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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. 
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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. 

Ionically 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 

 

 

 

 

 

 

 

 

 

 

 

 



6 
 

Abstrakt 

 Stromové pryskyřice jsou přírodní exudáty převážně tropických druhů stromů, které lze 

považovat za skvělý zdroj obnovitelných a udržitelných polymerů. Tyto hojně dostupné 

suroviny vykazují dobrou biologickou odbouratelnost, nízkou toxicitu, nízkou pořizovací cenu, 

dobré fyzikální a chemické vlastnosti a rozmanitost funkčních skupin. Vývoz zpracovaných 

stromových pryskyřic otevírá v současné době obrovský potenciál pro růst příjmů 

znevýhodněných komunit a jejich produkce může podpořit hospodářský rozvoj venkova, 

posílit socioekonomické postavení zranitelných skupin včetně žen, podpořit udržitelný 

management přírodních zdrojů a přispět ke zmírňováním změny klimatu. 

 Hydrokoloidy ze stromových pryskyřic se již mnoho let hojně používají v 

potravinářském průmyslu jako stabilizátory, zahušťovadla, emulgátory a pojiva. Pro 

potravinářský průmysl jsou však vhodné pouze vysoce kvalitní pryskyřice s vyšší čistotou a 

nekvalitní pryskyřice jsou často považovány za odpad. Je výzvou najít využití pro tyto méně 

kvalitní bioodpady, které tvoří přibližně 60 % veškeré produkce. V posledních letech vzbudilo 

pozornost veřejnosti využití těchto gum pro nepotravinářské účely, např. ve farmacii, 

energetice a v ochraně životního prostředí. 

 Tato práce zkoumá potenciál výroby porézních hub z pryskyřice guma kondagogu, 

jejímž zdrojem je strom Cochlospermum gossypium.  Zaměřená je na jejich využití v 

environmentálních aplikacích. Ekologicky udržitelná produkce, hojná dostupnost a biologická 

odbouratelnost, spolu s nízkou toxicitou a nízkou cenou činí tento materiál vhodným pro 

použití při sanacích životního prostředí. Tato exudátová guma má však svá inherentní omezení, 

včetně vysoké hydrofility, nízké strukturní stability a nedostatečných mechanických vlastností 

pro tvorbu stabilních trojrozměrných útvarů. K překonání těchto omezení byly použity různé 

strategie, včetně síťování, silylace a tvorby nanokompozitních směsí. Výsledné houby byly 
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sice stále biologicky odbouratelné, ale jejich fyzikální, chemické, mechanické a tepelné 

vlastnosti se výrazně zlepšily. 

 Kromě toho byly vyhodnoceny konkrétní strategie sanace životního prostředí. 

Hydrofilní polymerní houby mohou být jednoduše přeměněny na lipofilní za pomocí 

jednoduché metody chemické depozice par a jsou vynikající pro selektivní separaci olej/voda. 

Iontty zesítěné houby si zachovávají nízkou hustotu a vysoce porézní strukturu, která je vysoce 

účinná pro adsorpci barviv. Konjugáty gum jsou umožňují ekologickou syntézu nanočástic a 

zároveň tyto nanočástice ukotvují do porézní houby pro vynikající katalytické vlastnosti.  

 Souhrnně lze říci, že stěžejním bodem této práce je funkcionalizace polymerních hub 

na bázi stromové pryskyřice guma kondagogu pro environmentální aplikace. Výsledky ukazují 

vysokou vhodnost gumy kondagogu pro výrobu polymerních hub. Velkým přínosem je 

možnost přeměny jinak odpadního materiálu v užitečný nástroj pro vývoj špičkových aplikací. 

 

Klíčová slova: guma kondagogu, polymerní houby, environmentální aplikace, biologická 

rozložitelnost. 
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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. 

 

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/cm3), 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 

(IUPAC) 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. 

 

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 m2 g –1) [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. 

ii) 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 Iannace 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]. Sjöqvist & 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 

CO2 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-3, 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 (CO2). 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-1) and high porosity (84.1-90.2%). Based on these characteristics, the 

obtained sponges may be used as biomaterials for biomedical applications [34]. 

 

 

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 
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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]. 

 

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-3. 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. 

 

 

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 m2 g-1 [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 



24 
 

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 CO2 

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 



31 
 

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 II and 

III 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. 

 

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 8.5×106 and 2.5×107 g mol-1, 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-1, while the viscosity 

of deacetylated GK was measured to be 59.34 dl g-1. 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-1 (–OH), 1731 cm -1 

(CH3CO–), 1632 cm-1 (–COO–), 1429 cm-1 (–COO–), and 1249 cm-1 (–COO–) (–

CH3CO). 

 

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, β-d-

mannuronic acid (M) and α-l-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.  

 

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. 

Gum arabic (GA)/PVA 

Electrospun 

fiber [60] 
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GK/PVA 

Electrospun 

fiber [60] 

Gum karaya/PVA 

Electrospun 

fiber [60] 

Gum tragacanth/poly-(L-lactic acid) 

Tissue 

engineering [61] 

Gellan gum/PVA 

Tissue 

engineering [62] 

Gum acacia/PVA 

Tissue 

engineering [63] 

Carboxymethyl tamarind gum/citric acid 

Tissue 

engineering [64] 

Guar gum/PVA 

Tissue 

engineering [65] 

Chitosan/gum arabic 

Tissue 

engineering [66] 

Karaya gum/starch Drug delivery [67] 

Polyacrylamide/gum karaya Drug delivery [68] 

Karaya-chitosan Drug delivery [69] 

Chitosan/pectin/gum arabic Drug delivery [70] 

Alginate-gum arabic Drug delivery [71] 

Gellan gum/konjac glucomannan Packaging  [72] 

Gellan gum/agar Packaging  [73] 

Gellan gum/xanthan gum Packaging  [74] 

Xanthan gum/gelatin Packaging  [75] 
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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 

methacrylate) 

Adsorbent 

[87] 

Gum karaya/poly(acrylic acid) (PAA) Adsorbent [88] 

Karaya gum/2-methacryloyloxyethyl) 

Trimethylammonium chloride (METAC) 

Adsorbent 

[89] 

Gum karaya/poly(acrylic acid-acrylamide) 

(P(AA-co-AAM)) 

Adsorbent 

[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 Ionic 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, I 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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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. 

