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Abstract

Tree gums are natural exudates of various tree species, making up a group of renewable
and sustainable polymers. These abundantly available tree gums exhibit good
biodegradability, non-toxicity, low cost, good physical and chemical qualities, and
functional diversity. Nowadays, their processed exports open an enormous potential for
income growth, and their production can promote further economic development and
secure rural livelihoods, empower vulnerable groups, including women, and promote
integration with natural resource management and climate change mitigation.

For many years, tree gum hydrocolloids have been used extensively in the food industry
as stabilizers, thickeners, emulsifiers, and binders. However, only high-grade gums with
better purity are suitable for the food industry, and low-grade gums are often discarded.
It is a challenge to find a use for these low-grade biowastes, which account for about 60%
of all gross production. In recent years, the use of these gums for non-food applications
such as medications, energy, and the environment has sparked public attention.

This thesis investigates the potential of sponge fabrication by tree gum kondagogu
(Cochlospermum gossypium), focusing on their use in environmental applications. Its
sustainability, abundant availability, and biodegradability, combined with non-toxicity
and low cost make this material suitable for environmental remediation. However, this
exudate gum has inherent limitations, including high hydrophilicity, structural stability,
and low mechanical properties for stable three-dimensional structures. Different
strategies have been employed to overcome these limitations, including crosslinking,
silylation, and nanocomposite formations. While the resulting sponges were still
biodegradable, their physical and chemical, mechanical, and thermal qualities were vastly

improved.



In addition, specific environmental remediation strategies have been evaluated.
Hydrophilic gum sponges can be converted into hydrophobic and oleophilic by a simple
chemical vapor deposition method and are excellent for selective oil/water separation.
lonically crosslinked sponges retain a low density and highly porous structure, which is
highly efficient for dye adsorption. The gum conjugates emphasize the green synthesis of
nanoparticles and, at the same time, embed these nanoparticles on the sponges for
excellent catalytic application.

To summarize, this work emphasizes the functionalization of tree gum kondagogu-based
sponges for environmental applications. The results demonstrate the great future
opportunities of tree gum kondagogu for sponge production. In addition, the added value

of gum waste may be a useful resource for the development of cutting-edge applications.

Keywords: tree gum kondagogu, sponges, environmental applications, biodegradability



Abstrakt

Stromove pryskyfice jsou ptirodni exudaty pievazné tropickych druhd stromu, které 1ze
povazovat za skv€ly zdroj obnovitelnych a udrzitelnych polymert. Tyto hojn¢ dostupné
suroviny vykazuji dobrou biologickou odbouratelnost, nizkou toxicitu, nizkou pofizovaci cenu,
dobré fyzikalni a chemické vlastnosti a rozmanitost funk¢énich skupin. Vyvoz zpracovanych
stromovych pryskyfic otevira v soucasné dobé obrovsky potencidl pro rust piijmu
znevyhodnénych komunit a jejich produkce muze podpofit hospodaisky rozvoj venkova,
posilit socioekonomické postaveni zranitelnych skupin véetné Zen, podpofit udrzitelny
management ptirodnich zdrojl a ptispét ke zmiriiovanim zmény klimatu.

Hydrokoloidy ze stromovych pryskyfic se jiz mnoho let hojné pouzivaji v
potravinaiském prumyslu jako stabilizatory, zahustovadla, emulgatory a pojiva. Pro
nekvalitni pryskyfice jsou Casto povazovany za odpad. Je vyzvou najit vyuziti pro tyto méné
kvalitni bioodpady, které tvoii ptiblizné 60 % veskeré produkce. V poslednich letech vzbudilo
pozornost vefejnosti vyuZziti téchto gum pro nepotravinaiské Ucely, napf. ve farmacii,
energetice a v ochrané Zivotniho prostiedi.

Tato prace zkouma potencial vyroby poréznich hub z pryskyfice guma kondagogu,
jejimz zdrojem je strom Cochlospermum gossypium. Zaméfena je na jejich vyuziti v
environmentalnich aplikacich. Ekologicky udrzitelnd produkce, hojna dostupnost a biologicka
odbouratelnost, spolu s nizkou toxicitou a nizkou cenou ¢ini tento materidl vhodnym pro
pouziti pii sanacich zivotniho prostfedi. Tato exudatova guma ma v§ak sva inherentni omezeni,
véetné vysoké hydrofility, nizké strukturni stability a nedostateénych mechanickych vlastnosti
pro tvorbu stabilnich trojrozmérnych utvaru. K piekonani téchto omezeni byly pouzity rtizné

strategie, vCetné sitovani, silylace a tvorby nanokompozitnich smési. Vysledné houby byly



sice stale biologicky odbouratelné, ale jejich fyzikalni, chemickeé, mechanické a tepelné
vlastnosti se vyrazné zlepsily.

Kromé¢ toho byly vyhodnoceny konkrétni strategie sanace zivotniho prostiedi.
Hydrofilni polymerni houby mohou byt jednoduSe pifeménény na lipofilni za pomoci
jednoduché metody chemické depozice par a jsou vynikajici pro selektivni separaci olej/voda.
lontty zesiténé houby si zachovavaji nizkou hustotu a vysoce porézni strukturu, ktera je vysoce
ucinna pro adsorpci barviv. Konjugaty gum jsou umoziuji ekologickou syntézu nanocastic a
zaroven tyto nanocastice ukotvuji do porézni houby pro vynikajici katalytické vlastnosti.

Souhrnné lze fici, Ze stézejnim bodem této prace je funkcionalizace polymernich hub
na bazi stromové pryskytice guma kondagogu pro environmentalni aplikace. Vysledky ukazuji
vysokou vhodnost gumy kondagogu pro vyrobu polymernich hub. Velkym pfinosem je

moznost pifemény jinak odpadniho materialu v uzite¢ny néstroj pro vyvoj $pickovych aplikaci.

Kli¢ova slova: guma kondagogu, polymerni houby, environmentalni aplikace, biologicka

rozlozitelnost.
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1. Abbreviations

BET - Brunauer-Emmett-Teller

EMI - Electromagnetic Interference
FAO - Food and Agriculture Organization
FD - Freeze-Drying

HA - Hyaluronic Acid

PCL- Polycaprolactone

PLA- Polylactic Acid

SCD - Supercritical Drying

SEM - Scanning Electron Microscopy
T - Temperature

TD - Thermal Drying

UV - Ultraviolet

BOD - Biological Oxygen Demand
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2. Introduction

Lightweight materials with favorable properties have always intrigued the scientific
world. The scientific community sees lightweight sponges as a “future material”. These
forms, which are inspired by nature, have a variety of intellectual properties. Research of
sponges with superior functional and structural performances has been inspired by the
hierarchical natural structure of wood and bones. Over the past nine decades, sponges
have grown into a class of very enticing lightweight open cellular structures that have
presented both a challenge and an opportunity in advanced chemistry and material
science. Research of sponges can help accelerate this exciting development and expand

the possibilities for innovative materials and their engineering.

RN b
o !

Figure 1. Low-density bio sponge on foxtail grass.

As shown in Figure 1, sponges are macroporous (>50 nm) cells, with a very low density
(<100 mg/cm?®), open cellular structure, and very high specific surface area. Sponge
structures have common characteristics of reversible compressibility, mechanical
integrity, breathability, high porosity, and good fluid absorption capacity, which broadens
their practical usage. Such exciting features help to develop a variety of environmental

applications. In many publications, the term aerogel has been used to describe sponges.
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However, The Gold Book of the International Union’s Pure and Applied Chemistry
(ITUPAC) defines aerogel as a microporous (pore width of less than 2 nm) solid.
Nevertheless, the definitions do not necessarily apply to all aspects of advanced open
cellular materials. Therefore, such open cellular materials are also called aerogels and

foams in the literature.

In the succeeding decades, inorganic sponges [1], carbon-based sponges [2], graphene
oxide sponges [3], and organic sponges are often used for environmental purposes.
Sponges made of polymers produced from petroleum are utilized in various fields from
household cleaning to aerospace applications. Polymers are commonly based on imide
[4]-[6], polyurea [7], polystyrene [8], [9], polyurethane [10]-[13], polyethylene [14],
[15], polypropylene [16], [17], and polyvinyl alcohol [18], [19]. The characteristics of
these sponges make them ideal for many applications, such as tissue engineering, drug
delivery, packaging, catalysis, filtration, thermal insulation, supercapacitor, battery
applications, and EMI shielding. Synthesis of these polymeric sponges involves
expensive equipment, harsh processing, hazardous chemicals, and complex technologies
[20], [21]. Furthermore, due to their chemical precursors, non-biodegradability, and
hazardous decomposition products. Synthetic polymer-based sponges are inadequate for
sustainability. In this context, the importance of sponge fabrication using green and

sustainable biopolymers has been revealed.

2.1. Biopolymer Sponges
Recent research of biopolymeric materials for sponge fabrication has focused on more
than just petroleum-based materials. The famous concept of sustainability, “Meeting the

needs of the present without compromising the ability of future generations to meet their
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own needs” (Brundtland Commission report, United Nations, 1987), motivates the
research of sustainable biopolymeric materials [1]. The biopolymers of chitosan,
cellulose, alginate, lignin, gelatin, starch, PLA, and PCL are abundant, non-toxic and
highly biodegradable, and suitable for bio-sponges. In addition, biopolymers generally
contain an abundance of surface functional groups, allowing them to be functionalized to
enhance their inherent properties and expand their applications. Each biopolymer-based
sponge seems unique due to its differences in terms of crystallinity, topology,
composition, molecular weight distribution, and its peculiar and often multiple gelation

mechanisms.

Biopolymer sponges

1000

800

Number of publications

g & & 889
LV A . A

Publication year

Figure 2. Number of scientific publications (ScienceDirect record) during the last 22 years

containing “Biopolymer sponge” in the content.

Early in the 1930s, Kistler developed the first aerogels, including a variety of biopolymers
comprised of gelatin, cellulose, agar, and albumin [22]. In recent years, the scientific

community’s interest in biopolymer sponges has significantly accelerated. This is also
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evident from the number of publications on biopolymer sponges between 1999 and 2021
(see Figure 2). To date, cellulose, chitosan, alginate, and their derivatives have dominated
in open cellular structure research due to their inherent features. Although cellulose
sponges make up around half of the articles on biopolymer sponges, research of sponges
made from other biopolymers has also performed better. Such reported biopolymer-based
sponges are highly porous (90-99%), lightweight (0.07-0.46 g cm~3), and have a high
surface area (70-680 m? g ) [23]. Consequently, biopolymer sponges highlight their
applications as adsorbents, thermal insulators, catalysts, sensors, drug delivery systems,
tissue engineering, and regenerative medicines. Modern research groups have mainly
focused on the assemblies and chemical modifications of biopolymer sponges.

The current Ph.D. research thesis is focused on the preparation and functionalization of
tree gum-based sponges, which led to publications in four international peer-reviewed

journals.

According to my research thesis, significant volumes of tree gums that disintegrate as
bio-waste can be turned into an asset with added value in an efficient and affordable
manner. In the current study, it was demonstrated that it is feasible to produce a green and
sustainable sponge, which demonstrates promising results when used in a variety of

environmental remediation processes.
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3. Theoretical Part

3.2. Preparation of Sponges

Biopolymer sponges can be produced in two main ways:

i) By the production of colloids from molecules, such as alginate, pectin, or chitosan. In
this method, gel structures are generated from biopolymer molecule solutions. The
majority of the biopolymers that are used to make bio-sponges have the ability to create
molecular colloids, and their solvents can either be water, an organic solvent, or a mixture.
The type of interactions created between the polymeric chains determines the gelation
kinetics and final structure of biopolymer sponges.

i) Through the use of abbreviated particle-based precursors, for example, protein
nanofiber aggregates, chitin nanofibrils, or nanofibrous cellulose. Here, a colloidal route
is used to form the network through controlled aggregation of nano- or microparticles.
The resulting gel is most often a physically cross-linked particle network, although
chemical crosslinks have also been employed.

For both methods, the properties of the sponge are primarily dictated by the concentration
and functional groups of the precursors, the pH of the solution, the type and density of
the cross-linkers, the gelation process, and the drying procedure. Commonly, “gelation”
refers to the creation of physical entanglements, such as van der Waals force, electronic
interactions, hydrogen bonding, and chemical cross-links, which provide a stable
structure, adequate swelling, and high rigidity [24]. Depending on the raw materials and
desired applications, biopolymer sponges can be manufactured using various techniques,
such as the blowing method, the sol-gel process, template growth, freeze drying, self-

assembly, and 3D printing.
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3.1.1 The Blowing Method

The blowing method is a well-established technique that involves the formation of open
or closed cell-shaped polymer foams using physical or chemical blowing agents. The
fundamental reaction of this method is the expansion of gas that has been entrapped or
chemically produced in a polymer matrix. Baking is considered to be the oldest man-
made blowing process. Selection of the blowing agents is depending on the nature of the
material and the conditions under which it is applied. In general, these microcellular
foams usually have a closed cell structure. The blowing method is used to create a wide
range of biobased polymeric porous and cellular structures, which were detailed in a book
published by lannace and Park [25]. For example, alginate cellular structures were
developed by Barbetta et al., with a well-defined morphology and interconnected pores
using different blowing agents such as pluronic, polyquaternium, sodium dodecylsulfate,
tyloxapol, and triton [26]. Sjoqvist & Gatenholm fabricated low-density starch foams
with water as a blowing agent [27]. In another study, Zhang et al., elucidated that low-
density cellulose aerogels with interconnected pores were obtained with physical (sodium
sulfate anhydrous) and chemical (p-toluenesulfonyl hydrazide) blowing agents resulting
in a honeycomb structure with excellent oil absorption and oil spillage clean-up properties
[28]. Microcellular PLA foams with a high expansion ratio were recently developed using
CO- as a blowing agent [29]-[31]. Sodium hydrogen carbonate is used as a forming agent
for a stable porous scaffold developed from gelatin [32]. In this scenario, the blowing

chemicals and their by-products must be compatible with the polymer.

3.1.2 The Sol-Gel Process
The sol-gel process is an important wet chemical synthesis process used to form a spongy

structure from hydrocolloids (see Figure 3). The first step is to create a colloidal
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suspension by dispersing biopolymers or particles in a dispersing solvent. The solvent
used in this step could be water or organic liquids. These hydrocolloids interconnected to
form a three-dimensional network (gel) by polycondensation in the presence of a
crosslinker or by the physical interaction. The next step is the drying process, which
removes the solvent of the gel replaced by air without compromising the structural
integrity. The structure of the sponges produced in this way varies mainly depending on
the drying method. The three most common drying methods are thermal drying (TD),
supercritical drying (SCD), and freeze drying (FD). The TD method is safe and
inexpensive for large-scale production, but this method is usually very time consuming
and difficult to maintain in 3D structures. This drying process has been used to produce
3D structures with densities of more than 0.1 g cm™, and it cannot be use with fragile and
hydrophilic matrices.

Another form of drying, known as SCD, can be divided into two categories, high
temperature SCD (>100 °C and 50-100 atm) and low temperature SCD (31.2 °C and 72.79
atm). The high temperature SCD method is generally incompatible with biopolymers, as
the temperature is above 100 °C. Under this condition, the properties of the biopolymers
deteriorate, and they react with the solvent creating a high risk of explosion and hazardous
contamination. Due to its low supercritical temperature and lack of toxicity, the low-
temperature SCD method is frequently employed to build polymeric cellular structures
by eliminating solvents with the use of safe and non-flammable supercritical liquid carbon
dioxide (CO.). This method is compatible with all types of biopolymers and is commonly
used to produce structurally stable aerogels with nano/macro size pores.[33] In this
method, when the drying medium is in the critical condition the gas-liquid interface
disappears, and the liquid phase converts to a gas phase without destroying the network

structure of hydrogel. Chitin aerogels developed in this way have a very low density
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(0.039-0.063 g L) and high porosity (84.1-90.2%). Based on these characteristics, the

obtained sponges may be used as biomaterials for biomedical applications [34].
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Figure 3. Synthesis of biopolymer sponges through the sol-gel process

In the FD process, the liquid phase of the polymeric gel is frozen to create continuous
solvent crystallization, which is subsequently removed by sublimation to make stable
sponges. This gives a regular interconnected macroporous morphology with significantly
better mechanical integrity. This method is a simple, more economical, and
environmentally friendly process than FD and SCD. Drying procedures have a great
impact on the final structure and properties of biopolymer sponges such as bulk density,
porosities, and pore size distribution. Compared to SCD, the high volume of
macroporosity, a significant amount of shrinkage, and low specific surface area are more

developed.

3.1.3 The Template Growth Method

Template growth is a method for creating sponges using sacrificial templates. Once the
sponge structure has been created, the templates will be removed by one or more
possibilities such as etching, leaching, FD, or pyrolysis. The widely used sacrificial
templates are made by natural and synthetic polymers, salts, liquids, metals, and ceramics.

In the early days, this method was used to make macroporous ceramics. Particulate

18



leaching is a template-based method for producing tissue engineering scaffolds utilizing
biodegradable polymer sponges [35]-[37]. Here, the sponge-forming polymer matrix is
mixed with soluble and easily removable particulates and then selectively removed. The
porosity and cellular structure are controlled according to the amount of salt and

crystallite size [38].
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Figure 4. A phase diagram of the temperature-pressure paths for drying.

Ice is utilized as a sacrificial template for biopolymer sponges, and the template is
removed by freeze drying once the structure is formed. Such sponges have pore
interconnectivity of more than 99%, porosity of up to 95%, and density of 25 mg cm. In
this method, it is possible to construct ultralight, mechanically strong bio-sponges using
renewable resources. The critical characteristics of pore size and morphology are
controlled by the freezing temperatures and directly affect the mechanical properties. FD

is the most widely used drying method for low-density porous 3D sponges. Its function
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is to freeze the polymeric solution at temperatures between -20 °C and -196 "C, allowing
ice crystals to grow and subsequent removing the water by lyophilization. For instance, a
quick-freezing rate frequently produces small ice crystals, which leads to products with
small pore sizes and large pore surface area. On the other hand, a slow freezing rate results
in the development of large ice crystals, which produces a sponge with large pore sizes.
The typical temperature—pressure phase diagram shown in Figure 4 can be used to explore

the drying methods.

3.1.4 The Self-Assembly Method

Self-assembly is another common technique for making sponges with hierarchical pore
structures. They can be obtained from nanosheets, nanofibers/microfibers, and zero-
dimensional particles. Depending on the raw materials, the driving force for the
construction of 3D structures can be hydrogen bonding, electrostatic interactions, or
redox reactions. Cellulose, silks, chitins, and peptide molecules contain functional
groups, such as hydroxyl groups (-OH) and amide groups (-CONH-), that can form
intermolecular H-bond interactions. Self-assembled sponges have a high specific surface
area and excellent mechanical properties. Throughout the procedure, nanoparticles and
nanofibers in aqueous media consolidate to form nanochains, and the self-assembling
network is produced by interconnection and interpenetration. Different one-dimensional
fibers, including nanofibers, microfibers, and short electrospun fibers make three-
dimensional structures using this method. Moreover, the chemical vapor deposition

method is also classified as self-assembly method.
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3.1.5 3D Printing

3D printing has recently gained popularity as a viable method for producing spongy
materials with a predetermined structure and with a controlled pore size, shape, and
interconnectivity. This approach has been widely employed to create 3D structures for
biomedical applications such as tissue engineering scaffolds. This method can directly
control the micro- and macro-architecture of the 3D structures. The emergence of modern
3D printing techniques using biomaterials such as chitosan, alginate, PLA, and cellulose
acetate has already led various research groups to various applications. 3D printing
ensures better control over porosity and pore structure. In various 3D printing methods,
the direct-inking or gel-inking method is mainly used to produce biopolymer sponges. In
this process, the liquid ink is usually a colloidal, nanoparticle-filled, or sol-gel-like
biopolymer mixture. After the deposition of a printing ink on a printing board, it
undergoes further solidification by gelation, evaporation, or drying. 3D printing has a
great potential for the development of bio-based, reusable, custom-optimized, and
scalable sponges suitable for biomedical and environmental applications.

