanomaterials have gained much attention for bioremediation of waste-
water. The organic and inorganic pollutants can be chelated and removed from the
environment. The incorporation of inorganic nanomaterials with biopolymers af-
fords an alternative method by fabricating novel nanocomposites with improved
catalytic efficiency as compared to other pure counterparts. The inorganic nanoma-
terials such as carbon-based supports, carbon nanotubes and graphene act as a
support to develop composites of biopolymers by using biomaterials such as chito-
san, lignin and cellulose. The hybrids of biomaterials and nanocomposites can be
used as a support to stabilize transition metals on nanoparticles [50, 54].
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5.4 Green synthesis of bionanomaterials

Toward the safe synthesis of bionanomaterials, researchers are focusing on the sig-
nificance of green synthesis methods over other chemical-based methods. Conven-
tional synthesis methods involve harsh reaction conditions, complex synthesis
steps, high-tech apparatus and hazardous synthetic chemicals, whereas the green
synthesis methods are highly favorable, facile, convenient, cost-effective, energy-
effective and use renewable resources. These steps can be scaled up and modified
with least synthesis of toxic by-products [5, 28, 65].

Over the last decade, various bionanomaterials have been fabricated via green
synthesis methods for photodegradation of organic pollutants. These bionanomate-
rials can be obtained from a variety of living and nonliving biological sources such
as plants, microorganisms, agro-by-products, animals, biopolymers, zeolites and
dead biomass. Photodegradation ability of bionanomaterials to oxidize organic pol-
lutants under solar light irradiation has also been investigated. The plant-based
synthesis of bionanomaterials has been the most frequently used approach to syn-
thesize ZnO-based bionanomaterials. The plant extracts act as excellent reducing
agents and stabilizers to remove pollutants due to the abundant phytochemicals in
plants. Also, their abundance in nature and low cost make them preferably used as
a precursor for development of bionanomaterials which makes them possible and
sustainable for large-scale synthesis of bionanomaterials. The bacteria-based syn-
thesis of bionanomaterials using E. coli has also been reported for the synthesis of
Zn0-based photocatalysts [65-67].

Upon interaction with environment, the bacteria release certain proteins and
biologically active molecules not only to protect themselves from environmental
conditions but also for the degradation of pollutants. The stress-induced generation
and synthesis of bioactive compounds induce the degradation of organic pollutants
under visible light irradiation. Other nanomaterial-based photocatalysts have been
successfully reported to degrade pollutants such as algae. Other pure biocom-
pounds, including bioflavonoids, rutin, ascorbic acid, vitamins and glycine, act as
stabilizers and capping agents to improve the catalytic efficiency of certain bioins-
pired photocatalysts. In the meantime, the biological compounds act as reducing
agents to facilitate the synthesis of bionanomaterials using green synthesis ap-
proach [5, 28, 65, 68].

The physicochemical properties of bionanomaterials can be tailored through
structural, physical, chemical and electronic modifications to improve photodegra-
dation efficiency. These tailored properties directly affect the characteristics of as-
obtained bionanomaterials such as crystallinity, bandgap and concentration. The
defects in crystallinity of the obtained materials and vacancies can be attributed as
an important which play effective roles in determining their efficiency as a photo-
catalyst. During photodegradation, these defects and vacancies trap the electrons
generated by photons of light to facilitate the separation of charge carriers. All of
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these processes in combination with other properties enhance the overall activity of
photocatalyst. The nanoparticles with high crystallinity and surface area have been
reported for more frequent defects as compared to their pure counterparts. These
properties can also be tuned and tailored by green synthesis method [9, 44, 45, 61].

To generate high-performance photocatalysts driven by solar light, the metal-
based nanomaterials can be doped and coupled with other biomaterials by green
synthesis approach as summarized in Table 5.3. Certain metals, metal oxides, non-
metals, rare earth metals, alkaline metals and semiconductors have been reported
to obtain coupled metal bionanoparticles. These materials are doped to expand
the absorption spectrum and reduce the bandgap by increasing the overall effi-
ciency of photocatalyst to absorb more light. Also, the heteroatom doping can be
done by green methods to form new electron states in every bandgap to trap the
charge carriers generated by photons, which results in retarded recombination of
electron-hole pairs. So, by enhancing the quantum efficiency of the photocata-
lyst, the photodegradation of pollutants can be improved [3, 6, 68].

Table 5.3: Summary of biomaterials synthesized by green synthesis approach.

Biomaterial Synthesis media Photodegradation of organic Ref.
pollutant

Aqueous extract of Co-reduction method Basic violet 3 dyes under solar [69]

oak fruit hull light

Calotropis gigantea Solution combustion method Rhodamine B dye under [70]

leaves extract ultraviolet light

Caralluma fimbriata Simple single-step synthesis Indigo carmine dye [71]

extract degradation under solar light

E. coli nitrate Simple enzymatic method Reactive black B dye under [72]

reductase enzyme solar light

Leaf extract of Solid-state reaction route and Textile effluents under solar [73]

Ocimum basilicum L. modified sol-gel method light

Aloe vera gel as fuel Phytomediated combustion method Malachite green degradation [74]
under light

Azadirachta indica Solution combustion route MB photodegradation [75]

gum

5.5 Conclusion

Herein, the chapter summarizes recent advances in the field of bionanomaterials for
photodegradation of organic pollutants by using solar light. A better understanding of
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various types of mechanisms of bionanomaterials based on their biosynthesis produc-
tion is provided. The green synthesis method for preparation of bionanomaterials ex-
hibits enhanced photodegradation of pollutants due to their narrow bandgap, high
adsorption and improved porosity. Additionally, the green synthesized bionanomateri-
als possess antimicrobial property in the environment treatment. The bionanomaterials
are useful for effective removal of organic pollutants via photodegradation due to high
functionality, enhanced reactivity, large surface-area-to-volume ratio, antimicrobial ac-
tivity in wastewater treatment, biocompatible nature, easy processing, stability of nano-
particles and the availability of electron trapping centers for generation of electron—hole
pairs. Owing to all these advantages and properties of bionanomaterials, there is still
lack of common and large-scale usage of bionanomaterials due to certain drawbacks
such as practical uneasiness in their recovery from the reaction system, limited penetra-
tion and absorption of light penetration due to surface-adsorbed organic pollutants,
opacity of the obtained slurry during photodegradation and unavailability of huge
quantity of biomass. Nonetheless, more in-depth study is required to understand the
efficient development and fabrication of high-performance bionanomaterials by using
green approaches as an effort to clean environment.
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6 Critical approach of bionanomaterials over
pharmaceutical waste

Abstract: Water pollution, particularly its harmful impacts on the environment and
also on humans, has become a challenging concern all over the world. One method
to overcome this emerging issue is the treatment of wastewater, but the traditional
ways of treating wastewater are unable to remove the organic contaminants includ-
ing emerging pharmaceutical contaminants (EPCs). Currently, the biogenic nanopar-
ticles (bionanomaterials) have been extensively studied and found to be potent in
removing EPCs from wastewater, thus protecting the environment and ecosystem.
Adsorption and photocatalysis are the two advanced technologies of bionanomateri-
als which can be used for the effective removal of EPCs from wastewater. Even
though these methods have some deficiencies and their improper discharge may also
affect the environment adversely, these tenacious particles are still efficacious in
terms of biomedical and environmental protecting applications. Thus, additional re-
search is the solution of this problem to examine the safety of using these nanomate-
rials to the humans and environment before their use on large scale.

Keywords: Biomaterials, pharmaceutical waste, degradation, environmental safety

6.1 Introduction

Since the past few years, the extensive manufacturing and consumption of chemi-
cal products have threatened the health concerns by elevating the environmental
pollution. The major risk factors contributing toward immense environmental pol-
lution, which has gained significant global scientific attention, include pharma-
ceutical manufacturing and consumption, climate change, agricultural concerns,
mining, urbanization and domestic activities [1]. These tenacious organic contam-
inants impose considerable pollution to global water cycle, as the conventional
water treatment methods only partially remove these organic substances. Some of
these organic contaminants escape out toward environment where they can spread
to various ecological compartments [2, 3]. The emerging organic contaminants include
several compounds, both metabolites and degradates (transformation products), phar-
maceuticals, veterinary products, personal care products, industrial compounds,
transformation products, pesticides, artificial sweeteners, methanesulfonic acid,
food additives and some other nanomaterials [4, 5]. With the advancement of ana-
lytical techniques, including liquid chromatography-mass spectrometry-tandem
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mass spectrometry and high-performance liquid chromatography coupled with
mass spectrometry, a wide range of emerging pharmaceutical contaminants (EPCs)
in wastewater have been identified and quantified which have gained consider-
able research among World Health Organization, the US Environmental Protec-
tion Agency, the United States Geological Survey and the European Commission
(EU) [1, 6]. Using these advanced analytical techniques, the extremely low con-
centration of EPCs in ng/L can be estimated even in very complex matrixes in
solid and liquid wastes [7]. The cognizable fatal impacts of these emerging or-
ganic contaminants in manufactured products particularly in pharmaceutical
products have become an intensive subject of global public health issues be-
cause of their individual and/or synergistic effects on the earthlings and ecosys-
tem. A huge shift of scientific research toward advanced analytical technique
development, environmental monitoring systems, waste removal techniques and
major risk assessments associated with the exposure of these organic contami-
nants reflect the critical approach of this global issue [8-10].

Although the true fate and reactions of most of the EPCs are still to be under-
studied, with the recent available researches and findings, the EPCs possess the po-
tential of bioaccumulation in plant and animal tissues and persistence in the
environment [5, 11]. For instance, the presence of antibiotic wastes in the water and
environment has greatly increased the production of antibiotic-resistant bacteria [5,
12]. Therefore, the increased concentration of pharmaceutical wastes with the ad-
vancement in medicine system is an emerging issue in this era in the fields of engi-
neering and environmental sciences. There is the need for time to gain effective
removal of such toxic EPCs from water resources and environment [13]. The decline
of freshwater resources and increased demand of water have greatly enhanced the
need of water reuse projects and systems, but such systems are ineffective in remov-
ing the EPCs and other organic contaminants from wastewater. Thus, the water
treatment techniques need careful and effective design and additional steps in
order to ensure the water safety for consumption [14].

The advancements in the field of nanobiotechnology have offered an effective
and alternative method for overcoming the environmental pollution. One way to
control over this emerging global issue is the advancement in the field of nanotech-
nology using the process of photocatalysis or adsorption to decontaminate the
water from EPCs. The processes of adsorption and photocatalysis are the two main
widely employed and investigated water purification techniques, and much empha-
sis in research and literature is being given on the carbon-based adsorbents and/or
photocatalysts for removing EPCs in the last decade [5].
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6.1.1 Emerging pharmaceutical contaminants (EPCs)

Pharmaceuticals are chemical compounds, either natural or synthetic in nature,
which are designed for the remedy and/or prevention of diseases and health disor-
ders in order to increase the value to human as well as animal life [1]. These chemi-
cal compounds have diverse chemical structures, behavior, usage and metabolic
fate in human and animals and also to the environment [2]. According to the phar-
macological effects, pharmaceuticals include antibiotics (cephalosporins, tetracy-
clines and penicillins), antidiabetics (biguanides and sulfonylureas), analgesics
(acetaminophen and NSAIDS), antiepileptic (carbamazepine), antianxiety (diaze-
pam), antihistamines (famotidine and ranitidine) and antihyperlipidemics (fibric
acid and clofibrate) [6]. Mompelat et al. [8] categorized the animal and human phar-
maceuticals into 24 various groups, out of which 4 classes including NSAIDS, anti-
biotics, lipid regulators and anticonvulsants were mainly found in water. In the
present days, thousands of pharmaceuticals (natural, semi-synthetic or synthetic)
are commercially available for human and animal use, and the annual pharmaceu-
tical consumption figure around the globe is about 100,000-200,000 tons. These
drugs are administered via multiple of ingestion routes, and their original and par-
tially metabolized parts are usually excreted out of the body through urine or feces
due to incomplete metabolism and ultimately enter into the wastewater treatment
plants [15].