 

Citation: R.K. Ramakrishnan, V.V.T. Padil, M. Škodová, S. Wacławek, M. Černík, S. 

Agarwal, Hierarchically Porous Bio-Based Sustainable Conjugate Sponge for Highly 

Selective Oil/Organic Solvent Absorption, Adv. Funct. Mater. 2100640 (2021) 1–9. 
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4.3. Sustainable, Biodegradable, and Recyclable Bio-Sponge for Rapid and Practical 

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 Ca2+ 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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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 

min-1 g-1 and 44 min-1 g-1 for methylene blue and 4-nitrophenol, respectively), 

antibacterial properties, reusability, and biodegradability (65% biodegradation in 28 

days). 
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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.  

 

 

 

 

 



90 
 

7. Publications  

Thesis related publications: 

1. R.K. Ramakrishnan, M. Cernik, V.V.T. Padil, S. Wacławek, 

“Biomacromolecule assembly based on gum kondagogu-sodium alginate composites and 

their expediency in flexible packaging films”, Int. J. Biol. Macromol. 177 (2021) 526–

534. 

2. R.K. Ramakrishnan, V.V.T. Padil, M. Škodová, S. Wacławek, M. Černík, S. 

Agarwal, “Hierarchically Porous Bio-Based Sustainable Conjugate Sponge for Highly 

Selective Oil/Organic Solvent Absorption”, Adv. Funct. Mater. 31 (2021) 2100640.  

3. R.K. Ramakrishnan, V.V.T. Padil, S. Wacławek, M. Černík, D. Tiwari, 

“Sustainable, biodegradable, and recyclable bio-sponge for rapid and practical 

bioremediation of dye from water”, J. Environ. Chem. Eng. (2022) 108285. 

4. R.K. Ramakrishnan, D. Silvestri, N.S. Sumitha, N.H.A. Nguyen, K. Havlíček, 

D. Łukowiec, S. Wacławek, M. Černík, D. Tiwari, V.V.T. Padil, R.S. Varma, “Gum 

Hydrocolloids Reinforced Silver Nanoparticle Sponge for Catalytic Degradation of 

Water Pollutants”, Polymers (Basel). 14 (2022). 

Additional publications: 

5. R.K. Ramakrishnan, V.V.T. Padil, M. Černík, S. Wacławek, R.S. Varma, 

“Eco-Friendly and Economic, Adsorptive Removal of Cationic and Anionic Dyes by Bio-

Based Karaya Gum—Chitosan Sponge”, Polymers (Basel). 13 (2021) 1–21. 

6. A. Venkateshaiah, D. Silvestri, S. Wacławek, R.K. Ramakrishnan, K. 

Krawczyk, P. Saravanan, M. Pawlyta, V. V. Vinod, M. Černík, D.D. Dionysiou, “A 

comparative study of the degradation efficiency of chlorinated organic compounds by 

bimetallic zero-valent iron nanoparticles”, Environ. Sci. Water Res. Technol. 8 (2022) 

162–172. 

7. D. Silvestri, S. Wacławek, R.K. Ramakrishnan, A. Venkateshaiah, K. 

Krawczyk, V.V.T. Padil, B. Sobel, M. Cernik, “The Use of a Biopolymer Conjugate for 

an Eco-Friendly One-Pot Synthesis of Palladium-Platinum Alloys”, Polymers (Basel). 11 

(2019) 1–14. 



91 
 

8. A. Venkateshaiah, D. Silvestri, R.K. Ramakrishnan, S. Wacławek, V.V.T. 

Padil, M. Cernik, R.S. Varma, “Gum Kondagoagu / Reduced Graphene Oxide Framed 

Platinum Nanoparticles and Their Catalytic Role”, Molecules. 24 (2019) 1–11. 

Book chapter: 

1. K.P. Akshay Kumar, R.K. Ramakrishnan, M. Cerník, V.V.T. Padil, “Tree 

gum-based nanostructures and their biomedical applications”, Micro- Nanoeng. Gum-

Based Biomater. Drug Deliv. Biomed. Appl. (2022) 383–407 

Active participation on international Conferences  

1. R.K. Ramakrishnan, Vinod V. Padil, Miroslav Černík. “Ultra-flexible film 

based on tree gum biowaste for high-performance electromagnetic interference 

shielding”. NANOCON 2022, 17-19 October 2022, Brno, Czech Republic. 

2. R.K. Ramakrishnan, Abhilash Venkateshaiah, Klaudiusz Grübel, Edyta 

Kudlek, Daniele Silvestri, Vinod V. Padil, Miroslav Černík, Stanisław Wacławek. 

“Impact of UV-activated PDS and MPS oxidation on an organic dye removal in water 

and ecotoxicological assessment”. American chemical society (ACS) FALL2022, 

Sustainability in a changing world, 21-25 August 2022, Chicago, Illinois, USA. 

3. R.K. Ramakrishnan, Vinod V. Padil, Miroslav Černík. “Fabrication of 

‘’Green” Sponges Based on Natural Polysaccharides for Dyes Removal from Water”. 

