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Abstract

Tree gums exemplify sustainable and renewable biomacromolecules abundantly available from
nature and possess excellent biodegradability, non-toxicity, low cost, physicochemical properties,
structural attributes and diverse functional groups. Often known as tree gum polysaccharides or
gum hydrocolloids, these biopolymers are obtained as the natural exudates of different tree species
and represent a largely unexplored source of valuable natural products. Exudate gums have a wide
range of applications in food and pharmaceutical industries as stabilizers, thickening agents,
emulsifying agents, and binding agents. Recently there is a growing interest in the use of these
exudate gums for non-food applications, including biomedical, food and pharmaceutical
packaging, energy, and environmental applications. The discovery of novel uses for these gums
has piqued people's attention in recent years.

This current thesis investigates the potential non-food applications of three important tree gums:
arabic (Acacia Senegal, Acacia Seyal), karaya (Sterculia Urens), and kondagogu (Cochlospermum
Gossypium), focusing their uses in food packaging. Abundant availability and biodegradability
coupled with non-toxicity and low cost can make these materials ideal for the fabrication of
packaging films to replace conventional plastics. However, these exudate gums have intrinsic
limitations, including high hydrophilicity, poor film-forming ability, and low mechanical
properties. To overcome these drawbacks, different strategies were employed, including chemical
modifications, blending with different nanomaterials (graphene oxide, nanocellulose), 2D
nanoclay coating, and blending with other natural polymers. The obtained packaging films
demonstrated significant improvement in the physicochemical, mechanical, thermal and barrier
properties while retaining the biodegradability of the gums.

Additionally, certain strategies have been developed to valorize tree gum wastes in the fabrication

of nanostructures for advanced applications. The carbon-rich structure of the gum wastes has been



utilized in the development of carbon nanostructures with exceptionally high surface area. These
carbon nanostructures have been further used in the development of energy harvesters. The
abundant functional groups of the gums have been put to use in the development of graphene-
supported nanoparticles for environmental remediation application.

To summarize, this work emphasizes the valorization of tree gums in food packaging, energy, and
environmental applications. The results demonstrate the tremendous unexplored potential of the
exudate gums for the fabrication of bioplastic packaging materials. Additionally, gum wastes with
no commercial value can potentially be a great resource for the development of nanostructures for
advanced applications.

Keywords: tree gums, karaya, kondagogu, arabic, bioplastics, food packaging, nanostructures,

energy harvesters



Abstrakt

Rostlinné gumy piedstavuji udrzitelné a obnovitelné biomakromolekuly dostupné z
ptirodnich zdroju, vyznaujici se vyte¢nou biodegradabilitou, netoxicitou, nizkou cenou,
zajimavymi chemickymi a fyzikalnimi vlastnostmi, strukturou a pfitomnosti rozli¢nych funkénich
skupin. Jsou ¢asto oznaCovany jako polysacharidy nebo hydrokoloidy z rostlinnych gum. Tyto
biopolymery jsou ziskavany jako pfirodni exudaty z rtiznych druhti dievin a piedstavuji malo
prozkoumany zdroj cennych pftirodnich produktd. Exudatové gumy maji Siroké spektrum
uplatnéni v potravindiském a farmaceutickém primyslu jako stabilizatory, zahustovadla,
emulgatory a pojiva. V posledni dobé je zvySeny zajem o jejich vyuZiti v nepotravinaiskych
odvétvich, zvlasté biomedicinskych aplikacich, materidlech pro obaly, energetickych a
environmentalnich aplikacich. Vyzkumu novych vyuziti téchto gum je tedy v soucasné dobé
vénovana pozornost mnoha subjekti.

Tato predstavovana prace se zabyva nepotravinaiskymi aplikacemi tfi dilezitych materiala
— arabské gumy (ziskavané z Acacia Senegal, Acacia Seyal) gumy karaya (Sterculia Urens), a
gumy kondagogu (Cochlospermum Gossypium) a soustiedi se na jejich vyuziti pfi vyrobé
obalovych materiald pro potavinafstvi. Dostupnost v dostatecném mnozstvi, biodegrabilita,
netoxicita a cenova dostupnost ¢ini tyto materialy idealnimi pro vyrobu obalovych folii s nad¢ji,
ze nahradi konvencni plasty. Bohuzel tyto exudaty maji v nezpracovaném stavu nedostatky, jako
je vysoka hydrofilicita, $patna schopnost tvofeni filmd, a nizkd mechanicka odolnost. Pro

piekonani téchto nevyhod bylo uplatnéno né€kolik strategii, v€etné¢ chemické modifikace, miseni



S riznymi nanomateridly (oxid grafenu, nanoceluléza), 2D nanojilové povlakovani a miseni
s jinymi pfirodnimi polymery. Vysledné obalové folie vykazovaly zna¢né zlepSeni fyzikalng-
chemickych, mechanickych a tepelné izolacnich vlastnosti i neprodySnosti za zachovani

biodegradability rostlinnych gum.

Také se ndm podafilo vyvinout zptisoby zuSlechténi odpadi z vyroby rostlinnych gum
umoziujici jejich pouZiti pro vyrobu nanostruktur pro technologicky pokrocilé aplikace. Struktura
gum bohata na uhlik byla vyuzita k vyrob¢ nanostruktur s obzvlasté vysokym mérnym povrchem.
Tyto uhlikaté nanostruktury byly vyuzity k vyvoji zafizeni pro zisk&vani energie. Pocetné funkéni
skupiny zkoumanych gum byly vyuzity pfi vyvoji nanoc¢astic ukotvenych na grafenu a pro jejich

environmentalné sana¢ni aplikace.

Tato prace tedy zahrnuje vyuziti rostlinnych gum pro potravinaiské obaly, energetické a
environmentalni aplikace. Jeji vysledky odhaluji obrovsky dosud nevyuzity potencial pro vyrobu
bioplastickych obalovych materiali. Odpady z vyroby téchto gum, které zatim nemaji komeréni
hodnotu, se mohou stat cenénou surovinou pro vyrobu nanostruktur pro pokrocilé technicke

aplikace.

Klic¢ova slova: rostlinné gumy, karaya guma, kondagogu, arabska guma, bioplasty, potravinaiské

obaly, nanostruktury, ziskavani energie
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1.

Abbreviations

PET — Polyethylene terephthalate

PE — Polyethylene

PP — Polypropylene

PS — Polystyrene

PVC — Polyvinyl chloride

DDT - Dichlorodiphenyltrichloroethane
PCB — Polychlorinated biphenyls

PAH — Polycyclic aromatic hydrocarbons
GA — Gum arabic

GK — Gum karaya

KG — Gum kondagogu

FAO — Food and agriculture organization
GRAS - Generally recognized as safe
ASTM - American society for testing and materials
PVA — Polyvinyl alcohol

GO — Graphene oxide

RGO — Reduced graphene oxide

DDSA — Dodecenyl succinic anhydride
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2. Introduction

Polymers derived from petrochemical compounds are ubiquitous in our daily lives. These
materials, which are derived from nonrenewable energy sources such as crude oil, may be modified
to have a wide range of characteristics tailored to specific applications. Their exceptional
versatility along with technical properties and lower manufacturing costs are the driving forces
behind their widespread use and, consequently, a global reliance. The amount of plastics produced
worldwide has increased exponentially from 2 million tons in 1950 to 367 million tons in 2020".
The fact that more than half of all plastics ever produced were introduced to the market after 2000
reflects their prevalence in our everyday livest. Polyethylene terephthalate (PET), polyethylene
(PE), polypropylene (PP), polystyrene (PS), and polyvinyl chloride (PVC) are some of the most
commonly used plastics in the market. These conventional plastics are resistant to microbial
degradation and persist in the environment for a long period of time, taking years to centuries to
degrade in natural conditions, resulting in an untenable environment. When released into the
environment, plastic waste can migrate from land to river and finally reach the ocean. Plastic
pollution has spread across the environment, littering all of the main ocean basins, rivers, and
bodies of water?. Plastics can have a negative influence on the natural environment, animals, and
even human health throughout their migration®. When ingested, microplastics, a kind of plastic
waste, obstruct the digestive tracts of animals and marine life, posing a hazard to them. They are
then translocated to the circulatory system and other tissues, allowing them to pass from prey to
predator along the food chain®.