Pharmaceutical wastes actually represent the pharmaceutical residues’ chemi-
cal oxygen demand and biochemical oxygen demand, VOCs and pharmaceutically
active compounds [16]. Based on recent researches, an immense interest due to the
presence of pharmaceutical products in the form of pseudopersistent environmen-
tal contaminants has been seen due to the potential adverse and harmful effects of
such EPCs on the aquatic ecosystem as well as terrestrial wildlife. Most of the phar-
maceutical products are excreted out of the body unmetabolized or as degradates
via urine and/or feces, and are introduced into the domestic sewerage, from where
they enter into the aquatic environment [17-19]. Even though EPCs are present in
water sources for more than a decade, their level in the ecosystem has started re-
cently to be quantified as potent environmental toxicants [6, 20]. The EPCs are sta-
ble in nature and hence are enigmatic to degrade through conventional wastewater
treatment plants, and thereby enter into the environment [1, 15]. The presence of
pharmaceuticals and their metabolites in food and water may impose serious health
impacts on both animals and humans and can also destroy the aquatic species. The
most observed toxic effects of EPCs on humans include chronic toxicity, endocrine
system alterations and formation of resistant bacterial strains [21]. Table 6.1 lists all
the possible harmful effects of EPCs on humans and ecosystem. The EPCs have
been widely identified in various environmental water sources of the USA, Holland,
China, India, Iran, Spain, Canada, Germany, Italy, Brazil and South Africa [1, 12, 17,
22]. Yan et al. [17] investigated 21 EPCs in various steps of the wastewater treatment
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Table 6.1: Pharmaceutical drugs and effects of their EPCs.

Pharmaceutical Examples Pharmacological  Harmful effects of their References
class effects EPCs
Analgesics NSAIDS (ibuprofen, Reduces pain, Diclofenac is found to [71,72]
diclofenac, naproxen), anti-inflammatory be bioaccumulated.
paracetamol and and antipyretic Analgesic can induce
phenazopyridine negative effects on
development
Antibiotics Amoxicillin, cefixime, Kill microbes or Development of [73, 74]
ciprofloxacin, inhibit their antibiotic-resistant
ofloxacin, growth bacteria and impair the
metronidazole, plant growth when
sulfonamides and present in soil.
tetracyclines Sulfonamides have
been reported to cause
birth defects
Anticoagulants  Warfarin Inhibit the Its prolonged exposure [75]
formation of blood can cause bleeding due
clot to persistent inhibition
of vitamin K
Antidiabetics Acarbose, Reduce Metformin is a reported [76]
pramlintide, hyperglycemia endocrine-disrupting
metformin and insulin chemical (EDC) and is
highly mobile in the
ecosystem and is not
degraded easily
Antihistamines Diphenhydramine Used for the This EPC can cause [77]
treatment of acute and chronic
allergic reactions  toxicity to many
aquatic species
Antipsychotics  Clozapine, Treatment of These EPCs have [4, 78]
chlorpromazine, mental disorders  persistent and
olanzapine. loxapine bioaccumulative nature
and risperidone and have been
reported to be toxic to
human health and
ecosystem
Beta-blocking  Propranolol and Antihypertensive  Toxic to aquatic [66]
agents metoprolol species, zooplankton
and phytoplankton
Fibrates Gemfibrozil Antihyperlipidemic Toxic to aquatic [71]

species
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plants in the Southwest China. The nature of most of the pharmaceuticals in the
environment is also complex and diverse but unfortunately there is only limited
knowledge and research in this regard. Some EPCs are water soluble and break
down easily due to their hydrophilic behavior and hence have short life span;
whereas some can maintain their life span for more than 1 year without degradation
such as sulfamethoxazole and naproxen, and some can even survive for several
years such as clofibric acid [4]. The sources of entrance of pharmaceutical products
in wastewater include domestic sewage, landfill sites, septic tanks, industrial efflu-
ents, agricultural practices, urban sewerage water, showering and bathing, and in
this way these products enter the water cycle [23].

Others routes of entering these contaminants in the environment include human
excretion, recreational activities and direct discharge of such products through phar-
maceutical-producing plants [1, 21]. The most of EPCs found in aquatic system are the
drug of abuse due to their psychoactive properties [24]. Inappropriate disposal of ex-
pired or unused drugs in the toilets or landfills and/or pharmaceutical manufacturing
residues which are thrown directly into the sewerage can also be regarded as a signif-
icant risk factor of potential contamination [25]. Baker and Kasprzyk-Hordern [15] in-
vestigated the spatial and temporal presence of more than 60 EPCs including illicit
drugs and their metabolites in both wastewaters and a major river in the United King-
dom. Chen et al. [22] investigated the presence of about 43 emerging environmental
contaminants including 34 pharmaceuticals and 9 endocrine-disrupting chemicals in
both wastewater and groundwater of North China.

6.1.2 Fate of EPCs in the environment

The expanding accumulation of EPCs in the environment has greatly gained the
attention of public and scientists in the last 15 years. Based on recent several
researches and investigations, these environmental toxicants are continuously
identified and detected in various water sources, especially in drinking water.
Hence, the fate and ecotoxicological effects of these EPCs should be studied after
their escape from the conventional wastewater treatment plants. The major factors
that govern the fate of such organic compounds include partition solubility index,
coefficient and other environmental factors such as pH, temperature, humus con-
tent and salinity [26]. The possible processes of EPCs in treatment plants are di-
verse: (a) harmless inorganic compounds are converted into water and carbon
dioxide through chemical, biological, physicochemical transformation; (b) the lipo-
philic nature of innocuous EPCs may be partially adsorbed on the sediments or
sludge; and (c) ultimately such products are discharged as bulk or in the form
of conjugate products into the receiving water [27]. The mobile nature of EPCs in
the environment and their retention behavior on to the sediments depend upon
their lipophilicity. Some pharmaceutical products such as triclosan, diclofenac,
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fluoxetine, fenofibrate, diazepam, iodoarene and albuterol undergo significant pho-
todegradation, while tetracyclines and phthalates remain in the environment [28].
Mompelat et al. [8] reported the presence of acridine in the ecosystem, a photode-
composed product of carbamazepine, and this waste compound is found to be
highly toxic and carcinogenic. Tetracyclines, the most commonly used antibiotics,
also impose serious human health impacts and ecological risks because about 70%
of tetracyclines are excreted out of the body unchanged, and their hydrophilic and
less volatile nature are the causes for their persistent presence in the ecosystem
[21]. The residues of tetracyclines in the environment accelerates the formation of
antibiotic-resistant microstrains which then ultimately cause serious health impacts
to humans through drinking water or even irrigation water used for crops. These
antimicrobial agents possess the potential to disturb the normal flora of humans
and also elevate the risk of several infections [29, 30]. Moreover, the presence of
oxytetracycline and chlortetracycline also impose some estrogenic adverse effects
such as hindering the first day of the reproduction, the number of siblings per fe-
male and the growth rate of populations [21, 31].

6.1.3 Technological advancements for the wastewater treatment
plants

Wastewater can be treated using several ways, such as unplanned, direct or indirect.
The simplest water treatment technique is the unplanned approach in which treated
water is directly released into the natural water bodies [32], whereas the direct and
indirect wastewater treatment techniques include some additional advanced steps of
water treatment before that water is released into the environment, such as mem-
brane filtration, chlorination, ion exchange, carbon adsorption and some advanced
oxidation processes including UV radiation and/or ozone [33]. For the proper removal
of EPCs from wastewater, the selection of proper combination of advanced tertiary
steps of water treatment is very important [34]. The direct water treatment plants feed
the treated water into the drinking water treatment plants after their tertiary steps
while the indirect potable reuse plant systems release the treated water into the natu-
ral water systems including river, groundwater aquifer or sea [5].

6.1.4 Critical approach of bionanomaterials for wastewater
treatment

The use of nanomaterials has been widely increased since the last decade and
has become an extensive part of our daily used products. The global market of
these nanomaterials had crossed US $6.2 billion in 2015 [35]. The nanomaterials
possess huge productivity and efficiency in optical, catalysis, thermal, electrical
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and mechanical conductivity as well as biological and chemical activity due to
their extra ordinary porosity and high surface-area-to-volume ration. Moreover,
these effective compounds can be easily tailored to the required specification and
uses [36, 37]. The biosynthesis of nanomaterials, also known as green synthesis, uses
redox process in which the organisms and/or their metabolites are used to reduce the
metal ions into stable nanomaterials through nicotinamide adenine dinucleotide
phosphate hydrogen-dependent reductase enzymes. Such types of nanomaterials
which are produced through biological pathways are better known as biogenic nano-
materials or biomaterials. They possess high sensitivity and biocompatibility and
also have prominent applications in agriculture, biomedical, environmental remedia-
tion and electronic sectors [38, 39]. The green synthesis of metal oxide nanoparticles
possesses unique properties and therefore gained significant attention. The produc-
tion of nanomaterials through plant extracts and microorganisms has gained signifi-
cant attention due to their simple process, environmental friendliness, economic
feasibility and ease of scale-up [40, 41]. The use and synthesis of bionanomaterials
show a rapidly growing interest in both research and development due to their extra
ordinary properties [36, 42].

The two advanced technologies of bionanomaterials such as adsorption and
photocatalysis can be employed effectively for the removal of EPCs from wastewa-
ter. Graphene-based and metal-based nanoparticles have shown promising water
treatment techniques due to their extra ordinary and patronizing properties of re-
moving and breaking down of EPCs [5].

6.1.5 Adsorption using bionanomaterials

Adsorption is a surface phenomenon in which organic and inorganic compounds
are attached or adhered to the surface of adsorbents due to physical and chemical
interactions caused by electrostatic interactions and/or van der Waals forces. The
qualities of an effective adsorbent to be used for the removal of EPCs from water
include inert, resistant and high adsorption capability. The factors that govern the
process of adsorption include pH, temperature, concentration of contaminants and
their particle size, contact time and physical and chemical nature of the adsorbents
[43]. The EPCs having more aromatic rings in their structures have swift adsorption
rates making their removal easy from the wastewater [44]. In graphene-based nano-
materials, the process of adsorption is fastest due to m—mn and hydrophobic interac-
tions between the aromatic rings, electrostatic interactions and hydrogen bonding
due to the presence of COOH, NH, and OH groups [45, 46].

The use of nanotechnology at industrial scale assures a guaranteed removal of
EPCs in water treatment process. Activated carbon is an industrially effective adsor-
bent, while other adsorbents which can credibly remove EPCs include graphene, clay
minerals, carbon nanotubes, polymeric materials and siliceous adsorbents. Among
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all of these adsorbents, graphene-based nanomaterials are the good candidates for
the adsorption of EPCs. Due to their remarkable properties and unique structures,
they exhibit markedly rapid and effective adsorption kinetics. Their large surface-
area-to-volume ratio, physicochemical properties and electrostatic interactions with
the contaminants make them a perfect choice as EPC adsorbents [47-50]. Moreover,
the conjugated m-region of graphene makes it favorable for the removal of both or-
ganic and inorganic contaminants [51, 52].