There have also been reports of hybrid techniques for creating 3D constructions that

combine the sol-gel method, template approach, and self-assembly.

3.2 Properties of Sponges

The characteristics of biopolymer sponges are dictated by the type of precursors used
(molecules or the particles), the drying method, the gelation, and the conjugation. The
primary properties of sponges include low density, high surface area, microstructure, pore
size distribution, mechanical capabilities, and high sorption capacity. As a result of these

characteristics, biopolymer sponges have the capability to be employed in a wide variety
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of applications. Figure 5 presents an illustration of bio-sponges with the specific critical

qualities that are presented here.

Stress (o)

Plateau region
Densification

i Linear elastic region

Strain (g)

Figure 5. A lightweight sponge on a dandelion flower (a), SEM image (b), Micro-CT

image (c) of a sponge and the stress-strain curve of a sponge with important parameters

(d).

A sponge’s main attraction and most crucial quality is its low density (see Figure 5a). The
overall pore sizes of low-density macroporous sponges seem to be large, even though
these sponges have relatively small surface areas. In contrast, nano-, meso-, and
microporous sponges have a very large surface area, but their pore sizes are relatively
small. It mainly depends on the stages of their production process. Such varying pore size

profiles can be exploited for applications such as storage capacity, loading capacity,
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absorption, drug delivery, and wetting properties. Large porous bio-sponges can usually
be produced using the FD method. In addition, it has been observed in many experiments
that the porosity of the bio-sponge decreases with increasing density [39], [40]. The
sponge’s intrinsic properties, such as its dense, interconnected channels, make it very
useful for many applications.

Macroscopic inspection reveals differences in the morphology and topology of
biopolymer sponges. The scanning electron microscope (SEM) can be used to determine
the pore size and shape on the surface of sponges (see Figure 5b), Imaging techniques
such as micro-CT allow for the evaluation of information regarding the internal
microstructure (see Figure 5c). The highest surface area for biopolymer sponges as
determined by Brunauer-Emmett-Teller (BET) is 973 m? g [41]. The surface area of
sponges is an important feature that plays a significant role in determining their capacity
for catalysis and adsorption.

Compressive strength has been primarily used to evaluate the mechanical characteristics
of biopolymer sponges. In comparison to inorganic aerogels, biopolymer aerogels often
exhibit more plastically flexible and less brittle behavior while compressed. The
compressive strength of lightweight bio sponges is in the range of roughly 10-100 kPa
and is dependent on the type of sponge material as well as its density, pore size, and pore
shape. The stress strain curve of sponges is generally divided into three characteristic
regions, the elastic region, the plateau region, and the density region (see Figure 5d). The
specific compression modulus is calculated from the linear elastic region. Elastic
stretching of the cell walls occurs in this region until cell breakdown begins. The plateau
region is the buckling of pore cells under stress where the cell failure begins. Finally,
there is the densification zone, where stress increases strongly, which is attributed to the

complete deformation due to cell collapse and contact with opposing cell walls causing
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densification. In addition to these properties, biopolymer sponges also have a low toxicity
level, excellent biodegradability, and renewability. All of these aspects provide an extra

impetus to the increasing focus on research into biopolymer sponges.

3.3 Functionalization

The properties of biopolymer sponges discussed above make them valuable for a wide
range of applications. The main obstacles presented by the application of these materials
are brought about by the inherent features of biopolymer sponges, which include their
brittleness, high solubility, high moisture absorption, and structural integrity. The
physical and chemical properties of bio-sponges can be enhanced by a variety of
functionalization techniques. This is facilitated by the presence of an abundant number of
active functional groups in the biopolymers. As a result of the improved characteristics
of these materials, the scope of potential applications can be expanded when surface

functionalization is included into biopolymer sponges.

3.3.1 Crosslinking

There are many restrictions that limit the practical usage of bio-sponges despite their
unique qualities and vast range of applications. The colossal concern with bio-sponges is
that they do not have enough mechanical properties and are not stable in a variety of water
environments [42]. The crosslinking technique has shown to be the most successful
method for overcoming these limitations. Bio-sponges may be crosslinked using either
chemical crosslinking or physical crosslinking. Different methods, such as UV
irradiation, gamma radiation, and hydrothermal treatment, can be used to make physical
crosslinks. Chemical crosslinking uses both natural and synthetic crosslinkers, such as

calcium chloride, glutaraldehyde, PEG, genipin, etc. [43]. During the crosslinking
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process, molecules are interconnected, the molecular weight is increased, and, in general,
higher mechanical properties and improved stability are generated. By creating a covalent
or ionic bond, biopolymeric the structural stability and compressive strength of spongey
materials are enhanced. Crosslinking in alginate sponges is achieved through the use of
divalent ions. Techniques like plasma crosslinking and enzymatic crosslinking are also
exploited in the process of bio-sponge crosslinking. Moreover, crosslinking affects the
chemical and physical properties of biopolymers, which facilitates the application of these

materials in environmental fields.

3.3.2 Hydrophobization

The hydrophilicity of biopolymers restricts both their long-term stability and their
usefulness in situations with high levels of humidity and aqueous media.
Hydrophobization is a strategy that may potentially be used to overcome this obstacle.
There are many different methods for hydrophobizing biopolymers. It is possible to apply
hydrophobic post-modifications to dry biopolymer sponges in two different ways, either
by applying a polymer coating on the surface of the sponge, or by modifying the internal
porous surface. The method in which these modifications are applied, however, is
primarily determined by the final application that the sponges will be used for. Alkyl
siloxanes are responsible for hydrophobizing the vast majority of biopolymer sponges by
hydrogen  bonding, dipole-dipole interactions, or covalent interactions.
Methyltrimethoxysilane, octyltrichlorosilane, trichloro(methyl)silane, 1,1,1,3,3,3-
hexamethyldisilazane, etc., are examples of silylation agents used for chemical vapor
deposition and simple soaking methods. The cold plasma coating method is a promising
solvent-free alternative for the hydrophobization of sponges, in which dry sponges are

subjected to cold plasma created by glow discharging a gaseous hydrophobic polymer
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under a moderate vacuum. The mechanical strength, heat insulation, and water resistance
are improved by these functionalizations. It may represent a good option for inexpensive

sponges used for separating oils in water system.

3.3.3 Nanoparticle Templating

The abundance of functional groups serve as an appropriate support or template for the
nanomaterials that are immobilized within the microstructure of biopolymer sponges. The
immobilization of nanoparticles within the microstructure of sponges can be

accomplished in a variety of ways.

1) The nanocomposite formed by mixing nanoparticles with biopolymers can be utilized

to create sponges.

2) The green synthesis of nanoparticles employing a mixture of biopolymers and metallic
precursors under conditions such as sodium borohydride, plasma, microwave, and room

temperature. These nanoparticle dispersions are then converted into sponges.

3) The nanoparticles are incorporated into the pre-shaped sponge via dip coating and

spraying, or chemical vapor deposition.

3.3.4 Other Functionalizations

Other functionalizations that can be achieved through methods such as the grafting of
functional groups into biopolymers, result in an improvement in both the physical and
chemical integrity of the sponges. Bio-sponges that have amino groups grafted onto their
surfaces have the potential to improve the dye and heavy metal ion separation and CO

capture [44]. Chitosan sponges already have a large number of amino groups in their
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structure. However, other types of biopolymer sponges are amine-functionalized by using
3-aminopropyltriethoxysilane (APTES), diethanolamine (DEA), dendrimer-based
polyamidoamine (PAMAM), and branching polyethyleneimine (PEI). Other common
functionalization techniques for modifying biopolymer sponges for use in biomedical
applications include esterification, etherification, selective oxidation, and graft

copolymerizations [45].

3.4 Applications

The vast majority of research on biopolymer sponges is still carried out in academic
settings, and proof-of-principle has typically only been demonstrated on a limited scale
for the majority of biopolymer sponges. In spite of these significant obstacles, biopolymer
sponges can be manipulated to exhibit novel combinations of properties that can be
tailored to a wide range of applications, and there is a good chance that some of these

materials will be successful on a commercial scale.

3.4.1 Environmental Applications

It is necessary to research the possibilities of applying biopolymer sponges in a wide
range of environmental contexts (acoustic and thermal insulation, absorption, adsorption,
catalysis, active packaging). Screening, choosing, and testing biopolymer sponges should
be performed with the intention of using them for applications such as the clean-up of
chemical spills, the removal of air and water pollutants, and the detection of contaminants,
as well as for thermal and acoustic insulation. Sponge utilization in a vast array of
applications, including those relating to the aerospace sector, thermal super insulations,

acoustic devices, and so on, has received significant attention from researchers.
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Adsorption is the easiest and most economically viable way to remove water pollution.
Materials produced from petroleum products are both dangerous and expensive. Natural
polymer-based adsorbent sponges reduce the danger of secondary contamination while
also being renewable, biodegradable, and biocompatible [46]. Powdered adsorbents have
the potential to produce further pollution, which will necessitate the completion of an
extra cleaning phase. On the other hand, extremely porous and incredibly lightweight
biopolymer sponges have the ability to withstand this excessive contamination [47]. In
addition, the wide variety of surface-functionalized biopolymer sponges makes it easier
to create binding sites for aqueous pollutants such as heavy metals, cationic and anionic
dyes, and other similar substances. When it comes to the catalytic breakdown of organic
pollutants, bio-sponges supported by metal nanoparticles offer an extraordinary level of
reactivity and a high degree of selectivity. The hierarchical structure of these sponges
makes it feasible for reactants to diffuse more easily through pores and channels. In
addition, immobilized metal nanoparticles improve the catalytic efficacy of the sponges.
Due to the simple methods of their manufacturing, low density, large pore volume and
porosity, and exceptional adsorption capacity, bio-sponges that are both hydrophobic and

oleophilic have the potential to be the most effective oil absorbents.

3.4.2 Biomedical Applications

The features of biopolymer sponges such as non-toxicity, biodegradability,
biocompatibility, and inexpensiveness make them well-suited for biomedical
applications. Investigations are being conducted into their potential use in a wide variety
of fields, including tissue engineering, drug delivery, healing of internal and external
wounds, cancer prevention, diagnosis, and therapy. In the field of tissue engineering, the

use of bio-sponges as scaffolds is made possible due to their biocompatibility and
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nontoxicity, biodegradability with a controlled breakdown rate, sufficient porosity, and
structural integrity. Tissue engineering applications such as biological signaling, cell
adhesion, cell proliferation, cell differentiation, cell response degradation, and re-
modelling are also promoted.

Biopolymers are frequently used in the production of wound healing materials due to their
inherent biocompatibility, low levels of toxicity, and pharmaceutic biological activity.
Wound dressing membranes are formed through the dispersion and encapsulation of
essential oils, nanoparticles for greater cell adhesion and proliferation, and improved

antibacterial and antifungal qualities.

3.4.3 Electrical and Energy Applications

There have been recent developments in the synthesis of sponge nanostructures, with a
particular emphasis on their use in the development of high-performance devices for
energy conversion and storage. As a result of the superior structural properties that they
possesses, sponges are an excellent material for the production of batteries, solar cells,
fuel cells, and supercapacitors. The extraordinary properties of sponges, such as their
enormous surface area and open porous structure, have a considerable impact on the
performance of devices that convert and store energy, and they drive the creation of more

sustainable electrochemical devices.

3.5 Materials

Among biopolymers, natural gums are one of the most significant examples of sustainable
materials. Due to their ease of extraction, biocompatibility, biodegradability, and
nontoxicity, they are the subject of a substantial amount of research [48]. Natural gums

can be divided into groups based on the material they are extract from, which may be
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trees, seeds, roots, or even microbial fermentation, as shown in Figure 6 [49]-[51]. Non-
toxic gums with hydrocolloid properties are widely used in the food industry as
thickeners, preservatives, stabilizers, and gelling agents. Likewise, extensive research has
been conducted on the use of gums in non-food applications, including pharmaceuticals,
coatings, paints, adhesives, membranes, energy harvesting, and oil spills. However, the
extraction process of many of the most readily available biopolymers is carried out using
complex reactors, harsh solvents, and hazardous chemicals. At the same time, the
technique for extracting tree gum biopolymers is quite simple and no hazardous chemicals

are used at any stage of the process.

Figure 6: Classifications of biopolymers

3.5.1 Tree Gums

Tree gums are amorphous masses that have the appearance of tears and are extruded from
trees and shrubs as a result of tapping or other unexpected causes. They are subjected to
a process known as gummosis, which involves drying out in the sun in order to generate
a substance that is dense and shiny. The most significant tree gums include gum arabic,

gum tragacanth, gum karaya, gum gatti, and gum kondagogu. The use of gum as a source



of nutrition is even mentioned in the Bible. The legendary “manna from heaven” that
sustained the Israelites as they fled Egypt was most likely an exudate of gum comparable
to gum arabic or gum acacia. The tree gums are complex heterogeneous polysaccharides
that have exceedingly intricate structures and very high molecular weights. Consequently,
gums feature a unique combination of functions and properties that will never be
replicated by competing synthetic polymers, rendering their complete replacement
unattainable. Moreover, these biopolymers are biodegradable and therefore
environmentally friendly. Tropical parts of the world are home to the majority of the
world’s tree gum producing countries, including Mexico, Sudan, Nigeria, India, Thailand,
and Malissa (see Figure 7). The rural areas of these countries see an improvement in their
economies as a result of research of the added value of these gums. The cultivation of
trees is another beneficial aspect of agroforestry.

Their non-food-related uses in pharmaceuticals, cosmetics, textiles, and lithography, and
minor forest products can also be traced back in history. Due to their molecular and
supramolecular structure, and intrinsic hydrocolloidal and hydrophilic properties, tree
gums and their deacetylated derivative gums have been identified as suitable bioplatforms
for future research. The natural availability of tree gums, along with known gelation
systems, is subject to chemical and biochemical modifications, establishing a strong
foundation for future environmentally friendly practices. The research of such materials

also offers the hope of eliminating traditional
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Figure 7. The major tree gums cultivated countries

plastics and completely replacing basic solutions with eco-friendly materials. Gum
kondagogu, which has a high fiber content among tree gums, is commercially available
today, but its three-dimensional form has yet to be fully unveiled. Such research can

undoubtedly result in environmentally friendly structures.

3.5.1.1 Gum Kondagogu

Gum kondagogu(GK), also known by its scientific name Cochlospermum gossypium, is
an exudate from plants belonging to the family Bixaceae. The forests and hilly terrains of
tropical regions in the Americas, Africa, and India are the primary habitats for this
species. Many economically deprived tribes have found a way to advance economically
thanks to the harvesting of GK from plantations and forests. GK is extracted through a
natural or artificial stimulant process and preferably collected after drying. According to
the classification, the collected gums are divided into three main grades (see Figure 8),
which are mainly based on the color (light grey to heavy tan), foreign organic matter (0.5
to 3%), and moisture content. They have been declared to be fit for human consumption

by the Food and Agriculture Organization (FAO), Rome, and are included in the list of
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food additives (E 416). Only 30-40% of the total output is of Grade I quality, which is
mostly utilized in the food and pharmaceutical industries. Simultaneously, Grade Il and
111 quality GKs are employed for additional purposes, but a considerable portion of them
end up as biowaste. People have been exploring these biowastes for the last 15 years in
order to turn them into value-added goods and various non-food applications. For my
research, we procured GK from Girijan Cooperative Corporation in Hyderabad, an
Andhra Pradesh government organization, in India. Throughout the entirety of our

research, we referred to it as GK.

Grade ll B Grade 1l

Figure 8. Classification of tree gum kondagogu granules

GK is a polysaccharide with a complex, partly acetylated, and branching structure. The
main structure of the gum is made of galactose (1.2-20%), rhamnose (16.1-22.5%),
galacturonic acid units (24-29%), and some of the side chains (30-45%) contain
glucuronic acid [52]. The weight-average molecular weight (Mw) of native gum and
deacetylated gum was determined to be 8.5x10° and 2.5x107 g mol, respectively. About
15.2 + 1.18 % of GK is water, less than 7.3% is ash, and less than 3% is insoluble solids
or bark. The pH range of the GK solution is between 4.9 and 5.0. The molecules of GK

contain a variety of sugar structures, which are shown in Figure 9.
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The intrinsic viscosity of native GK was measured to be 32.68 dl g%, while the viscosity
of deacetylated GK was measured to be 59.34 dI g*. Differential scanning calorimetry
(DSC) was used to determine that the gum has a glass transition temperature of 34.5 °C.
The XRD pattern of the native gum reveals that it has an amorphous structure in its whole.
The amount of carbon, hydrogen, nitrogen, and sulfur found in the gum were found to be
34.97, 5.58, 0.229, and 0.128 (w/w%), respectively. The FT-IR spectrum reveals that the
following functional groups are the most important in GK: 3431 cm™ (~OH), 1731 cm

(CH3CO-), 1632 cm? (-COO-), 1429 cm? (-COO-), and 1249 cm? (-COO-) (-
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Figure 9. Sugar constituents of GK

Food applications have historically utilized these gums for emulsion, stability, thickening,
and texturing functions. In recent years, however, they have been utilized for numerous
non-food applications, including the greener synthesis of nanoparticles, fabrication of
electrospun fibers, adsorbents, bio-catalysis, biosensors, biomedical, food packaging, and
energy harvesting. It has been reported, for instance, that GK may increase the ex vivo
bioadhesion time [53], resulting in greater drug release [54]. Moreover, it has served as a
template for the reduction and stabilization of silver, palladium, iron, and gold

nanoparticles [55]-[58]. It has been revealed that modified gum can be utilized for food
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packaging films [59], and that electrospun fibers with an average diameter of 210 £+ 30
nm can be manufactured [60].

Despite the benefits described above, three-dimensional structural objects are brittle and
easily broken when subjected to cyclic compression due to their weak network
connectivity and random porous architecture, which severely limits their practical usage.
However, creating extremely elastic biomass sponges that prevent deformation and
successfully resist structural breakdown is both challenging and interesting.
Consequently, there is a need to have an integrated interconnected or crosslinked network

to improve structural stability and benefits.

3.5.2 Sodium Alginate

Alginates are a group of naturally occurring polysaccharides extracted from different
species of brown seaweed (Laminaria hperborean, Macrocystis pyrifera and
Ascophyllum nodosu) and bacterial alginates (Pseudomonas and Azotobacter). Alginate
was first discovered by E.C.C. Stanford in 1881. For the extraction process, the
calcium/sodium/potassium salt of alginic acid alginate is followed by alkali treatment
with sodium carbonate to form sodium alginate. The hydrocolloid nature of sodium
alginate is particularly used in food, pharmaceuticals, textiles, and cosmetics industries.
More recently, the use of alginate has been explored extensively in tissue engineering due
to its biocompatibility and used in the regeneration of skin tissue, cartilage, bone,
pancreas, liver, muscles, and nerves, in addition to being used in the controlled release of
drugs.

Sodium alginate is a linear copolymer consists of two linked anionic monomers, j3-d-
mannuronic acid (M) and a-I-guluronic acid (G) residues. The polymer structure is

composed of homopolymeric regions of G blocks and M blocks (see Figure 10),
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interspersed with regions of heteropolymeric MG blocks. When monovalent ions (e.g.,
sodium in sodium alginate) are exchanged for divalent ions (especially calcium), the
crosslinking reaction proceeds almost immediately, changing from a low viscosity
solution to a gel structure. The G residues of the alginate chain become folded and stacked
under the bond interaction, which causes the structure transformation of adjacent alginate
chains from random coils to ordered ribbon-like structure. This entanglement of alginate
chains finally contributes to the hydrogel with a three-dimensional gel structure. Many
research papers state that the mechanical strength of the microcapsule can be raised by

increasing the G and the length of the G blocks in the alginate.