Furthermore, compounds such as monomers, oligomers, and additives have been shown to
be released into the environment by plastics, suggesting that plastics can also be considered sources
of some hazardous substances®. Moreover, plastics can also serve as “vehicles” for many other

contaminants in the environment; heavy metals, dichlorodiphenyltrichloroethane (DDT),
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polychlorinated biphenyls (PCB), polycyclic aromatic hydrocarbons (PAH), and nanoparticles
have been detected on the plastic debris surface, creating a plastic-contaminant mixtures®. The
creation of such mixtures not only accelerated the spread of these contaminants but also opened
up a new environmental fate for them. Taking into consideration the innumerable pollutants
released into the environment, it is still unclear if plastics may function as vectors for them,
especially emerging contaminants. Further, plastics can aid in the dispersion and diffusion of
microbes and pathogens in the ecosystem by serving as carriers, adding to their list of potential
threats®.

Over the years, different techniques have been explored for dealing with plastic waste,
including incineration, burying in landfills, and recycling. Nevertheless, most of these techniques
have environmental consequences, and recycling has not been a viable option for many of these
materials’. As a response to resolve these escalating environmental concerns and unknown future
threats, the green chemistry approach and sustainable engineering are being viewed as a key
alternative for the development of new generation materials, products, and processes. With the
depletion of fossil fuel reserves and the introduction of new environmental regulations, a
synergistic drive has emerged to develop new materials and products that are both ecologically
friendly and are not reliant on petroleum. In recent years, many major steps have been taken to
create a more cost-effective and environmentally friendly world. The development of biobased
materials is an example of such an endeavour that fits nicely within this paradigm. Biobased
materials are those whose primary components are derived from biological origins. Biopolymers

are once such components that are derived from natural renewable biomass.

2.1. Biopolymers

Biopolymers are a diverse group of materials obtained from biological sources, including

trees/plants, animals, and microbes and also involve materials chemically synthesized from
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biological sources like sugars, oils, proteins, fats, exudates, and resins®. Biopolymers have several
unique characteristics, including renewability, natural abundance, low cost, unique structures, non-
toxicity, biodegradability, non-carcinogenic, non-thrombogenic, biocompatibility, and are carbon
neutral®. Nature-derived biopolymers, in contrast to conventional polymers with a simpler
structure, have a broad range of structural complexity, frequently dependent on several factors
such as the species, source, technique of extraction, and the age of the plant. However, the
commercialization of these natural polymers is hindered by economic and engineering constraints.
Nevertheless, due to their versatility, abundance, and low cost, biopolymers hold a tremendous
potential to replace petroleum-based conventional polymers in various applications, including
packaging, biomedical, textile, structural materials, cosmetics, drug delivery, and food technology.

Biopolymers are classified using various criteria in the literature; however, they may be
roughly classified into natural and synthetic biopolymers. Natural biopolymers are acquired
directly from nature, while synthetic biopolymers involve human intervention and chemical
synthesis techniques to obtain the polymers. Natural biopolymers extracted from biomass can be
further subclassified as polysaccharides, proteins, and lipids. Among these, polysaccharides are
the most abundant and diverse group of biopolymers available on the planet. They are an essential
component that performs a variety of biological functions including, communication between the
cells, molecular recognition, and cell adhesion®. These are complex carbohydrate polymers
composed of monosaccharide units connected through glycosidic linkages forming linear or
branched-chain molecules of various lengths. They are either glycosidically connected sugar
residues or covalently bound to other structures such as amino acids, peptides, and lipids. The
physical and chemical characteristics of the polysaccharides are influenced by the monosaccharide
unit type, chain configuration, molecular weight, branching, type of linkages, and anomeric

configuration'®. The most common polysaccharides obtained from biomass are cellulose, starch,
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chitin/chitosan, and gums. Since gums are the focus of the thesis, they will be addressed in-depth
in the next section.
2.2. Gums

Gums are high molecular weight compounds, either hydrophilic or hydrophobic, forming
gels or highly viscous solutions with their respective solvents. Gums are often referred to as
hydrocolloids due to their hydrophilic nature and ability to dissolve in water. This is due to the
vast number of hydroxyl groups that are generally arranged in a somewhat regular pattern
throughout the molecule's backbone. Most gums are heterogeneous polysaccharides, meaning they
are made up of different monosaccharide units and possess complex structures. There are different
types of gums derived from various sources, such as tree exudates, plants, seaweeds, mucilage

gums, and microbes (Figure 1).

Classification of gums

[ I [ | l

Tree Plant Seaweed Animal Microbial | | Mucilage
””” Arabic L L
Karaya 5 : Agar N Lo L
1 + iLocustbean: | Chitin ' | Xanthan | !  Okra
' Kondagogu : . Carrageenan ) o Lo _
i | Guar | . ! Chitosan : | Gellan | | Psyllium
. Tragacanth | P! Alginates Lo P
Ghatti - |

Figure 1. Classification of gums obtained from different sources.

Exudate gums have been utilized for various applications since ancient times and are even
mentioned in the Bible as a source of food!!. Natural exudate gums are polysaccharides that trees
exude as a defensive mechanism in response to mechanical damage, chemical injuries, microbial
attacks, insect attacks, and water stress (Figure 2). Under these conditions, trees produce gums in

the form of tears, masses, smeared buds, or lumps that are amorphous in nature; this process is
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called gummosis. Usually, gums are not part of the typical tree metabolism, rather a product of
abnormal and unfavourable circumstances. When the exuded gummy liquid dries in sunlight and
air, it hardens into a hard-glassy mass of varied colour. This protects the injured part of the plant
from subsequent infections and water losses by preventing the microbes from entering the internal
tissues acting as a barrier. The trees exude gums quickly and abundantly during the summer,

whereas it is relatively sluggish or non-existent during the winter*2,
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Figure 2. The most prevalent causes of gummosis in trees*?.

2.3. Extraction of tree gum exudates

Although harvesting and gathering naturally exuded gums from forest regions is still one
of the most common approaches, tapping or blazing of trees is used to obtain large quantities of
exudates. Making cuts and incisions in the bark of trees to increase gum exudation is a process
known as tapping or blazing. The tapping procedure involves the removal of some sections of the

bark with a sharp instrument and inflicting a sharp incision to trigger the exudation process**. This
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method requires a sharp instrument to slice off a chunk of bark and blaze the area underneath.
Gums in the form of sticky liquid begin to pour from the wounds created on stems and branches.
These viscous liquid tears start to harden and granulate upon exposure to sun and wind. It's critical
to keep the tears on the trees for long enough for them to dry and to prevent clustering together.
The tapping of gum trees is typically done in dry seasons until the beginning of the rainy season.
Tapping incisions are usually made on the sun-facing sides of the trees to allow the gums to get
substantial sunlight exposure and dry quickly. Successive tapping cycles can be used to further
improve the yield of the gums. The earlier incisions are reopened during these tapping cycles by
removing the bark from the top of the wounds and slicing the bottom edge even further. Until the
end of the dry season, this repetitive tapping is carried out at an interval of 2-3 weeks. However,
care should be taken to avoid unscientific and excessive tapping, which might result in tree’s death.
The timing of consecutive tapping is crucial. If the interval between tappings is longer, the wounds
inflicted will heal, and the trees will take a longer time to produce adequate and high-quality gums.
Excessive tapping, on the other hand, may result in small/dusty tears of inferior quality or even the
death of the tree.