To increase the adsorption capacity and reusability of graphene, different at-
tempts have been done to modify its surface. For instance, the modification of gra-
phene oxide (GO) with ferrosoferric oxide (Fe;0,), manganese oxide (MnO,) and Fe/
Cu and formation of graphene hydrogels show however low surface area but large
adsorption capability as compared to the unmodified graphene [5, 48, 50]. In the
same way, the activated graphene exhibits large surface area showing high adsorp-
tion capability toward ciprofloxacin as compared to the magnetic chitosan-grafted
GO composite [5]. Table 6.2 represents the list of adsorbents which are made by

Table 6.2: List of adsorbents used for EPC removal.

Pharmaceuticals EPCs Adsorbents Removal (%) References
Antibiotic Amoxicillin, Graphene, activated 75-100% [79-85]
cephalexin, graphene, graphene oxide,
ciprofloxacin, graphene hydrogel,
norfloxacin, magnetic graphene
ofloxacin, nanoplatelets, reduced
sulfadiazine, graphene oxide and
tetracycline and magnetic chitosan-grafted
oxytetracycline graphene oxide composite
Analgesics Acetaminophen, Graphene, graphene oxide, 80-99% [86-91]
aspirin, diclofenac reduced graphene oxide,
sodium, ibuprofen,  graphene oxide-based
naproxen and hydrogels, GO/B-Bi,03/
salicylic acid TiO,/Bi,Ti,0,
heterojuncted
nanocomposite, metal
organic frameworks and
functionalized graphene
Antihistamines  Diphenhydramine Reduced GO-TiO, 98-100% [92]
composites
Antidiabetic Metformin GO 80% [93]
Anticonvulsant  Carbamazepine Graphene, TiO,-reduced 97-100% [87, 88, 94]

GO, GO/B-Bi,03/TiO,/
Bi,Ti, 0, heterojuncted
nanocomposite
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modifying the graphene’s surface found to be reported for EPC removal. The use of
nanomaterials makes the adsorption process fast and accurate for removing EPCs
from the aquatic ecosystems. Some adsorbents ensure 50% removal of EPCs, while
several adsorbents ensure an efficiency of more than 99%. Nevertheless, there are
some disadvantages of adsorbents as well: EPCs limit the adsorbent reusability,
EPCs may create a potential novel environmental contaminants and the interaction
of EPCs with adsorbents is not a permanent reaction; therefore, some additional
steps must be included in the water treatment plants [5]. Other problems associated
with the use of GO and its nanomaterials include high cost, exhausting and time-
consuming process which limit their use [53]. Due to the rapid growth and advance-
ments in the field of science and technology, the material reusability issues may be
resolved in near future which then can increase potential usage of GO and its nano-
materials at the commercial level [5].

6.2 Photocatalysis

Photocatalysts actually refer to the semiconducting materials that are metal oxides
(zinc oxide and titanium oxide) which possess he potential of absorbing light and
generating reactive oxygen species ultimately degrading the pollutants [54, 55]. Com-
posite composing of metal-doped semiconductors and appropriate adsorbents can be
employed for a photocatalytic process [55]. Several semiconductor nanomaterials
such as TiO,, ZnO, Fe,03, CdS and CeO, have been used successfully as photocata-
lysts [56]. Table 6.3 shows the list of photocatalysts used to degrade EPCs, and some
of these photocatalysts are modified using graphene and graphene-based materials
for enhancing the capability of adsorption and degradation. The use of nanomaterials
as photocatalysts has offered a staggering, surrogate and eco-friendly method for the
removal of EPCs from wastewater [57].

TiO, is one of the photocatalysts which has been extensively used by several
researchers and is found to be potent for the effective degradation of several EPCs
such as phthalic acid, benzoic acid, o-nitrobenzoic acid, o-chlorobenzoic acid and
nitrobenzene [56]. The source of light which is used for photocatalysis causes the
excitation of outmost electrons creating an electron—hole pair that is responsible
for the redox reaction, ultimately degrading the pollutants. However, the process of
EPC degradation due to photocatalysis is still complex but it can be thought that
the electrons may form the superoxide anion, and hole may cause reduction pro-
cesses forming hydroxyl radicals. The superoxide anion and hydroxyl radicals
which are formed in this process are the cause of degradation of certain compounds
[5]. This process of photodegradation depends upon several factors such as EPC
structures, concentration, experimental conditions, water chemistry and nanomate-
rial loading [58]. In the photocatalytic degradation of acetaminophen, the hydroxyl
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radical generated is responsible for hydroxylation and then subsequent breakdown
of aromatic rings [44]. Based on recent research, it has been observed that the in-
creased concentration of superoxide anion than hydroxyl ion can also degrade acet-
aminophen by acting as a Lewis acid [59].

Although the process of photocatalysis is offering several benefits over tradi-
tional wastewater treatment techniques, there are some limitations as well, which
should be overcome to increase effectiveness of this process. This process needs en-
ergy required for electron excitation which ultimately enhances the cost require-
ment. Moreover, charge carrier transfer rate, recombination rate and charge carrier
travel time are also some of the limitations of photocatalysis [60]. Structural altera-
tions and/or doping are the ways of material alterations which may improve the
process efficiency. Both these methods can decrease the bandgap ultimately reduc-
ing the recombination rates. The application of plasmonic agents can also decrease
the energy requirements [61, 62]. The probable consequences of photocatalytic ma-
terials on the environment are their another limitation. Their potential transforma-
tion products can have serious impacts if they are released into the environs, as
they are manifested with the harmful effects of phenol derivatives released after the
photocatalytic degradation of diclofenac [63]. Pharmaceutical products often con-
tain aromatic rings which can be converted into phenolic compounds after their dis-
posal if not degraded properly, and phenolic compounds are the toxic agents.
Except that, the pharmaceutical waste products may form acids (e.g., paracetamol
degradation) and such acids also impose adverse impacts on the environs [59, 63].
The instability of photocatalysts in the water is another concern which in turn can
affect the environment, thereby the mechanism of degradation through photocata-
lysts should be understood before their usage for wastewater treatment [64]. To
overcome these limitations, the use of stabilizing agents and generation of compo-
sites can improve the efficiency and stability of photocatalysts, and their harmful
impacts on the environment can be overcome. In spite of these limitations, photo-
catalysts offer promising applications at commercial scale, as many of the photoca-
talysts are effective in degrading EPCs using low-power UV and/or visible light [5].
Regardless of use of light source, photocatalysts can lower the energy requirements
for water decontamination. Many of the nonbiodegradable EPCs such as iopromide,
norfloxacin and carbamazepine have been removed using photocatalysts [65-67].
However, additional research is still needed to examine the safety of using these
agents to the environment and humans before their use on large scale [5].

Currently, several materials namely optical fiber-coated materials and magnetic
nanocomposites have been developed to enhance the uses of photocatalysts. The
degradation property of magnetic composites makes their use effective for the easier
removal of photocatalysts from the water, ultimately reducing their harmful impact
on the environment [68, 69]. Moreover, development of photocatalytic materials on
optical fibers has made them immobilized, ultimately increasing their usage [70].
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6.3 Conclusion

The green synthesis and utilization of bionanomaterials offer a promptly growing
area in extensive research and environmental protection from hazardous com-
pounds in terms of their eco-friendly and efficient properties. The use of these bion-
anomaterials offers an indirect and alternative process for the removal of EPCs from
wastewater through adsorption and/or photocatalysis, but these technologies re-
quire thorough risk assessments and safety evaluation for their proper usage and
disposal. There is no legislation which pertains to the maximum allowable concen-
tration of EPCs in the wastewater, which should be regulated to ensure the environ-
mental safety and human health. Hence, further research and investigations are
needed for maximum EPC removal from wastewater and employment of nanotech-
nology for wastewater treatment.
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7 Water splitting using bionanomaterials

Abstract: In order to address the challenging need of energy, climate change and
environmental protection, the production of photocatalytic hydrogen is, relatively,
the best choice due to its abundance. Various nanomaterials and bionanomaterials,
such as conjugated polymers (CPs), have been recently been found to be promising
alternatives for photocatalysts due to their unique properties, including economi-
cal, high stahility, tunable optoelectronic properties and efficient physicochemical
properties. This chapter summarizes the introduction of photocatalytic water split-
ting, the use of CPs as photocatalysts and their scope for advancement.

Keywords: Biomaterials, water splitting, CPs

7.1 Introduction

Hydrogen utilization is considered to be a sustainable and clean energy source in the
coming era and its importance arises due to the generation of high energy upon com-
bustion [1]. This source of energy is usually ecofriendly and free of any harmful byprod-
ucts. Currently, the production of hydrogen involves the production of carbon dioxide
as a byproduct, thereby, alternative methods involving a limited production of any
greenhouse gases is of research interest. The generation of photocatalytic hydrogen
using solar energy on the surface of a photocatalyst offers one of the promising alterna-
tive methods for resolving the current energy crisis, without any harmful impact on the
environment [2-4]. The Sun is an energy warehouse that irradiates a huge source of
solar energy constantly towards the Earth and this source of energy is considered to be
enough to meet the current expanding demand of humans [5]. Solar energy is consid-
ered as an inexpensive and copious source of energy but its utilization is still inefficient
due to its intermittent and diffuse nature as well as its low density; thus, solar energy
is often converted into chemical energy, which is an appealing solution to meet the
current needs of energy worldwide [6]. Using solar energy, semiconducting nanomate-
rials are effectively used for photocatalysis and in photovoltaics. Being photovoltaic,
these nanomaterials generate photocurrent due to charge migration; while being pho-
tocatalysts, these nanomaterials facilitate chemical conversion through the process of
oxidation and reduction [7, 8].

Production of clean hydrogen fuel through photocatalytic water splitting techni-
ques is one of the uses of solar energy, which offers promising results to overcome
the global energy crises. This source of energy is clean, ecofriendly and renewable
[9, 10]. The photocatalytic technology also helps to reduce carbon dioxide, thereby
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simultaneously benefiting the environment [11, 12]. Photon energy is used for the
process of photoexcitation in photocatalytic techniques, which often depends on the
photocatalyst’s optical gap. Visible light comprises about 53% of the solar energy;
therefore, crucial photocatalysts with an optical gap below 3.0 eV is needed, which
can enhance the absorption of sunlight in the visible region [5]. The use of photoca-
talysts for the generation of photocatalytic hydrogen was first introduced in 1972
and thereafter, several semiconductors have been explored and used for the efficient
production of hydrogen [13]. To identify materials that have the optimal bandgap,
which can promote efficient charge separation, stability against photocorrosion and
allow for use in multiple applications is of research interest in order to gain excel-
lence in hydrogen evolution technology. Moreover, the morphological dimensions
and the surface area of photocatalysts are considered as key aspects [1, 14].

Over the last few decades, researchers and scientists have intensively devoted
their research efforts in perusing effective photocatalysts for use in real world situa-
tions. Bionanomaterials, particularly p-conjugated polymers, have been proved re-
cently as promising candidates for photocatalytic applications. These photocatalysts
are environment friendly, abundantly present, semiconductor in nature, have tun-
able energy levels for both reduction and oxidation reactions, facilely prepared, show
extraordinary chemical resistance to photobleaching and their molecular structures
can be modified for better visible light utilization [5]. The diverse modification capa-
bilities of the molecular structures of conjugated polymers (CPs) can generate many
exciting photocatalytic compounds [15]. For achieving the maximum efficiency of
CPs, ideal properties of CPs are required, including excellent absorption, efficient
charge separation, properly matched energy levels and transport of electrons. To ob-
tain these desirable properties, several building blocks have been developed [16]. Pol-
yaniline, polyacetylene and polypyrrole, and their derivatives, are the significant CPs
that possess potential intrinsic conductivity, while polyflorenes, polyphenylenes, pol-
ythiophenes and polyarylenevinylenes are significant due to their photolumines-
cence and electro-optical properties. In contrast to all these, the nanoparticles of CPs
show promising efficacy and photocatalytic activity [17-19].