-d-mannuronic acid (M) a-l-guluronic acid (G)

Figure 10. Chemical structure of alginate monomers

In addition, numerous free hydroxyl and carboxyl groups are distributed in the alginate
backbone, making them highly active and highly adaptable to chemical reactions. The
adaptive properties of alginate, such as solubility, hydrophobicity, and biological
characteristics, may be modified for its potential applications. It can be formulated as
films, hydrogels, beads, and sponges. It is used in packaging, biosensor, adsorbents,
filters, catalysis, electrical and biomedical operations. Conjugations with reinforcing
materials enhance its mechanical properties. In addition, crosslinking, and surface

modifications such functionalization increase its range of use.
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3.6. Conjugation

The hierarchical structure of biopolymers is often provided with undesirable features such
as brittleness and hydrophilicity, limiting their efficacy. Through the creation of an
integrated polymeric network known as conjugation, biopolymers with inherent and
lower capabilities are changed into more structurally robust hybrid materials. Conjugation
occurs when two biomolecules are coupled together or when other biomaterials or phases
of matter are incorporated into biopolymer substances. This method combines two
different hydrocolloids, and the physical and rheological properties of the mixed solutions
are strongly altered. This is due to the compatibility/incompatibility between the two
macromolecules, which depends on their molecular weight, chemical composition,
adaptation, and hydration properties. This approach allows the advantages of each
component to be applied in a variety of combinations, whereby enhancing the inherent
properties. Physical (intermolecular interaction/molecular entanglement) and chemical
(hydrogen bonding, electrostatic interaction, ionic bonding) incorporations can improve
the properties of gum conjugates, resulting in enhanced structural stability, increased
compressibility, reduced fragility, increased adsorption performance, and better thermal

properties.

In recent years, various investigations into the utilization of gum conjugates have been
performed in biomedical, packing, and environmental applications. The recently reported

gum conjugate compositions and applications are summarized in Table 1.

Table 1. Gum conjugate compositions and applications

Materials Applications Ref.

Electrospun

Gum arabic (GA)/PVA fiber [60]
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GK/PVA

Gum karaya/PVA

Gum tragacanth/poly-(L-lactic acid)

Gellan gum/PVA

Gum acacia/PVA

Carboxymethyl tamarind gum/citric acid

Guar gum/PVA

Chitosan/gum arabic

Karaya gum/starch
Polyacrylamide/gum karaya
Karaya-chitosan
Chitosan/pectin/gum arabic
Alginate-gum arabic

Gellan gum/konjac glucomannan
Gellan gum/agar

Gellan gum/xanthan gum

Xanthan gum/gelatin

38

Electrospun
fiber
Electrospun
fiber

Tissue
engineering
Tissue
engineering
Tissue
engineering
Tissue
engineering
Tissue
engineering
Tissue
engineering
Drug delivery
Drug delivery
Drug delivery
Drug delivery
Drug delivery
Packaging
Packaging
Packaging

Packaging

[60]

[60]

[61]

[62]

[63]

[64]

[65]

[66]
[67]
[68]
[69]
[70]
[71]
[72]
[73]
[74]

[75]



Guar gum/sodium caseinate Packaging [76]
Gum Arabic/chitosan Packaging [77]
Gum Arabic/wild almond protein Packaging [78]
Gum Arabic/PVA/chitosan Packaging [79]
Tara gum/PVA Packaging [80]
Tara gum/chitosan Packaging [81]
Xanthan/pullulan/locust bean Packaging [82]
Xanthan gum/starch Packaging [83]
Xanthan gum/locust bean gum Packaging [84]
Guar gum/chitosan Packaging [85]
Gum tragacanth/hydroxymethyl

cellulose/beeswax Adsorbent [86]
Karaya gum/poly(2-(dimethylamino) ethyl Adsorbent

methacrylate) [87]
Gum karaya/poly(acrylic acid) (PAA) Adsorbent [88]
Karaya gum/2-methacryloyloxyethyl) Adsorbent
Trimethylammonium chloride (METAC) [89]
Gum karaya/poly(acrylic acid-acrylamide) Adsorbent
(P(AA-co-AAM)) [90]
Gum arabic and acrylamide Adsorbent [91]
Agar/gum arabic Adsorbent [92]

To-date, only a limited number of studies that focus on the alginate/gum conjugations
have been published in academic journals. However, the fact that these biopolymers have

a similar molecular structure, reactive functional groups, gelation behavior, water
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solubility, biocompatibility, and biodegradability make them selective and more
appropriate for conjugation. It has been found that high-density alginate-gellan gum
conjugates can be used very well for 3D plotting of complex tissue engineering scaffolds
[93]. Studies have shown that each conjugate of alginate with gum succinate, sterculia
gum, gellan gum, and locust bean gum has great potential for various drug delivery
applications [94]-[97]. Recent research has demonstrated that the conjugation of alginate
with agar and gellan gum can produce a super adsorbent for methylene blue in polluted

water [98], [99].

3.7. Objectives
Based on the literature research, a number of objectives were formulated, and this thesis
examines them in detail:

1. To study the interaction between tree gum kondagogu and sodium alginate

2. To develop a low-density, highly porous sustainable sponge based on tree gum
kondagogu and sodium alginate
3. To functionalize sponges through:

3.1 Silylation

3.2 lonic crosslinking

3.3 Fabrication of a nanocomposite sponge

4. To develop biodegradable sponges for optimized environmental applications.
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4. Results and Discussions

During my Ph.D. studies, | have published one book chapter and eight articles (and
additional two articles are ready for communication/review) in impact journals
concerning the use of tree gum-based sponges for the treatment of environmental

remediation, from which four were chosen to be presented below.

4.1 Biomacromolecule Assembly based on Gum Kondagogu-Sodium Alginate
Composites and their Expediency in Flexible Packaging Films

Abstract: Bio-based macromolecules of gum kondagogu/sodium alginate (GK/SA) were
fabricated using glycerol as a plasticizer and their optimum blending ratio was identified
based on their physical and chemical, structural, mechanical, barrier, and morphological
properties. Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-
FTIR) analysis showed that both biomacromolecules are well organized due to the
hydrogen bond interaction between molecular chains involving the hydroxyl, carbonyl,
and acetyl groups. Structural identification was performed by recording X-ray diffraction
(XRD) spectra. Field emission scanning electron microscopy (FESEM) was used to
identify the distinction between the surface of the films of biopolymers, and their
conjugates, where the addition of SA increased the surface homogeneity and smoothness.
The water contact angle of the blend films reached up to 81°, although the value for pure
biomacromolecule films was very low. The blend films also exhibited high tensile
strength (up to 24 MPa) compared to the pure biopolymer films. The investigation of
film-forming ability, mechanical strength, permeability, transparency, and
biodegradability of the developed GK/SA bio-macromolecular association may be

applied in the form of green and sustainable food packaging films.
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The assembly of bio-based macromolecules of gum kondagogu/sodium alginate (KO/SA) was fabricated using
glycerol as a plastidser and their optimum blending ratio was identified based on their physical and chemical,
structural, mechanical, barrier, and morphological properties. The attenuated total reflection-Fourier transform
infrared spectroscopy (ATR-FTIR) analysis show that both biomacromolecules are well organised due to the hy-
drogen bond interaction between molecular chains involving the hydroxyl, carbonyl, and acetyl groups. Struc-
tural identification was performed by recording X-ray diffraction (XRD) spectra. Field emission scanning

gfoy:/e;ﬁaﬁon electron microscopy (FESEM) was used to identify the distinction between the surface of the films of biopoly-
Gum kondagogu/alginate composite film mers, and their conjugates, where the addition of SA increased the surface homogeneity and smoothness. The
Food packaging water contact angle of the blend films reached up to 81°, although the value for pure biomacromolecule films
was very low. The blend films also exhibited high tensile strength (up to 24 MPa) compared to the pure biopoly-
mer films. Investigation of film-forming ability, mechanical strength, permeability, transparency, and biodegrad-
ability of the developed KO/SA bio-macromolecular association may be established as green and sustainable food

packaging films.
© 2021 Elsevier B.V. All rights reserved.
1. Introduction purposes, many of the polysaccharide-based packaging applications

Non-biodegradable plastic films create serious environmental
issues, and severely affect ecosystems due to their persistence in envi-
ronmental pollution [1,2]. There is a growing requirement for the devel-
opment of new green and sustainable packaging materials to fulfil the
increasing consumer demands and to meet environmental concerns.
In this scenario, a large number of scientific research groups all over
the world have become interested in the fabrication of packaging
films using biodegradable and renewable materials. Recently, biological
macromolecules such as polysaccharides, and proteins have been ap-
plied to a wide range of packaging film applications due to their avail-
ability, good oxygen and water vapor permeability, biocompatibility,
and biodegradability [3-5]. The natural polysaccharides obtained from
renewable sources provide greater opportunities to reduce the poly-
meric materials obtained from petroleum and to achieve a sustainable
ecosystem. These are fabricated in various forms such as hydrogels,
nanofibers, membranes, etc., which are used for edible (thickeners,
stabilisers, gelling agents, and emulsifiers ) and non-edible (pharmaceu-
tical, catalysis, and water treatment) applications [6-9]. Although vari-
ous natural polysaccharides have been evaluated and introduced as
film-forming materials over the past few decades for food packaging
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are limited by their brittleness, high hydrophilic nature, and low me-
chanical properties [10]. As an alternative option, bioconjugates may
be prepared from natural polysaccharides, which provide a versatile
platform for the inclusion of the preferred combinations of properties
for the designed applications.

Binary conjugates may be prepared from a wide variety of materials
of natural origin, such as microorganisms, plants, etc,, as well as from
materials prepared by modification or blending of natural structures
and synthetic polymeric materials [11,12]. Conjugates made from natu-
ral polymers with proper selection over biopolymer types and their
combinations enable the production of films possessing a well-defined
network architecture, suitable mechanical strength, negligible batch-
to-batch variability, and prolonged stability, and they are also able to
compete with synthetic polymers in terms of their long service life
[13,14]. The physical and biochemical properties of binary conjugates
largely depend on the methods used for their blending as well as their
crosslinking density [15].

Among naturally derived polymers, polysaccharides such as cellulose,
carrageenan, chitosan, starch, tara gum, xanthan gum, tragacanth gum,
gum arabic, gelatine, agar, and alginate have been used as biodegradable
materials for food packaging [16-23]. Gum kondagogu ( Cochlospermum
gossypium) is a polysaccharide obtained from the exudate of a tree grow-
ing naturally in the forests of India [24]. Due to the non-toxicity, biocom-
patibility, and feasibility of this gum, it has a great potential for use in
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various applications [25]. Alginate is a naturally occurring poly-anionic
polysaccharide derived from brown marine algae (Phaeophyceae) [26).
Alginate is made up of a linear block copolymer of 1, 4-linked-d-
mannuronic and-l-guluronic residues in varying proportions [27]. As a
low-cost, abundantly available, biocompatible, and environmentally
friendly biopolymer, it has been used in numerous applications in the
food and biotechnology industries such as a non-toxic food additive,
thickening and gelling agent, and as a colloidal stabiliser [28]. The chem-
ical structures of KO and SA are given in Fig. 1.

The similarity in their basic structure contributes to their better
interaction, which in effect affords good film-forming properties.
Synergistic interactions between binary components are attractive
commercially because they offer the potential to improve and
control the physical and chemical properties of products in various
applications. It is a good strategy to improve the film matrix charac-
teristics in order to obtain high-performance packaging materials
[29]. The binary and ternary sustainable composites fabricated
from gellan gum, 2-hydroxyethyl cellulose, and lignin combination
were found to be flexible and transparent [30]. The shelf life of the
material may also be enhanced by exploiting the interaction be-
tween the biopolymers and by the incorporation of other materials
[31].

This work describes the development of a flexible packaging film
based on the combination of biomacromolecules such as KO and SA
using glycerol as a plasticiser and characterises the functional posses-
sions for identifying the optimum ratio of their film-forming properties.
This is the first-ever report on the film casting of KO with SA using an
aqueous medium. The strength and texture of the composite films are
dependent on the ratio of polymer concentration. The KO has hard
and brittle films, whereas their combination with sodium alginate offers
flexibility, elasticity, and good surface texture. Brittleness is an inherent
property of natural polymers, while the use of a plasticiser improves
flexibility by decreasing intermolecular forces along the polymer chains
[32]. The physical, morphological and mechanical properties of the films
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were studied and the ratio between the gum and sodium alginate for
the film formation was optimised from tensile strength, water contact
angle, water permeability, transparency, and surface texture analysis.

2. Materials and methods
2.1. Materials

Gum kondagogu (KO) was purchased from the Girijan cooperative
society, Andra Pradesh, India, and sodium alginate (SA) was purchased
from Sigma Aldrich Co., USA. Glycerol was obtained from Merck Life Sci-
ences Pvt. Ltd., Mumbai, India. Deionised water was used in all of the
experiments.

2.2. Preparation of composite biomacromolecules films

The films were prepared by the casting method. The compositions
were prepared using glycerol and 1.5% (w/w) aqueous solutions of KO
and SA in a magnetic stirrer at 1500 rpm for 2 h at room temperature as
per the ratios presented in the supplementary information (Table S1).
The solutions were degassed with a vacuum pump to remove air bubbles
before casting. The films cast in plates were dried at 40 °C for 48 h.
They were then carefully peeled off from the plates and keptin a vac-
uum desiccator for at least 48 h before characterisation. A schematic
representation of the fabrication of a composite KO/SA film is shown
in Fig. 2.

3. Characterisation
3.1. ATR-FIIR spectroscopy
The Fourier transform infrared spectra of the films were recorded in

an FTIR (Perkin Elmer, UK) spectrometer in the attenuated total reflec-
tance (ATR) mode over a 4000-400 cm ™' spectral range.
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Fig. 1. Chemical structure of (a) gum kondagogu (KO) and (b) sodium alginate (SA) biomacromolecules.
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Fig. 2. Scheme for the fabrication of a composite KO/SA bio-macromolecule film.

3.2. X-ray diffraction

X-ray diffraction (XRD) of the films was performed to study the crys-
tallinity using an X-ray diffractometer (PANALYTICAL, Aeris Research,
Netherlands). Samples with a rectangular shape (1 x 1 cm) were placed
on a glass slide, and the spectra were recorded using Cu Ko radiation
(wavelength of 0.1541 nm) at40 kV and 15 mA. The diffraction pattern
was obtained at diffraction angles of 26 = 5-60° with a step size of
0.04°/s at room temperature.

3.3. Optical properties

The transparency of the films was measured in a 200-800 nm wave-
length range with a measurement resolution of 1 nmin a Perkin Elmer
Lambda 365 UV Vis spectrophotometer ( Perkin-Elmer, USA) with a film
holder. Three repetitions per sample were conducted for all of the
samples.

3.4. Moisture absorption

The films, previously dried at 100 °C in an air oven, were placed in-
side an environmental chamber maintained at 75% relative humidity
(RH) and 23 + 2 °C. Each sample was taken out of the chamber at reg-
ular time intervals and weighed with a precision of +0.0001 g. The
moisture content of the films was calculated from the weight of the
samples at equilibrium (We), which occurred after approximately 8 h
of absorption of moisture, and the initial (dry) weight (W) as follows:

We—W,
X

W, 100

Moisture content (%) = (1)

To ensure the reproducibility of the results, four specimens of each
sample were tested.

3.5. Water contact angle

Water contact angles of the samples were measured using a
Ramehart contact angle goniometer by dispensing deionised water
from a syringe. A droplet (5 pL) of deionised water was deposited on
the surface of the samples and the contact angle was measured. An av-
erage of ten measurements was taken for each sample.

3.6. Water vapor permeability (WVP)
The WVP of films was determined gravimetricallyat 25 °C under 50%
RH conditions for 8 h using water vapor transmission measuring cups in

accordance with the ASTME-96-95 standard method. The WVP (g/m?* s
Pa) of the film was then calculated using the following Eq. (2):
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AW x L

va:AxAPxAt

(2)

where, AW is the weight gain (g) of the cups during time At (s), Ais the
area of exposed film (0.0049 m?), Lis the mean thickness of the film
(m), and AP is the partial water vapor pressure difference (Pa) across
the film. At least three samples were taken from each film to obtain
the WVP value [33].

3.7. Mechanical properties

Tensile strength (TS) and elongation at break (EB) were measured
by a universal testing machine. TS and EB of the films were measured
according to the ASTM standard method [34] in Instron (Hounsfield,
Model H5KS, UK). The samples were cut into rectangle strips of
1 cm x 7 cm and the test was conducted at a crosshead speed of
5 mm min~'. Data were the average of five samples.

3.8. Morphology of the films

Field-emission scanning electron microscopy (FESEM) characterisa-
tion of the films was performed at ZEISS, SIGMA, Germany at an acceler-
ating voltage of 10 kV and a working distance of 10 mm. The samples
were stuck onto the sample holder with a carbon pad and sputter-
coated with gold.

3.9. Biodegradation study

The biodegradability of the optimised film was investigated by de-
termining the biochemical oxygen demand (BOD) using the SO
14851: 1999 standard. Aniline and polyethylene were used as positive
and negative controls, respectively and the tests were performed in a
closed Micro-Oxymax respirometer for 28 days. The tests were per-
formed in bottles containing approximately 2 g of the sample, 95 mL
of an inorganic medium, and 5 mL of an inoculum. The inoculum used
was supernatant of the settled sludge from a wastewater treatment
plant in the city of Liberec with 3.9 g/L dry matter and approximately
100,000 CFU/mL. The percentage of biodegradation was then calculated
from the weight difference (initial weight and weight of the sample at
the end of the test).

4. Results and discussion
4.1. ATR-FIIR analysis

ATR-FTIR spectra for the KO, SA (K10S0, K0S10) films and the blends
(K2S8, K4S6, K654, and K8S2) are shown in Fig. 3. The major functional

groups present in the ATR-FTIR spectrum of both the KO and SA were at
3660-3000 cm™ ' (~OH stretch), 2935 cm ™' (-CH, stretching), and at
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Fig. 3. ATR-FTIR spectra of binary KO/SA films (a) K0S10, (b) K258, (c) K456, (d) K654, (e),
K852, and (f) K10S0.

1601 and 1410 cm™ ' (carboxylate groups). The other bands of KO at
1727 cm~ ' and 1240 cm™" are due to the acetyl -C=0 vibrations. The
peaks at 1150 and 1036 cm ™' may be attributed to C—O stretching of
C—0— C and primary alcohol (C-O-H), respectively. SA showed the
mannuronic acid functional group at wavenumber 820 cm ™' and the
uronic acid functional group at wavenumber 935 cm™'. The -CO
and -CO-C vibrations of groups in the mannuronic and glucuronic
units are marked at 1094 and 1024 cm™ ', respectively. In addition to
these peaks, skeletal vibration of the alginate occurred at 1292 cm™'.
In the composite films, the intensity of peaks at 1727, 1240, and
1150 cm ™' characteristic of KO gradually decreased in the order
K10S0, K8S2, K654, K4S6, and K2S8, and disappeared in K0S10. As
the ratio of KO decreased, the peaks corresponding to KO also
decreased. Similarly, the peaks at 1297 cm™', 1094 cm'* and
935 cm ' showed a decreasing trend in intensity as the ratio of SA
reduced in the binary conjugate, and these were absent in K10S0.
The carboxyl group vibrational frequency of KO and SA was observed
at around 1601 cm~! and 1410 cm™ !, as seen in K10S0 and K0S10.
While in the binary films, these bands were shifted to a lower wave-
number range (1598-1590 cm™') and 1404 cm ™", respectively as a
result of hydrogen bonding interaction. A slight shift in the O—H
stretching frequency from 3306 cm ™' to lower wavenumbers in the bi-
nary films also confirms the existence of hydrogen bonding interaction
between the polymers [35]. This implies that there is a strong interac-
tion between KO and SA through the hydrogen bonding involving the
hydroxyl, carbonyl, and acetyl groups. This reduces the availability of
free hydrophilic groups in the binary films, which in turn affects the
water or moisture absorption as a function of the degree of interaction.
Furthermore, the interaction will obviously afford mechanical strength,
which is one of the essential criteria to be satisfied by packaging films.