Gum yields can also be improved by treating the trees with ethylene, a stress hormone in
trees, or ethylene-releasing compounds like 2-chloroethylphosphonic acid (ethephon)®3. Ethylene
is biosynthesized by trees in response to environmental stress, especially drought. The concept
behind using ethylene to boost gum yield is to speed up the tree's developmental response to stress
by artificially supplying stress hormone, resulting in increased gum production®*. Ethephon may
replicate the effects of water stress by releasing the stress hormone ethylene in tree tissues, and it
has been observed that gum synthesis increases as ethephon concentration increases*4.

Gum is gathered manually as partly dried mass and is cleaned and graded before being sent

to processors to be milled, sieved, and purified. Gums are graded based on colour and impurities;
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lighter coloured gums with fewer impurities are of better quality, whereas darker coloured gums
fall into lower grade®®. Higher-grade gums are well-known for their numerous applications in the
food industry. In baking and confectioneries, they are used as binding and stabilizing agents and
as coatings for fruits'®*8, They are also used as glazing agents for chewing gums and candies and
flavour encapsulating agents, clouding or clarifying agents, and stabilizing agents in alcoholic and
non-alcoholic beverages®?°. Furthermore, their bioavailability, abundance, and non-toxicity have
spurred their usage in the biomedical and pharmaceutical industry, cosmetics, and textiles?*2°,

Lower-grade gums are usually discarded as they have high impurities and are unsuitable for use in

the applications mentioned above.

2.4. Physico-chemical properties of gums

Natural gums’ physical characteristics and appearance are some of the most crucial criteria
in defining their commercial viability and intended usage. These characteristics of the natural gums
are influenced by many factors, including the species of the tree, geographical source, harvesting
season, and age of the tree?®. Furthermore, the exudate age, as well as the processing of the gum
after harvestings, such as drying, washing, and storage temperature, also influence the physical
characteristics?’.

2.4.1. Colour

Gums are generally valued commercially based on their colour, with light-coloured gums
being considered higher quality. The dried gum exudates are sorted manually and graded based on
their colour. It is often believed that darker colours result from the presence of contaminants. As a
result, the commercial value of gums reduces as their colour becomes darker. When solid, gum
colours range from virtually translucent white through different shades of yellow, amber, orange,

brown, dark brown, and black, with hints of pink, red, and green in some gums.
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2.4.2. Size and shape

Gums are available in a multitude of shapes and sizes when collected in their natural state.
The exudate fragments are usually in the form of teardrops, globular, smeared buds, and lumps.
Large pieces of exudates are frequently graded higher than siftings. The exudates can be further
processed into kibbles and powders. Kibbled form is usually obtained by breaking down the large
chunks of the exudates into smaller granules with uniform size distribution. While the powdered
form is obtained by crushing or milling the granules into a fine powder then sieving it to the desired
particle size. The powdered form can also be obtained via the spray drying technique?®. These

processes facilitate the easy dissolution of gum in water.
2.4.3. Solubility

Most gums are partly soluble in water and leave behind some insoluble residues. The
quantity of insoluble matter in low-quality dark-coloured gums is higher than in high-quality light-
coloured gums. Moreover, certain gums are only partially soluble and only swell when exposed to
water. As previously stated, processing can also improve the solubility of the gums since smaller
particles dissolve more easily than bigger ones.

2.4.4. Taste and smell

Natural gums are nearly odourless compared to the resins that have a characteristic odour.
They may have no discernible flavour and, in fact, lack any distinctive taste. However, some gums
are mildly sweet or bitter, depending on the botanical origin. Some gums have a pronounced bitter
taste, which is a significant drawback to be used in food applications.

2.4.5. Viscosity

The viscosity of gums is primarily responsible for their thickening characteristics in food
systems. Owing to the intermolecular entanglements, gums can impart viscosity into solution

mixtures. The viscosity of gums can be measured using various methods, some of which are
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relatively simple, like the Bostwick flow method. This method estimates the flow speed of a liquid
down a given slope over a certain period of time. However, the apparent viscosity of the gums is
determined using advanced techniques using viscometers. These techniques allow for the variation
of stress and shear rates, and the rheological properties can be determined as a relationship between
the shear rate and apparent viscosity. The apparent viscosity of the gum solutions is influenced by
various factors such as temperature, solvent concentration, impurities, pH, molecular structure,
and salts present. The viscosity of all gum solutions increases with the increase in gum

concentrations.
2.4.6. Hardness and density

The hardness and density of the gums vary widely depending on numerous factors and
might not be a reliable factor in characterizing gums. Gum hardness is influenced by various
factors, including moisture content, which typically ranges between 10 to 16%. However, when
sufficiently dried, most gums break with a distinct glassy fracture and may be readily crushed.
Furthermore, the density of the gums may also be an inaccurate element to consider because the
density of gum from the same tree might vary based on the quantity of air that was incorporated

when the exudate was being formed.
2.5. Tree gums of interest

The interest in different tree gums has increased over the years due to their distinctive
characteristics. As a result, numerous gums of varied origins from diverse trees have been
discovered worldwide. The most well-known tree gums include arabic, ghatti, karaya, kondagogu,
and tragacanth. However, this work focuses mainly on arabic, karaya, and kondagogu gums. The

following section provides an overview of these gums and their characteristics.
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2.5.1. Gum arabic

Gum arabic (GA), also known as acacia gum, gum Sudani, Senegal gum, and Indian gum,
is one of the oldest well-known gums with a history of nearly 5000 years?®. It is obtained from the
exudates of Acacia Senegal, Acacia Seyal trees, and other species of Acacia, which belong to the
Leguminosae family*C. Although genus Acacia has over 1000 species, only Acacia Senegal and
Acacia Seyal are commercially important®L. Due to a low amount of tannins, gums obtained from
Acacia Senegal are regarded the highest in quality and account for the majority of worldwide trade,
while gums from Acacia seyal are regarded as comparatively lower grade®>®, These trees are
usually found in sub-Saharan Africa, the Indian peninsula, and Australia. The majority of GA is
obtained from Sudan, Nigeria, Senegal, Chad, Ethiopia, and Indian arid regions. The largest
exporter of GA is Sudan, accounting for up to 80% of the total GA produced worldwide. The most
significant GA markets are Europe and the United States of America, Japan being the leading
Asian importer. Acacia trees have vast roots and can be cultivated in dry climates, making them

beneficial to prevent soil erosion.

Figure 3. Native gum arabic tree and its exudate®*.

2.5.1.1. Chemistry of gum arabic

GA is a complex heteropolysaccharide with a branched structure that’s neutral or slightly

acidic. It consists of a main chain comprising 1,3-linked p—D-galactopyranosyl units and side

21



chains with 2-5 of the same units connected by 1, 6-linkages to the main chain®. GA structure
consists of  o-L-arabinofuranosyl, = o-L-rhamnopyranosyl, and 4-O-methyl-f—D—

glucuronopyranosyl units (Figure 4)%,
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Figure 4. Sugar constituents of gum arabic.