7.1.1 Splitting of water by photocatalysis

In photocatalytic water splitting, hydrogen is usually generated via the irradiation
process on the surface of a photocatalyst using solar energy. These photocatalysts
represent the semiconductor materials that cause the water splitting without being
used or transformed throughout the process. Due to the irradiation on the surface
of photocatalysts, electron—hole pairs are created that are usually quite unstable
and have a potential of easy recombination [1]. The activity of photocatalysts for the
process of water splitting is usually dependent on their physicochemical properties,
the reaction conditions and the nature of the co-catalysts [20, 21]. In the last few
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years, several compounds have been reported as photocatalysts that are capable of
producing hydrogen and oxygen using visible light [1, 20, 22]. Figure 7.1 gives the
list of the desirable features of photocatalysts to be used for effective hydrogen
generation.

Figure 7.1: Ideal features of photocatalysts for hydrogen evolution.

The process of splitting of water by photocatalysis is often referred to as synthetic
photosynthesis as this process is much similar to the process of photosynthesis in
plants using sunlight [23]. The multi-electron and endothermic nature of photocata-
Iytic splitting of water makes it a cycle. The conversion of water into hydrogen and
oxygen needs an energy source to fulfill the Gibbs free energy that is needed to rear-
range the valence electrons in the water molecules [24]. Photocatalytic hydrogen
evolution offers several advantages over traditional sources of energy, such as (a)
excellent conversion of solar energy, (b) effectively produced from water, (c) abun-
dantly present sources, (d) can be stored in various storage conditions (both in
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liquid or gas form), (e) easily transferable over long areas, (f) can be converted into
several forms of fuels and (g) completely environment friendly [25]. Photocatalysis
is one of the methods that can be used to generate hydrogen using visible light. The
reaction mechanism involved includes both reduction and oxidation processes;

Photoreduction: 2H,0 +2e~—H, + 20H~
Photo-oxidation: 2H,0 — 0, + 4H* + 4e~

Titanium oxide (TiO,) was the first photocatalyst that was used by Fugishima and
Honda for the process of water splitting. This semiconducting material has gained
significant attention and is the most investigated photocatalyst due to its extraordi-
nary stability and photolytic charge separation properties and excellent absorption
[23]. Metal loading, such as Pt, Pd, Au, Ni and Ag onto TiO,, offers surface modifi-
cation for decreasing the recombination of photogenerated electron-hole pairs
[26-28]. Graphene, due to its electrochemical properties and novel structures, is
also used effectively for photocatalytic hydrogen evolution [29]. Graphitic carbon
nitride (g-C3N,) is also another photocatalyst that has been extensively studied due
to its potent benefits such as nontoxicity, metal-free semiconducting behavior and
narrow bandgaps. Moreover, it is economical, abundantly present and has resis-
tance to photocorrosion due to the strong covalent bonds between the nitride atoms
and carbon [30-32]. Unfortunately, the use of this photocatalyst is less due to its
low specific surface area and its high recombination with electron—hole pairs [23].

7.1.2 CPs for photocatalytic water splitting

The technique of water splitting using photocatalysis provides alternate and effec-
tive pathways for the production of clean hydrogen using sunlight and water [5].
The ultimate hydrogen obtained after water splitting is an optimal fuel having a
gravimetric energy density of 142 MJ/kg (three times more than gasoline). More-
over, the combustion of H, results in no harmful impact to the environment and is
completely ecofriendly as compared to gasoline. Fujishima and Honda were the
pioneers in reporting water splitting on TiO, photoelectrodes, and thereafter sev-
eral semiconductors have been studied and investigated for hydrogen production
[33-35]. It is anticipated that solar hydrogen produced in this way can play a sig-
nificant role in the prospective sustainable energy, as it is transportable and stor-
able, and hence can be converted into electricity using fuel cells. Moreover,
hydrogen produced via water splitting can be used as a feedstock in chemical in-
dustries and also for the recycling of carbon dioxide [10].

As found to be promising photocatalysts, CPs have been extensively studied and
utilized for the production of hydrogen in the early 1980s, but their use remained re-
stricted until the demonstration of three-dimensional (3D) poly(azomethine) networks
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in 2010 [36]. After this discovery, several exciting and potent organic CPs have been
produced in order to improve the efficiency of H, production. Using the optimization
techniques, several photophysical properties of CPs have been optimized, including
bandgap alignment, harvesting of light in the visible region and photocharge genera-
tion [5]. CPs offer a number of promising benefits for the production of photocatalytic
hydrogen due to its low-cost fabrication, efficient flexibility, versatile functionalization
and speedy scale-up of production [16]. The pi-electrons delocalization of CPs make
them preferable for light harvesting and also for efficient proton reduction. Moreover,
CPs are generally nontoxic and are resistant to photcorrosion. Several classes of CPs
have been developed and optimized, such as conjugated porous polymers (CPPs), co-
valent organic frameworks (COFs), covalent triazine frameworks (CTFs) and polymer
dots, which have been proved to be efficient photocatalysts [37].

7.1.3 Linear conjugated polymers

Reports of water splitting generated via linear organic CPs as photocatalysts can be
observed in the twentieth century. Shibata et al. [38] used poly(p-phenylene) (PPP),
prepared through the polycondensation of 1,4-dibromobenzene, for water splitting
(Figure 7.1(a)). This linear conjugated polymer has a bandgap of 2.9 eV and its hydro-
gen evolution rate (HER) was found to be 207.5 mmL/h g. But this polymer was inac-
tive under visible light (4,400 nm). After this work, several analogues of PPP were
reported, but still low activities were achieved [39, 40]. In the early twenty-first cen-
tury, extended planarized units were incorporated into the main structure of PPP for
gaining evolution in H, production, which was then expected to promote the reac-
tions of proton reduction (Figure 7.1(b)) [41]. The HER obtained from such new CPs
were found to be about 128 mmol/h g, which is 3 times more than that obtained from
PPP. Particularly the incorporation of SO, subunit in the position of X, as shown in
Figure 7.1, showed an astonishing HER 1,492 pmol/h g, which was about 46 times
higher than that of PPP [41]. After the results were obtained from these CPs, ethnyl
group was incorporated into the main chain, which further reduced the bandgap.
This polymer showed an impressive HER value of 6,023 mmol/h g [42]. Later on, the
polymers d and e (Fig. 3) were produced, which showed HER values of 4,270 and
3,187 mmol/h g, respectively [5].

In order to expand the conjugation of polymers, large planar units were also
incorporated into the main chain, such as polymer (f) in Figure 7.1, whose bandgap
was found to be 2.07 eV and HER was 5,040 mmol/h g [43]. The production of solu-
ble CPs offers a better processing of polymers for the photocatalytic production of
H, as compared to the insoluble bulk polymers. Moreover, the production of poly-
mer dots offers smaller size, thereby shortening the distance between the photogen-
erated charges and the photocatalyst particles, and in this way, the probability of



118 = Awais Ahmad et al.

recombination of holes and electrons ultimately reduces and improves the photoca-
talytic efficiency [7, 44, 45].

7.1.4 Conjugated porous polymers (CPPs)

The cross-linking of CPs offering 3D porous features has gained significant impor-
tance due to the large electron delocalized systems, tunable optoelectronic proper-
ties and excellent stability. These features have invigorated the wide applications of
CPs in energy storage, gas absorption heterogeneous catalysis and chemical sens-
ing [46, 47]. Along with these benefits, CPPs have also gained significant research
interest for the photocatalytic H, evolution in this era. The porous structures of
CPPs offer an elevated interaction of water molecules with polymers and hence pro-
moting the charge transfer reactions, which ultimately magnifies the photocatalytic
reactions [48]. The copolymerization of aromatic monomers has been found to
boost the catalytic activity of CPPs via improving bandgap, charge mobility and po-
rosity [5]. Recently, conjugated microporous polymers have been produced that ex-
hibit high surface areas and bandgaps, and the HER values have been found to be
astonishing [5]. The approach of the donor-acceptor combination is another prevail-
ing method that can be used in polymer solar cells to improve the efficiency of
power conversion techniques. The interaction of intramolecular charge transfer can
be induced effectively with alternating electron-deficient acceptor (A) and electron-
rich donor (D) in the main chain, which effectively reduces the bandgap and modu-
lates the molecular energy. This approach has significant interest in designing and
manufacturing several CPs for the technique of photocatalytic H, evolution [49-52].
Liu et al. [53] reported CPPs that were produced using a combination of chromo-
phores with bipyridyl and biphenyl. The introduction of chromophore centers in
the CPPs allowed the lowering of bandgaps to a significant level, leading to an over-
all H, evolution [53].

The substitution of fluorine atom (F) in the CPs backbone is also an alternative
and effective approach to enhance the photoelectronic properties of CPs. The F intro-
duction reduces the steric hindrance but profoundly influences the molecular orbits
of CPs [54]. Xiang et al. [55] reported the effect of fluorine substitution, both in linear
CPs and CPPs, and observed that there was a weak improvement in the optical gaps,
but the efficiency of charge transfer was improved significantly. In this way, the HER
value was enhanced 5-fold than the nonfluorinated counterpart. Generally, the exten-
sion of para conjugation imposes several impacts on the porous properties, photo-
physical nature and the morphologies of the resulting polymers, which ultimately
result in a synergistic impact on the photocatalytic nature of CPs [5].
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7.2 Covalent organic frameworks (COFs)

COFs represent an emerging and exciting class of 2D and 3D polymers, which are
formed by the linkage of organic building units into the extended structures that
are held together by strong covalent bonds [56, 57]. The efficient catalytic activity of
COFs is usually governed due to their high crystallinity, which favors effective
charge separation and transport. In addition, the excellent stability, tunable physi-
cochemical properties and well-defined pores of COFs make them an attractive
choice for photocatalytic H, production [58]. The modification of substituents in the
COF also offers good photocatalytic performances [5].

7.3 Covalent triazine frameworks (CTFs)

CTFs are another class of organic framework materials that offer high nitrogen content
and unique porosity, and both of these features are tunable by the suitable selection of
organic linkers. In the recent era, CTFs have found extensive application in capturing
carbon dioxide from the environment, energy storage and photocatalysis [59-61]. CTFs
are synthesized using triazine-based networks through the self-condensation of nitriles,
which result in highly porous materials. 1,4-Dicyanobenzene was the first triazine net-
work that possessed a high degree of crystallinity [62]. Bi et al. [63] prepared CTF
through the trimerization reaction of terephthalonitrile, which exhibited a bandgap of
2.94 eV and a HER of 200 mmol/h g. Next, Kuecken et al. [64] reported that CTF having
less HER values can be converted into effective photocatalysts by mixing the CTF in
chloroform and zinc chloride salt for about ten minutes, which showed an optical gap
of 2.42 eV and a HER value of 1,072 mmol/h g. Another disadvantage of CTFs is the
rapid recombination of CTFs holes and the photogenerated electrons, which reduces
the high efficiency. But several investigations have been done to optimize CTFs in
order to obtain an efficient charge carrier density and a high photocurrent, which ulti-
mately improve the charge separation efficiency [65].