4.2. X-ray diffraction (XRD) analysis

XRD patterns of the samples are given in Fig. 4. The alginate diffrac-
tion pattern consisted of two peaks at approximately 26 = 13.6° and
21.9°, which are observed in K0S10 [36]. In the binary films, these
peaks became less intense with the reducing content of SA. This
phenomenon probably results from hydrogen bonding interactions be-
tween the two biopolymers and their excellent miscibility. No charac-
teristic peaks in the spectrum of K10S0 were observed, indicating that
the gum is completely amorphous [24].
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Fig. 4. X-ray diffractograms of binary KO/SA films (a) K10S0, (b) K852, (c) K654, (d) K4S6,
(e) K258, and (f) K0S10.

4.3. Optical properties

To evaluate the transparency, the transmittance of the films was
measured in the wavelength range of 200-800 nm (Fig. 5). The lowest
transmittance was exhibited by K10S0 and it improved gradually after
the addition of SA. Specifically, at 600 nm, the transmittance shown by
K10S0, K852, K654, K456, K258, and K0S10 was 48%, 63%, 64%, 68%,
71%, and 74%, respectively. The transmittance of films in food packaging
is of importance for various applications. Light-sensitive food materials
undergo oxidation if visible light is transmitted through the package;
therefore films with less transmittance are desirable for such applica-
tions. Other applications require transparent packaging films. From
the transmittance results obtained, the transparency of the binary film
may be altered by varying the SA proportion for a given application
[36]. The films fabricated in this work showed strong UV-light absorp-
tion properties, as indicated by the significantly low transmittance of
UV light [37].

Transmittance(%)

T T T T
500 600 700 800

4(|)0
Wavelength (nm)

Fig. 5. UV transmittance spectra of native and binary films (a) K0S10, (b} K28, (c) K4S6,
(d) K654, (e) K852, and (f) K10S0.
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4.4. Mechanical properties

Packaging material should be capable of withstanding stress and
should maintain structural integrity during shipping, handling, and
storage. Mechanical properties, such as tensile strength and elongation
at break of the polymer blends, are known to be influenced by the inter-
action or compatibility between the polymer components. The tensile
strength and elongation at break for native gums are low due to the
inter-chain interaction. However, it was noticed here that a blended
film composition had higher tensile strength and elongation at break
after the addition of SA, up to a composition having 60% SA, whereafter
it decreased.

The tensile strength of the KO film (K10S0) was 9 MPa, which in-
creased in the binary films to 13, 15, and 24 MPa for K852, K654, and
K4S6, respectively (Table S2; supplementary information ). The addition
of SA up to 60% increased the tensile strength. Further addition of SA re-
duced the tensile strength, as shown in sample K258 with a tensile
strength of 22 MPa and K0S10 with 20 MPa. Therefore, it is assumed
that there is an interaction between the KO and SA and this interaction
reaches a maximum at a particular composition. After this composition,
free functionalities appear. For blends, the interactions between KO and
SA are due to the hydrogen bonding between the plentiful hydroxyl,
carbonyl, and acetyl groups present in the polymers, as seen in the
ATR-FTIR results, leading to an increase in TS. The presence of SA
seemed to prevent the inter-chain interaction KO (self-aggregation),
and subsequently the TS values increased. According to the results,
K4S6 and K2S8 systems are good enough to improve the mechanical
properties of binary KO/SA films. K4S6 exhibited the highest tensile
strength due to it having the highest degree of hydrogen bonding inter-
action between the polymers. The tensile results indicated that different
polysaccharide ratios may be used to improve the mechanical proper-
ties depending on the degree of interaction between the molecules of
the components. Superior mechanical properties are exhibited by com-
patible polymer blends, whereas incompatible polymer blends result in
inferior mechanical properties [36]. The tensile strength values of the
film are comparable to those of other biopolymer blend films, such as
konjac glucomannan-xanthan gum and tragacanth-locust bean gum
films [38,39]. The carrageenan/glucomannan combination increased
the compatibility of the composite film, which improved the mechani-
cal properties such as tensile strength and elongation at break [40].

4.5. Water contact angle (WCA)

Water contact angle measurements were taken to explore the influ-
ence of blending on the wettability of the KO/SA films performed. The
images and water contact angles in degrees are presented with standard
deviation in Fig. 6a. Pure KO and SA have a contact angle of 57° and 33°,
respectively (as seen in K10S0 and KOS10, respectively), which shows
the very high hydrophilicity of the films. However, in the blend films,
the contact angle increased since the hydrophilicity decreased. The ad-
dition of SA into the KO systemresulted in an increase in the water con-
tact angle to a maximum of 81 + 2.5° (for K4S6). The decrease in
hydrophilicity of the biopolymer after blending may be due to the de-
creased number of hydrophilic groups, such as free ~OH, carbonyl,
etc., of the KO and SA on the surface of the films to interact with the
water molecules. A possible scheme for the interaction of hydrophilic
groups is given in Fig. 6b. The improvement in the hydrophobic nature
of the composite films due to the interaction of polymer components
is already reported in the literature. The interconnection between the
components reduces the accessibility of the polar hydroxyl groups to in-
teract with water molecules and, therefore, the films become more hy-
drophobic, as reported for carrageenan/xanthan gum/gellan gum
hydrogel films, which reflected a significant increase in the water con-
tact angle [41]. A similar observation was later reported by the same
group for binary and ternary sustainable composite films of gellan
gum, hydroxyethyl cellulose, lignin, and whey protein isolate/psyllium
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seed gum composites [30,42,43). The value of the contact angle in-
creased with the addition of SA as follows: 57 4- 1.2°, 61 + 1.4°, 62 +
22°,and 81 + 2.5° for K10S0, K852, K654, and K4S6, respectively. How-
ever, for K258, the WCA was 68 + 4.1° and for KOS10 it was 33 + 3.3°.
The addition of SA beyond 60% led to the presence of additional carboxyl
groups, which are hydrophilic and reduced the WCA. In addition to the
surface functional groups, the wettability and hence the contact angle of
solid surfaces are also determined by the surface morphology [44]. Gen-
erally, with increasing surface roughness, the contact angle decreases
for hydrophilic materials and increases for hydrophobic materials; al-
though, no rigid quantitative correlation has been experimental verified
[44]. In the present case, in terms of surface morphology, the addition of
SA to KO made the surface more homogeneous up to 60% addition of SA.
Accordingly, the values of the contact angle increased from 57 4+ 1.2° to
81 + 2.5° from K10S0 to K4S6. For K2S8, there was a slight increase in
the surface roughness and a subsequent decrease in the contact angle
to 68 + 4.1°. This is in agreement with the general observation that
for hydrophilic materials, with decreasing surface roughness, the con-
tact angle increases [41,44].

The hydrophilic-hydrophobic character may be modified by varying
the ratio of SA in the binary films. A similar trend was also observed in
terms of the mechanical properties, where the addition of more than
60% SA decreased the tensile strength due to the free functional groups,
which do not take part in the bonding with other polymer chains in the
binary film. Therefore, the mechanical and wettability properties indi-
cate the superiority of K4S6 over the other compositions for packaging
film fabrication.

4.6. Water vapor permeability (WVP)

The water vapor barrier properties were determined by measuring
the permeability of water vapor through the films. The WVP of the
films depends on many factors, such as the integrity of the film, the
hydrophilic-hydrophobic ratio, the crystalline-amorphous ratio, and
the polymeric chain mobility [36,45). Table S2 (supplementary informa-
tion) shows the results of the WVP study for the binary KO/SA films. The
conjugating reactions affect the moisture diffusion coefficient in the films,
indicating the structural changes in the polymeric matrix, which is in ac-
cordance with the WCA values of the films. The pure biomacromolecule
films (K10S0 and K0S10) exhibited higher WVP values (6.03 x 10~
and 5.44 x 1077 g~?Pa s). In the binary films, the WVP decreased to
K4S6, whereafter they increased. The WVP for K852, K654, and K4S6
were 576 x 1079,4.85x 1072 and 4.39x 10~ g ?Pa~'s ™!, respectively.
The WCP for K258 was slightly less than that for K4S6 since there was
only a slight difference in their WCAs. The difference in the WVP values
between these films may be attributed to the formation of hydrogen
bonding between the KO and SA, promoting a denser crosslinked network
with a reduced free volume in the composite KO/SA films.

4.7. Moisture absorption ability

As illustrated in Fig. 7, KOS10 exhibits higher moisture absorption
than bio-macromolecular films due to greater exposure of hydroxyl
groups, which enhance binding to more water molecules. It is clear
from the values that the blended film had a lower moisture absorption
ability than the corresponding pure SA film. Generally, the primary
structure, long-range structure, and condensed states of the polymers
affect the moisture absorbability of the film [39]. Therefore, taking the
structural changes into account, the low water absorbability of the
blends may be due to the less exposed OH groups owning to hydrogen
bonding and decreasing interaction with the water.

Regarding the films prepared with gum, it was noticed that the addi-
tion of only a small ratio of gum to the composite film lead to a sharp de-
crease in the moisture uptake. KO “blocks” hydrophilic sites of SA by
hydrogen bonds, leaving fewer OH groups to interact with water mole-
cules, resulting in lower moisture absorption values. By adding higher
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KO contents, a straight decrease of moisture absorption was observed,
which was attributed to the formation of an interpenetrating network
of the two bio-macromolecules with hydrogen bonding.

4.8. Film morphology

Field emission scanning electron microscopy (FESEM) analysis
performed to characterise the microstructure and homogeneity of
the pure and composite biomacromolecules films is presented in
Fig. 8. The K0S10 film was found to be very smooth with a compact
surface structure, while K10S0 appeared to possess rough surfaces.
The interchain interaction of KO leads to self-aggregation forming a
continuous and dense network and rough surface as seen in Fig. 8.
The addition of SA to KO prevents this interchain interaction, which
in effect results in smoothening of the surface texture. This may be
observed in the increasing homogeneity of the surface of the films
with increasing amounts of SA, which improve the flexibility and
tensile strength of the films. The smooth and compact surfaces of
the films suggest high miscibility and high compatibility between
the biomacromolecules. These results show a reasonable intercon-
nection between the biomacromolecules, and an increase in me-
chanical strength with the addition of SA. The results also indicate
that the K654 composition is optimum in terms of mechanical
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Fig. 8. FESEM images of the KO/SA biomaaromolecules films.

strength, wettability, water vapor permeability, moisture absorp-
tion, flexibility, and surface texture.

4.9, Biodegradation

The ability for packaging materials to undergo biodegradation when
disposed of is of great importance due to sustainable development. The
susceptibility of the optimised ratio of the K4S6 composite film to bio-
degradation was examined using a closed respirometer and the course
of the biodegradation by continuous assessment of the total biochemi-
cal oxygen demand (BOD) for 28 days is shown in Fig. 9. The BOD in-
volves the oxygen consumed for the oxidation of the biodegradable
KO/SA composite film material. The rate of degradation decreased
after 2 days (15 mg O,/L) and was followed by a quick degradation
step, eventually attaining a plateau of oxygen consumption after
20 days. The oxygen consumption reached approximately 300 mg O,/
L and the sample was degraded by 92% (calculated from the initial and
final weight differences of the sample) on the 28th day. The degrada-
tion profile is very similar to that of a carrot bioplastic degraded by
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Fig. 9. Biological oxygen demand (BOD) of the K456 composite film over 28 days.

49

International Journal of Biological Macromolecules 177 (2021) 526-534

2m 51

seawater organisms [46]. The biodegradation rate obtained in the
present study is significantly higher than those observed for polyure-
thane/polyisocyanurate foams [47] and PLA samples [48,49].

5. Conclusions

The synergistic interaction between KO and SA biomacromolecules
was utilised for the first time to obtain packaging films with improved
properties. This study provides useful information on the structural
properties of composite KO/SA films. The mechanical and barrier
properties of the KO/SA films changed with varying ratios of these
biomacromolecules due to varying degrees of interaction. The good mis-
cibility between KO and SA for film production was explained by FTIR,
XRD, SEM, water contact angle, moisture absorption, and water vapor
permeability. Furthermore, the composite films exhibited good UV ab-
sorption properties. The composite film with 40% KO and 60% SA was
found to be the optimum composition from the desired physical and
chemical as well as surface properties. The findings of the present
study highlight that suitable KO/SA biomacromolecules blends may be
promising for the production of films with the desired quality for food
packaging applications.
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4.2. Hierarchically Porous Bio-Based Sustainable Conjugate Sponge for Highly
Selective Oil/Organic Solvent Absorption

Abstract: This paper describes a novel conjugate biodegradable sponge based on tree gum
kondagogu with excellent selective oil/organic solvent absorption ability. The conjugate
sponge is made hydrophobic (water contact angle 133°) by post-process vapor phase
silylation, and has a porosity of *<94% with very low density (18.4 mg cm—3). The sponge
can selectively absorb up to 19-43 times its weight of oils and organic solvents.
Meanwhile, good reusability is also observed in at least 10 cycles. The biodegradation
behavior is studied from biological oxygen demand (BOD) analysis, where the non-
silylated and silylated sponges degraded over 28 days by 92% and 76%, respectively, in
wastewater sludge. The novel conjugate bio-based and biodegradable sponge used in this

study is a promising sustainable material for clearing oil spills and for water treatment.
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Hierarchically Porous Bio-Based Sustainable
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Miroslav Cernik,* and Seema Agarwal*

This paper describes a novel conjugate biodegradable sponge based on the
tree gum kondagogu with excellent selective oil/organic solvent absorption
ability. The conjugate sponge is made hydrophobic (water contact angle 133°)
by post-process vapor phase silylation, has porosity of =<94% with very low
density (18.4 mg cm™). The sponge can absorb selectively up to 19-43 times
its weight of oils and organic solvents. Meanwhile, good reusability is also
observed in up to at least 10 cycles. The biodegradation behavior is studied
from BOD (biological oxygen demand) analysis, where the non-silylated

and silylated sponges degraded over 28 days by 92% and 76%, respectively,
in waste-water sludge. The novel conjugate bio-based and biodegradable
sponge used in this study is a promising sustainable material for clearing oil

spills and for water treatment.

1. Introduction

Severe environmental and ecological problems created due to
oil pollution are a global concern.! Although biodegradation,
burning, mechanical collection, and chemical treatment are
some of the most common methods employed for cleaning oil
pollutants from water, the collection of oil with porous absorbent
materials is highly efficient, convenient, and without the risk of
secondary pollution.”?! For practical and industrial usage, the
sorbent should show 1) high selectivity for oil in comparison to
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water, 2) oil absorption capacity, 3) fast oil
uptake, 4) reusability, and 5) mechanical
strength for reuse, as well as environ-
mental friendliness and low cost."

Open-cell porous materials, also known
as sponges, can be the ideal oil absorbents
due to their simple fabrication methods,
low density, large pore volume, porosity,
and superabsorbent capacity.”” However,
commercially used polypropylene has lim-
ited sorption capability (less than 10 g g™/
and non-biodegradability.®!  Traditional
inorganic sponges, such as silica sponges,
are too brittle, and carbon-based sponges,
graphene oxide (GO) sponges,'’! magnetic
PDA (polydopamine)-coated MF (mela-
mine-formaldehyde) sponges,'! 3D-SiO,
electrospun  nanofibers-PMF  (poly(melamine-formaldehyde)/
LDH (layered double hydroxide) sponges,”l and MS@PIDO
(melamine sponge @poly(imide dioxime)/Alg (alginate) hybrid
sponges!™®! require expensive equipment, processing under
harsh conditions, and sophisticated technologies, which restricts
their practical applications.*"] In contrast, natural organic sorb-
ents and polysaccharides, including alginate,*” sawdust,'” corn
straw,®l and wood chips,"”) are sustainable alternatives for the
removal of oil from water. Other advantages include recyclability,
recoverability of oils and chemicals, their relatively easy disposal,
and degradability. However, the presence of hydroxyl groups in
natural polysaccharides makes them amphiphilic, which in turn
leads to poor selectivity for the adsorption of oil and hydrophobic
compounds.?-22 Hence, there is a need to study new and modi-
fied sponge materials with promising properties.

Tree exudate gums are naturally occurring polysaccharide
biopolymers, which are endowed with excellent gel-forming
ability, although in a pristine form, they are not suitable for oil
absorption from an aqueous environment due to their higher
hydrophilicity and brittleness.?”! In fact, they absorb water
to make a hydrogel. Consequently, feasible approaches to
enhancing their hydrophobicity, for example, by surface func-
tionalization with hydrophobic molecules such as organosilicon
compounds, are in high demand.*%

Here we report the preparation and use of sustainable hydro-
philic biopolymers gum kondagogu (GK) and sodium alginate
(SA) for the fabrication of a reusable, hydrophobic, flexible, and
ultralightweight (18 mg cm™) conjugate sponge for the selective
and efficient separation of oil and organic solvents from aqueous

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. The fabrication of a conjugate GK/SA sponge and the silylation process by the chemical vapor deposition of TCMS on its surface is shown here.

solution mixture. Gum kondagogu, a cheap and sustainable
polysaccharide, alone does not make a mechanically stable
sponge due to its brittle nature. The non-toxic gum kondagogu,
exudated from Cochlospermum gossypium, containing uronic acid,
glucuronic acid, galacturonic acid, and low amounts of proteins,
etc., has plentiful functional groups such as hydroxyl, acetyl,
carbonyl, and carboxylic, which expedite network formation
with other biopolymers. It can form a conjugate with sodium
alginate, which is another polysaccharide comprised of two
repeating, mannuronic acid and guluronic acid monosaccharide
units, showing excellent liquid-gel behavior in an aqueous envi-
ronment. The similarities in the basic structural units of these
polysaccharides lead to the formation of a sponge with excellent
mechanical properties. The method of conjugate sponge prepa-
ration as the first step is elaborated. Furthermore, silylation from
the vapor phase may be performed to change the surface wetting
behavior of sponges to make them suitable for selective absorp-
tion of oil, that is, hydrophilicity to hydrophobicity and oleophilic
transition. The optimized silylation process provided homog-
enous modification of the conjugate sponge. Hydrophobically
modified sponges show selectivity for the absorption of several
organic solvents and oils of different viscosities from water
mixture in a short period of time for several different cycles.
The bio-based polysaccharide-based biodegradable conjugate
sponges with high oil/organic solvent-water absorption selec-
tivity and after-use biodegradation provide a sustainable solution
to environmental protection against oil spills and pollution.

2. Results and Discussion

2.1. GK/SA Sponge Preparation Procedure

The optimal proportions of GK and SA for obtaining a stable
sponge were examined by the preparation of 11 samples with a
decreasingratio of GK to SA. From pure GK, the produced sponge
has no stable structure (Figure S1, Supporting Information).
In a GK/SA mixture, due to the interaction between GK and
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SA, the structural integrity is formed, and the stability is pro-
portional to SA addition. Similarly, the bulk density of the
sponges was found to increase with an increasing proportion
of SA (Figure S2, Supporting Information). Between 10% and
50%, there is only a slight increment in density (from 170 to
18.4 mg cm™3), but after that, the density rises steeply (to more
than 30 mg cm™ for pure SA). Therefore, we used a GK to SA
ratio of 1:1 for further studies, considering the lowest density
with sufficient structural integrity. The synthesis of the GK/SA
sponge and the silylation process is illustrated in Figure 1.

2.2. Morphology

The digital photograph of an optimized GK/SA sponge
(Figure 2A) and a sponge on Foxtail grass is shown in Figure 2B.
The ultra-light weighing character results from the GK/SA
sponges morphology examined by scanning electron microscopy
(SEM) (Figure 2C,E). This highly porous and open channel ori-
ented structure is formed during freeze-drying by the space left
after ice sublimation.®! The cells are highly regular compared to
the irregular topology of alginate sponge reported in the past,?/
probably due to the GK-SA conjugate formation. According to
Tang et al.,*® oriented open cells enhance the mechanical robust-
ness of the pore structure. The formed porous structure is well-
preserved and is not affected by the trichloromethylsilane (TCMS)
hydrophobic modification (Figure 2D,F), which overcomes the
previously observed limitation of the aqueous silylation process.*’

The successful silylation of the GK/SA sponge was confirmed
by the sharp Si peak on the recorded energy dispersive X-ray
spectroscopy spectrum compared to the no-peak for the unmodi-
fied sponge (Figure S3, Supporting Information). The elemental
distribution also indicates a high degree of Si homogeneity
without aggregates of silane within the sponge. The advantage of
the chemical vapor deposition (CVD) method with an extremely
volatile TCMS is that a homogeneous Si-based hydrophobic sur-
face is formed without significant change in the pore structure.
The density increase was minor (21+ 0.5 mg cm™).