NANOCON 2018, 17-19 October 2018, Brno, Czech Republic.  



92 
 

8. References 

 

[1] H. Han, W. Wei, Z. Jiang, J. Lu, J. Zhu, and J. Xie, “Removal of cationic dyes 

from aqueous solution by adsorption onto hydrophobic/hydrophilic silica aerogel,” 

Colloids Surfaces A Physicochem. Eng. Asp., vol. 509, pp. 539–549, 2016, doi: 

10.1016/j.colsurfa.2016.09.056. 

[2] M. B. Wu et al., “Compressible Carbon Sponges from Delignified Wood for 

Fast Cleanup and Enhanced Recovery of Crude Oil Spills by Joule Heat and Photothermal 

Effect,” Adv. Funct. Mater., vol. 2006806, pp. 1–8, 2020, doi: 10.1002/adfm.202006806. 

[3] F. Liu and T. S. Seo, “A controllable self-assembly method for large-scale 

synthesis of craphene sponges and free-standing craphene films,” Adv. Funct. Mater., vol. 

20, no. 12, pp. 1930–1936, 2010, doi: 10.1002/adfm.201000287. 

[4] C. Simón-herrero, X. Chen, M. Luz, A. Romero, J. L. Valverde, and L. Sánchez-

silva, “Linear and crosslinked polyimide aerogels : synthesis and characterization,” 

Integr. Med. Res., vol. 8, no. 3, pp. 2638–2648, 2019, doi: 10.1016/j.jmrt.2019.02.016. 

[5] Z. Zhang, Y. Pan, L. Gong, X. Yao, X. Cheng, and Y. Deng, “Mechanically 

strong polyimide aerogels cross-linked with low-cost polymers,” RSC Adv., vol. 11, no. 

18, pp. 10827–10835, 2021, doi: 10.1039/d0ra10633j. 

[6] S. Ghaffari-Mosanenzadeh et al., “Recent advances in tailoring and improving 

the properties of polyimide aerogels and their application,” Adv. Colloid Interface Sci., 

vol. 304, no. February, p. 102646, 2022, doi: 10.1016/j.cis.2022.102646. 

[7] P. Lin, L. Meng, Y. Huang, and L. Liu, “Synthesis of porous polyurea monoliths 

assisted by centrifugation as adsorbents for water purification,” Colloids Surfaces A 

Physicochem. Eng. Asp., vol. 506, pp. 87–95, 2016, doi: 10.1016/j.colsurfa.2016.06.017. 

[8] N. Zhang, X. Yang, Y. Wang, Y. Qi, P. Cui, and W. Jiang, “Hierarchically 

porous superhydrophobic sponge for oil-water separation,” J. Water Process Eng., vol. 

46, no. January, p. 102590, 2022, doi: 10.1016/j.jwpe.2022.102590. 

[9] H. Gu, H. Lou, D. Ling, B. Xiang, and Z. Guo, “Polystyrene controlled growth 

of zerovalent nanoiron/magnetite on a sponge-like carbon matrix towards effective 

Cr(VI) removal from polluted water,” RSC Adv., vol. 6, no. 111, pp. 110134–110145, 

2016, doi: 10.1039/c6ra22709k. 

[10] L. Liang, Y. Xue, Q. Wu, Y. Dong, and X. Meng, “Self-assembly modification 

of polyurethane sponge for application in oil/water separation,” RSC Adv., vol. 9, no. 69, 

pp. 40378–40387, 2019, doi: 10.1039/c9ra05855a. 

[11] H. Bin Yao et al., “A flexible and highly pressure-sensitive graphene-

polyurethane sponge based on fractured microstructure design,” Adv. Mater., vol. 25, no. 

46, pp. 6692–6698, 2013, doi: 10.1002/adma.201303041. 

[12] N. Cao, B. Yang, A. Barras, S. Szunerits, and R. Boukherroub, “Polyurethane 

sponge functionalized with superhydrophobic nanodiamond particles for efficient 

oil/water separation,” Chem. Eng. J., vol. 307, pp. 319–325, 2017, doi: 

10.1016/j.cej.2016.08.105. 

[13] Q. Zhu et al., “Robust superhydrophobic polyurethane sponge as a highly 



93 
 

reusable oil-absorption material,” J. Mater. Chem. A, vol. 1, no. 17, pp. 5386–5393, 2013, 

doi: 10.1039/c3ta00125c. 

[14] W. Wei, J. Liu, Z. Bin Peng, M. Liang, Y. S. Wang, and X. Q. Wang, “Gellable 

silk fibroin-polyethylene sponge for hemostasis,” Artif. Cells, Nanomedicine Biotechnol., 

vol. 48, no. 1, pp. 28–36, 2020, doi: 10.1080/21691401.2019.1699805. 

[15] L. Zhang et al., “Treatment capability of an up-flow anammox column reactor 

using polyethylene sponge strips as biomass carrier,” J. Biosci. Bioeng., vol. 110, no. 1, 

pp. 72–78, 2010, doi: 10.1016/j.jbiosc.2009.12.005. 

[16] A. Alassod, S. R. Islam, A. Farooq, and G. Xu, “Fabrication of 

polypropylene/lignin blend sponges via thermally induced phase separation for the 

removal of oil from contaminated water,” SN Appl. Sci., vol. 2, no. 9, pp. 1–10, 2020, doi: 

10.1007/s42452-020-03372-z. 

[17] G. Wang and H. Uyama, “Facile synthesis of flexible macroporous 

polypropylene sponges for separation of oil and water,” Sci. Rep., vol. 6, no. February, 

pp. 1–6, 2016, doi: 10.1038/srep21265. 