7.4 Conclusion

Owing to the diversified molecular structures and effortlessly tunable physicochem-
ical properties of CPs, these exciting bionanomaterials offer unlimited opportunities
and challenges in achieving a high efficiency of water splitting technology, which
is believed to be an alternative and a huge source for meeting the current expand-
ing need of energy globally. We expect that this chapter will prove to be a good ref-
erence in future research in this emerging field. With the advancements in the
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material science and polymer chemistry, it is expected that innovations and optimi-
zation in CPs can play a significant role in improving the efficiency of the photoca-
talytic technology.
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8 Biomaterials: a good source for H,
production via photocatalysis

Abstract: Biomaterials offer a sustainable and renewable source of photocatalysts.
It has allowed for the development of extraordinary applications in sustaining the
ecosystem as well as for the well-being of humans. Due to overpopulation, increas-
ing energy demand and issues of global warming throughout the world, renewable
and clean alternative energy sources have gained significant attention in the field
of science and research. Solar energy is an inexhaustible energy source that can be
used for hydrogen production via water splitting. For this purpose, photocatalysts
have been developed, and biomaterials can also be used as photocatalysts. For the
efficient hydrogen production on a large scale, the available photocatalysts are
being modified using co-catalysts and/or doping techniques, which can enhance
the photocatalytic properties of the photocatalysts. In this chapter, we reviewed
some photocatalysts and the various approaches that have been made to enhance
their photocatalytic properties, along with the future prospects.

Keywords: Biomaterials, H, production, photocatalysis, energy applications

8.1 Introduction

Biomaterials showing multi functions are becoming surprisingly significant in the
current technology innovations, showing extraordinary outcomes. These miniature
and futuristic materials of nature have always amazed the scientific community for
sustaining the ecosystem and well-being of humans in accordance with the rules of
green chemistry [1]. The current world is facing challenging problems of environ-
mental pollution, infectious diseases and climate change. These environmental
conditions have led to the exhaustion of non-renewable energy sources and the en-
vironmental crises [2]. The lack of non-renewable energy sources or fossil fuels has
enhanced scientific interest in the use of biomaterials and greener technology, for
alleviating pollution and for production of clean energy. Hydrogen, being a benign
combustion product and having extraordinary enthalpy value, is regarded as a
clean and prospective source of energy as compared to the traditional fossil fuels.
The process of water splitting via photocatalysis is usually economical and environ-
mental friendly. The process of photocatalysis has recently gained interest in water
treatment and disinfection due to its high efficiency [1, 3-5]. Photocatalysis is the
efficient alternative for renewable production of hydrogen, but it requires new cata-
lysts that give high efficiency at a large scale [6]. Popular metallic photocatalysts
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have offered sustainable and better performances due to the gradual shift of inor-
ganic nano-materials toward organic- and polymer-based photocatalysts [1, 7].

The harmful environmental intoxication and energy crises, currently, due to
the rapid exhaustion of natural gas, oil and coal has emphasized on exploiting the
renewable, clean and eco-friendly energy sources [4]. Due to the increasing demand
of energy and the environmental problems, the production of hydrogen from water
spitting via photocatalysis is a research interest as an artificial photosynthetic pro-
cess (Figure 8.1) [8, 9]. The solar radiations that reach the Earth’s surface consist of
near-infrared (NIR) light (52%-55%), visible light (42%-43%) and UV light (3-5%).
Keeping in view the spectrum of these solar radiations, the development of stable
and efficient photocatalysts is becoming a high priority [10, 11]. Regarding the envi-
ronment protection interests, a photocatalyst should be durable, free from secon-
dary pollutants in scale-up applications and totally eco-friendly. To gain these
concerns, metal-free photocatalysts are often preferred that show no metal ion leak-
age [12]. Therefore, eco-friendly and biocompatible high performance metal-free
photocatalysts are preferred to gain maximum utilization of the full spectrum en-
ergy. Hence, the modification of semiconductor photocatalysts, such as Z-scheme
and metal ion doping, offers an efficient and desirable usage of energy [13, 14].

o000 00 pP__Li
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Figure 8.1: H, production through photocatalysis.

8.1.1 Photocatalytic hydrogen production

There are several primary energy sources from which hydrogen can be produced,
such as natural gas, coal, biomass, waste materials, solar light, nuclear power, geo-
thermal power and hydropower. Commercial hydrogen is usually produced from
coal using the gastification technique and also from steam, reforming methane, but
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both these methods also involve the emission of carbon dioxide [15, 16]. Hydrogen
is an effective alternative source of energy that can be stored in liquid, gaseous
and/or metal hydride form, and can also be distributed easily through pipelines or
tankers over large distances [15]. To achieve an efficient and affordable production
of hydrogen, water and solar light are the effective alternative sources. Hence, pho-
tocatalytic water splitting for hydrogen production offers a clean source of hydro-
gen and can be used in small as well as in large-scale generators for hydrogen
production [17]. Honda and Fujishima were the pioneers who introduced photocata-
lytic water splitting in 1972 using Pt as the cathode and TiO, as the photoanode,
and after this investigation, several studies and researches have been conducted on
water splitting [18].

8.1.2 Biomaterials as photocatalysts for hydrogen production

The concept of photocatalysis has recently gained huge emphasis in undergraduate
chemistry courses. Many researches and investigations have been reported regard-
ing the degradation of pollutants using heterogeneous photocatalysts [19, 20]. The
availability of advanced and novel nanomaterials is the major driving force for pro-
cesses from hydrogen generation to energy propulsion [21]. Fujishima was the pio-
neer who introduced the use of TiO, for hydrogen production using the water
splitting technique. Later, a number of photocatalytic materials have been discov-
ered and synthesized for the efficient production of hydrogen and for pollutant de-
composition [6, 22, 23].

8.2 TiO,

Several nanomaterials can be used for photocatalytic hydrogen production, such as
CdS, TiO, and SiC, as all of these photocatalysts show excellent photocatalytic prop-
erties [18]. TiO, is one of these photocatalysts that has been tremendously studied
due to its excellent band-edge position, resistance to photo-corrosion, extraordinary
stability and optoelectronic properties and for being economical. Various modifica-
tions are made to TiO, to lower its band gap, which enhances the adsorption of visi-
ble light [24, 25]. The addition of sacrificial reagents or electron donors (such as
formic acid, oxalic acid and formaldehyde) in the TiO, is an effective measure that
can increase the separation of electron-holes. However, to continue this reaction,
there is a need for continuously adding electron donors, as they are used during the
photocatalytic reactions [26, 27].

The alteration of the nanomaterial morphology, doping with metallic and/or non-
metallic elements (such as Pd, Pt, Rh, Ni Au and Ag) and the compounding of TiO,



128 —— Awais Ahmad et al.

with other molecules are effective ways of optimizing the photocatalytic performance
of TiO, [28-30]. Through these treatments, enhanced active sites, large surface areas
and increased separation of photogenerated electron holes pairs can be achieved,
which ultimately lead to an enhanced absorption intensity of the visible light. Hy-
drogenated TiO,, therefore, has gained significant attention due to its enhanced
photocatalytic activity [31]. The loading of TiO, with metals (Ag or Au) can also en-
hance the photocatalytic activity through surface plasmon resonance (SPR) effect.
SPR refers to the overall motion of conducting electrons that is induced due to light
irradiation, considerably enhancing the electric near field [32]. Loading of TiO, with
Au results in the excitation of valence bond electrons to the conduction band
through UV light irradiation, and which then are transferred to the Au particles on
the surface of TiO,. In this way, the SPR effect boosts up the energy intensity of
electrons, ultimately increasing the photocatalytic activity [33]. Due to several limi-
tations of TiO, as a photocatalyst for water splitting, TiO, is combined with two or
more components to enhance its photocatalytic activity for commercialization, for
example, NiO-SrTiO; and NiO-Ni are loaded with Sr,.Nb,O; and Sr,Ta,0; [34].

8.3 Dimensional nanomaterials

Two-dimensional nanomaterials have been introduced as photocatalysts for the
process of water splitting, which can reduce the recombination of electron—hole
pairs and can also reduce the traveling distance of the charge carriers. This is ac-
complished due to the layered structure of 2D nanomaterials, which assist in the
maximum light absorption at a low density [35, 36]. The 2D materials offer extraor-
dinary optical as well as electronic properties, and their covalent bonds offer the
generation of several hetero-structures and hetero-junctions. In addition to this, the
2D structure enhances the specific surface area, which increases the efficiency of
water splitting. Graphene is one such 2D structure that shows exceptional elec-
tronic, optical and mechanical properties [37-39]. Similarly, two dimensional tran-
sition metal dichalcogenides (TMDs) have also been extensively studied in the last
few years. They are made up of hexagonal metal atoms layers that are squeezed be-
tween two layers of chalcogen atoms [40]. In TMDs, the 2D structure is formed due
to the covalent interactions of sheets while the 3D crystalline shape is formed due
to van der Waals interactions between the adjacent layers. In this way, about 40
types of TMDs have been synthesized, based on the combination patterns of the
chalcogen atoms and the transition metals [40, 41]. The utilization of 2D nanomate-
rials, along with potent co-catalysts, is an efficient and worthy option for the effi-
cient production of hydrogen via the method of water splitting [42].

For the optimum synthesis of 2D nanomaterials, chemical vapor deposition
(CVD) technique is preferred in which a solid structure is initially deposited on a
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substrate heated with vapor formation and then it is optimized done by tuning the
substrate type, the substrate temperature and the pressure of the incoming gas [43].
This technique of optimizing 2D nanoarchitectures is quite reliable, uniform and ef-
ficient; nevertheless, this process is expensive as well due to the use of precious
metal substrates [44]. Surface modulation through surface engineering is another
useful technique to adjust the physicochemical properties of nanomaterials [45].
Yuan et al. [46] synthesized Tig g;0, and Ca,Nb;0,, nanosheets for 2D oxide plate-
lets growth, utilizing the wet chemical method and calcination, which enhanced
the production of hydrogen impressively via water splitting. Instead of these meth-
ods, incorporating metal nanoparticles on the surface of semiconductors is an alter-
native and easier optimizing method, which can increase the basic properties of
photocatalysts such as charge separation process, increasing the band gap absorp-
tion in the visible region and/or enhancing the photochemical process [42].

8.4 Graphitic carbon nitride (g-C5N,)

Graphitic carbon nitride (g-C5N,) has recently been found to be an eminent photoca-
talyst due to its excellent structure and band gap and it uses visible light for H, pro-
duction [47, 48]. CsN,, in the form of melons, is considered as one of the traditional
polymers but its allotropes are a-C3Ny, B-CsN,, g-C3Ny4, cubic C3N, and pseudocubic
C;5N,. g-C5N, is the most stable allotrope under circumambient conditions [48, 49]. In
spite of this, the composite photocatalyst made from g-CsN, and NiS shows strong
potential over g-CsN, because NiS possesses the ability to impede the electrons and
holes recombination and hence enhances H, production [50, 51]. Moreover, NiS is
also economical as compared to the noble metal co-catalyst, Pt, and it adsorbs strong
NIR region, ultimately extending the photo-response effectively [52]. In spite of these
advantages, H, production is not satisfactory using the composite photocatalyst of g-
C5N, and NiS due to the random distribution and aggregation of NiS during the pro-
cess of formation, which reduces the electrons and holes separation [53].