This high molecular weight polysaccharide further contains calcium, potassium, and
magnesium salts. Upon hydrolysis, GA yields polysaccharide and protein fractions, including
arabinogalactan, arabinogalactan protein, and glycoprotein. The arabinogalactan component with
low molecular weight (Mw ~300 KDa) accounts for 88% of the total gum weight and contains less
than 1% protein concentration. The arabinogalactan protein component, primarily responsible for
GA’s emulsifying capabilities, accounts for 10% of the total gum weight. It has a high molecular
weight (Mw ~1500 KDa) with a protein content of ~10%. The glycoprotein component accounting
for less than 2% of the total gum weight has the lowest molecular weight of all the components
(Mw ~250 KDa) and the highest protein content of up to 20-50%°%=7. GA obtained from different

Acacia species include similar components, however in varying proportions. GA’s chemical
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composition has also been found to vary based on the source, harvest time, tree age, processing

techniques and conditions341,

2.5.1.2. Properties of gum arabic

Properties such as solubility, viscosity, and emulsifying ability of the gums have been the
key variables in determining their industrial application. When compared to other industrial gums,
GA has a high-water solubility. GA can form aqueous solutions with concentrations as high as
50% wi/v and result in a solution that is tasteless, colourless, and acidic in nature. In addition, when
compared to other industrial gums under identical conditions and concentrations, GA exhibits the
lowest viscosity. Gums are typically difficult to work with at higher concentrations due to their
high viscosity, while GA solutions are easier to prepare and handle owing to their low viscosity.
Adding acids or bases, however, can alter the viscosity by changing the electrostatic charge on the
polysaccharide. The pH of the solutions is generally about 4.5-5.5, however, at pH 6.0, maximum
viscosity was observed. Because of its high amount of arabinogalactan protein, GA has exceptional
emulsifying characteristics®®. The hydrophobic polypeptide backbone significantly adsorbs at the
oil-water interface, while the carbohydrate units linked to it stabilize the emulsion through steric
and electrostatic repulsion. Although emulsifying qualities typically increase with increasing
molecular weight and protein concentration, studies indicate that mixtures of different fractions

produce the best outcomes*?,

2.5.2. Gum karaya

Gum karaya (GK), also known as kadaya, kullo is a native gum from India, which is the
world’s largest producer and exporter*®. GK is obtained from the exudates of the Sterculia urens
tree belonging to the Sterculiaceae family. This large bushy tree is usually found in the arid rocky
regions of the central, northern and west coast of India, as well as Myanmar’s and Sri Lanka’s dry

forest regions**. GK is also obtained from other trees of Sterculia species, such as Sterculia
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serigera, which grows in Senegal and Mali, and Sterculia villosa, which grows in Pakistan and
India. India produces and exports more than half of all GK in the world, with the remainder coming
from North Africa. The USA, France, and the United Kingdom are the three biggest importers of
GK. GK is also known as ‘Indian tragacanth’, as it has similar properties to gum tragacanth and
was initially introduced to replace the same. However, owing to the low cost and superior

properties of GK, it has now become the second most used gum after GA™.,

Figure 5. Native gum karaya tree and its exudate®.

2.5.2.1. Chemistry of gum karaya

GK is a complex branched polysaccharide that is hydrophilic, and anionic in nature. It is a
substituted form of acetylated rhamnogalacturonoglycan that exists as calcium and magnesium
salts. GK has a very high molecular weight ranging between 9x10° to 16x10° Da. GK is composed
of 13-26% of galactose, 15-30% of rhamnose, 40% of glucuronic and galacturonic acids and ~1%
of protein content. When compared to other exudate gums, GK has a greater rhamnose content.
The backbone of GK is comprised of a-L-rhamnose and a-D-galacturonic acid moieties. The side
chains are attached to galacturonic acid of the main chain via 1,3-linkage of 3-D-glucuronic acid
or 1,2-linkage of B-p-galactose?!. GK also high acetyl content of ~8%, which is the main reason

behind its insolubility in water and its swelling behaviour.
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Figure 6. Sugar Constituents of gum karaya

2.5.2.2. Properties of gum karaya

GK has a slight acetic flavour, a fine dust appearance and colour ranging between white
and brown depending on the impurity levels. GK exhibits one of the lowest solubilities among
exudate gums. In cold water, native gum is only 10% soluble; however, in hot water, it is 30%
soluble?®. In the presence of water, GK powder absorbs and swells up to 60-100 times its initial
volume and forms a highly viscous dispersion. Previous studies have shown that alkali treatment
using sodium hydroxide (NaOH), ammonium hydroxide (NHsOH), potassium hydroxide (KOH),
and lithium hydroxide (LiOH) increased the solubility of GK, indicating that GK deacetylation
results in a soluble state, similar to other acetylated polysaccharides®®. Subsequently, the solubility
of GK increased to up to 90% after deacetylation. As a result of its greater acid content, GK of
Indian origin has a lower pH of 4.4-4.7 in water than its African counterpart with a pH of 4.7-5.2.
Deacetylation occurs above pH 8, which causes viscosity to rise. GK possesses several distinctive

characteristics, including high swelling, water retention, high acidic stability, and good viscosity.
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The high acidic stability arises from the higher concentration of uronic acid moieties. Furthermore,
GK is non-toxic and does not show any allergic, teratogenic or mutagenic effects.
2.5.3. Gum kondagogu

Gum kondagogu (KG) is another non-wood forest product obtained majorly from Indian
forests. It is obtained from the exudates of Cochlospermum gossypium trees belonging to the
Bixaceae family. These tree gum exudates are collected by the tribal people from the forests and
are then marketed commercially. However, the Food and Agriculture Organization (FAO)
classifies KG exudates as karaya gum since this gum does not have a distinct identity in the market
and is commonly blended with karaya gum and marketed. Nevertheless, KG has many distinctive
properties that separate it from karaya and are less expensive. Janaki and Sashidhar pioneered
research into the physicochemical characteristics of KG and its potential as a novel food additive?’.
In comparison to other well-known tree gums like gum arabic, gum tragacanth, and gum karaya,
their research revealed that this gum has a unique identity. Furthermore, Vinod et al. conducted
extensive qualitative and quantitative analysis to investigate the structural, physicochemical,
morphological, rheological and compositional characteristics of this novel gum, which further

validated its distinctive attributes*®>2,
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Figure 7. Native gum kondagogu tree and its exudate®.
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2.5.3.1. Chemistry of gum kondagogu

KG is a complex anionic polysaccharide that belongs to a class of substituted
rhamnogalactouronans type of gums based on its monosaccharide composition, due to the presence
of a large number of rhamnose, uronic acids and galactose. The acidic sugar constituents of KG
include p-glucuronic acids and a-D-galacturonic, B-D-galacturonic acids. The neutral sugar
constituents include glucose, rhamnose, galactose and arabinose®*. This acidic gum has a high
uronic acid content of 50-63% and remaining neutral sugar content*’. KG has an acetyl content of
12% and has a protein content of 5-6.3%, which was significantly higher than GK. Further, the
tannin content and fibre content of KG is distinguishably different from GK validating its

independent identity*’.
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Figure 8. Sugar constituents of gum kondagogu

2.5.3.2. Properties of gum kondagogu

Despite being classified as the same material, there are considerable differences in the
properties of both KG and GK. The physicochemical analysis revealed that gum kondagogu differs

from gum karaya with respect to intrinsic viscosity, water-binding capacity, and pH*’. Similar to
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GK, the solubility of KG is limited due to its high acetyl content and deacetylation results in an
increase in the solubility. The presence of large acetyl groups, however, gives the gum good
emulsifying capabilities. The molecule takes on an amphiphilic character wherein the acetyl
groups are adsorbed on the oil surface, leaving the hydrophilic segments in the aqueous phase.
Further, KG exhibits higher intrinsic viscosity than GK and other tree gums.
2.6. Common applications of tree gums

Exudate gums have been extensively used in food applications commercially. They have
been utilized as food additives for decades owing to their distinctive properties. Additionally, they
have also piqued interest in the production and stability of metal and metal oxide nanoparticles.
Furthermore, gums have also been explored for several potential applications. Herein we briefly

discuss the various applications of exudate gums.
2.6.1. Food additives

The unique characteristics of tree gums prompt their use in a wide array of applications.
Gums have found extensive use in the food industry as an ingredient or an additive. The complex
structure of these polysaccharides imparts specific characteristics which in turn gives rise to certain
features like stabilization, emulsification, thickening, gelling, and moisture retention abilities.
These characteristics determine their use in a variety of applications, including food,
pharmaceuticals, and cosmetics. Gums like GA and GK have been provided with ‘Generally
Recognized as Safe’ (GRAS) status and have been used as a food additive for decades® 8.
Additionally, Physico-chemical and toxicological studies of KG have determined it to be a
potential food additive*”°.