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Digital photograph of the GK/SA sponge (A) kept on Foxtail grass showing the ultra-lightweight nature of the sponge (B), FE-SEM micro-
graphs of GK/SA sponge (C,E), and silylated sponge (D,F). 3D micro-CT images of silylated sponge (G), the pore size distribution of non-silylated and

silylated GK/SA sponges (H).
2.3. Porosity

Low bulk sponge density and high porosity are critical features
that significantly influence the absorption capacity of the sponge.
The microCT image of non-silylated (shown in Figure S4,
Supporting Information) and silylated (Figure 2G) materials
confirmed the very porous structure (in a measured range of
3 to 570 pm). The silylated sponge retains the open pore struc-
ture with only a very slight change in the porosity to 93%
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(with an omissible closed porosity of 10%), whereas the non-
silylated material has an open porosity of 94% and a closed
one again of 10%. A determining bulk density of more than
18.4 £ 0.6, mg cm3 implies the presence of additional smaller
pores, which were not determined by microCT. These micro-
scopic and nanosized pores were formed during the swelling of
the GK/SA polymer mixture and remain after silylation. When
the GK and SA were added to water, the inter and intra mole-
cular H bonding and ionic interactions bound them together,
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which led to the formation of a structure where water exists
in the um as well as nm-sized channels/cages created by the
biopolymer network. During lyophilization, water molecules
were sublimed, leaving behind a porous sponge network pos-
sessing micro and nanopores.

During the silylation process, micropores are covered by
silanes, and therefore their size is slightly reduced from a mean
pore size of 122 to 100 um (Figure 2H).

2.4. Attenuated Total Reflection-Fourier Transform
Infrared Analysis

Fourier transform infrared (FTIR) spectroscopy provides infor-
mation about the molecular structure and is useful for the char-
acterization of biopolymers (Figure S5, Supporting Information).
The detailed FTIR peak correlations with the biopolymer struc-
ture are provided in the Supporting Information. The abundant
hydroxyl groups on the GK/SA sponge matrix created the hydro-
philic character of the sponge. Subsequently, these groups may
be used in the silylation that leads to surface hydrophobicity by
reaction with TCMS (Figure S7, Supporting Information).

Compared to the spectrum of the unmodified sample,
the silylated sponge showed a specific absorbance at 779 and
1273 am™, assignable to the Si—CHj; stretching and bending
vibrations, respectively.**3!l This alludes to the presence of methyl
silane moieties and successful modification of sponge (Figure S6,
Supporting Information). The Si—OH vibrations were assigned
to the band at =940 cm™. Furthermore, the peak at approximately
1637 cm that appeared in the silylated sample is due to the O—H
bending vibrations arising from the adsorbed moisture content.
Therefore, the new peaks in the spectrum imply successful silyla-
tion on the surface of the modified GK/SA sponge.

2.5. Water Contact Angle and Wettability

The original GK/SA sponge exhibited highly hydrophilic char-
acteristics and a strong affinity for water. After silylation, the
sponge surface became hydrophobic (and oleophilic), as con-
firmed by contact angle measurements with water.

Although the original sponge immediately absorbed water
droplets and no measurable value was recorded (Figure 3A),
the silylated sponge showed a high contact angle of 133°
(Figure 3B) since the hydrophobic silicone coating formed on
the surface repels water droplets.

The unmodified GK/SA sponge is amphiphilic, absorbs both
the water and oil droplets immediately without any selectivity
(Figure 3C). In contrast, the modified sample was very selective
in terms of the absorption of oil. It showed instant wetting by
the oil droplet, whereas water could not penetrate the surface
(Figure 3D).

When non-silylated and silylated GK/SA sponges were placed
on the water surface, the silylated sample stayed on the surface,
while the non-silylated sample absorbed water and sank imme-
diately (Figure 3E). Moreover, the hydrophilic GK/SA sponge
disintegrated because of the penetration of water and collapsing
the sponge structure. The silylated GK/SA sponge immersed in
water showed no structural changes (Figure 3F).
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2.6. Mechanical Properties

The mechanical properties of the non-silylated and silylated GK/
SA sponges were evaluated by compression measurements.
The typical stress—strain curves of the samples are shown in
Figure S8, Supporting Information. The compressive stress
at 20% strain of the non-silylated GK/SA sponge (6.5 kPa) was
more than twice that of the alginate sponge reported earlier.’%
The notable improvement in stiffness may be closely related to
the strong interaction between SA and GK through hydrogen
bonding. After silylation, the compressive stress was significantly
reduced due to the interrupted interaction between GK/SA. The
reduction of compressive stress after silylation is assigned to two
factors; one is the repulsive interactions existing between the
polysiloxane methyl groups.?l The other reason is the decrease
in the degree of hydrogen bonding within the conjugate network
after silylation, which leads to reduced conjugate bridge density
within the material. However, the modified GK/SA sponge pre-
sented here possesses significantly more promising mechanical
properties compared to other biomass-derived sponges.*I

2.7. Oil and Solvent Absorption

The 3D inter-connected open pores and the goal-directed hydro-
phobically modified surface of the GK/SA sponge make it a
promising and sustainable bio-based porous system for the
removal of oils and organic solvents from water. Figure 4AB
shows its strong sorption capability for both low density (diesel
oil) and high density (chloroform) solvents from water (also see
Movie S1 and Movie S2, Supporting Information). When the
GK/SA sponge came into contact with a diesel slick (stained
with Oil Red EGN dye) floating on the water surface, it absorbed
the diesel entirely within seconds without losing its form. After
sorption, the sponge floated on the surface, indicating its poten-
tial use for the easy removal of oil spillages and chemical leak-
ages. Similarly, the GK/SA sponge quickly absorbed chloroform
and organic solvents denser than water (Figure 4B and Movie S2,
Supporting Information). Detailed results for chloroform, eth-
anol, diesel, toluene, waste oil, hexane, coconut oil, and petro-
leum ether are shown in Table S1, Supporting Information.

The silylated bio-based GK/SA sponge showed a very high
affinity for organic compounds with an absorption capacity of
=43 times its initial weight. This high absorption capacity is
comparable to carbon sponges and conjugate sponges made
from the cellulose-based waste newspaper (29-51 g g})?*! and
cellulose nanocrystal/poly(vinyl alcohol) sponges (32.7 g g).*¢!

The removal of oil by the sponges is mainly governed by
adsorption on the surface and absorption into the bulk by cap-
illary diffusion. The microchannels on the sponges formed
during lyophilization greatly facilitate the transport of oils
through the interior of the material, resulting in excellent oil
absorption performance, which is illustrated in Figure 5.

2.8. Crude Oil Absorption Study

Crude oil spillage is one of the most common types of water
contamination. Figure S9, Supporting Information, shows the
absorption test using a mixture in which 2 mL of crude oil
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Figure 3. Images taken during measurement of contact angle for A) GK/SA sponge, and B) TCMS modified GK/SA sponge, C,D) Optical images of
water and diesel oil droplet absorption on GK/SA sponge and TCMS modified sponge respectively, E) floating on the water surface, and F) a sample

of the modified GK/SA sponge immersed in water.

was mixed with 10 mL of water. After approximately 1 min,
the oil was completely absorbed (99.9%) by the GK/SA sponge
(Movie S3, Supporting Information). Therefore, the kinetics of
pure crude oil absorption was studied in more detail. The deter-
mined absorption is fast. In total, 23.8, 278, and 28.5 g g™ of
crude oil were absorbed within 0.5, 1, and 2 min, respectively,
which indicates the high affinity of the present sponges for
the specific absorption of crude oil. The maximum absorption
capacity of 28.5 g g™ achieved at 3 min is nearly double that of
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state-of-the-art polypropylene fibrous mats/® higher than that
of cellulose sponges made from waste paper (20 g g™*),*”! super-
hydrophobic sawdust (175 g g)),”! and is comparable with
graphene-carbon nanotube sponges (30 g g7!).®!

2.9. Reusability

The reusability of the hydrophobic GK/SA sponge is advanta-
geous for its practical application as a sustainable oil/organic
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(B)

Figure 4. The fast and selective absorption process of diesel (A) and chloroform (B) from water by the silylated GK/SA sponge (both diesel and chlo-

roform are stained by the Oil Red EGN dye).

solvent absorbent. Therefore, the material was tested for
repeated absorption of crude oil and diesel, as examples of high
and lower viscous liquids, respectively.

Crude oil was used six times for repeated absorption and
manual squeezing (Figure S11A, Supporting Information).
The sample showed high absorption capacity (28.5 g g™') and

Capillary diffusion
through pores

Sponge
before absorption

ol bnd

absorbed 1.813 g of crude oil in the first cycle. The squeezing
removed only 1.548 g of the absorbed oil (squeezed ratio of
85%), and therefore 0.265 g of the oil remained absorbed.
During this first squeezing, the porous structure of the sponge
substantially collapsed, which was observed previously,*’! and
therefore, its capacity for the second absorption was reduced. In

Sponge
after absorption

Figure 5. Absorption of oils by the silylated GK/SA sponge driven by capillary diffusion through the interconnected pores.
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the second cycle, only 1.061 g of oil was absorbed, which gave
the newly absorbed amount of 16.7 g g!, which was 20.85 g g™/,
including the remaining oil. The same amount (1.026 g) was
squeezed back, and the squeezed ratio reached 97%. Hence,
the sponge structure and its capacity were not significantly
influenced by the second squeezing. Similarly, in the subse-
quent cycles, the absorbed amounts were slightly below 1 g
(0.847-0.975 g), the adsorbed concentration was =15 g g}, and
the squeezing ratios were roughly around 100% (98-104%). It
was reported earlier that the squeezing force should not be too
high to sustain the structure of the sponges.*”]

Similarly, Figure S11B, Supporting Information, shows the
absorption/squeezing process for diesel up to ten cycles. Only a
slight decrease in an absorbed amount from 26 to 21 g g™ was
determined after 10 absorptions/squeezing cycles, indicating
excellent reusability performance of the GK/SA sponge as an
absorbent for diesel (Figure S10, Supporting Information).
Most of the bio-based sponges intended as superabsorbents
lose mechanical resiliency and oil-absorption capacity after
multiple absorption cycles.)] However, the biomass-derived
GK/SA sponges presented in this study maintain their mechan-
ical integrity during ten cycles of absorption/squeezing, with
diesel recovery of =100%. The reusability of sponges in oil/
organic solvent absorption is directly related to its compres-
sive stress. The material possessing high compressive stress
and flexibility easily comes back to its original dimension
upon removing the applied force. While performing reusability
studies of the sponges by successive absorption-squeezing
cycles, the oil/organic solvent absorbed in the material can
easily come out of it and almost 100% porosity is available for
the next cycles of absorption. Thus, high compressive strength
makes the material available for a large number of cycles of
absorption without compromising its structural integrity.[*!

The difference in the sponge performance for the absorption
of crude oil and diesel in the absorption-squeezing cycles is due
to their difference in viscosity. Crude oil has a higher viscosity
than diesel. Due to the fact that a high squeezing force cannot
be applied to the sponge without significantly altering its
structure, it is difficult for the crude oil to extrude through the
micro-channels of the sponge. Consequently, a higher amount
of crude oil remains in the sample after squeezing compared
to the low viscose diesel. Even after gentle squeezing of the
crude oil-saturated sponge, its porosity is reduced, in contrast
to squeezing of the diesel-saturated sponge.

2.10. Biodegradation of the Sponge

The curves of biochemical oxygen demand (BOD) analysis for
the GK/SA sponge and silylated GK/SA sponge are shown
in Figure S12, Supporting Information. In this process, the
biopolymers are broken into smaller compounds by aerobic
microbial organisms through metabolic or enzymatic pro-
cesses and finally converted to carbon dioxide. The results indi-
cating that during the whole of the measured period, BOD for
GK/SA was higher than in the case of the silylated sponge. The
final value of 304.3 + 16.7 mg O,/L after 28 days is approxi-
mately 50% higher than the value of 208.6 + 34.5 mg O,/L
for the silylated sponge. The greater degradation rate of the
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non-silylated sponge compared to the silylated sponge implies
that the microorganisms present in the sludge may act faster
on the non-silylated sponge. However, this may be influenced
by the acclimatization time, the time required to produce
enzymes, and the extent of biodegradation. In the early degra-
dation stage, the carbohydrates are broken down by microor-
ganisms into the corresponding monomers, which are glucose
molecules. These monomers may either be converted to carbon
dioxide and water or various other oxygenated species. The aer-
obes consume oxygen to oxidize substrates such as sugar in
order to obtain energy. Oxygen demand is proportional to the
degradation rate. The hydrophobic network of silane formed
on the surface of the silylated GK/SA sponge decelerates the
action of microorganisms on the material, thereby reducing the
rate of degradation. Overall, the results suggest that the GK/
SA sponge biodegraded more rapidly (92%) than the silylated
sponge (76%) over 28 days. The conjugate sponge has higher
stability against biodegradation due to a strong interaction
between the polymer chains. Gum arabic bioplastic materials
reported in the literature degraded completely within 15 days,
whereas the GK/SA sponge took twice as long to degrade to the
same extent.l*!) The degradation of the GK/SA samples reported
in this study is comparable to that of fiber-reinforced starch and
cellulose materials.’] The bio-based biodegradable adsorbent
materials are assumed to have greater importance in industry
as a green choice for reducing the amounts of waste generated
as well as the cost of production. Biodegradable sponge mate-
rials of renewable resource origin could contribute to sustain-
able development by eliminating the possibility of secondary
pollution arising due to the disposal of the sponge after the
desired function. At the same time, it makes the recycling pro-
cess more easily achievable.

3. Conclusion

In this study, a highly porous, lightweight conjugate sponge was
fabricated based on renewable and biodegradable resources,
polysaccharide GK and SA. Surface modification of the mate-
rial was accomplished via a feasible chemical vapor deposition
method using TCMS, which endowed the sponge with hydro-
phobic (water contact angle 133°) and oleophilic properties,
without altering its microporous structure or porosity. The
modified GK/SA sponge was highly selective for oil and organic
solvents in comparison to water and performed extremely well,
showing a high absorption capacity for a wide range of oils and
organic solvents (up to 43 g g”!) compared with the absorption
capacities reported for many other biomass-derived sponges. At
the same time, it shows good mechanical integrity and excel-
lent reusability up to 10 cycles with a diesel absorption reten-
tion of 91% compared to the first cycle. The material undergoes
biodegradation, which is a green option for reducing waste vol-
umes after use.

4. Experimental Section

All experimental details regarding the materials and their characterization
are provided in the Supporting Information.
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Fabrication of Conjugate Sponge: Firstly, 1.5% (w/v) aqueous solutions
of GK and SA were prepared and thoroughly mixed at various GK/SA
(w/w) ratios (10:0, 9:1, 8:2, 7:3, 6:4, 5:5, 46, 3:7, 2:8, 1:9, and 0:10), and
stirred at room temperature (<1500 rpm, 22 °C) for 2 h. The resulting GK/
SA solutions were poured into a mold, frozen at —80 °C overnight, and
lyophilized for 72 h.Il The conjugates with different concentrations of GK
and SA; 0.5, 1.0, 1.5, and 2.0% (w/v) were tried. A stable structure using
0.5% and 1.0% concentrations were not obtained, while a brittle and high-
density structure has resulted in 2.0%. Considering the suitable structural
stability, density and flexibility, the concentration was fixed at 1.5%(w/v).

Hydrophobic Coating on The Conjugate Sponge: CVD of TCMS on the
GK/SA sponge was performed by placing them both into a glass bottle
in an oven at 50 °C for 30 min.'¥! Subsequently, the formed silylated
GK/SA sponge was placed in a vacuum oven to remove the excess
TCMS from the surface of the sample.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Bioremediation of Dye from Water

Abstract: For the first time, a simple synthesis of an ionically cross-linked tree gum-based
sponge with structural stability was investigated for effective cationic dye adsorption.
Hierarchical three-dimensional structures were formed between gum kondagogu (GK)
and sodium alginate (SA) primarily through hydrogen bonding, and were enhanced
further by Ca?* ionic crosslinking. Fourier transform infrared spectroscopy, TGA, SEM,
and micro-CT were used to characterize the sponge. The adsorption capacity of the
sponge for the cationic dye, methylene blue (MB), was studied as a function of pH,
dosage, reaction time, and initial dye concentrations. The MB adsorption of the sponge
in the present work (1250 mg/g) shows a higher adsorption capacity than many other
natural sponges. The maximum adsorption was recorded at pH 9, and recyclability
without significant loss of efficiency for five adsorption cycles was also obtained.
Furthermore, pseudo-second order kinetics and the Langmuir adsorption isotherm fit the
experimental results well. This biodegradable adsorbent is a promising material for cost-

effective wastewater treatment via waste-to-resource conversion.
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Tree gum s characterize the sponge. The adsorption capacity of the sponge for the cationic dye, methylene blue (MB), was
gi:: ;:;::;g:::: Recytlalility studied as a function of pH, dosage, reaction time, and initial dye concentrations. The MB adsorption of the

sponge in the present work (1250 mg g ') shows a higher adsorption capacity than many other natural sponges.
The maximum adsorption was recorded at pH 9, and recyclability without significant loss of efficiency for five
adsorption cycles was also obtained. Furthermore, pseudo-second order kinetics and the Langmuir adsorption
isotherm fit the experimental results well. This biodegradable adsorbent is a promising material for cost-effective
wastewater treatment via waste-to-resource conversion.

1. Introduction

Modern industries such as textile, paper, leather, food, and cosmetic
goods industries produce vast amounts of effluents in the form of syn-
thetic dyes and other organic contaminants [1]. These excessive dye
effluents in the aquatic environment prevent the entry of light into the
water in a way that inhibits photosynthesis [2]. Therefore, this
contaminant water must be treated in various ways, such as
flocculation-coagulation, precipitation, photocatalytic degradation,
adsorption, and ion exchange [3-8]. Of these, adsorption is the easiest
and most economically feasible method. However, many of the adsor-
bents used are made from petroleum products, making them expensive
and toxic. On the contrary, adsorbents made from natural polymers are
renewable, biodegradable, biocompatible, and reduce the risk of sec-
ondary contamination [9].

Methylene blue (MB) is a heterocyclic aromatic chemical compound
that is utilized as a redox indicator as well as for a variety of other in-
dustrial uses [10]. Continuous use of MB contaminates water at con-
centrations even lower than one ppm may cause various side effects,
including permanent damage to the skin and eyes of humans and other
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organisms [11]. The natural materials used as MB dye adsorbents
include clay [12], sawdust [13], chitosan [14,15], alginate [16], cellu-
lose nanofibrils [17], agar [18], tragacanth [19,20], carrageenan [21],
xanthan [22,23], and gum karaya [24]. However, further research on
sustainable adsorbent materials is necessary because many recently re-
ported bioadsorbents show low removal efficiency. Wu et al., for
example, observed MB removal using membrane produced from the
chitosan/cellulose nanofibrils composite [25], which had a maximum
adsorption capacity of 14.71 mg g~ '. Njuguna et al. produced xanthan
gum hydrogel with adsorption capacity of 435 mg g~ ' for the elimi-
nation of MB [26] and Zhang et al. investigated the adsorption capacity
of cork dust based porous carbon (887.7 mg g 1) [27]. Furthermore, the
maximum adsorption capabilities of several biomasses such as nano-
fibrilled cellulose, sludge-derived biochar, alginate/carrageenan, and
sugarcane bagasse have been found to be 107 mg g !, 160.78 mg g ',
132 mg g !, and 207.16 mg g~ !, respectively [28-31]. Therefore,
development of a biobased adsorbent with high adsorption capacity
using an inexpensive and abundant material is required.