For an even distribution of NiS in g-C3N,, the coordination polymer of Ni**, with
the thiol group containing an appropriate N-heterocycle molecule, is often an ideal
option due to the conversion of Ni**-based coordination polymer in NiS@g-C5N,,
through calcination [54]. In the coordination polymer, the N-heterocycle molecule and
Ni?* are connected in a high array, which insures the homogenize distribution of NiS,
the nano-composite. Thus, NiS nanoparticles are produced due their limited move-
ment by the proximate thiol groups having N-heterocycle molecules [55, 56]. More-
over, the presence of N-atom generates vacancy in the nanocomposite, which further
facilitates the electron-hole separation and an increase in light adsorption in the NIR
region of the photocatalyst [57]. Table 8.1 lists the photocatalysts that can be used for
the production of hydrogen.
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8.5 Microorganisms as photocatalytic water
splitting

Photobiological water splitting is the method in which microorganisms like green
algae and cyanobacteria are used for the production of hydrogen utilizing the solar
light [58]. These microorganisms have the capability to absorb light using the pig-
ments present in their photosystems. This absorbed light can then be effectively
transferred to the centers of chlorophylls where several oxidants and reductants are
formed via the process of charge separation [59, 60]. These generated oxidants and
reductants can react in the photosystems and generate electron-hole pairs, leading
to the process of water splitting. However, the overall production rate of hydrogen
through this photobiological water splitting is low; thereby this method is commer-
cially unviable, but this method of water splitting needs more research and investi-
gation to ensure an environmentally safe source of energy [61].

Table 8.1: List of photocatalysts used for H, production.

Photocatalysts Source of light Rate of H, production (pmol/h) Reference
Pt/TiO, 400 W Hg lamp 568 [62]
Zr0, 400 W Hg lamp 72-142 [63]
Pt/Zr0O, 400 W Hg lamp 120 [63]
NiO/Sr,Nb,0; 400 W Hg lamp 110 [34]
NiO/Sr,Ta,0, 400 W Hg lamp 1000 [34]
BaTa, 04 400 W Hg lamp 21 [64]
BaTa,0 400 W Hg lamp 126 [64]
NiO/BaTa,04¢ 400 W Hg lamp 629 [64]
Ni/RbsNbgO;, 400 W Hg lamp 936 [65]
Ni/K4NbgO45 400 W Hg lamp 403 [65]
Pt/BaTaO-,N 300 W Xe lamp 6.6 [66]
Pt/SrTiOs; Bi,M0oOg 300 W Xe lamp 19 [67]
Pt/SrTiO5: Rh WO3; 500 W halogen lamp 1.6 [68]
NiS/CdS 300 W Xe lamp 69.8 [69]
CdS/MoS, 300 W Xe lamp 55 [70]
ZnS-g-C3N, 300 W Xe lamp 69.8 [71]

8.6 Current challenges and future prospects
of water splitting
To overcome the increasing demand of energy and the saturation of energy resour-

ces, water splitting method is considered safe and efficient for the production of H,,
and this method can be enhanced by preventing the backward reactions of water
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splitting, separating the photo-generated charge separation and utilizing large inci-
dent energy fraction [26]. The reforming of photocatalytic process for the production
of hydrogen at ambient conditions is the need of this era, as through this method,
solar energy can be converted into chemical energy effectively. For this process,
several chemical compounds (biomass and alcohols) have been extensively studied
for photocatalytic reforming.

Several methods, such as doping and/or loading of metal or metal oxides on the
surface of photocatalysts and synthesis of composite photocatalysts, can successfully
improve the efficiency of a photocatalyst for the process of water splitting. These
ways can tune the band gap and also prevent the recombination of electron—hole
pairs. In short, the process of photocatalytic water splitting needs further research
and investigations to explore the potential of semiconductors and/or biomaterials,
which can then generate solar energy. More detailed and explanatory studies are re-
quired for the exploration of highly stable, eco-friendly, efficient and economical
photocatalysts as well as modified photocatalysts to introduce clean hydrogen pro-
duction on a large scale.
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9 Recent advancement and development in
oxygen evaluation using biomaterials

Abstract: The process of tissue engineering and chemotherapy has offered signifi-
cant strategies for enhancing the quality of life and combating contagious diseases.
However, there are several limitations associated with these clinical therapies, in-
cluding limited oxygen supply to the tissue constructs, which can, in turn, cause
hypoxia and tissue resistance. Moreover, oxygen is also required as a significant
signaling tool for the control of stem cell differentiation within the tissue engineer-
ing scaffolds. Several techniques have been developed and investigated for the pro-
cess of oxygen generation. The use of biomaterials can be beneficial for the process
of oxygen generation through their photocatalytic activity. This overview provides
detail of the approaches of oxygen generation and the use of biomaterials in this
technology.

Keywords: Biomaterials, ORR, oxygen generation

9.1 Introduction

Currently, the world is affected by several contagious and infectious diseases that can
be treated with tissue transplantation and/or oxygen [1]. In the practical process of tis-
sue transplantation, the concerns of tissue functionality and cell survival are critical,
and the main problem is the insufficient oxygen supply to the cells and tissues during
the initial stages of implantation. Therefore, oxygen supply is one of major elements
for the survival of cells and tissues [2, 3]. Because of the insufficient oxygen supply dur-
ing the stages of tissue transplantation, hypoxia may occur in the deeper regions of the
tissues [4]. Several strategies have been designed to overcome this limitation over the
last decade, such as using synthetic carriers, fabrication of oxygen-generating scaf-
folds, enhancing the vascularization process and development of oxygen-generating
microsystems [5-7]. Hypoxia is the major drawback in the anticancer therapy of tumor-
ous cells and tissue engineering, and hypoxia is the major concern for tissue regenera-
tion, as it causes resistance to cancer cells [8]. To overcome these problems, several
approaches have been made for restoring adequate oxygen tension at the defected site
for enhancing therapeutic outcomes, such as the use of oxygen carriers, direct oxygen
transplantation and oxygen-generating materials [9, 10].

The process of oxygenation can be achieved through three ways: hyperbaric ox-
ygen therapy (HBO), oxygen-carrying biomaterials (OCB) and oxygen-generating
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biomaterials (OBGs). The HBO technique was historically used for the treatment of
decompression sickness in deep-sea divers since 1920s; however, recently this tech-
nique has been investigated for the tissue engineering process [11]. Among OCBs,
perfluorocarbon (PFC) has been widely investigated for the applications of tissue
engineering, while among OGBs, peroxides and their salts are commonly employed
for the process of oxygenation [12].

Oxygen-releasing biomaterials (ORBs) is one of the successful attempts in provid-
ing the prolonged and sufficient oxygen supply for the engineered tissues in both
in vitro and in vivo in clinical practice [13, 14]. These biomaterials work by releasing
oxygen by the diffusion of adsorbed or entrapped oxygen and/or chemical produc-
tion of oxygen. OGBs is the category of ORBs that are designed for providing a moder-
ate release of oxygen to cells and tissues [15]. The moderate and gradual release of
oxygen is the essential parameter for the organ, particularly providing sufficient time
for the maturation and neovascularization of the engineered tissues [13]. These mate-
rials are usually incorporated into the engineered tissues constructs in the form of
nanofibers, scaffolds and microsphere. Fluorinated materials, calcium peroxide, hy-
drogen peroxide, magnesium peroxide and sodium percarbonate are some examples
of ORBs [6, 16]. Encapsulation is another modification of biomaterials using hydro-
phobic polymers that can also further slow down the oxygen release. Moreover, the
chemical composition of OGBs can also affect the process of oxygenation [16].

9.2 Approaches of oxygen generation
9.2.1 Hyperbaric oxygen therapy (HBO,)

This approach possesses much potential for the technique of tissue engineering and
wound healing. In this technique, patients usually breathe 100% oxygen in their
chamber at an elevated atmospheric pressure, which increases the oxygen level in
the blood and tissues. The major drawback of this approach is the generation of ROS,
which is considered to be toxic to cells and can cause systemic impairment to the
central nervous system and the pulmonary tract. However, these outcomes are de-
pendent upon the concentration of generated ROS and the duration of the therapy
[11, 17]. These potential drawbacks of the HBO, technique have greatly influenced the
investigation and research for their applications in the tissue engineering of the carti-
lage, ligament, bone and the oral mucosa [18-20]. Table 9.1 explores the pros and
cons of the HBO, technique for oxygen generation. However, the process of HBO, is
not effective for many reasons. The major method of its delivery is through the arte-
rial blood, which may cause integration, and moreover, this technique does not pro-
vide a sustained oxygen level and it also needs specialized equipment [11].
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Table 9.1: Pros and cons of HBO, therapy.

Pros Cons

— Simple and easy technique —  Requires daily treatment
— The process of oxygen delivery can be Oxygen is often flammable at high
sustained concentration
- Seizures, reversible myopia and pulmonary
damage may occur
- The delivery of oxygen is sustained by the
process of diffusion

9.2.2 Oxygen-carrying biomaterials (OCBs)

PFCs can be used as OCBs that consist of fluorinated carbon chains exhibiting sev-
eral properties, which make them suitable oxygen carriers for biomedical applica-
tions. The bonds between carbon and fluorine are responsible for the inertness of
PFCs and also make them biocompatible with living cells [21]. PFCs show both lipo-
philic and hydrophilic character that contribute to the structural stability of PFCs
with living tissues [22]. All these characteristics of PFCs make them a suitable
choice for storing and releasing oxygen on metabolic demands [23]. Several at-
tempts and investigations have been made clinically on the use of PFC emulsions
as artificial blood substituents. Oxygent, a PFC emulsion having 58% perflubron is
one of the successfully employed artificial blood substituents [24]. In spite of sev-
eral investigations, no PFC has been currently approved by the FDA.

PFCs can also be incorporated into the matrices of biomaterials, which can in
turn be used in several applications. The incorporation of PFC into biomaterials re-
quires fabrication in the encapsulating cells [25, 26]. Chin et al. encapsulated the
perflluorooctylbromide emulsions in the hydrogel beads, which in turn enhanced
the cells viability and the metabolic activity in the tissue-engineered liver con-
structs [27]. Instead of hydrogels, other agents like solvent-casted polycarbonate
urethane, along with fluorinated zeolite microparticles, can also be used to over-
come the limitation of hydrogels with PFCs [28].

Peroxides can also be used as OCB, as these substances work by generating oxy-
gen, instead of delivering it [29]. Inorganic peroxide, such as calcium peroxide, can
also be used for the process of oxygen generation due to its longer release time [6].
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9.2.3 Oxygen-generating biomaterials (0OGBSs)

Calcium peroxide, one of the OGBs, possesses the capability of producing ROS as a
result of the oxygen decomposition process. Through building up of H,0,, the pro-
duction of free radicals is remarkably enhanced, which can decrease cell viability.
Hence, catalase can be incorporated as an antioxidant, which can enhance the deg-
radation of hydrogen peroxide. For the in vivo utilization of OGBs, engineered tis-
sues might be given catalase to lessen hydrogen peroxide’s harmful effects when it
builds up (Table 9.2) [6].

Table 9.2: List of oxygen-generating biomaterials (OGBs) used in in vitro investigation.

0GBs/ORBs Advantages Limitations References
Hydrogen Moderate release of oxygen and Less oxygenation consistency, [30]
peroxide (H,0,) also reduces the diffusion of needs modification for in vivo

oxygen around the scaffold incorporation
Calcium Sustained release of oxygen for Less oxygenation consistency [15]
peroxide about 42 days reduces the and cytotoxic effects on human

effects of oxidative stress on cells; needs further modification

cells for in vivo utilization
Perfluorocarbons Sustained release of oxygen To be included in a suitable [31, 32]

scaffold for large tissue
implantations.