GA is most commonly used in the production of encapsulated commodities including
bioactive substances, oils and flavours, thereby improving their shelf life and rendering them

suitable for dry mixes®® 53, GA owing to its high-water solubility and low viscosity is used in baked
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goods as an emulsifier, gloss enhancer and to allow flavour release®. GA is used in confectionery
items because of its ability to prevent sucrose crystallization and to emulsify fat components®. It
is also utilized in the production of sugar-free candies, which are soft and contain half as much
sugar as hard candies®®®’. Because of its bulking ability without raising the product's calories, it is
also employed in the manufacture of low-calorie dietary items'*®6, The emulsifying action of
GA is put into use as a clouding agent and also in the stabilization of foams in beers and soft
beverages’® ',

GK has found its application in frozen dairy products as stabilizers. At 0.2-0.4%
concentration GK improves the textural properties by regulating the ice crystal formation. This has
been found to positively impact the mouth feel’>”. It has been found to have a good stabilizing
effect in low-acid beverages owing to its high acidic stability’. GK is also used as a binding agent
in bakery products and pasta and as an emulsifier in salad dressings’®. Due to GK’s excellent water
retention and binding abilities, it is also used in minced and ground meat products’.

Extensive work has been done on KG to determine its physico-chemical, morphological,
compositional, rheological and toxicological properties to evaluate KG as a food additive. These
studies have concluded that KG could be a potential food additive with unique characteristics*’~

52,54

2.6.2. Green synthesis of nanoparticles

Recently, developing novel ecologically friendly methods to obtain nanomaterials has
gained significant attention’>"®. These processes conform to green chemistry principles and
replace the harmful, hazardous chemicals with materials derived from natural origins®®®:. Tree
gums owing to their renewability, non-toxicity and cost-effectiveness have been explored for the
synthesis of nanoparticles®?. A typical nanoparticle synthesis procedure involves the mixing of

respective gum solutions with the metal salt solutions and heating them to a certain temperature.
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Gums, in addition to serving as reducing agents, have also been shown to function as stabilizing

agents, preventing nanoparticle aggregation®. The presence of abundant functional groups (—-OH,

—C=0, —CO0O0, and CH3CO-) can assist in the reduction of metal salts into their respective

nanoparticles. Further, these functional groups aid in the formation of complexes with the

produced nanoparticles, preventing agglomeration and ensuring the long-term stability of the

colloidal solutions. It has also been reported that the size and morphology of the nanoparticles may

be controlled by controlling the synthesis parameters

84,85

Table 1. Synthesis of various nanoparticles using exudate tree gums.

Gum Nanoparticle Size Function Ref

GA Ag ~5nm Reducing and 86
stabilizing agent

GA Au 15-20 nm Stabilizing agent 87

GA Au 268+5.3nm | cudcing and 88
stabilizing agent

GA Se ~34.9 nm Stabilizing agent 89

GA Pd 91:03nm | reducingand 90
stabilizing agent

GA Cu 19.6-35.1nm | Stabilizing agent o

GA MoOs 7-42 nm Reducing agent 92

GK Ag 2-4nm Reducing and %
stabilizing agent

GK Au 8-22 nm Reducing and o4
stabilizing agent

GK CuO 4.8+1.6 nm Reducing agent %

GK Pt ~12nm Reducing and 9%
stabilizing agent

GK Pd ~15nm Reducing and 9%
stabilizing agent

GK nZVI ~20-100 nm | Stabilizing agent o

KG Ag ~3nm Reducing and 9
stabilizing agent

KG Au 1242 nm Reducing and 99
stabilizing agent

KG Pt 2.4+0;7nm | Reducingand 100
stabilizing agent
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KG TiO: ~11nm Reducing agent 1ol

KG Fe 2-6 nm Reijc_lng and 102
stabilizing agent

KG Pd 65¢23nm | reducingand 103
stabilizing agent

2.6.3. Miscellaneous applications

Tree gums have been used in the fabrication of electrospun fibres. Electrospun fibres made
from biopolymers offer a wide range of applications in biomedicine, including drug delivery,
scaffolds, wound dressing, and tissue engineering. Tree gums have been explored in the production
of electrospun fibres due to their non-toxicity, biocompatibility, biodegradability and low cost.
Furthermore, the electrospinning process utilizes aqueous solvents making the process more
sustainable. Despite these benefits, tree exudate gums are not electrospinnable on their own and
are frequently blended with other biopolymers such as gelatin and chitosan, as well as synthetic
biocompatible polymers such as poly(vinyl alcohol) (PVA)!%11° These fibres are further used for
various applications including environmental remediation, food packaging, tissue engineering and
wound dressings.

In recent years, to broaden the horizons of applications of tree gums various strategies have
been reported. These chemical modifications include grafting, interpenetrating polymer networks
carboxymethylation, esterification, thiolation and crosslinking to improve the properties of the
gumst2 Among these, the formation of 3D network structure via grafting, crosslinking and
interpenetrating networks has shown great potential in biomedical and pharmaceutical fields.
These gum polysaccharide-based 3D network hydrogels can store large amounts of water or
biological fluids without deteriorating structurally+11°,

Further, the gums have been used in the biosorption of environmental contaminants. Heavy

metals such as Pb?*, Cd?*, Hg?*, Ni?*, U*", Cr®, and Cr** have been effectively removed from
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wastewater using GK, KG and GA%12°, The abundant functional groups found in gums such as
hydroxyl (OH-), carboxyl (R-COO-), carbonyl (C=0), ether (C-O-C), acetyl (CH3CO-), and
aliphatic (CH-), interact with the metal ions and ensue effective biosorption. It was further
observed that the gums interact with heavy metal ions via, physisorption, chemisorption, surface
adsorption, ion exchange, and functional group exchanges to effectively bind the contaminants

thereby enabling easy remediation®'6-12°,

2.7. Food packaging

Packaging is an integral part of the present modern world, which enables safe and easy
transport of materials. Glass, metals, paper, and plastics have traditionally been the most utilized
packaging materials. Among these, plastics remain a popular packaging material due to their low
weight, transparency, and good performance-to-cost ratio. Since most consumer items purchased
come with packaging, the use of plastic materials in packaging has grown exponentially in
everyday life over the last three decades. The packaging industry represents one of the biggest
sectors for the use of synthetic plastics worldwide. Food packaging is one of the fastest expanding
segments in the packaging industry, as well as one of the largest consumers of synthetic plastics.

Food packaging has progressed in lockstep with an ever-changing lifestyle. In the older
days, people used to eat food that was readily accessible in their immediate surroundings, and
communities were self-sufficient in terms of their food demands. However, as time has passed and
people's habits have changed, food transportation has become an essential aspect of the
contemporary food system, which would not be conceivable without packaging. Following the
industrial revolution, new production methods and materials were available. This enabled the
development of various packaging techniques that deteriorated food degradation and extended
their shelf life. Glass bottles fitted with corks and metal cans for food storage and transport were

introduced. Plastic, on the other hand, was not widely used until the latter half of the twentieth
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century, probably around World War Il. Packaging began as a basic container for storing food,
but it has since grown into a critical element for food quality preservation, acting as a barrier to
oxygen, and moisture, while retaining flavour. Packaging's role has evolved throughout time to
include not just ensuring food safety, but also being cost-effective for businesses and customers
while having no detrimental effect on the environment. Recently, the negative environmental
impact of food packaging materials has drawn considerable attention. These food packaging
materials are referred to as single-use plastics since they are normally discarded once the product
has been consumed. These single-use plastics contribute to the growing landfills, pollution and
resulting greenhouse effects. Owing to these serious implications of conventional plastic
packaging materials as well as their reliance on fossil fuel reserves, a great deal of research is

focused on developing new packaging materials using biological alternatives.