[18] A. Karimi, M. Navidbakhsh, and R. Razaghi, “An experimental-finite element 

analysis on the kinetic energy absorption capacity of polyvinyl alcohol sponge,” Mater. 

Sci. Eng. C, vol. 39, no. 1, pp. 253–258, 2014, doi: 10.1016/j.msec.2014.03.009. 

[19] M. Guo, Y. Zhang, F. Du, Y. Wu, Q. Zhang, and C. Jiang, “Silver nanoparticles 

/ polydopamine coated polyvinyl alcohol sponge as an effective and recyclable catalyst 

for reduction of 4-nitrophenol,” Mater. Chem. Phys., vol. 225, no. December 2018, pp. 

42–49, 2019, doi: 10.1016/j.matchemphys.2018.12.049. 

[20] H.-Y. Mi, X. Jing, H. X. Huang, X. F. Peng, and L. S. Turng, “Superhydrophobic 

Graphene/Cellulose/Silica Aerogel with Hierarchical Structure as Superabsorbers for 

High Efficiency Selective Oil Absorption and Recovery,” Ind. Eng. Chem. Res., vol. 57, 

no. 5, pp. 1745–1755, 2018, doi: 10.1021/acs.iecr.7b04388. 

[21] S. Gupta and N. H. Tai, “Carbon materials as oil sorbents: A review on the 

synthesis and performance,” J. Mater. Chem. A, vol. 4, no. 5, pp. 1550–1565, 2016, doi: 

10.1039/c5ta08321d. 

[22] S. S. Kistler, “Coherent expanded aerogels and jellies [5],” Nature, vol. 127, no. 

3211. Nature Publishing Group, p. 741, 1931, doi: 10.1038/127741a0. 

[23] C. A. García-González, M. Alnaief, and I. Smirnova, “Polysaccharide-based 

aerogels - Promising biodegradable carriers for drug delivery systems,” Carbohydr. 

Polym., vol. 86, no. 4, pp. 1425–1438, 2011, doi: 10.1016/j.carbpol.2011.06.066. 

[24] P. Van De Witte, P. J. Dijkstra, J. W. A. Van Den Berg, and J. Feijen, “Phase 

separation processes in polymer solutions in relation to membrane formation,” J. Memb. 

Sci., vol. 117, no. 1–2, pp. 1–31, Aug. 1996, doi: 10.1016/0376-7388(96)00088-9. 

[25] S. Iannace and C. B. Park, Biofoams: Science and Applications of Bio-Based 

Cellular and Porous Materials, CRC Press. 2015. 

[26] A. Barbetta, E. Barigelli, and M. Dentini, “Porous alginate hydrogels: Synthetic 

methods for tailoring the porous texture,” Biomacromolecules, vol. 10, no. 8, pp. 2328–

2337, 2009, doi: 10.1021/bm900517q. 



94 
 

[27] M. Sjöqvist and P. Gatenholm, “The effect of starch composition on structure of 

foams prepared by microwave treatment,” J. Polym. Environ., vol. 13, no. 1, pp. 29–37, 

2005, doi: 10.1007/s10924-004-1213-8. 

[28] H. Zhang et al., “Versatile fabrication of a superhydrophobic and ultralight 

cellulose-based aerogel for oil spillage clean-up,” Phys. Chem. Chem. Phys., vol. 18, no. 

40, pp. 28297–28306, 2016, doi: 10.1039/c6cp04932j. 

[29] M. Nofar, A. Ameli, and C. B. Park, “A novel technology to manufacture 

biodegradable polylactide bead foam products,” Mater. Des., vol. 83, pp. 413–421, 2015, 

doi: 10.1016/j.matdes.2015.06.052. 

[30] M. Nofar, W. Zhu, and C. B. Park, “Effect of dissolved CO2 on the 

crystallization behavior of linear and branched PLA,” Polymer (Guildf)., vol. 53, no. 15, 

pp. 3341–3353, 2012, doi: 10.1016/j.polymer.2012.04.054. 

[31] B. Li, G. Zhao, G. Wang, L. Zhang, and J. Gong, “Fabrication of high-expansion 

microcellular PLA foams based on pre-isothermal cold crystallization and supercritical 

CO2 foaming,” Polym. Degrad. Stab., vol. 156, pp. 75–88, 2018, doi: 

10.1016/j.polymdegradstab.2018.08.009. 

[32] S. A. Poursamar, J. Hatami, A. N. Lehner, C. L. Da Silva, F. C. Ferreira, and A. 

P. M. Antunes, “Gelatin porous scaffolds fabricated using a modified gas foaming 

technique: Characterisation and cytotoxicity assessment,” Mater. Sci. Eng. C, vol. 48, pp. 

63–70, 2015, doi: 10.1016/j.msec.2014.10.074. 

[33] I. Smirnova and P. Gurikov, “Aerogel production: Current status, research 

directions, and future opportunities,” J. Supercrit. Fluids, vol. 134, no. October 2017, pp. 

228–233, 2018, doi: 10.1016/j.supflu.2017.12.037. 

[34] S. S. Silva, A. R. C. Duarte, A. P. Carvalho, J. F. Mano, and R. L. Reis, “Green 

processing of porous chitin structures for biomedical applications combining ionic liquids 

and supercritical fluid technology,” Acta Biomater., vol. 7, no. 3, pp. 1166–1172, 2011, 

doi: 10.1016/j.actbio.2010.09.041. 

[35] J. J. Yoon and T. G. Park, “Degradation behaviors of biodegradable 

macroporous scaffolds prepared by gas foaming of effervescent salts,” J. Biomed. Mater. 

Res., vol. 55, no. 3, pp. 401–408, 2001, doi: 10.1002/1097-

4636(20010605)55:3<401::AID-JBM1029>3.0.CO;2-H. 