9.2.4 Mechanism of oxygen generation

Oxygen rate generation and release from biomaterials are significant factors that
can directly influence new tissues formation. This mechanism of oxygen release
should be adjusted and moderated for the sustained release of oxygen depending
on the needs of the target tissues. This is due to fact that a burst and/or prolonged
oxygen release cannot provide a significant amount of oxygen to the living tissues,
reducing the potential of cellular functions. To address these problems, a number
of factors including pH, temperature, type of medium and the amount of peroxide
should be considered [33].

Solid inorganic peroxides have been investigated for promising OGBs for a large
number of tissue engineering applications. Calcium peroxide, sodium percarbonate
and magnesium peroxide have been reported to be beneficial for tissue engineering,
with calcium peroxide being the most propitious OGB [34, 35]. As compared to cal-
cium peroxide, magnesium peroxide shows the slowest oxygen generation due to its
slower reaction rate and lower solubility. Several strategies have been successfully
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adopted to enhance the rate of oxygen generation via these OGBs. For instance, en-
capsulation in hydrophobic materials can slow the oxygen release rate, while encap-
sulation in hydrophilic materials can enhance the diffusion rate [13, 34].

9.2.5 Photosynthetic microorganisms for potent oxygen
generators

The use of photosynthetic microorganisms has recently become a continuous source
of oxygenation as an unconventional promising prospect [36, 37]. The mechanism in-
volved is the fixation of carbon dioxide and water, and the generation of oxygen as a
byproduct through light-sensitive chlorophyll molecules [37]. Thus, this system of ox-
ygen generation can be effectively utilized for overcoming the process of hypoxia in
tissue engineering and in the chemotherapy of cancerous cells [8]. The main concern
of utilizing this system is the delivery of microbes into the mammalian systems. The
three major approaches used for this purpose include direct treatment, encapsulation
into the matrix and adhesion on the biomaterial constructs. In the direct treatment
method, the microbes are delivered in the form of suspension through intravenous
injection at the specific target cells [38]. The major drawback of using this method
is less specificity and rapid clearance through the liver and spleen. The delivery
approach of the adhesion of microbes on biomaterial constructs involves the re-
suspension of the biomaterial platform into the microbial cell suspension, which
allow the cells to adhere firmly toward the substrate surface [39, 40]. This method
confers a site-specific action, providing a high concentration. Nonetheless, the mi-
crobial cells can elicit an immune response into the host cells. Hence, another ap-
proach can be adopted, which involves the encapsulation of microbial cells in
three-dimensional matrices that offers site-specific delivery and less immune in-
teractions [41-43]. Tables 9.3 and 9.4 summarize the study of photosynthetic mi-
croorganism utilized biomaterials for tissue engineering and anticancer therapy,
respectively.

Algae can also be used successfully for the constant supply of oxygen into the
constructs of tissue engineering due to its photosynthetic ability [44]. Algae can be
used alone or with fabrication, which further increases the process of oxygenation.
In a recent research, it was found that algae can also be genetically engineered for
the secretion of vascular endothelial growth factor, which can in turn enhance the
vascularization and oxygen generation within the tissue constructs [45].
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Table 9.3: Photosynthetic microorganism utilized biomaterials for tissue engineering.

S. no. Microorganisms Method of In vitro study In vivo study References
delivery
1 Chlorella Direct Mouse pancreatic [46]
sorokiniana encapsulation islet cells
2 C. reinhardtii Loading on Mouse with full skin [47]
scaffolds defect
3 C. reinhardtii Resuspension  Sa0S-2 human [48]
osteosarcoma cells
4 Spirulina Resuspension  Epithelial cells Full-skin defect [49]
platensis mouse
5 S. elongatus Direct Neonatal rat Myocardial infarcted [50]
intravenous cardiomyocytes rat
injection (Cms)
6 S. elongatus Direct Human skin Full-skin chronic [51]
encapsulation  fibroblasts defect diabetic mouse

Table 9.4: Photosynthetic microorganism utilized biomaterials for anticancers.

S. no. Microorganisms In vitro study In vivo study References
1 Chlorella species CT26 cells Mouse model bearing CT26 tumor [52]
2 Chlorella pyrenoidosa 4T1 cells Mouse model bearing 4T1 tumor [53]
3 C. vulgaris 471 cells Mouse model bearing 4T1 tumor [54]
4 S. elongatus MGC-803 cells Mouse models bearing B16-F10 tumor [38]

9.3 Application of OGBs in tissue engineering

In the recent years, several investigations and developments have been carried out on
the incorporation of OGBs into the tissue-engineered constructs through resultant de-
vices for in vivo use [16, 55]. For instance, several investigations have been conducted
for the provision of sufficient oxygen levels to islet cells for the treatment of diabetes
mellitus (DM) [56, 57]. Pedraza et al. formulated a unique construct using polydime-
thylsiloxane-encapsulated calcium peroxide (PDMS-Ca0,), which was found to be
novel in enhancing the duration of oxygen release for in vitro studies. However, this
construct needs further research for evaluating its efficacy and behavior in vivo [56].
Similarly, there is a problem of insufficient oxygen level in the transplanted tis-
sues of a dermal wound because of the loss of vascular network during injuries.
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Various attempts have been made on incorporating the PFCs into methacrylamide
chitosan (MACF) for developing a novel injectable hydrogel that is found to be effi-
cacious in repetitive oxygen absorption and emission for the healing process [32].
Apart from this, hydrogel made of fluorinated MACF is investigated to be conve-
niently refilled with oxygen. It has also been investigated that increasing the con-
centration of PFC with the construct showed positive effects on the metabolic
activity of fibroblasts. However, this construct requires further investigation in
wound healing for in vivo applications [13, 58]. Moreover, several futuristic investi-
gations are also needed to extend the oxygen production without affecting the pro-
cess of cell migration and/or cell adhesion adversely [59].

Muscle tissues need high oxygen levels and, hence, deficiency of oxygen after
transplantation may lead to ischemic conditions and necrosis due to poor vascular
networks [60]. Therefore, a moderate supply of oxygen during the early stages of
tissue transplantation is very essential for preventing the effect of hypoxia. The ap-
plication of OGBs can be used as a substitute method for ensuring an adequate sup-
ply of oxygen [61]. PLGA microsphere, enclosed in hydrogen peroxide, encircled by
alignate is one of the successful attempts of using biomaterials for the oxygenation
of muscle tissue after tissue transplantation [62].

9.4 Conclusion

Oxygenation therapy, through photosynthesis, using biomaterials holds a massive
therapeutic potential for regulating the process of chemotherapy and tissue engi-
neering. This approach of oxygenation shows promising applications for the repair-
ing and regeneration process of the defected cells after tissue engineering, and for
reversing the process of hypoxia and resistance to anticancer agents. Despite this
exciting technology, there are several drawbacks and limitations associated with it.
Through continuous efforts and research, this field of technology can be used for
better oxygenation in tissue engineering and chemotherapy in the future.
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10 Light-driven photocatalysis using
biomaterials for biomedical applications

Abstract: Photocatalytic reactions using biomaterials is the emerging technology
for the development of non-invasive and controllable medical devices in several
biomedical applications such as photodynamic therapy, photothermal, drug deliv-
ery, regenerative medicines, disinfection and pollutant degradations. Carbon-based
nanomaterials, graphene-based nanomaterials and gold nanoparticles are largely
used in light-guided medical devices and biomedical applications. This chapter
highlights the importance of such biomaterials in the field of medical and advanced
therapies, which can offer huge promise in the upcoming treatment strategies and
for meeting the future energy demands.

Keywords: Photocatalysis, CNTs, graphene, gold NPs

10.1 Introduction

Industrialization and urbanization have led to the current world, and to the con-
sequential environmental and energy crises. To overcome these problems, an ef-
fective utilization of solar light has driven many interests in the fields of research
and development, as this source of energy that reaches the Earth from the Sun in
an hour exceeds the overall energy consumed by man in 1 year [1]. After the suc-
cessful photocatalytic splitting of water using TiO, by Honda-Fujishima in the
1970s, the process of photocatalysis has gained huge interest in several research
fields [2, 3]. The process of photocatalysis is rather complicated, which involves the
absorption of photon to generate the electron-hole pairs and these electron—-hole
pairs are capable of initiating redox reactions [4, 5]. Based on such mechanisms, light
can be successfully used in modern medicines and therapies for the treatment of sev-
eral disorders, such as melanoma, acne, skin disorders and depression [6]. Light is
an exceptionally captivating source of energy as compared to magnetic and/or
thermal energy and as an external force for controlling the stimuli-responsive bio-
materials. This source of energy offers several advantages in terms of biomedical
applications — light can be confined in a predefined area through modern optical
instruments, the stimulation characteristics can be refined by intensity or dura-
tion of light exposure, different biomaterials can independently control the spe-
cific wavelength of light to generate different bioinductive signals for managing
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the cell-biomaterial interactions and, more importantly, the light source is a
harmless choice physiologically for the control of biomaterials in the physiologi-
cal environment [6-8].

Photocatalysts can be effectively used for the effective utilization of solar energy.
The limitation of the use of photocatalysis is a need for a continuous solar source to
perform redox reactions, and that limits their wide use at night [9]. To overcome this
limitation, round-the-clock photocatalyst (RTCP) or all-day-active photocatalysts are
in the development and research stage to perform the catalytic processes throughout
the day [10]. The research interest of today era has greatly shifted toward RTCP, also
known as memory catalysis (MC), whose mechanisms of action are quite diverse and
different. For this purpose, energy storage substances (ESS) are also required that are
capable of initiating the catalysis in the dark [11]. ESS are capable of storing the
photo catalytic-generated electrons from the photocatalyst under solar light and they
can then degrade them in the dark [1]. Hence, the performance of RTCP is based on
the combination of semiconductors and ESS. The development and advancement in
photocatalysts, especially RTCP, finds significant applications, including degrading
the organic pollutants, disinfection, removing heavy metal ions in water treatment
and hydrogen and oxygen production [12-14].

By the effective usage of these photocatalytic substances, several biomedical
applications have emerged that can use the proper source of light such as for the
removal of heavy metals from water, artificial photosynthesis, disinfection, pollut-
ant degradation, photothermal therapy (PTT) and PDT, cells optical modulation,
drug delivery system and light-guided nanovehicles [1, 6]. These offer interesting
options to address medical deficiencies and achieving targeted therapy to excel the
treatment strategies.

10.2 Biomedical applications
10.2.1 Removing the ions of heavy metals

TiO,—WO; systems have effectively reduced the ions of heavy metals (Hg, Ag and Cr),
even in the absence of light. They can store the electrons under ultraviolet light and
then these stored electrons can be released for reducing the heavy metal ions [15].
The fact is that heavy metals are good electron acceptors and, consequently, they can
be decreased by the TiO,—WO5’s trapped electrons. The presence of oxygen molecules
can hinder the electron storage; however, the electrons that react with oxygen can
generate ROS that can further be used in the degradation process. Due to this fact,
the charging process needs the absence of oxygen, while the discharging process
needs the presence of oxygen to generate ROS for environmental detoxification
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[1, 16]. Keeping in view the environmental protection, the use of photocatalytic
removal of heavy metals, not only at day time but also at night time, is an inter-
esting strategy and is in need of future development [1].

10.2.2 Pollutant degradation

Phenol, formate, alcohols and aldehydes can be oxidized using the TiO,—Ni(OH),
bilyer film, both under light and in dark. Moreover, TiON/PdO can also be used for
the degradation of dyes [11, 17]. Based on recent research, g-C5N,/CNTs/graphene
was also found to be effective as a photocatalyst for the degradation of phenol [18].