2.7.1. Biobased food packaging

Customers' preferences have changed as a consequence of elevated environmental
concerns and regulatory measures, prompting many industries and businesses to transition from
synthetic conventional plastic packaging to sustainable alternatives that are ecologically friendly.
Biobased packaging materials that are both biodegradable and naturally renewable are being
investigated as a viable alternative to traditional plastics in single-use packaging applications. The
considerable amount of research and development effort that is ongoing in the development of
biobased and biodegradable packaging materials demonstrates that the packaging sector is heading
in the direction of long-term sustainability. These naturally derived bioplastics are renewable and
capable of degrading in bioactive environments like landfills either under the action of
microorganisms via enzymatic catalytic processes or via non-enzymatic mechanisms such as
chemical hydrolysis which results in the breakdown of polymer chains. Nowadays a lot of

biodegradable plastics are available commercially, however, their biodegradability is under

33



scrutiny as they require specific conditions to breakdown that does not match the real conditions.
As a result, compostable polymers, particularly those generated from renewable resources, are
being encouraged and recognized as ecologically friendly packaging materials. The aim of these
new bio-based packaging materials made from renewable resources is to increase shelf life and
improve food quality while minimizing packaging waste. Despite the benefits, replacing
traditional food packaging materials with biobased materials is still a daunting task. One of the
primary issues is the durability of food packaging, which must be matched to the shelf life of the
product. This implies that the packing material must be robust in terms of mechanical and barrier
qualities, as well as perform well throughout storage and use. Further, the biodegradability of the
bioplastics which might be beneficial in the composting of spoiled food can limit the use of
packaging materials for short term applications. Thus, while developing biopackaging materials,
biomaterial composition, microbial and water activity, storage temperature, and other factors that

influence biodegradation and rate of biodegradation must be considered.

2.8. Packaging properties

To be an efficient packaging material, each packaging material must possess specific
characteristics. Some of the most major characteristics to consider when developing biobased
packaging materials include barrier properties, mechanical properties transparency, etc. These
material characteristics aid in the protection of the encasing product, as well as influencing the

product's shelf life.

2.8.1. Barrier properties

Barrier properties of the packaging material is an essential consideration when choosing
food packaging systems. This corresponds to the ability of the material to prevent gases, water
vapour, and aroma permeation through the packaging system. These are critical factors in the

preservation of packaged food quality. Permeation of these gas phases through a packaging film
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usually occurs via adsorption on the surface, diffusion through the material and desorption. Barrier
properties are usually quantified in terms of transmission rates and permeability. Transmission
rates correspond to the volume/weight of the permeant diffusing through the packaging film per
unit surface area and time. While permeability considers the thickness of the film and is more
reliable when comparing barrier properties of different materials. In addition to the nature of the
material, the barrier properties are also influenced by temperature, pressure and relative humidity.
Hence, barrier characteristics are often tested in a controlled setting under equilibrium moisture
conditions!?122 and hygroscopic materials like biopolymers normally take a day or two to attain
equilibrium. The oxygen and moisture barrier properties of the materials can be measured by
numerous methods, however, the most standard one is using American Society for Testing and
Materials (ASTM) standards with an analyzer from the MOCON company?*-123, In the literature,
several S units for barrier properties have been used, however, cm?.um.m2.day*.bar for oxygen
permeability and g.um.m2.day*.bar for water vapour permeability are the most commonly used
units as they are easily comprehensible. Depending on the type of food that has to be preserved,
different moisture and oxygen transmission rates are required (Figure 9).

Many polysaccharides exhibit exceptional oxygen barrier properties owing to the
hydrogen-bonded network structure between the polysaccharide chains resulting in very low free
volume for the gas diffusion. As a matter of fact, biopolymers can replicate the oxygen
permeability of a wide spectrum of conventional packaging materials based on synthetic plastics.
However, humidity is a very critical parameter that influences the gas barrier properties of the
biopolymers. Gas permeability through the film is known to increase with increasing humidity for
both biopolymers and conventional plastics. Even plastics with high barrier characteristics, such
as ethylvinyl alcohol and nylons, have reduced barrier properties when exposed to high levels of

humidity*?41?6, The capacity to withstand humid environments is a fundamental hurdle in the
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development of biobased packaging systems. Several strategies have been employed in this regard
including, multilayer packaging, impermeable fillers, coatings etc!?”*°, When these biobased
polymer systems are compared to petroleum-based polymer systems, it is clear that biobarriers can

compete with conventional plastics in terms of water vapour transmission.
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Figure 9. Barrier film packaging requirements for certain food products®3!.
2.8.2. Mechanical properties

As an effective packaging material, it must have acceptable mechanical properties to
endure wear and tear throughout the packing, storage, and transportation of the goods. The
mechanical characteristics of biopolymer films are studied primarily in terms of tensile strength,
elongation at break, and Young's modulus. The flexibility and elasticity of films are determined
by these characteristics, which is essential for the preservation of packaged foods. The mechanical
properties requirements of the packing material vary depending on the sort of product it is
encasing. Biopolymer packaging materials can be produced to have mechanical properties that are
equivalent to those of petroleum sourced plastics. In terms of modulus and stiffness, biobased and

petroleum-derived polymers have similar mechanical characteristics. Plasticizing, mixing with
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other polymers or fillers, crosslinking, may all be used to further modify the modulus of

biopolymer systems!?8:132-135,
2.8.3. Other properties

Many packaging applications also require additional properties including transparency,
antimicrobial activity and printability. Transparent packaging allows the customer to be able to
see the product while also assuring them of its quality. Most polysaccharides are known to produce
transparent films'**-1%, However, the addition of components, coatings can significantly alter the
transparency of the material. Antimicrobial packaging can effectively extend the shelf life of the
product by protecting it against spoilage from microbial activity. The antimicrobial activity of
packaging materials is influenced by barrier properties as well as oxygen and moisture scavengers,
as the presence of oxygen and moisture inside the package can promote microbial activity and lead
to quality loss®**14 Incorporation of volatile antimicrobial substances, antimicrobial
fillers/coatings, or the use of naturally antimicrobial polymers like chitosan are some of the other
ways used to impart antimicrobial characteristics to biopackaging systems'**-143, Printability is
also another parameter for consideration in packaging applications. This will enable the easy
printing of information and be able to provide consumers with mandatory and optional information

about the product#4,

2.8.4. Biodegradability

Another crucial characteristic that has recently been added to the list of packaging material
requirements is biodegradability or compostability**®. A biodegradable plastic, according to the
ASTM standards, is one that degrades due to naturally occurring microorganisms such as bacteria,
algae, and fungi'*®. The mechanism involved in biodegradation is the enzymatic activity of the
microbes!*’. A compostable plastic, on the other hand, degrades through biological processes to

produce carbon dioxide, water, inorganic compounds, and biomass at a rate comparable to other
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known compostable materials without leaving any hazardous byproducts'*®, Thus, all compostable

plastics are biodegradable, but not the other way around.

2.9. Tree gums in food packaging

Despite possessing a variety of unique characteristics such as biorenewability,
biodegradability, nontoxicity, and low cost, tree gums have yet to be completely investigated in
the food packaging industry. The reason for its limited usage in packaging applications can be due
to its high hydrophilicity and low film-forming properties (Figure 10). Generally, tree gum films
are fragile and brittle owing to the high intermolecular interactions like hydrogen bonding. To
improve the mechanical characteristics of the material, a plasticizer should be added to minimize
intermolecular interactions. Plasticizers like glycerol, sorbitol, polyethylene glycol are used as
plasticizers with biopolymers to improve the flexibility and film-forming properties'*®. However,

the addition of these plasticizers can have a detrimental effect on the barrier properties of the films.