Recently, biopolymer sponges have been introduced as a new class of
highly porous and ultra-lightweight materials, in contrast to
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conventional non-degradable sponges that cause secondary pollution
[32]. Furthermore, there is a wide variety of types of surface chemistry
accessible for biopolymers that may be used to make the sponges.
Modifiable macrostructure and porosity characteristies are achieved
mainly through a freeze-drying process [33]. The higher number of
functional groups present in biopolymer structures facilitate their
modification and integration. In addition, such functional groups exist
as binding sites for waterborne contaminants such as heavy metals, and
cationic and anionic dyes [34]. Biopolymer sponge structures with
excellent surface area, flexibility, and compressibility increase the
practical usability of sustainable and renewable materials.

Gum kondagogu is a gum extruded from the bark of Cochlospermum
gossypium found in tropical countries. This gum comprises uronic acid,
glucuronic acid, galacturonic acid, and fewer proteins, with functional
groups such as hydroxyl, acetyl, carbonyl, and carboxylic groups. These
functional groups expedite network formation with other biopolymers
[35,36]. Despite its special advantages, this gum is not used alone in the
formation of 3D shapes because of its lack of structural stability.
Therefore, it is necessary to use an interconnected or crosslinked
network that enhances structural integrity and other related advantages.
The conjugation of such biopolymers with sodium alginate, another
polysaccharide derived from brown algae comprised of two repeating,
mannuronic acid and guluronic acid monosaccharide units, provides a
stable 3D structure [37]. Similarities in the excellent liquid-gel behavior
and basic structural units of these polysaccharides lead to the formation
of a conjugate with excellent mechanical properties [35].

Here, we report a facile and eco-friendly method to prepare a con-
jugate sponge based on tree gum kondagogu (K) and sodium alginate (S)
through ionic crosslinking (by Ca®' ions) followed by freeze-drying.
These self-assembled low-density (22.6 mg em ™) sponges exhibit an
excellent adsorption capacity (1250 mg g ') and five-times recyclability
without significant loss in adsorption performance for the cationic dye in
an aqueous medium. The adsorption mechanism and adsorption-
desorption kinetics were investigated. Degradation tests were also per-
formed to verify whether the material is sustainable. The findings
indicate that biowaste has a promising potential for effectively removing
of these hazardous, carcinogenic coloring contaminants. The main
objective of this study was to apply and use an inexpensive, and readily
available adsorbent with a good adsorption capacity for the treatment of
organic pollutants via waste-to-resource value conversion.

2. Experimental section
2.1. Materials

Gum kondagogu (K) was provided by the Girijan cooperative society,
Andra Pradesh, India. Sodium alginate (S), calcium chloride (CaCly,
>93.0%), and sodium hydroxide (NaOH, >98%) were supplied by
Sigma Aldrich Co., USA. Methylene blue (MB) was purchased from Lach-
Ner, Neratovice, Czech Republic. Hydrochloric acid (HCl, 37%) was
obtained from Penta chemicals limited, Czech Republic. All the chem-
icals in this work were used without further purification. The water used
in all the experiments was purified and deionized by a Milli-Q plus water
purification system (Millipore Corporate, Billerica, MA).

2.2. Sponge preparation

The sponges were prepared based on one of our previous works, with
small modifications [39]. Briefly, 1.5 w/w% solutions of gum konda-
gogu and sodium alginate were mixed (1:1 wt/wt%) and lyophilized (KS
sponge). The pre-shaped sponges were crosslinked by immersion in 5
wt/wt% of a calcium chloride solution for 30 min. The crosslinked
sponges (CKS sponges) were then washed three times with distilled
water to remove the redundant salt from their surfaces and lyophilized
for further testing [40].
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2.3. Characterization of the sponges

The bulk density of the sponges was determined by weighing the
sample and measuring its volume using a vernier caliper. To analyze the
functional groups of the sponges, an ATR-FTIR spectrometer (Nicolet
iZ10, Thermo Scientific, Waltham, MA, USA) with a fixed 45° angle and
horizontal ATR accessory with diamond ecrystal was employed. The
morphology of the sponges was analyzed using field-emission scanning
electron microscopy (FE-SEM) on a ZEISS Sigma device (Germany) at a
10 kV accelerating voltage. To assess the composite microstructure and
porosity, X-ray computed tomography (micro-CT, Skyscan 1272,
Bruker) was utilized. The scanning parameters were as follows: 50 kv
source, 200 pA current, 3 um image pixel size, 672 ms exposure period,
and 0.2° rotation step. A Q500 thermogravimetric analyzer (TA In-
struments, USA) was used to determine thermal stability and composi-
tion. The experiment was conducted in a nitrogen atmosphere at a flow
rate of 60 mL min "', and the sample was heated from 30° to 600°C at a
heating rate of 10 °C min .

2.4. Adsorption test

Adsorption ability was evaluated by immersing 2 mg of the sponge in
10 mL of MB (1:5 mgmL ™ sponge to dye w/v ratio) with concentrations
ranging from 25 to 400 mg L. The solution container was then placed
in a shaker at 200 rpm at an ambient temperature for 2 h. At fixed time
intervals, the concentration of the dye solution was measured at 664 nm
using a UV-vis spectrophotometer (Hach DR 3900). The amount of MB
adsorbed on the sponge at each time interval was calculated using Eq. 1:
g ==XV &)

m

where qe indicates the quantity of the dye adsorbed, Cj is the initial dye
concentration (mg L"), C, is the equilibrium dye concentration (mg
L"), V is the solution volume (L), and m is the mass (g) of the sponge.

The percentage of MB removal was calculated using Eq. 2:

Percentage removal = C_og_Q x 100 % (2)
0

Furthermore, MB adsorption was carried out with various sponge to

MB solution ratios (1:5-10:5) using a MB concentration of 100 mg L 1

and different pH values ranging from 4 to 10 (previously adjusted with
either HCl or NaOH, at 0.1 N).

2.5. Desorption of methylene blue

Desorption of MB was investigated on the sponge with pre-adsorbed
dye (120 mg g ™) in 10 mL of 0 mM, 10 mM, and 100 mM solutions of
hydrochloric acid. At fixed time intervals, the concentration of the salt
solution was measured at 664 nm using a UV-vis spectrophotometer,
and the experiment was stopped once there were no longer any signif-
icant changes in absorbance for three consecutive readings. The per-
centage of dye desorption was caleulated by Eq. 3:

. Cex'V
Dye  desorption = —
’ mx

x 100% (3

la‘

where C, is the equilibrium dye concentration, Vis the volume (L) of the
HCl solution, m is the mass (g) of the sponge, and q is the equilibrium
dye amount on the sponge after 40 min in the 100 mg L' MB solution.

2.6. Biodegradation

The non-crosslinked and ionic crosslinked sponges were tested for
biodegradation under aerobic conditions in an aqueous medium. The
oxygen demand for the ultimate aerobic biodegradability was measured
in a Micro-Oxymax respirometer (Columbus Instruments International,



R.K. Ramakrishnan et al

USA). The supernatant of the settled sludge from the municipal waste-
water treatment plant in Liberec was used as an inoculum. Approxi-
mately 2 g of the tested material was added to 95 mL of the biological
medium (based on ISO 14851:1999) and 5 mL of activated sludge. The
mixture was subsequently dosed into a 250 mL respiration cell. The
testing period was 28 days [41].

3. Results and discussion
3.1. Bulk density and water solubility

The KS sponge was fabricated through freeze-drying, followed by
ionic crosslinking by Ca®* ions as shown in Scheme 1. The hydrogen
bonding interaction between the biopolymers and further ionic cross-
linking made a stable three-dimensional (3D) structure. The bulk density
of the KS sponge (18.8mgem ) was changed after crosslinking
(22.6 mg em %), which is still lower than that of the porous alginate
structure (34.6 mg.cm %) reported previously [42].

3.2. ATR-FTIR spectroscopy

Fig. 1ashows the FT-IR spectra of the KS and CKS sponges. The peaks
observed at 1028, 1253, 1723, 2928, and 3353 cm ' in the KS sponge
correspond to C-O-C, -C-O, C=0, C-H, and O-H vibrations, respec-
tively, while the peaks at 818 and 890 em ! are characteristic of poly-
saccharide structures. In the CKS sponge, the O-H absorbance peak
shifted from 3340 to 3329 cm . Similarly, the peaks at 1599 and
1410 cm ! shifted to 1593 and 1415 ecm ™, respectively, showing the
involvement of the COO- group in the crosslinking process [40].
Furthermore, the intensity of the characteristic peaks was observed to
decrease in the crosslinked sample compared to that of the pristine
sample.

As previously stated, freeze-dried KS sponges have the ability to
maintain their macroscopic integrity via conjugate hydrogen bonding
[39]. Cylindrical samples of both the KS and CKS sponges were sub-
mersed into deionized water. The KS sponge disintegrated after a few
seconds of mild shaking by hand (Fig. S1a). The hydrogen link was
replaced by a conjugate-water hydrogen connection and the network
structure was completely destroyed. On the other hand, the CKS sponge
sample maintained its network structure even after vigorous shaking
(Fig. S1b), demonstrating strong ionic interactions after crosslinking, as
demonstrated by the FTIR analysis.

3.3. Thermo-gravimetric analysis

The thermogram in Fig. 1b was used to investigate the thermal sta-
bility of the pristine and crosslinked sponges. The derivative thermo-
gravimetric curve (inserted) clearly shows a vertical shift in tempera-
ture. Polysaccharides have a strong affinity to water, and the water
molecules may be bound to the sponge by the hydrophilic groups and,
therefore, the curves below 200 °C correspond to moisture loss. These

Freeze-
drying
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functional groups are involved in the ionic crosslinking and adsorb less
moisture than the pristine sponge. Sponge degradation occurs at a
temperature around 200-330 °C, and the KS sponge possesses a sharp
peak at 268 °C, corresponding to maximum degradation. The degrada-
tion peak is broader for the CKS sponge, and the appearance of the
shoulder indicates degradation at a relatively high temperature (293 °C)
compared to the KS sponge (268 °C). Beyond 200 °C, the KS sponge
degraded rapidly up to 62% until 600 °C, whereas degradation of the
CKS sponge was slower in the same range, with 35% remaining even
after 600 °C. This observation results from the increased thermal sta-
bility of the CKS sponge imparted by the crosslinking.

3.4. Shape recovery

The shape recovery of the CKS sponge was examined prior to its
application as an adsorbent (Fig. 1c and Movie S1), from which its
exceptional water stability was observed. The capillary forces imparted
by the sponge’s mesopores aid in ultra-rapid water absorption [43], and
to its maximum loading in less than 10 s. In addition, the sponge formed
a stable 3D structure with no visible volume change or structural
disintegration after soaking in water. The cyclic absorption capacity of
the sponges was evaluated to determine their reusability and desorption
by squeezing out the water (Fig. 52). The absorption capacity decreased
slightly, which is consistent with shape recovery. More precisely, the
absorption capacity of the sponges decreased from 40% to 37% in the
first cycle and it was consistent even after the tenth cycle of water
adsorption. This result again proves that the conjugation of the gum with
alginate improves the network structure via hydrogen bonds and further
enhancement in the ionic coordination during crosslinking.

Supplementary material related to this article can be found online at
doi:10.1016/j.jece.2022.108285.

3.5. Microstructure analysis

Scanning electron microscopy (SEM) was used to analyze the surface
morphology of the sponges. The SEM images in Fig. 2 show that the KS
and CKS sponges have a significantly smoother surface with porous and
interlinked networks. These interconnected channels form a 3D network
frame passing through a narrow border. Furthermore, the SEM images
revealed that crosslinking slightly reduced the pore size but did not
significantly alter the overall structure of the KS sponge. The KS sponge
possesses a pore diameter in the range of 20-200 ym, whereas in the
case of the CKS sponge it was decreased to 20-180 um due to the
compactness of the conjugate after ionic crosslinking (Fig. 53). Many
tiny holes and channels present in the sponge offered more adsorption
spaces and sites. The SEM image of the sponge shows layered structures
with macropores, which may have been created by direct sublimation of
ice crystals during the freeze-drying process [24]. The presence of cal-
cium is clearly visible in the elemental analysis and elemental mapping
of the CKS sponge, as illustrated in Fig. 54. Micro-CT was applied to
further illustrate the porosity and pore distribution of the CKS sponge

Freeze-

: ‘ drying = -
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Conjugate mixing Mold Conjugate CacCl, Crosslinked
sponge (KS) solution sponge (CKS)
== Kondagogu gum (K) e Sodium alginate (S) . Calciumion

Scheme 1. Schematic illustration of the fabrication of the ionically crosslinked gum kondagogu-sodium alginate conjugate sponge (CKS sponge).
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Fig. 1. a) FTIR spectra and b) Thermograms of the KS and CKS sponges (the derivative thermogravimetric curve is inserted). ) Shape recovery of the CKS sponge in

water, where the sponge is colored using methylene blue.

[44]. In addition to the 3D morphology (Fig. 2e), a vertical section of the
CKS sponge is shown in Fig. 2f. The cross-section view illustrates the
porous structure distribution and pore homogeneity. It was found that
the CKS sponge porosity was 92.5% (avoidable closed hole 10™“%).
Such a highly porous material with abundant functional groups provides
a large number of adsorption sites for the removal of contaminants from
water.

The structure and self-assembly characteristics of the CKS sponge are
improved by the bioconjugation, allowing them to manage and regulate
the internal structure to a greater extent [39]. Compared to poly-
saccharide sponges like alginate (39 mg cm ) and gum arabic sponges
(85 mgem ), the CKS sponge has a low bulk density [45,46]. In
addition, water stability may be improved by conjugation and ionic
crosslinking, which in effect enhances the reusability of the sponge.
Altogether, the CKS sponge uses its water resiliency and numerous
surface functional groups to separate a large number of water pollutants.

3.6. Dye adsorption

3.6.1. Adsorption behavior toward MB

Fig. 3a depicts the influence of pH on MB adsorption by the CKS
sponge under constant process conditions (100 mgL !, 1:5 mg mL !
sponge/dye w/v ratio). Both the degree of ionization of the dye mole-
cules and the surface charge of the adsorbents are affected by the pH of
the solution. The adsorption process is influenced by the charging of
functional groups on the active sites in the adsorbent surface [47]. As the
pH rises, the cationic dye adsorption rises due to an increase in the
negative surface charge of adsorbents. This is explained by the electro-
static interaction of cationic MB molecules with the negatively charged
sponge surface. At alow pH, the competition between the hydrogen ions
and cationic ions in MB to connect to the adsorbent sites results in
decreased dye removal [48].

The removal of MB at a concentration of 100 mgL ™! was investi-
gated further using different sponge dosages (Fig. 3b). There is a steep
rise in the percentage of MB removed, from 30.8% to 92.0% as the
sponge/MB ratio increased from 1:5-10:5 mg mL . This is related to an
increase in the active sites of the adsorbent surface [43]. With an
inereasing sponge to dye ratio, the equilibrium MB adsorption in the CKS
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sponge fell from 388.3 to 46.0 mg g .

3.6.2. Adsorption kinetic study

The adsorption of the MB dye onto the CKS sponge (pH 9,
1:5 mg mL =1 sponge/MB w/v ratio) occurred at all initial MB concen-
trations from 25 to 400mgL™' (Fig. 4a). The MB adsorption rate
increased with the increasing initial dye concentrations. This rapid
adsorption capacity is attributed to the hierarchical macro-and meso-
porous structure of the sponges. However, the percentage of MB
removed from aqueous dye solutions decreased with increasing initial
concentrations, i.., from 82% to 58% at the lower 25 mg L to the
higher 400 mg L ! concentrations, respectively (Fig. 4b).

The adsorption kinetics of MB on the CKS sponge were evaluated
with both pseudo-first-order and pseudo-second-order models,
expressed as Eqs. 4 and 5:

ki
log(ge —q1) = logge — 53t @

rot 1
—= (5)
4 ¢ kg

where q; and g, are the amount of MB adsorbed at time t and at equi-
librium (mg g 1), respectively, k; is the pseudo-first-order rate constant
(min~ 1), and ko is the pseudo-second-order rate constant (g
mg 'min ).

The adsorption data were plotted as t/q, versus t and fitted to a linear
expression giving the initial adsorption rate vy at t = 0, which may be
calculated from Eq. 6.

Vo = kg X q:: (6)

The dye adsorption kinetics were evaluated using two kinetic
models- pseudo-first-order (Fig. 4¢) and pseudo-second order models
(Fig. 4d). The experimental adsorption data fitted well to the pseudo-
second order kinetic model, with all R* values being above 0.99,
showing linearity in the t/q, versus t plots. This indicates that the overall
rate of MB adsorption onto the sponge is controlled by chemisorption.
From the pseudo-second order kinetic model, the initial MB adsorption
rate (vo) was found to increase from 6.14, 8.57, 18.13, 27.55, and
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Fig. 2. SEM images at different magnifications of a, b) KS, and ¢, d) CKS sponges, respectively. Micro-CT images of ) 3D morphology, and f) Cross-sectional view of

the CKS sponge.

149.47 mg g 'min"! with increasing original dye concentrations from
25, 50,100, 200, and 400 mg L A respectively.

The values of different parameters for kinetic models were obtained
as shown in Table 1. The qeyp values (101.96, 199.43, 388.20, 605.05,
and 1178.65mg g ') were much closer to the q.q values (123.00,
250.00, 469.48, 740.74, and 1237.62mg g ") of the pseudo-second-
order model than the q¢y values (80.47, 179.07, 324.68, 538.18, and
579.55 mgg ') of the pseudo-firstorder model. Based on this, the
adsorption kinetics may be fitted to the pseudo-second-order model.

In order to compare the validity of the kinetic model, the normalized
standard deviation Aq (%) was calculated using Eq. 7.
g7 . o5 N
Ag= \‘f E—(("“‘”N i"‘i‘)/ L N @)
where Qexp and qca represent the experimental and theoretical amount
of dye adsorbed on the sponges, respectively, and N is the number of
determination times.

Generally, the Aq (%) will be lower when the model data are closer
to the experimental data. Analysis of the Aq (%) values for both models
indicated that the pseudo-second-order agreed well with the experi-
mental kinetic data due to the lower Aq (%) values (0.225) compared to
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the pseudo-first-order values (0.296).

3.6.3. Adsorption isotherm

To further understand the mechanism of adsorption of MB onto the
CKS sponge and to determine the equilibrium data, the adsorbed
quantities and residual dyes in the solution were fitted in both Langmuir
and Freundlich isotherms. The linear relationships of the Langmuir and
Freundlich isotherms may be expressed as Eqs. 8 and 9, respectively:

1 1 11
BN Nl W Eu P8 Pl 8
qe (KLQM) C. * On ©

1
log ¢. = ;log C.+log Kr 9

where ge is the adsorbed MB at equilibrium (mg g '), quqy is the
adsorption capacity (mg g ), Ky is the equilibrium adsorption constant
(L. mg 1), Ce is the equilibrium MB concentration in the solution, K is
the Freundlich constant ((mg g ')(L g ")n), and n is the heterogeneity
factor.