10.2.3 Disinfection

Biomaterials such as TiO,—~WOj3 can also be used as effective alternatives for bac-
tericidal disinfections,. The discovery of this photocatalyst has been found to be a
fundamental mechanism of the photocatalystic activity under dark conditions for
antimicrobial applications. The photocatalytic films of TiO,—~WO; possesses the
capability of being charged under UV light, and thus can display bactericidal ef-
fect in the dark for about 6 h against Escherichia coli (E. coli) [13]. The mechanism
of disinfection of semiconductors, based on their mechanism of photo-generated
carriers, and the subsequent interaction is possible between the generated holes
on the photocatalytic surface and the membrane lipids of a bacteria. Alternatively,
the indirect generation of OH can execute the chemical transformation on the bio-
materials [1, 13, 19]. However, these reactions are possible only under light. Based
on a study, the coatings of Ag NPs/TiO, have been found to achieve antibacterial
impact at night [20]. The exceptional bactericidal effect of these coatings is based
on the electron storing proficiency of silver NPs that execute the oxidation reac-
tions on the bacterial walls even in the dark [20]. The possible mechanisms of the
bactericidal effects of Ag NPs include (i) Ag NPs that adhere with the bacterial sur-
face to change the membrane permeability; (ii) subsequently, silver nanoparticles
enter the bacterial cells and cause damage to the DNA; (iii) and then the Ag* ions
which possess antimicrobial activity [21]. The bactericidal activity of Ag is rather
complex and it needs a definite analysis and understanding [1].

Au NPs-Cu,0 can be used as a dual-functional catalyst, which also shows
bactericidal activity against E.coli, both in the light and in the dark [22]. Addition-
ally, the study of the nanocomposite TION/PdO for photocatalysts decontamina-
tion give activity in low light circumstances [23]. In this nanocomposite, the PdO
serves as electron storage and hence, bactericidal effect in dark conditions, while dur-
ing daytime, TiON is useful for its bactericidal property. Similar mechanism of action
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is also observed for the anti-bacterial activity of TiO,/Cu,O against E. coli, tita-
nium oxide against E. coli and E. faecalis and SnO, NPs—Cu,0 nanocubes against
staphylococcus aureus [24-26]. Table 10.1 lists the use of nanomaterials for bio-

medical applications.

Table 10.1: Photocatalysts used for biomedical applications.

Photocatalysts Mechanism of Applications References
action

TiO,-nickel hydroxide Storing holes Degradation of aldehydes, [17]
phenols and alcohols

TiO,—nickel hydroxide Storing holes Oxidation of [27]
formaldehydes and
methanol

TiON/PdO Storage of electrons Degradation of methylene [28]
blue

WO05/TiO, Storage of electrons Degradation of methyl [29]
orange

C3N,/CNTs/graphene Storage of electrons Removal of phenol [18]

Titanium dioxide-WO5 Storage of electrons Degradation of E. coli [13]

Ag NPs/TiO, coatings Storage of electrons Disinfection (S. aureus and [13]
E. coli)

TiO, nanosheets Electron storage Disinfection (E. faecalis [30]
and E. coli)

TiO,/Cu,0 Electron storage Disinfection (E. coli) [24]

Sn0,/Cu,0 Storage of electrons Disinfection (S. aureus) [25]

TNT-C Hole storage Disinfection (E. coli and [31]
S. aureus)

TiO,-Ag Storage of electrons Deposition process [32]

10.2.4 Photothermal therapy (PTT) and photodynamic
therapy (PDT)

PDT refers to the reactions of cells with light, oxygen and a chemical reagent. PDT
is an alternative option for oncologic intrusion, mediated through the tumor cell ox-
idation and ablation. Based on several investigations and researches, PDT is shown
to serve as an exciting option of phototherapy [7]. The mechanism of this therapy is
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based on the fact that light can excite the tumor-localizing photosensitizers to a
higher excited state at a certain wavelength, and that photosensitizer can cross the
intersystem to become a triplet-excited photosensitizer. These excited photosensi-
tizers can activate type 1 and 2 PDT reactions for the generation of free radicals and
the singlet oxygen, respectively [6, 7].

The mechanism of both of these reactions, PDT and PTT, are somewhat dissimi-
lar but their oxidized products possess related cytotoxic actions. PDT therapy offers
several advantages as compared to conventional chemotherapy, such as light-
responsive materials are nontoxic and hence can be temporospatial. On the other
hand, chemotherapeutics can cause systemic toxicity to the adjacent healthy cells.
Moreover, photosensitizers are reusable and hence ultimately improve the quality
of life of patients with less invasiveness [33]. Several photosensitizers are approved
by FDA for the PDT therapy for several cancers. For example, porfimer sodium is
used for the treatment of esophageal cancer, Barrett’s esophagus and endobron-
chial cancer [33]. The surface modifications of the natural biomolecules or polymers
allow PDT scheme efficiency for the targeted cancer treatment. For example, MoS,
is the popular biomaterial used due to its surface modification capability [34].

The PTT therapy has been improved by incorporating inorganic nanomaterials.
Based on recent research, the PTT based on gold nanoparticles (Au-NPs) has been
shown promising results for the treatment of prostate cancer [35]. Moreover, PTT
can be combined with radiation and surgery as a novel synergistic therapy. Addi-
tionally, the inorganic nanomaterials can be modified non-covalently and cova-
lently with functional biomolecules due to the large surface-to-volume ratio. These
modifications can improve the permeability and retention of photosensitizers in tu-
mors, ultimately minimizing the adverse effects of heat treatment on the adjacent
healthy tissues [35, 36]. Carbon- and gold-based materials have also been investi-
gated for PTT therapy; however, these materials possess a weak fluorescence that
limits their applications [37].

10.2.5 Optical modulation of cells

Optical modulation of cells, particularly neurons and cardiac cells is another bio-
medical application of light-responsive biomaterials. Inorganic nanomaterials pos-
sess the capability of modulating a single cell using controlled-light platforms via
photoelectric or photothermal stimulation [38, 39]. In this way, cellular processes
can be detected precisely or can be triggered on demand [40]. This extracellular
stimulation of cells, such as the skeletal muscle cells, cardiomyocytes neurons and
neurons, is exceptional for the treatment of several disorders [39]. Several function-
alized inorganic nanomaterials have been successfully investigated for delivery and
dispersion, in the form of drugs, to the targeted organs, such as heart tissues or
deep brain [41]. Two main types of cues, electrochemical and temperature, are
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widely used to control the cell behavior. The photothermal potential of inorganic
nanomaterials and their capability to apply thermal stimulation have been well
studied to observe the small dynamic changes of temperature on cellular functions
[42]. Hence, the photovoltaic and/or photoelectrochemical stimulation can be an al-
ternative choice of studying the non-genetic cell modulations that is associated
with less toxic effects and being more sensitive to cells [6, 43].

Semiconductor nanomaterials and quantum dots (QDs) have been investigated
for stimulating the cells that are electrically triggered [44]. The light-responsive
nanomaterials offer some mechanisms to understand how thermal and/or electrical
stimulation can control the protein signaling pathways and gene transcription [45].
Based on such observations, it is manifested that light-responsive nanomaterials
can be used as a less incursive and specific treatment of electrophysiological dis-
eases [46].

10.2.6 Drug delivery system

Micro-nanomotors are micro and tiny devices that enable the definite manipulation
of substances at the cellular scale [47]. Currently, the light-directed nanovehicles
have emerged. They are designed to achieve on-demand and active delivery sys-
tems of the drugs, biomolecules and transport cells to the targeted organs or tis-
sues. Owing to their mini size, these devices possess the potential of penetrating
into the deep cells to achieve intracellular transport of substances. However, the
biocompatibility issue of these devices is the major concern that restricts the selec-
tion of appropriate supporting chemicals [48]. Hydrogen peroxide is the commonly
employed supporting chemical to drive the nanovehicles; however, this chemical
has limited biomedical application. Alternative options are the use of electrical
fields, magnetic fields and ultrasound to expel nanovehicles [49].

To combat these issues, the light-assisted nanovehicles are the exceptional op-
tion to achieve active delivery of substances or biomolecules in the physiological en-
vironment. By controlling the intensity of light, polarization and frequency, this
method can provide the freedom to maneuver the light responsive materials [50].
Thus, heating agents or photoelectrochemical cells can absorb the photon energy in
the physiological environ and generate the temperature or electrochemical gradient,
respectively. Photocatalytic substances, such as Au/Fe,03;, Au/Cu,0 and Au/TiO,
nanomaterials, can undergo the generation of self-electro-osmosis flow through
electron-hole separation by a low power of UV irradiation [6]. The use of photother-
mal nanomaterials is another alternative for the design of light-guided nanovehicles,
as these substances can produce local temperature gradients. Among such substan-
ces, gold is the most popular material. It can be sputtered or coated on any nanopar-
ticle, such as TiO,, Fe,O3; and mesoporous silica. In general, these light-guided
nanovehicles are of a novel technology that combines the knowledge of PTT, PDT,
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nanoarchitecture and nanofabrication, and these devices assist in the precise cellular
drug delivery and in microsurgery [6, 46].

10.3 Application of biomaterials in regenerative
medicine and cellular biology

Another biomedical application of light-responsive biomaterials is their use to un-
derstand tissue engineering and cellular biology [51]. These biomolecules can in-
duce alterations in the function or heterogeneous structures of natural cellular
microenvironment. Some investigations also emphasize the use of light-triggered
activation and modulation of tissues for the regeneration of the implanted biomate-
rials [52]. In view of all of such investigations and studies, the development of novel
light-responsive biomaterials can provide exceptional translational clinical applica-
tions in future [6]. Table 10.2 lists the light-responsive biomaterials with their bio-

medical applications, advantages and disadvantages.

Table 10.2: Light-guided biomaterials along with their biomedical applications.

Light-guided
biomaterials

Biomedical applications

Applications

Limitations

Graphene,
graphene oxide,
nanodiamonds

Antibacterial, PTT, light-
guided drug delivery system
and cardiac or neuronal cell

Biocompatibility,
chemical inertness and
efficient surface area

Poor solubility in
physiological
environment and

and carbon QDs stimulation nontunable
structures
Gold Antibacterial, PTT, light- Simple Limited
nanoparticles and guided drug delivery system functionalization, photodynamic
nanorods and cardiac or neuronal cell chemical inertness, activity and limited
stimulation biocompatibility and drug-loading capacity
tunable sizes
g-C3N, Antibacterial and neuron Less toxicity, chemical Irresponsive to long-

stimulation

inertness and ease of
preparation

wavelength light

TiO,, ZnO, SnO,
and Zr0O,

Antibacterial, PDT, PTT,
light-guided nanovehicle
and light-guided drug
delivery

Tunable bandgap, large
surface area and
economical

Toxic degradation
products and limited
functionalization

Boron nanosheet
and black
phosphorus

PTT and light-guided drug
delivery

Inherent degradability,
biocompatibility and
large surface area

Weak photodynamic
properties
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10.4 Conclusion

Light-responsive materials offer an efficient, feasible and precise platform for con-
trolling the biochemical and biophysical properties of dynamic bionanomaterials.
They offer several biomedical applications including the removal of heavy metals
from water, pollutant degradation, disinfection, PDT, PTT, drug delivery systems
and light-guided devices. To efficiently use solar light, photocatalytic substances
are required for the effective conversion of solar light into energy. Recent research
has also shifted toward the development of RTCPs that can work both in the pres-
ence and in the absence of light. These insights, in turn, emphasize a huge interest
in the field of research and investigation into light-responsive nanomaterials and
this holds a promising scope for future biomedical revolution.
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