[36] H. R. Lin, C. J. Kuo, C. Y. Yang, S. Y. Shaw, and Y. J. Wu, “Preparation of 

macroporous biodegradable PLGA scaffolds for cell attachment with the use of mixed 

salts as porogen additives,” J. Biomed. Mater. Res., vol. 63, no. 3, pp. 271–279, 2002, 

doi: 10.1002/jbm.10183. 

[37] Y. S. Nam, J. J. Yoon, and T. G. Park, “A novel fabrication method of 

macroporous biodegradable polymer scaffolds using gas foaming salt as a porogen 

additive,” J. Biomed. Mater. Res., vol. 53, no. 1, pp. 1–7, 2000, doi: 10.1002/(SICI)1097-

4636(2000)53:1<1::AID-JBM1>3.0.CO;2-R. 

[38] A. G. Mikos et al., “Preparation and characterization of poly(l-lactic acid) 

foams,” Polymer (Guildf)., vol. 35, no. 5, pp. 1068–1077, 1994, doi: 10.1016/0032-

3861(94)90953-9. 

[39] F. Fischer, A. Rigacci, R. Pirard, S. Berthon-Fabry, and P. Achard, “Cellulose-



95 
 

based aerogels,” Polymer (Guildf)., vol. 47, no. 22, pp. 7636–7645, Oct. 2006, doi: 

10.1016/j.polymer.2006.09.004. 

[40] A. Zaman, F. Huang, M. Jiang, W. Wei, and Z. Zhou, “Preparation , Properties 

, and Applications of Natural Cellulosic Aerogels : A Review,” Energy Built Environ., 

vol. 1, no. 1, pp. 60–76, 2020, doi: 10.1016/j.enbenv.2019.09.002. 

[41] S. Zhang, J. Feng, J. Feng, and Y. Jiang, “Formation of enhanced gelatum using 

ethanol/water binary medium for fabricating chitosan aerogels with high specific surface 

area,” Chem. Eng. J., vol. 309, pp. 700–707, Feb. 2017, doi: 10.1016/j.cej.2016.10.098. 

[42] G. Duan et al., “Ultralight, soft polymer sponges by self-assembly of short 

electrospun fibers in colloidal dispersions,” Adv. Funct. Mater., vol. 25, no. 19, pp. 2850–

2856, 2015, doi: 10.1002/adfm.201500001. 

[43] N. Reddy, R. Reddy, and Q. Jiang, “Crosslinking biopolymers for biomedical 

applications,” Trends Biotechnol., vol. 33, no. 6, pp. 362–369, Jun. 2015, doi: 

10.1016/J.TIBTECH.2015.03.008. 

[44] K. Liu, L. Chen, L. Huang, and Y. Lai, “Evaluation of ethylenediamine-

modified nanofibrillated cellulose/chitosan composites on adsorption of cationic and 

anionic dyes from aqueous solution,” Carbohydr. Polym., vol. 151, pp. 1115–1119, Oct. 

2016, doi: 10.1016/j.carbpol.2016.06.071. 

[45] J. Liu, S. Willför, and C. Xu, “A review of bioactive plant polysaccharides: 

Biological activities, functionalization, and biomedical applications,” Bioact. 

Carbohydrates Diet. Fibre, vol. 5, no. 1, pp. 31–61, 2015, doi: 

10.1016/j.bcdf.2014.12.001. 

[46] V. López Durán, J. Erlandsson, L. Wågberg, and P. A. Larsson, “Novel, 

Cellulose-Based, Lightweight, Wet-Resilient Materials with Tunable Porosity, Density, 

and Strength,” ACS Sustain. Chem. Eng., vol. 6, no. 8, pp. 9951–9957, 2018, doi: 

10.1021/acssuschemeng.8b01165. 

[47] S. Jiang, S. Agarwal, and A. Greiner, “Low-Density Open Cellular Sponges as 

Functional Materials,” Angew. Chemie - Int. Ed., vol. 56, no. 49, pp. 15520–15538, 2017, 

doi: 10.1002/anie.201700684. 

[48] A. Mumtaz, I. Ahmed, and N. Ahmad, “Sources , structure , properties and 

health benefits of plant gums : A review,” Int. J. Biol. Macromol., vol. 135, pp. 46–61, 

2019, doi: 10.1016/j.ijbiomac.2019.05.103. 

[49] V. D. Prajapati, G. K. Jani, B. S. Zala, and T. A. Khutliwala, “An insight into 

the emerging exopolysaccharide gellan gum as a novel polymer,” Carbohydr. Polym., 

vol. 93, no. 2, pp. 670–678, 2013, doi: 10.1016/j.carbpol.2013.01.030. 

[50] P. Kanmani and J. W. Rhim, “Properties and characterization of 

bionanocomposite films prepared with various biopolymers and ZnO nanoparticles,” 

Carbohydr. Polym., vol. 106, no. 1, pp. 190–199, 2014, doi: 

10.1016/j.carbpol.2014.02.007. 

[51] E. Nazarzadeh Zare, P. Makvandi, A. Borzacchiello, F. R. Tay, B. Ashtari, and 

V. T. V. Padil, “Antimicrobial gum bio-based nanocomposites and their industrial and 

biomedical applications,” Chem. Commun., vol. 55, no. 99, pp. 14871–14885, 2019, doi: 

10.1039/c9cc08207g. 



96 
 

[52] V. T. P. Vinod and R. B. Sashidhar, “Surface morphology, chemical and 

structural assignment of gum Kondagogu (Cochlospermum gossypium DC.): An exudate 

tree gum of India,” Indian J. Nat. Prod. Resour., vol. 1, no. 2, pp. 181–192, 2010. 