Figure 10. Brittle and fragile films of (a) gum arabic, (b) gum karaya and (c) gum kondagogu

Furthermore, the properties of the gum films can be enhanced via modifications and
functionalization. These modifications and functionalization are often necessary to achieve
molecular structures of interest depending on the final purpose of their use. Combining two or
more biopolymers or combining with another component are some of the alternatives for

polysaccharide modification to acquire more desirable features for usage in food packaging. It is
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generally recognized that in order to provide the optimal packaging solution for specific food
goods, a mix of more than two packaging materials is usually required.

Only a few studies have been published on the use of tree gums such as arabic, karaya, and
kondagogu in food packaging. The reported articles are relatively recent and the majority are from
our research group. Padil et al. prepared electrospun fibres based on arabic, karaya and kondagogu
in combination with a water-soluble polymer like polyvinyl alcohol'®. These electrospun
membranes, modified by methane plasma treatment demonstrated good stability and enhanced
physicochemical properties with potential in food packaging applications'®. Further, the same
group was involved in the development of electrospun membranes composed of karaya, polyvinyl
alcohol, and incorporating silver nanoparticles’*®. These membranes showed enhanced
antibacterial properties toward a wide range of potentially pathogenic bacteria due to the presence
of silver nanoparticles and demonstrated good potential for antibacterial packaging®.
Furthermore, they developed bioplastic fibres from gum arabic and PVA and treated them with
%0Co vy irradiation and methane plasma treatment'®. The treated membranes exhibited significant
mechanical, thermal, and antibacterial properties, as well as good oxygen barrier properties, potent
antioxidant activity, and promising biodegradability indicating that they could be used as an
environmentally sustainable breathing food-packaging material for biodegradable bags'®. Cao et
al., developed gum karaya films loaded with cloisite and cinnamaldehyde®°. The obtained films
demonstrated good mechanical, barrier and antibacterial properties essentially rendering them
suitable for biodegradable food packaging. Ramakrishnan et al. developed biomacromolecule
assembly based on kondagogu and sodium alginate composites®!. The obtained bicomponent
films had improved mechanical attributes and hydrophobic nature with good barrier properties and

biodegradability.
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Building on these ideas, herein, we focus on the development of packaging films based on
arabic, karaya and kondagogu gums by overcoming their limitations via various strategies. We
develop numerous films with potential for food packaging applications by combining them with
different 2D and 3D nanomaterials, chemical modifications, coating and blending with other
biopolymers while retaining their inherent biodegradability. To ensure that these films were ideally
suited for food packaging, their morphological, mechanical, thermal, barrier properties and

biodegradability were analyzed.

2.10. Valorization of tree gum wastes in nanostructures synthesis

As mentioned earlier the lower grade gums cannot be used for food or pharmaceutical
applications due to their highly acidic nature and presence of a large number of impurities. These
lower grade gums possess no commercial value and are usually discarded. However, there are
considerable benefits in using these lower grade gums as they still possess a carbon-rich structure
with abundant functional groups and metal impurities that can be used to develop co-doped carbon
nanostructures and the synthesis of other metal nanoparticles. These gum wastes possess multi-
branched structures with enhanced physicochemical and mechanical properties, which can be
adopted for various potential applications. Therefore, it is an enticing strategy to develop a facile
and general synthetic process to utilize these gum wastes for functional use, rather than perpetually
throwing the wastes in already overburdened disposal sites. To the best of my knowledge, there
have been no reports of gum wastes being used to develop value-added products with advanced
applications.

2.11. Objectives
Several objectives were defined based on the literature review, and the present thesis explores

these in detail:
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1)

2)

3)

4)

5)

Development of mechanically stable, free-standing films by utilizing tree gum exudates
with potential in food packaging.

Reduction in the hygroscopic nature of the tree gum polysaccharides via hydrophobic
modifications.

Improving the barrier properties of the tree gum films to match their conventional
counterparts via different strategies.

Development of completely biodegradable edible films utilizing tree gums.

Identifying viable strategies and techniques to utilize gum wastes for the development of

value-added structures for advanced applications.
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3. Results and discussion

3.1. Tree Gum—Graphene Oxide Nanocomposite Films as Gas

Barriers

Abstract: To reduce the dependency on petro-based conventional plastics, research focusing on
bioplastics derived from biological origin has gained precedence. Herein, we report an ecofriendly
and a facile synthetic route to develop a freestanding nanocomposite film prepared from the
combination of nonedible biodegradable tree gum waste and graphene oxide (GO). Three variants
of bionanocomposite films such as GO—gum arabic (GA-GO), GO—gum karaya (GK-GO), and
GO-kondagogu gum (KG—GO) were fabricated via solution casting of respective gums with GO
(0.5% and 1.0%) in an aqueous environment. GO was thoroughly blended within different types
of gum matrices via the hydrogen bond interaction and electrostatic attraction, thus forming
interconnected homogeneous GO—gum layered structure. The addition of GO further transformed
the brittle gum film into a freestanding film with substantial mechanical strength. Furthermore, the
layered nanocomposite films demonstrated enhanced oxygen gas barrier property as well as
reduced water vapor transmittance. The barrier properties are comparable to the plastics
traditionally used in packaging, emphasizing the potential of tree gums nanocomposite films in
packaging applications. Such frugally viable gums can be a cost-effective alternative in the
development of nanocomposite films that could be readily used for applications in food packaging,
pharmaceutical, and various biomedical industries.

Citation: Abhilash Venkateshaiah, Jun Young Cheong, Christoph Habel, Stanislaw Wactawek,
Toma$ Lederer, Miroslav Cernik, 11-Doo Kim, Vinod V. T. Padil, and Seema Agarwal, “Tree
Gum-Graphene Oxide Nanocomposite Films as Gas Barriers.” ACS Applied Nano Materials

3 (1): 633-40 [2020]
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ABSTRACT: To reduce the dependency on petro-based conventional plastics, research focusing on bioplastics derived from
biological origin has gained precedence. Herein, we report an ecofriendly and a facile synthetic route to develop a freestanding
nanocomposite film prepared from the combination of nonedible biodegradable tree gum waste and graphene oxide (GO).
Three variants of bionanocomposite films such as GO—gum arabic (GA—GO), GO—gum karaya (GK—GO), and GO—
kondagogu gum (KG—GO) were fabricated via solution casting of respective gums with GO (0.5% and 1.0%) in an aqueous
environment. GO was thoroughly blended within different types of gum matrices via the hydrogen bond interaction and
electrostatic attraction, thus forming interconnected homogeneous GO—gum layered structure. Morphological analysis revealed
a natural nacre-like structure comprised of gum-intercalated graphene sheets, which was further confirmed by X-ray diffraction
studies. The addition of GO further transformed the brittle gum film into a freestanding film with substantial mechanical
strength. Furthermore, the layered nanocomposite films demonstrated enhanced oxygen gas barrier property as well as reduced
water vapor transmittance. The barrier properties are comparable to the plastics traditionally used in packaging, emphasizing the
potential of tree gums nanocomposite films in packaging applications. Such frugally viable gums can be a cost-effective
alternative in the development of nanocomposite films that could be readily used for applications in food packaging,

pharmaceutical, and various biomedical industries.

KEYWORDS: gums, graphene oxide, biodegradable, freestanding, food and biomedical packaging

Bl INTRODUCTION
Development of bioplastic and biodegradable films, which will

replace plastic derived from petroleum products, is key
research focusing on greener stratagems.' * The major
essential functionalities for biodegradable packing materials
rely on their light weight, structural attributes, and high
thermal, mechanical, and gas barrier properties besides
degradability in compost or landfills.*™® Current plastic
packages are predominantly polyolefins (polypropylene (PP)
and polyethylene (PE)) and aromatic polyesters (poly-
(ethylene terephthalate) (PET)) which are not biodegradable.