The Langmuir plot of 1/q. versus 1/C, shows a linear regression
curve with a slope of 1/Qn and intercept of 1/(Ki. Qu) (Fig. S5a) as well
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Table 1
Pseudo-first and pseudo-second order kinetic model parameters for the adsorption of MB onto the CKS sponge.
Co Qexp Pseudo-first-order Pseudo-second-order
=) =)
[mgL™] [mgg ] & K R & K R?
Imgg '] [min""] [mgg '] [gmg ' min”']
25 101.96 80.47 3.41E-03 123.00 9.75E-05 0.99
0.95
50 199.43 179.07 2.42E-03 250.00 5.02E-05 0.99
0.99
100 388.20 324.68 2.13E-03 469.48 8.22E-05 0.99
0.98
200 605.05 538.18 1.74E-03 740.74 1.37E-04 0.99
0.97
400 1178.65 579.55 2.04E-03 1237.62 4.05E-04 0.99
0.96
Table 2 100
n : ; ) ) : (‘«l) —n 2100 mM
Langmuir and Freundlich model fitting parameters for the adsorption of MB on .'_./'
the KS sponge at 1:5 mg mL ™ sponge/dye w/v ratios with a dye concentration 80 e &
of 25-400 mg L', 9
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Fig. 5. Comparison of the maximum adsorption capacity of MB dye: a) Cellu- 9 a0 e 30 “
lose nanofibril/ graphene oxide/silica [53], b) Sodium alginate foam [50], c) Time (min)

oo

Microcrystalline cellulose [54], d) Cellulose/chitosan [55], €) Graphene oxide-
montmorillonite/sodium alginate [56], f) Activated carbon-alginate [51], g)
Sodium alginate/gelatin/graphene oxide [52], h) Graphene oxide-chitosan
[57], 1) Magnetic graphene composite [58], j) Graphene [59], k) Cellulose
nanofibril/rectorite composite [60], and 1) CKS sponge (This work) and the
details are listed in Table S1 in the Supporting Information.

desorption process indicates that the sponge may be facilely regenerated
for repeated dye removal applications.

3.6.5. Mechanism of adsorption and desorption

The above results show that the adsorption of MB by the CKS sponge
is affected by many factors including electrostatic interaction, hydrogen
bonding, and n-n interactions between the dye molecules and sponge

- surface active sites. A schematic illustration of the adsorption mecha-

nism is shown in Fig. 7. Under the combined action of these forces, the
CKS sponge exhibited an excellent dye adsorption performance. The
FTIR spectrum of MB adsorbed on the CKS sponge (Fig. S6) further
supports the adsorption mechanism. The sharp peak at 1590 em ™! is
assigned to the C-C stretching of the benzene ring, and the peak at
1333 cm ! is attributed to the CH; stretching in the MB, which is
adsorbed by the sponge [61]. Since there are no apparent changes in the
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Fig. 6. Desorption of MB from the CKS sponge at a) Various HCl concentra-
tions, the inserts are images of the sponge after desorption; b) Fitting pseudo-
second-order desorption kinetics.

Table 3
Kinetic parameters of the pseudo-second-order desorption of MB from the CKS
sponge.

HCl (Co) Pseudo-second-order
qe (%) K2 (%" min") Vo (% min™") R?

0mM 0.083 076 0.98
3.03

10 mM 0.010 6.15 0.99
59.88

100 mM 0.016 145.10 0.99
95.23

absorption bands of other functional groups, it is suggested that the
adsorption mechanism is mainly attributed to the strong -n interaction
and electrostatic charge attraction between the negatively charged CKS
sponge and the cationic MB dye.
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Fig. 7. Mechanism of the adsorption and desorption of MB dye on the CKS sponge.

The desorption of MB occurs via ion exchange between the protons of
the acid and the dye. The H" ions are attracted to the -COO groups of the
CKS sponge based on their p*® values of 3.4-3.7, which primarily pro-
tonate the ionized acids of the adsorbent and promote MB desorption.
Overall, no structural changes occurred in the CKS sponge by the
adsorption of MB dye. Following the adsorption-desorption process, the
adsorbent returns to its initial form and continues the adsorption cycle,
which is highly suitable for repeated use of the material.

3.6.6. Recycling

The recyclic adsorption-desorption property is an important factor in
determining the designed adsorbent's efficacy. The recycling test of the
CKS sponge against MB dye was performed using a simple washing
procedure. After each adsorption cycle, the sponge was put into 20 mL
of 0.1 M HCI solution and shaken for 4 h. The desorbed sponge was
washed several times with 0.1 M Nacl followed by deionized water.
Then, the sponge was used repeatedly to study the regeneration prop-
erty. The adsorption efficiency during each cycle was calculated. Five
cycles of adsorption—desorption were completed, and the results of the
study are shown in Fig. 8. As observed from the figure, minor changes
were observed up to five consecutive cycles. The structural stability is
retained during adsorption, and the adsorption efficiency still reaches
93% after five cycles, indicating that the sponge structure remains stable
throughout the adsorption experiments and has an excellent capability
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Fig. 8. Cycling adsorption of CKS sponge against MB dye (2mg,
100 mg L', 10 mL).
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of eyelic utilization and regeneration. The SEM images of the conjugate
sponge after five circulations represented in Fig. 57 a and b show the
structural integrity of the sponge after the repeated dye adsorption
process. It is clear that the cell walls separate the pores in the sponge,
and no adhesion is observed between the adjacent cell walls on the
sponge surface. Therefore, the adsorption of the contaminant works
without changing the porous structure of the sponges.

3.7. Biodegradation

The biochemical oxygen demand (BOD) analysis curves for the KS
sponge and CKS sponge are shown in Fig. 8. In this process, the bio-
polymers are broken into smaller compounds by aerobic microbial or-
ganisms through metabolic or enzymatic processes and are finally
converted to carbon dioxide. The results indicate that the BOD for the KS
sponge was slightly higher during the whole measured period thanin the
case of the CKS sponge. The final values of 1846.7 + 16.7 mg O, L ! for
the KS sponge, and 1578.3 + 34.5mg O, L " for the CKS sponge were
achieved after 28 days. In the early stage, the ionic bonding on the CKS
sponge decelerated the action of the microorganisms on the material,
thereby reducing the rate of degradation. Overall, the results suggest
that the CKS sponge biodegraded very similarly (90%) to the KS sponge
(92%) over 28 days, although the initial degradation was slower for the
CKS sponge. The biodegradability of these materials eliminates the risk
of secondary contamination caused by sponge removal after activity
such as adsorption. The obtained biodegradation rate in the present
study is much higher than what was observed for polyurethane/poly-
isocyanurate foams [62] and poly(lactic acid) samples [63].

In the present investigation, a simpler fabrication of a green and
sustainable sponge based on tree gum kondagogu is reported. The syn-
thesis procedure involved no harmful solvents or chemicals, yielding,
non-toxic, and biodegradable adsorbent with a three-dimensional
structure that can remove cationic dyes like MB. The removal efficacy
of the CKS sponge for MB dye is greater than that of many of the recently
described materials. The exceptional reusability, economic feasibility,
and biodegradability of this sponge make it a viable substitute for
practical water remediation applications.

4. Conclusions
We successfully fabricated an ionically crosslinked conjugate sponge

(CKS sponge) based on low-cost tree gum, through a simple freeze-
drying method. The crosslinked sponge showed low density
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(22.6 mg em ), high porosity (92%), and high water stability. The
uniform pores and interconnected channels in the sponge increase the
dye adsorption capacity. All of these parameters contribute to its
excellent performance as a dye adsorbent.

The maximum adsorption of the cationic dye, methylene blue, by the
sponge was 1250 mg g ' at pH 9. The pH level plays a vital role in the
sponge adsorption process, as it alters the electrostatic interaction be-
tween the surface of the sponge and the MB dye molecules. Adsorption
kineties and isotherm data fitted well with the pseudo-second-order
model and Langmuir model, respectively, which may be used to
describe the adsorption process of the MB dye onto the CKS sponge. The
adsorption may be simply regenerated up to five times while retaining
structural stability and sorption capability. Together with its recycla-
bility, the biodegradability of this adsorbent suggests the usage of bio-

waste to treat wastewater containing toxic dyes.
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4.4. Gum Hydrocolloids Reinforced Silver Nanoparticle Sponge for Catalytic
Degradation of Water Pollutants

Abstract: The accumulation of organic contaminants including dyes in aquatic systems is
of significant environmental concern, necessitating the development of affordable and
sustainable materials for the treatment/elimination of these hazardous pollutants. Here, a
green synthesis strategy has been used to develop a self-assembled gum kondagogu-
sodium alginate bioconjugate sponge adorned with silver nanoparticles, for the first time.
The properties of the nanocomposite sponge were then analyzed using FTIR, TGA, SEM,
and MicroCT. The ensued biobased sponge exhibited a hierarchical microstructure, open
cellular pores, good shape memory, and mechanical properties. It merges the attributes of
an open cellular porous structure with metal nanoparticles and is envisaged to be deployed
as a sustainable catalytic system for reducing contaminants in the aqueous environment.
This nanocomposite sponge showed enhanced catalytic effectiveness (km values up to 37
minl g1 and 44 minl g1 for methylene blue and 4-nitrophenol, respectively),
antibacterial properties, reusability, and biodegradability (65% biodegradation in 28

days).
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Abstract: The accumulation of organic contaminants including dyes in aquatic systems is of signifi-
cant environmental concern, necessitating the development of affordable and sustainable materials
for the treatment /elimination of these hazardous pollutants. Here, a green synthesis strategy has been
used to develop a self-assembled gum kondagogu-sodium alginate bioconjugate sponge adorned
with silver nanoparticles, for the first time. The properties of the nanocomposite sponge were then
analyzed using FTIR, TGA, SEM, and MicroCT. The ensued biobased sponge exhibited hierarchical
microstructure, open cellular pores, good shape memory, and mechanical properties. It merges the
attributes of an open cellular porous structure with metal nanoparticles and are envisaged to be
deployed as a sustainable catalytic system for reducing contaminants in the aqueous environment.
This nanocomposite sponge showed enhanced catalytic effectiveness (ky, values up to 37 min—! g~1
and 4 min~! g1 for methylene blue and 4-nitrophenol, respectively), antibacterial properties,

reusability, and biodegradability (65% biodegradation in 28 days).

Keywords: biodegradation; biosponge; catalysis; green synthesis; silver nanoparticles; tree gum
kondagogu

1. Introduction

The release of a huge quantity of organic contaminants from the agricultural field, phar-
maceutical, and chemical industries creates severe environmental pollution that directly
causes a significant threat to the health of human beings and all other living organisms [1,2].
The treatment and removal of most pollutants in water have become incredibly challenging
due to their water solubility and stability in the environment [3,4]. Although adsorption,
biological treatment, solvent extraction, distillation, and chemical oxidation are some con-
ventional methods for removing contaminants from water, catalytic hydrogenation is a
highly efficient and convenient technique for degrading contaminants, producing fewer
harmful effects [5]. For practical applications, the catalyst must meet the conditions of
availability, low cost, high efficiency, reusability, and environmental friendliness [6].
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Metal nanoparticles have garnered tremendous attention from researchers owing
to their excellent selectivity and outstanding reactivity for catalytic destruction of con-
taminants [7]. Among them, silver nanoparticles (AgNPs) have been extensively applied
as catalysts for reducing organic pollutants because of relatively abundant resources [8].
Capturing AgNPs on polymer templates minimizes the oxidation and aggregation of
nanoparticles and simultaneously improves their catalytic activity [9]. The metal nanopar-
ticles are well supported by an open-cellular sponge, which may be readily retrieved and
reused after being utilized in catalytic reactions. Recently, NPs have been successfully deco-
rated on chitosan, cellulose, and alginate-based materials for diverse applications [10,11].
However, these biopolymers require toxic chemicals, expensive equipment, and sophisti-
cated technologies for extraction and purification [12]. In contrast, tree gums are non-toxic
and sustainable alternatives which offer abundant functionalities, and advantages in terms
of gel-forming capacity as well as degradability. Consequently, comprehensive research on
these materials with promising features is necessary. An efficient and recyclable catalyst
developed with a renewable material is environmentally and economically viable [10-12].

Gum kondagogu is a non-toxic polysaccharide extracted from the plant Cochlospermum
Gossypium (Bixaceae family) [13]. It is a composition of arabinose, mannose, D-glucuronic
acid, a-D galacturonic acid, p-D-galacturonic acid, «-D glucose, f-D-glucose, galactose,
rhamnose, and fructose with an average molecular weight of 7.23 x 10° g mol ! [14]. It also
contains proteins, tannin, and soluble fibers. Although template-assisted green synthesis
may be conducted to generate nanoparticles making use of tree gums, their delicate nature
makes three-dimensional fabrication and application problematic. On the other hand,
gum functional groups can be coupled with other biopolymers to aid conjugate sponge
formation with better characteristics and targeted application potential [15,16]. In this way,
gum kondagogu combines with another polysaccharide, sodium alginate, derived from
marine algae. Sodium alginate is a polysaccharide composed of two functional units (3-D-
mannuronic acid and a-L-guluronic acid joined by 1—4 bonds [17]. In addition, several
free hydroxyl and carboxyl groups are distributed in the alginate structure, allowing them
to form conjugate with other polymers. These conjugations convert the fragile and lower
compressible tree gum sponge to a compressible composite sponge with structural integrity,
hierarchical porosity, and low density [18]. Despite the benefits outlined above, only a few
studies have been reported on gum sponges containing metal nanoparticles.

In the current work, AgNPs are green synthesized via an in-situ reduction process and
uniformly decorated onto the gum kondagogu-sodium alginate conjugate sponge (Ag@KS)
for the first time. The abundant functional groups in the gum and alginate facilitate conju-
gate formation and provide mechanical integrity. The remaining functionalities are further
used for the green synthesis and stabilization of AgNPs to form a sustainable nanocom-
posite sponge. The reduction efficiency of the sponge for the nanoparticles” synthesis
has been assessed, and the optimum sponge-Ag precursor ratio has been identified for
further examination. The physico-chemical and morphological characterization was then
conducted to understand the properties of nanocomposite sponges. Both Gram-positive
and Gram-negative bacteria were used to examine the antibacterial efficiency of the sponge.

Moreover, the post-degradation profile of the nanocomposite sponge shows its eco-
friendly nature. The ligation of AgNPs onto the microporous sponge is anticipated to
enhance the catalytic reduction of contaminants (4-Nitrophenol (4-NP) and Methyleneblue
(MB) as examples) in an aqueous environment by allowing diffusion of polluted water to
the interior of the porous network and at the same time preventing the AgNPs” oxidation,
aggregation, and leach out. The intriguing structural durability, good antibacterial and
catalytic properties, and biodegradability would make it a rapid and sustainable solution
to environmental pollution.
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2. Materials and Methods
2.1. Materials

Gum kondagogu was supplied by Girijan cooperative society, Andhra pradesh, India.
Sodium alginate, Silver nitrate (AgNO3, 99.8%), Calcium chloride (CaCl,, >93.0%), Sodium
borohydride (NaBHy, >96.0%), Sodium hydroxide (NaOH, >98%), 4-Nitrophenol (4-NP,
>99%), and Methylene blue (MB) were procured from Sigma-Aldrich, Darmstadt, Germany.
The supernatant of the settled sludge from a municipal waste-water treatment facility (the
Liberec WWTP, Czech R.) was used as an activated sludge for biodegradation experiments.
All the chemicals purchased were of analytical grade and used as such without purification.
In all the experiments, deionized water was used.

2.2. Preparation of Ag@KS Sponge

Gum kondagogu and sodium alginate were added in 1:1 ratio (w/w) to different
concentrations of AgNOj3 solution (4 mM, 6 mM, 8 mM, and 10 mM). The final polymer
concentration in the resulting composite solution is maintained at 1.5 wt% [19]. The
mixtures were then continuously stirred at 85 °C for 45 min to complete the reduction
of nanoparticles under alkaline condition (pH = 10) using 0.1 N NaOH. The unreacted
AgNO; and excess NaOH after the reduction were removed through dialysis, the solutions
were poured into the mould, and lyophilized at =52 °C for 24 h to obtain the Ag@KS
sponges. Furthermore, post-synthesis crosslinking was performed using 5% CaCl, solution,
followed by washing with water to eliminate excess CaCl,, and lyophilized again. The
pristine sample without AgNPs is referred to as KS sponge.

2.3. Characterization

UV-visible absorption spectra (UV-Vis) were recorded using UV Spectrophotometer
(Hach DR 3900, Loveland, CO, USA) to monitor the reduction of Ag™ solution by the
conjugate. The size and morphology of AgNPs were observed by transmission electron
microscopy (TEM, Titan 80-300, FEI Company, Hillsboro, OR, USA). Silver concentration
on sponge and leaching in water were evaluated using ICP-MS (Elan 6000, PerkinElmer,
Akron, OH, USA). The X-ray diffraction (XRD) spectrum was recorded using a Rigaku
MiniFlex, Austin, TX, USA, 600 X-ray powder diffractometer with a copper tube, Cu K
(A =0.15406 nm), a tube voltage of 40 kV, and a current of 15 mA). Fourier transform in-
frared spectroscopy (FTIR) was performed on an infrared spectrophotometer (Nicolet iZ10,
Thermo Scientific, Waltham, MA, USA), and thermal stability under a nitrogen atmosphere
(at a flow rate of 50 mL min ') was studied using Q500 Thermogravimetric Analyzer (TA
instruments, New Castle, DE, USA) from 30 to 600 °C with a heating rate of 20 °C min~ L.
The morphology and porous architecture of sponges were observed by scanning electron
microscope (SEM, Carl Zeiss, Ultra/Plus, Munich, Germany) equipped with energy dis-
persive X-ray spectroscopy (EDS). X-ray computed tomography (MicroCT, Skyscan 1272,
Bruker, Billerica, MA, USA) was used to characterize the composite microstructure and
porosity. A universal testing machine (Shimadzu Autograph AG-I series, Kyoto, Japan)
was used to analyze the mechanical properties of the sponges in terms of compressive
strength at a test speed of 5 mm min~" for up to 80% compression. The sample dimensions
were of 10 mm diameter and 20 mm length. The compressive strength was taken as the
highest value of compressive stress, and the elastic moduli were calculated from the initial
linear region (up to 1.5% strain) of the stress—strain curves. Bulk densities of the sponges
were calculated from the weight (taken on an analytical balance SAB 124e, ADAM, Oxford,
CT, USA) and volume of the sponges, where a digital calliper measured the dimensions of
the sponges at five different positions.

2.4. Catalytic Degradation

Catalytic reduction of MB dye was performed with minor modifications of the previ-
ously reported procedure [20]. Briefly, 1.5,1.9, and 3.1 mg of Ag@KS sponge were immersed
separately in a mixture of NaBHy4 (1 mL, 50 mM) and MB dye (4 mL, 30 uM) and stirred

75



Polymers 2022, 14,3120

40f16

at room temperature for 60 min. The discoloration process was monitored using UV-Vis
absorption spectroscopy at the MB maximum absorbance (Amax = 664 nm) at predefined
time intervals of 0, 0.5, 1, 2, 3, 4, 5, 10, 15, 20, 30, 40, and 60 min.

Similarly, catalytic reduction of 4-NP was also accomplished as per the procedure
reported earlier [21]. For this purpose, 1.0, 1.8, and 3.6 mg of Ag@KS sponge was immersed
separately into an aqueous solution mixture of 4-NP (1 mM, 10 mL) and NaBH, (0.3 M,
5 mL) at room temperature for 60 min. The reduction of 4-NP was monitored by UV-Vis
spectroscopy at the 4-NP maximum absorbance (A, = 400 nm) at a predetermined time
interval as that for MB.

The kinetics of the catalytic performance of the Ag@KS sponge were fitted to the pseudo-
first order kinetic model. The kinetic rate constants were calculated using Equation (1):

A

where Aj and A; are the measured absorbance att =0 and at time ¢, respectively, and kapp
is the apparent rate constant of pseudo-first order kinetics.

For comparison of catalytic efficacy, the activity parameter (k) was calculated accord-
ing to Equation (2):

k
ki = opP: ?)
m

where m is the total mass of the catalyst (g).

2.5. Reusability

The reusability of the Ag@KS Sponge for degradation of MB and 4-NP was investigated
for five cycles. For MB, the first cycle was performed by immersing 1.0 mg of Ag@KS
sponge in a mixture of NaBHy (1 mL, 50 mM) and MB dye (4 mL, 30 uM), followed by
stirring at room temperature for 60 min. From the second cycle onwards, the sponge was
washed with water several times, freeze dried for the next cycle, and repeated the catalysis
procedure for 60 min. A similar procedure was followed for 4-NP, where 1.0 mg of the
Ag@KS sponge was immersed in a mixture of 4-NP (1 mM, 10 mL) and NaBHy (0.3 M,
5mL) at room temperature for 60 min.