[53] S. Malik, A. Kumar, and M. Ahuja, “Synthesis of gum kondagogu-g-poly(N-

vinyl-2-pyrrolidone) and its evaluation as a mucoadhesive polymer,” Int. J. Biol. 

Macromol., vol. 51, no. 5, pp. 756–762, 2012, doi: 10.1016/j.ijbiomac.2012.07.009. 

[54] V. G. M. Naidu et al., “Polyelectrolyte complexes of gum kondagogu and 

chitosan, as diclofenac carriers,” Carbohydr. Polym., vol. 76, no. 3, pp. 464–471, 2009, 

doi: 10.1016/j.carbpol.2008.11.010. 

[55] A. J. Kora, R. B. Sashidhar, and J. Arunachalam, “Gum kondagogu 

(Cochlospermum gossypium): A template for the green synthesis and stabilization of 

silver nanoparticles with antibacterial application,” Carbohydr. Polym., vol. 82, no. 3, pp. 

670–679, 2010, doi: 10.1016/j.carbpol.2010.05.034. 

[56] G. B. Reddy, A. Madhusudhan, D. Ramakrishna, D. Ayodhya, M. Venkatesham, 

and G. Veerabhadram, “Green chemistry approach for the synthesis of gold nanoparticles 

with gum kondagogu: characterization, catalytic and antibacterial activity,” J. 

Nanostructure Chem., vol. 5, no. 2, pp. 185–193, 2015, doi: 10.1007/s40097-015-0149-

y. 

[57] L. Rastogi, D. Karunasagar, R. B. Sashidhar, and A. Giri, “Peroxidase-like 

activity of gum kondagogu reduced/stabilized palladium nanoparticles and its analytical 

application for colorimetric detection of glucose in biological samples,” Sensors 

Actuators, B Chem., vol. 240, pp. 1182–1188, 2017, doi: 10.1016/j.snb.2016.09.066. 

[58] P. Saravanan, V. T. P. Vinod, B. Sreedhar, and R. B. Sashidhar, “Gum 

kondagogu modified magnetic nano-adsorbent: An efficient protocol for removal of 

various toxic metal ions,” Mater. Sci. Eng. C, vol. 32, no. 3, pp. 581–586, 2012, doi: 

10.1016/j.msec.2011.12.015. 

[59] A. Venkateshaiah et al., “Alkenyl succinic anhydride modified tree-gum 

kondagogu: A bio-based material with potential for food packaging,” Carbohydr. Polym., 

vol. 266, p. 118126, Aug. 2021, doi: 10.1016/j.carbpol.2021.118126. 

[60] V. V. T. Padil, C. Senan, S. Wacławek, and M. Černík, “Electrospun fibers based 

on Arabic, karaya and kondagogu gums,” Int. J. Biol. Macromol., vol. 91, pp. 299–309, 

2016, doi: 10.1016/j.ijbiomac.2016.05.064. 

[61] M. Ranjbar-Mohammadi, M. P. Prabhakaran, S. H. Bahrami, and S. 

Ramakrishna, “Gum tragacanth/poly(l-lactic acid) nanofibrous scaffolds for application 

in regeneration of peripheral nerve damage,” Carbohydr. Polym., vol. 140, pp. 104–112, 

2016, doi: 10.1016/j.carbpol.2015.12.012. 

[62] K. R. Aadil, A. Nathani, C. S. Sharma, N. Lenka, and P. Gupta, “Investigation 

of poly(vinyl) alcohol-gellan gum based nanofiber as scaffolds for tissue engineering 

applications,” J. Drug Deliv. Sci. Technol., vol. 54, no. September, p. 101276, 2019, doi: 

10.1016/j.jddst.2019.101276. 

[63] L. Parwani, M. Bhatnagar, A. Bhatnagar, V. Sharma, and V. Sharma, “Gum 

acacia-PVA hydrogel blends for wound healing,” Vegetos, vol. 32, no. 1, pp. 78–91, 2019, 

doi: 10.1007/s42535-019-00009-4. 



97 
 

[64] K. K. Mali, S. C. Dhawale, and R. J. Dias, “Synthesis and characterization of 

hydrogel films of carboxymethyl tamarind gum using citric acid,” Int. J. Biol. Macromol., 

vol. 105, pp. 463–470, 2017, doi: 10.1016/j.ijbiomac.2017.07.058. 

[65] S. Kundu, A. Das, A. Basu, D. Ghosh, P. Datta, and A. Mukherjee, 

“Carboxymethyl guar gum synthesis in homogeneous phase and macroporous 3D 

scaffolds design for tissue engineering,” Carbohydr. Polym., vol. 191, no. October 2017, 

pp. 71–78, 2018, doi: 10.1016/j.carbpol.2018.03.007. 

[66] D. Sakloetsakun et al., “Chitosan–gum arabic polyelectrolyte complex films: 

physicochemical, mechanical and mucoadhesive properties,” Pharm. Dev. Technol., vol. 

21, no. 5, pp. 590–599, 2016, doi: 10.3109/10837450.2015.1035727. 

[67] S. Sethi, B. S. Kaith, M. Kaur, N. Sharma, and S. Khullar, “Study of a cross-

linked hydrogel of Karaya gum and Starch as a controlled drug delivery system,” J. 

Biomater. Sci. Polym. Ed., vol. 30, no. 18, pp. 1687–1708, 2019, doi: 

10.1080/09205063.2019.1659710. 

[68] V. V. Alange, R. P. Birajdar, and R. V. Kulkarni, “Functionally modified 

polyacrylamide-graft-gum karaya pH-sensitive spray dried microspheres for colon 

targeting of an anti-cancer drug,” Int. J. Biol. Macromol., vol. 102, pp. 829–839, 2017, 

doi: 10.1016/j.ijbiomac.2017.04.023. 

[69] S. Lankalapalli and R. M. Kolapalli, “Biopharmaceutical evaluation of 

diclofenac sodium controlled release tablets prepared from gum karaya-chitosan 

polyelectrolyte complexes,” Drug Dev. Ind. Pharm., vol. 38, no. 7, pp. 815–824, 2012, 

doi: 10.3109/03639045.2011.630006. 

[70] R. Y. Tsai et al., “Chitosan/pectin/gum Arabic polyelectrolyte complex: 

Process-dependent appearance, microstructure analysis and its application,” Carbohydr. 

Polym., vol. 101, no. 1, pp. 752–759, 2014, doi: 10.1016/j.carbpol.2013.10.008. 

[71] M. Li et al., “A Bioinspired Alginate-Gum Arabic Hydrogel with Micro-

/Nanoscale Structures for Controlled Drug Release in Chronic Wound Healing,” ACS 

Appl. Mater. Interfaces, vol. 9, no. 27, pp. 22160–22175, 2017, doi: 

10.1021/acsami.7b04428. 

[72] Y. Du et al., “Development of antimicrobial packaging materials by 

incorporation of gallic acid into Ca 2 + crosslinking konjac glucomannan / gellan gum fi 

lms,” Int. J. Biol. Macromol., vol. 137, pp. 1076–1085, 2019, doi: 

10.1016/j.ijbiomac.2019.06.079. 

[73] H. Lee, B. Rukmanikrishnan, and J. Lee, “Rheological , morphological , 

mechanical , and water-barrier properties of agar / gellan gum / montmorillonite clay 

composite fi lms,” Int. J. Biol. Macromol., vol. 141, pp. 538–544, 2019, doi: 

10.1016/j.ijbiomac.2019.09.021. 

[74] B. Rukmanikrishnan, F. Rigana, M. Ismail, R. Kumar, S. Soo, and J. Lee, 

“Blends of gellan gum / xanthan gum / zinc oxide based nanocomposites for packaging 

application : Rheological and antimicrobial properties,” Int. J. Biol. Macromol., vol. 148, 

pp. 1182–1189, 2020, doi: 10.1016/j.ijbiomac.2019.11.155. 

[75] L. Ge, X. Li, R. Zhang, T. Yang, X. Ye, and D. Li, “Development and 

characterization of dialdehyde xanthan gum crosslinked gelatin based edible fi lms 

incorporated with amino-functionalized montmorillonite,” Food Hydrocoll., vol. 51, pp. 



98 
 

129–135, 2015, doi: 10.1016/j.foodhyd.2015.04.029. 

[76] M. Alizadeh-sani, J. Rhim, M. Azizi-lalabadi, M. Hemmati-dinarvand, and A. 

Ehsani, “Preparation and characterization of functional sodium caseinate / guar gum / TiO 

2 / cumin essential oil composite film,” Int. J. Biol. Macromol., vol. 145, pp. 835–844, 

2020, doi: 10.1016/j.ijbiomac.2019.11.004. 

[77] X. Tian, G. Chengcheng, F. Xiao, H. Meigui, Y. Yuling, and S. Xinchun, 

“Cinnamon and clove essential oils to improve physical , thermal and antimicrobial 

properties of chitosan-gum arabic polyelectrolyte complexed fi lms,” Carbohydr. Polym., 

vol. 217, no. February, pp. 116–125, 2019, doi: 10.1016/j.carbpol.2019.03.084. 

[78] Z. Tahsiri, H. Mirzaei, S. Mohammad, and H. Hosseini, “Gum arabic improves 

the mechanical properties of wild almond protein fi lm,” Carbohydr. Polym., vol. 222, 

no. June, p. 114994, 2019, doi: 10.1016/j.carbpol.2019.114994. 

[79] A. Amalraj, J. T. Haponiuk, S. Thomas, and S. Gopi, “Preparation, 

characterization and antimicrobial activity of polyvinyl alcohol/gum arabic/chitosan 

composite films incorporated with black pepper essential oil and ginger essential oil,” Int. 

J. Biol. Macromol., vol. 151, pp. 366–375, 2020, doi: 10.1016/j.ijbiomac.2020.02.176. 

[80] M. Qianyun, D. Lin, Y. Yang, and W. Lijuan, “Rheology of film-forming 

solutions and physical properties of tara gum film reinforced with polyvinyl alcohol 

(PVA),” Food Hydrocoll., vol. 63, pp. 677–684, 2017, doi: 

10.1016/j.foodhyd.2016.10.009. 

[81] J. Antoniou, F. Liu, H. Majeed, and F. Zhong, “Characterization of tara gum 

edible films incorporated with bulk chitosan and chitosan nanoparticles : A comparative 

study,” Food Hydrocoll., vol. 44, pp. 309–319, 2015, doi: 

10.1016/j.foodhyd.2014.09.023. 

[82] V. Trinetta, C. N. Cutter, and J. D. Floros, “Effects of ingredient composition 

on optical and mechanical properties of pullulan film for food-packaging applications,” 

LWT - Food Sci. Technol., vol. 44, no. 10, pp. 2296–2301, 2011, doi: 

10.1016/j.lwt.2011.07.015. 

[83] C. Arismendi et al., “Optimization of physical properties of xanthan gum / 

tapioca starch edible matrices containing potassium sorbate and evaluation of its 

antimicrobial effectiveness,” LWT - Food Sci. Technol., vol. 53, no. 1, pp. 290–296, 2013, 

doi: 10.1016/j.lwt.2013.01.022. 