The reusability of the sponge was calculated by means of UV-visible spectroscopy
(664 nm for MB and 400 nm for 4-NP). The degradation percentage was calculated using
Equation (3):

: G -G
Degradation of pollutants (%) = G x 100 3)
where C is the initial concentration of pollutant, and C; is the pollutant concentration at
time .

2.6. Antibacterial Properties

The Gram-positive Staphylococcus aureus (CCM 3953) and Gram-negative Escherichia coli
(CCM 3954) bacterial strains used in this analysis were procured from the Czech Collection
of Microorganisms (Masaryk University, Brno, Czech Republic). Bacterial suspensions were
freshly prepared in a nutrient broth (agar) by growing a single colony at 37 °C, overnight.
The obtained bacterial culture was centrifuged into a pellet, which was further washed and
resuspended in physiological solution (0.85% NaCl) and adjusted to an optical density of
0.1at 600 nm. The bacteria were dispersed homogeneously on nutrient broth agar plates
[235¢g L1, Plate Count Agar (M091), Himedia, India]. Sponges (KS and Ag@KS) were cut
into a thickness of 3 mm and diameter of 5 mm, and placed onto the agar plates covered
with bacteria. All the plates were inoculated for 24 h at 37 °C. The antibacterial activity was
expressed in terms of zone of inhibition, which was determined as the total diameter (mm)
of each sample plus the halo zone where bacterial growth was inhibited. The samples were
tested in triplicates, and the average values are presented.
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2.7. Biodegradation

The biodegradation of the KS and Ag@KS sponges in aqueous solutions under aerobic
circumstances was evaluated using the technique described elsewhere [22]. The experi-
ments were run in a Micro-Oxymax respirometer (Columbus Instruments International,
Columbus, OH, USA). Approximately 2 g of the tested material were added to 95 mL of the
biological medium (reference on ISO 14851:1999) and 5 mL of inoculum (activated sludge)
into a 250 mL respiration cell and kept in a dark room at 20 £ 1 °C for 28 days. The oxygen
consumption for an aerobic biodegradability was measured. The percentage of degradation
was calculated based on the weight difference [23] using Equation (4):

W =W,

Weight loss (%) = W, x 100 4

where W is the initial weight (g), while W represents the residual weight of the sponge (g).

3. Results
3.1. Characterization of AGNPs

A green pathway for converting Ag™ ions to AgNPs and the fabrication of Ag@KS
sponge is schematically represented in Figure 1. The negatively charged surface functional
groups in the conjugate, particularly the carboxylic and hydroxyls groups, were exposed
to the Ag™ precursor solution. These groups have high affinity and binding capability
towards Ag™ ions through electrostatic interaction, resulting in Ag* ions being reduced to
AgNPs. The large number of active functional groups distributed along the backbone of
the conjugate serve a dual role as a reducer and stabilizer for AgNPs.

AgNO, 85°C for 45 min Dialysis ﬁ

KS conjugate Freezing &
\/——ﬁ Lyophilization
|

Freezing &
Lyophilization CaCl, solution N
Ag(@KS sponge
e Gum kondagogu (K) e Sodium alginate (5) @ Ag’ AgNPs

Figure 1. Schematic illustration of the Ag@KS sponge fabrication.

A visible color change from off-white to yellowish-brown (Figure 2a,b) and UV-visible
absorption spectra were used to monitor the conversion of Ag* ions to AgNPs. The
functional groups of the conjugate firmly bind and stabilize the nanoparticles, as observed
from the highly colloidal and homogeneous solution after the formation of AgNPs. The
color of the solution intensified with increasing AgNO3 concentration, indicating the
generation of more AgNPs and their deposition on the surface of the conjugate at higher
Ag precursor concentrations; similar findings have been reported previously [24,25]. The
UV-visible spectra of AgNPs synthesized using varying AgNO; concentrations are shown
in Figure 2c, where increasing AgNO3 concentrations resulted in enhanced absorption
peak strength at 420 nm. At 10 mM AgNOj concentration, 90 £ 2% of Ag* content in
the precursor solution was retained in the Ag@KS sponge, as per the ICP-MS analysis
(Table S1). Similarly, 90% conversion of Ag™ ions to AgNPs has been reported in the green
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synthesis using plant leaf broth [26]. At concentrations higher than 10 mM, nanoparticle
aggregation would compromise structural robustness and increase leaching. Therefore,
10 mM concentration was considered for further study as an optimal value for further
experiments.

_
(<)
~—

Absorbance (a.u.)

400 51')0 660 760 81')0 900
Wavelength (nm)

10000

8000 4

6000 4

Intensity (counts)

g
=3

2000

2-theta (deg)

Figure 2. (a) Digital photograph of KS conjugate solution and (b) Ag@KS suspension, (c) UV-visible
spectra of the AgNPs synthesized from various concentrations of AgNO;, the insert is a photograph
of Ag@KS suspension at various AgNO3 concentrations, (d) TEM image of Ag@KS suspension at
10 mM AgNO3, (e) histogram representing the particle size distribution for 10 mM AgNOs precursor,
(f) SAED pattern, and (g) XRD spectrum of Ag@KS sponge.

The predominantly spherical AgNPs in the size range of 1.5-6 nm are well dissemi-
nated in the conjugate solution, as shown by TEM imaging (Figure 2d). The particle size
histogram of AgNPs, calculated using Image] software, shows the average diameter as
2.9 £ 0.5 nm (Figure 2e), which is lower than the AgNPs formed by porous lignocellulose
hydrogel [27]. The lower size enhances the surface area and thereby catalytic performance.
The functional groups on the conjugate serve as capping agents, preventing AgNPs from
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clumping together to ensure their uniform distribution on the sponge surface [28,29]. The
SAED pattern (Figure 2f) implies a highly crystalline nature of nanoparticles, which was
further confirmed by the XRD spectrum (Figure 2g). Four distinctive diffraction peaks were
detected at 38.1%,44.2°, 64.4°, and 77.2°, respectively, corresponding to (111), (200), (220),
and (311) planes of face-centered cubic (fcc) crystal structure of metallic silver. The interpla-
nar spacing (dj, i 1) values (2.352,2.048 and 1.447 A) determined from the XRD spectrum
correlate well with the standard values [28,30]. The above results clearly show that the
silver nanoparticles thus synthesized using the green method are nanocrystalline [31,32].

3.2. Ag@KS Sponge Characterization

The Ag@KS sponge developed by green synthesis has a low density (22 + 0.5 mg/cm®)
and 6.2 wt% silver content as AgNPs. The digital photographs of KS and Ag@KS sponges
on a dandelion flower, exposing their low density, are represented in Figure Sla,b.

Figure 3a shows the thermogravimetric analysis and the derivative curves of the
KS and Ag@KS sponges. The initial (at temperature below 150 °C) weight loss of about
10% is associated with the desorption of physisorbed water on the samples. Both KS and
Ag@KS sponges begin to disintegrate at around 200 °C, beyond which the thermograms
take on different features. Because of the higher thermal stability conferred by strong
interaction between AgNPs and the conjugate, the curve of Ag@KS is shifted towards
the higher temperature. At 274 °C, the KS sponge degrades at a maximum rate, and the
overall weight loss reached 38% of the initial weight. Ag@KS, on the other hand, exhibits a
lower degradation rate and registers the highest degradation temperature (282 °C), and
the corresponding weight loss is 31%. The thermogram of Ag@KS also presents a higher
remnant weight of 40.6% at 600 °C compared to 35% for KS sample. This weight difference
of 5.6% shows the silver content in the sponge. As in previously reported studies, Ag@KS
sponges show better temperature stability than KS sponges due to the shielding effect

induced by AgNPs [33].
100
(a) u' wec (b) 0.35
" 104 i
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Figure 3. (a) Thermogravimetric profile of KS and Ag@KS sponge (derivative curve is inserted), (b)
FTIR spectra of KS and Ag@KS sponge.

FTIR spectra of KS and Ag@KS sponge are depicted in Figure 3b. Both sponges show
peaks at 3280 cm~!, 1600 cm~!, and 1410 em ! corresponding to OH stretching, C=O
stretching, and OH bending, respectively [34]. The intensity of these peaks in Ag@KS
sponge declines due to the interactions between the conjugate and in-situ generated Ag-
NPs [33]. The change of intensities confirms that the conjugate offers multiple sites to
reduce Ag” ions and simultaneously supports/stabilizes the ensued AgNPs.

The water-activated shape memory property of the tree gum conjugate sponge has not
been well explored previously. The Ag@KS sponge exhibited excellent shape restoration
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Figure 4. (a,b) SEM micrographs of KS sponge and (c,d) Ag@KS sponge at different magnifications,
(e) 3D micro-CT image of Ag@KS sponge, (f) the pore size distribution of the Ag@KS sponge.
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Figure 5. The compressive stress-strain curves of the KS and Ag@KS sponges (the initial linear region
is inserted).
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3.3. Catalytic Reduction of MB and 4-NP

The model contaminants, 4-NP and MB dye, were used to evaluate the catalytic
potential of the Ag@KS sponge. These pollutants have a strong absorption peak in visible
light, making them easier to detect by UV-visible spectroscopy. Hence, they are commonly
deployed for evaluating the catalytic potential of different materials [38,39].

The linear dependency of the logarithm of absorbance on time confirmed the cat-
alytic degradation of both toxic organic dyes following the pseudo-first-order kinetics
(Equation (1)). As shown in Figure 6a, MB's apparent rate constants (kapp) are 0.041, 0.058,
and 0.116 min! for 1.5, 1.9, and 3.1 mg of sponge, respectively. An increasing tendency
could be observed in the kapp values as the catalyst amount increased (Figure 6¢). For
comparing catalytic performance, the activity parameter of ky, which equals 37 min ™!
g~ !, was used, which is the ratio of rate constant to the weight of catalyst (3.1 mg) [40,41].
The ky, parameter was compared with other catalysts reported in the literature (Table S2),
which revealed that the Ag@KS sponge has more excellent MB conversion rates than most
catalysts used.

(a) 0.0 50 0 15mg (b) —
05 & o 19mg 0.0 V% 0 1mg
’ A 3amg ) 18mg
1.0 05 . 36mg
£ 15 }
40
< 20 $
£ £
25
1.5mg = 0041 5 b
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19mg=0058min" T\ A : :\g = Oﬁd;/:mn
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Figure 6. The pseudo-first-order kinetic curves of the catalytic reduction of (a) MB and (b) 4-NP, kapp
values of (c) MB and (d) 4-NP under different Ag@KS concentrations; and degradation percentage of
(e) MB and (f) 4-NP over five reduction cycles.

When KS sponge was utilised, no catalytic reduction of MB to leucomethylene blue
(LMB) was detected (data not shown), indicating the potential of AgNPs as a catalyst.
The reusability of catalyst is of important concern in the environmental and economic
perspectives and, therefore, the reusability of Ag@KS sponge for MB degradation was
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investigated. The results showed retention of catalytic activity over five cycles, though
a slight reduction (78% degradation from 98%) was observed (Figure 6e). As previously
reported by Kamal et al., the decrease in pollutant degradation during repeated cycles
could be attributed to the catalyst poisoning by S atoms [42].

Figure 6b shows the catalytic reduction of 4-NP, which follows pseudo-first-order
kinetics with apparent rate constants of 0.044, 0.074, and 0.105 min~! for 1.0, 1.8, and
3.6 mg of sponge, respectively. Here, the kapp values continued to rise as the catalyst
amount increased (Figure 6d), and the k, values of 44 min~! g~! are calculated from
1.0 mg weight of catalyst. In this case too, a comparison of the activity parameter (k)
with that of other documented sponges in the literature (Table S3) indicates that Ag@KS
performed better for catalytic degradation of 4-NP to 4-Aminophenol (4-AP) amongst many
reported examples. The reusability of Ag@KS sponge for 4-NP catalytic reduction was
also determined (Figure 6f), wherein, after five cycles, 75% of pollutants are degraded,
demonstrating steady catalytic performance and remarkable durability of the Ag@KS
sponge, endowed by strong capping capacity of the functional groups of the conjugate.

3.4. Catalysis Mechanism of AG@KS Sponge

Figure 7 depicts the proposed pathway for contaminants removal using the Ag@KS
sponge. The sponge has many micropores and open channels, while AgNPs are immo-
bilized on the sponge surface walls. The presence of AgNPs induces BH; ™ (of NaBHy)
oxidation with a release of electrons, resulting in a negatively charged layer on the sponge’s
surface [41]. When the contaminant molecules (MB or 4-NP) contact the charged sponge
surface, AgNPs facilitate the electron relay from BHy ™ to MB/4-NP, leading to the disrup-
tion of pollutant’s chromophore structure. The 4-NP is reduced to 4-Aminophenol and MB
to leucomethylene blue.

BH,

Leucomethylene Blue (LMB)

Ag@KS sponge 4-Amln0phenol (4-AP)

@y Gum kondagogu (K) s Sodium alginate (S) AgNPs

Figure 7. Proposed catalytic reduction mechanism of MB and 4-NP in the Ag@KS sponge network,
using NaBHj.

3.5. Antibacterial Properties

The antibacterial activity of KS and Ag@KS sponges were evaluated against Escherichia
coli and Staphylococcus aureus by measuring the zone of inhibition of bacterial growth
around discs placed on agar medium (Figure 8). Figure 8a,c show no inhibition zone
around the KS sponge in both bacterial media. In contrast, the Ag@KS sponge showed
a prominent zone of inhibition of diameter 11.2 mm =+ 0.2 mm and 11.0 mm % 0.2 mm,
respectively, for Escherichia coli and Staphylococcus aureus, indicating excellent antibacterial
activity (Figure 8b,d). AgNPs with a size of less than 10 nm have the ability to penetrate
bacterial cell walls and subsequently change the structure and cause cell damage [43].
Overall, our findings indicate that AgNPs decorated on this sustainable sponge have a
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distinct inhibitory effect on the microbial growth of Staphylococcus aureus (Gram-positive)
and Escherichia coli (Gram-negative), thus widening their applications in the environmental
field [44].

Escherichia coli

Staphylococcus aureus

Figure 8. Formation of inhibition zone around KS (a,c) and Ag@KS (b,d) sponge discs against E. coli
and S. aureus after 24 h incubation.

3.6. Biodegradation of the Sponge

The biodegradability of the sponges was tested under aerobic conditions with an
inoculum taken from WWTP. Figure 9 shows the biochemical oxygen demand (BOD) for
KS and Ag@KS sponges. Aerobic microbial species disintegrate the sponges into smaller
molecules during the degradation process through metabolic or enzymatic activities. In
the case of the KS sponge, after the initial phase without BOD, the degradation profile
goes linearly upwards. For Ag@KS, the reluctant phase is significantly longer (to around
150 h), and the slope of the degradation phase is also smaller. Hence, the KS degradation
rate is higher than that of Ag@KS. After 28 days (672 h), the final BOD value for the KS
sponge is 1566 + 16 mg O, L~!, while that for the Ag@KS sponge is 535 + 35 mg O, L.
By comparing the weight loss, 90% of KS and 65% of Ag@KS were degraded in 28 days.
The rapid deterioration of the KS sponge implies that the microorganisms present in the
sludge could act on it faster, but the presence of AgNPs on the Ag@KS sponge slows down
the activity of microorganisms in the material and thereby reduces the rate of degradation.

The bio-based nanocomposite sponges have gained popularity as a greener choice
for reducing waste generation and lowering production costs. The results presented here
suggest that the green synthesized sponges can be biologically degraded by the microbes,
thus minimizing the secondary contamination of the environment.
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Figure 9. Biochemical oxygen demand of KS and Ag@KS sponges for a period of 28 days of enzymatic
degradation.

4, Discussion

In this study, we have developed a conjugate of gum kondagogu and sodium alginate
that overwhelms the components individually in terms of hydrophilicity and mechanical
strength. In addition to being an affordable and renewable biopolymer source, tree gum
conjugate simultaneously aids the generation and stabilization of AgNPs with greater
than 90% retention of NPs. The AgNPs immobilized conjugate sponge with low density
and high porosity are then crosslinked with Ca?* ions. The structural stability, surface
morphology, and compressive strength can be tailored both by the decoration of AgNPs
on the sponge and ionic crosslinking. As the NPs are evenly distributed along the surface
of the Ag@KS sponge, the oxidation, aggregation, and leach out of AgNPs are effectively
minimized, leading to enhanced efficiency towards the catalytic reduction of MB and
4-NP from aqueous media. When compared to previously published catalyst systems, the
nanocomposite sponge used in this study demonstrated impressive catalytic activity. The
shape recovery property of the sponges in water is of much significance since it enables the
repeated usage of the material without compromising structural integrity. The reusability
study of the sponge showed retention of catalytic activity of 78% and 75% for MB and
4-NP, respectively, even after five cycles. Additionally, it effectively reacted with both
Gram-positive and Gram-negative bacteria during the antibacterial study. Finally, the
biodegradability of the sponge (65% within 28 days) affirms its eco-friendliness and at the
same time offers numerous opportunities for environmental remediation applications.

5. Conclusions and Future Perspectives

In conclusion, AgNPs immobilized on tree gum based sustainable sponges represent a
new class of catalyst carrier systems. The preparation of Ag@KS sponges is facile with the
deployment of renewable and earth-abundant materials and can therefore be converted to
many other green synthesized nanoparticle-based catalyst systems with excellent catalytic
efficiency. The combination of high macroporosity (92%) and low density (22 + 0.5 mg/cm?)
allows the effective mass transfer of the contaminants to the catalytic sites (AgNPs). The
observed negligible leaching of Ag nanoparticles (<0.2 wt %) from Ag@KS sponge supports
its use for long-term water remediation operations. The novelty of this model sponge
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catalyst is the exploitation of greener synthesis and biodegradability aspects in the design
of newer sustainable materials. Furthermore, they display excellent antibacterial properties
against Escherichia coli and Staphylococcus aureus. The catalysis was achieved with an activity
parameter of 37 min~! g~! and 44 min ! g~! for MB and 4-NP, respectively. The prepared
Ag@KS sponge shows excellent reusability even after five cycles of usage. These findings
will pave the way to exploit the enormous potential of tree gum-based sponge systems in a
vast variety of applications in environmental, industrial, and medicinal fields.
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5. Conclusions

In the present study, GK-SA conjugate sponges were synthesized and their
environmental remediation performance was subsequently enriched by various functional
modifications. Initially, the best suited composition of GK and SA was optimized by
fabricating their films at different w/w ratios. The conjugate sponge was then prepared by
the FD method, which was then functionalized using silylation, ionic crosslinking, and
silver nanoparticle decoration. The silylated conjugate sponge exhibited highly efficient
oil/organic solvent absorption, while the ionically crosslinked sponges were utilized for
methylene blue dye absorption from an aqueous environment. The hydroxyl and carboxyl
functionalities on the conjugate sponge surface simultaneously aid the synthesis and
stabilization of silver nanoparticles. The silver nanoparticle embedded nanoconjugate
sponge was then employed for the catalytic degradation of two model pollutants, i.e.,
methylene blue and 4-nitrophenol. Altogether, the properties of the conjugate sponges
may be modulated by adopting different functionalization techniques so as to develop

materials with a high potential for environmental remediation applications.
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6. Future Prospects
The future prospects associated with the developed systems extend to a wide variety of
applications, including energy storage devices, food packaging, EMI shielding, sensors,

tissue engineering, wound healing, and drug delivery, etc.

The unique features of exudate gums make them an attractive material for producing
biodegradable and sustainable 3D materials. The potential ability of tree gums to build
3D structures with extraordinary qualities is one of the most significant findings of the
current research. However, the study provided in this thesis was undertaken on a

laboratory scale, and a scaling up of the procedure is still necessary.

Developing conducting sponges from tree gum polysaccharides is an additional
application with considerable potential. The electrical conductivity of tree gum sponges
can be obtained by combining them with conducting materials, such as carbon nanotubes,
graphene, and MXenes. More sustainable and biodegradable EMI shielding materials

may be fabricated.

Furthermore, 3D printing using tree gums can be explored for biomedical applications.

Their non-toxicity and biocompatibility enhance scaffold preparation. Nanoparticle

embedded tree gum sponges have an enormous potential for sensor applications.
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