[84] A. Kurt, O. Said, and F. Tornuk, “Effect of xanthan and locust bean gum 

synergistic interaction on characteristics of biodegradable edible film,” Int. J. Biol. 

Macromol., vol. 102, pp. 1035–1044, 2017, doi: 10.1016/j.ijbiomac.2017.04.081. 

[85] Y. Tang, X. Zhang, R. Zhao, D. Guo, and J. Zhang, “Preparation and properties 

of chitosan / guar gum / nanocrystalline cellulose nanocomposite fi lms,” Carbohydr. 

Polym., vol. 197, no. January, pp. 128–136, 2018, doi: 10.1016/j.carbpol.2018.05.073. 

[86] A. Bahrami, R. Rezaei, M. Sowti, B. Ghanbarzadeh, and R. Salehi, “Physico-

mechanical and antimicrobial properties of tragacanth / hydroxypropyl methylcellulose / 

beeswax edible films reinforced with silver nanoparticles,” Int. J. Biol. Macromol., vol. 

129, pp. 1103–1112, 2019, doi: 10.1016/j.ijbiomac.2018.09.045. 

[87] P. Bidarakatte Krishnappa and V. Badalamoole, “Karaya gum-graft-poly(2-



99 
 

(dimethylamino)ethyl methacrylate) gel: An efficient adsorbent for removal of ionic dyes 

from water,” Int. J. Biol. Macromol., vol. 122, pp. 997–1007, 2018, doi: 

10.1016/j.ijbiomac.2018.09.038. 

[88] H. Mittal, A. Maity, and S. S. Ray, “Gum karaya based hydrogel 

nanocomposites for the effective removal of cationic dyes from aqueous solutions,” Appl. 

Surf. Sci., vol. 364, no. 2016, pp. 917–930, 2016, doi: 10.1016/j.apsusc.2015.12.241. 

[89] B. K. Preetha and V. Badalamoole, “Modification of Karaya gum by graft 

copolymerization for effective removal of anionic dyes,” Sep. Sci. Technol., vol. 54, no. 

16, pp. 2638–2652, 2019, doi: 10.1080/01496395.2018.1549079. 

[90] H. Mittal, A. Maity, and S. S. Ray, “Synthesis of co-polymer-grafted gum karaya 

and silica hybrid organic-inorganic hydrogel nanocomposite for the highly effective 

removal of methylene blue,” Chem. Eng. J., vol. 279, pp. 166–179, 2015, doi: 

10.1016/j.cej.2015.05.002. 

[91] A. M. Elbedwehy and A. M. Atta, “Novel superadsorbent highly porous 

hydrogel based on arabic gum and acrylamide grafts for fast and efficient methylene blue 

removal,” Polymers (Basel)., vol. 12, no. 2, 2020, doi: 10.3390/polym12020338. 

[92] V. Hasija, K. Sharma, V. Kumar, S. Sharma, and V. Sharma, “Green synthesis 

of agar / Gum Arabic based superabsorbent as an alternative for irrigation in agriculture,” 

Vacuum, vol. 157, no. September, pp. 458–464, 2018, doi: 

10.1016/j.vacuum.2018.09.012. 

[93] A. Akkineni, T. Ahlfeld, A. Funk, A. Waske, A. Lode, and M. Gelinsky, “Highly 

Concentrated Alginate-Gellan Gum Composites for 3D Plotting of Complex Tissue 

Engineering Scaffolds,” Polymers (Basel)., vol. 8, no. 5, p. 170, 2016, doi: 

10.3390/polym8050170. 

[94] D. S. Seeli, S. Dhivya, N. Selvamurugan, and M. Prabaharan, “Guar gum 

succinate-sodium alginate beads as a pH-sensitive carrier for colon-specific drug 

delivery,” Int. J. Biol. Macromol., vol. 91, pp. 45–50, 2016, doi: 

10.1016/j.ijbiomac.2016.05.057. 

[95] B. Singh, A. Kumar, and Rohit, “Synthesis and characterization of alginate and 

sterculia gum based hydrogel for brain drug delivery applications,” International Journal 

of Biological Macromolecules, vol. 148. pp. 248–257, 2020, doi: 

10.1016/j.ijbiomac.2020.01.147. 

[96] A. L. de Farias, A. B. Meneguin, H. da Silva Barud, and F. L. Brighenti, “The 

role of sodium alginate and gellan gum in the design of new drug delivery systems 

intended for antibiofilm activity of morin,” Int. J. Biol. Macromol., vol. 162, pp. 1944–

1958, 2020, doi: 10.1016/j.ijbiomac.2020.08.078. 

[97] M. Chintha, S. R. Obireddy, P. Areti, S. Marata Chinna Subbarao, C. R. Kashayi, 

and J. K. Rapoli, “Sodium alginate/locust bean gum-g-methacrylic acid IPN hydrogels 

for ‘simvastatin’ drug delivery,” J. Dispers. Sci. Technol., vol. 41, no. 14, pp. 2192–2202, 

2019, doi: 10.1080/01932691.2019.1677247. 

[98] D. Huang, Q. Quan, Y. Zheng, W. Tang, Z. Zhang, and X. Qiang, “Dual-network 

design to enhance the properties of agar aerogel adsorbent by incorporating in situ ion 

cross-linked alginate,” Environ. Chem. Lett., vol. 18, no. 1, pp. 251–255, 2020, doi: 

10.1007/s10311-019-00932-7. 



100 
 

[99] K. Dong, K. Xu, N. Wei, Y. Fang, and Z. Qin, “Three-dimensional porous 

sodium alginate/gellan gum environmentally friendly aerogel: preparation, 

characterization, adsorption, and kinetics studies,” Chem. Eng. Res. Des., 2022, doi: 

10.1016/j.cherd.2022.01.027. 

 