Raising environmental safety concerns has brought these
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conventional polymers under scrutiny due to their presence as
microplastics in the environment and nonparticipation in the
closed circular economy while causing greenhouse effects and
depleting natural fossil fuels."”"

Biobased and biodegradable polymers could be an important
addition to the packaging sector that generates a major portion
of the total plastic waste. The probable candidates are aliphatic
polyesters (poly(lactic acid) (PLA)'“'* and polyhydroxy-
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Scheme 1. Schematic Illustration for the Preparation of Tree Gum—Graphene Oxide Nanocomposites

Tree Gums

Graphene oxide

Nanocomposite Films

OnmH = Hydrogen bonding

alkanoates (PHA))'*'* extracted/prepared from various
biomass sources. However, because of the high cost and
processing difficulties, they are not able to fulfill the global
huge demand for bioplastic in food packaging and other
applications. Moreover, their degradability under environ-
mental conditions in a reasonable time frame is under dispute.
Therefore, more and more attention is being given to the
bioplastics from natural biopolymers (cellulose, chitosan, and
starch) and vegetable wastes.'” "’

Gums are natural hydrocolloids with applications in food,
pharmaceutical, environmental, tissue engineering, drug carrier,
and biomedical fields.”’"** The nontoxicity, biodegradability,
availability, and physicochemical properties make gums
suitable biobased materials for food packaging applications.
However, the use of pristine gums alone in food-packaging
applications is restricted due to their hydrophilicity, lack of
film-forming ability, brittleness/low flexibility, and low tensile
properties. A facile way to fabricate flexible, biodegradable
gum-based film with high barrier properties would be a great
solution to the existing predicament.

Here, we present a successful fabrication of freestanding
natural gum-—graphene oxide nacre-like hybrid films via
solution casting of biodegradable gums with graphene oxide
(GO) nanosheets in an aqueous medium (Scheme 1). GO
with its abundant surface functional groups coupled with
nontoxic, biocompatibility, and exceptional mechanical and
chemical stability is an ideal filler.”** Different driving forces
(hydrogen bonding, electrostatic interaction, stacking, van der
Waals interaction, and coordination) propel the homogeneous
mixing between tree gums and GO.”~*’ Three different gums
[gum Arabic (GA), gum Karaya (GK), and Kondagogu gum
(KG)] were combined with GO to form homogeneous
dispersion, resulting in uniform, freestanding gum—GO hybrid
film. Such gum—GO hybrid film exhibits excellent oxygen
barrier as well as reduced water vapor permeability. This is an
initial report on utilizing GO together with tree gums to
fabricate an efficient film, which can also be extended to other
kinds of gums and natural resources. This work builds up a
milestone in combining GO together with tree gum to
fabricate a malleable and environmentally friendly biodegrad-
able film out of tree exudate-based polysaccharides.

B EXPERIMENTAL SECTION

Materials. Nonedible grades of GA, GK, and KG were procured
from the Grijian Cooperative Society, Hyderabad, India. The
preparation and molecular characterization of GA, GK, and KG
were reported earlier.” Graphite powder (<20 um, 99.99%), KMnO,,
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NaNO,, H,50,, HC], glycerol, and other analytical-grade chemicals
were procured from Sigma-Aldrich.

Fabrication of GO—GA, GO-GK, and GO—KG Composite
Films. GO was prepared by using the modified Hummer’s method.”'
Briefly, the prepared GO with its characterization such as Raman
spectroscopy, FTIR, HR-TEM, and XRD are presented in Figure S1
(Supporting Information). To prepare GA—GO, GK—GO, and KG—
GO hybrid films by the solution casting method, GO was dispersed in
deionized water and sonicated for 30 min. 1.0% w/v each of the GA,
GK, and KG and 1% of glycerol were dispersed into various GO
(0.5% and 1.0% w/v) loading (details are in Table SI). The individual
mixtures of GA—-GO, GK-GO, and KG-GO were stirred
continuously and later sonicated (10 min) to obtain 2 homogeneous
mixture. Then, the as-prepared nanocomposite solutions were
immediately cast onto substrates and then kept at room temperature
for drying. The dried GA—GO, GK—GO, and KG—GO composites
films were obtained and used for further characterization and analysis.

Bl RESULTS AND DISCUSSION

Fabrication of Gum—GO Films. Gum—GO hybrid films
were fabricated by mixing GO (0.5% and 1.0% w/v each) with
different kinds of tree gums (each gum 1.0% w/v). Prior to
mixing, the GO was sonicated to completely exfoliate the GO
nanosheets. The interaction between the functional groups of
GO and gum ensures uniform dispersion of GO (Figure la).
The resultant gum—GO hybrid film (Figure 1b—d) demon-
strates flexibility and freestanding characteristics. The initial
characterization of GO is presented in Figure S1. Gums are
natural water-soluble hydrocolloids of proteins and poly-

Figure 1. (a) Digital camera images of homogeneous GA—GO, GK—
GO, and KG—GO mixture used for making composite films. Flexible
freestanding hybrid films based on gum—GO: (b) GA—GO, (c) GK—
GO, and (d) KG-GO.
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saccharides. Usually, pristine gums do not have good film-
forming properties (Figure S2), but the addition of GO could
enhance the formation of mechanically stable and flexible films
(Figure 1b—d).

SEM and TEM Characterization of Films. SEM images
of GO and pristine gums are presented in Figures S1f and S3,
respectively. The SEM images of all gums indicate highly
lopsided structures, and SEM images of GO reveal a wrinkled
surface of the graphene sheet. Based on the cross-sectional
SEM images, it was observed that the introduction of GO
ensued highly ordered structures (Figure 2a—c). This is a

Figure 2. Cross-sectional SEM images of (a) GA—GO, (b) GK—GO,
and (c) KG—GO hybrid film. TEM images of (d) GA—GO, (e) GK—
GO, and (f) KG—GO hybrid film. The scale bar of SEM images in
(a), (b), and (c) is 1.0 gm. The scale bar of TEM images in (d), (e),
and (f) is 200 nm.

result of the two-dimensional orientation of the GO and gums
upon drying. The cross-sectional SEM images of gum—GO
indicate a highly rough morphology with dense parallel
stacking, which is attributed to polysaccharide chains
intercalation into GO nanosheets. The nacre-like gum—GO
hybrid films showed well-arranged structure, comparable to the
brick and mortar structure of natural nacre and nacre-like
composites.”” > Furthermore, TEM analysis of GA—GO,
GK-GO, and KG—GO hybrid films (Figure 2d—f) suggests
the clear presence of GO, which is partially exfoliated into
individual layer structures within gum matrices. Both TEM and
SEM analysis of gum—GO hybrid films indicate that the
channels and surface roughness are present which might be
generated by the interaction between GO (Figure S4; TEM
images of GO) and gums. These observations are similar to the
other natural polymers such as chitosan,”® sodium alginate,*®
and lignin/starch’ 7 interaction with GO.

XRD Analysis. XRD analysis was further used to under-
stand how the incorporation of GO into various kinds of gums
resulted in changes in crystal structures. X-ray diffraction
patterns of gums (GA, GK, and KG), GO, and gum—GO
hybrid films with GO (1.0% w/v) are presented in Figure 3.

45

The XRD spectra of the gums suggest that the gums are
amorphous in nature with no obvious diffraction peaks.”**”’
The peak at 26 = 10.06° corresponds to the (002) crystal plane
in the GO spectrum. The interlayer spacing calculated by using
Bragg’s equation was found to be 0.88 nm.”’ In the case of
gums—GO nanocomposite films, the characteristic GO peak
shifted to 20 = 6.3°, 6.5°, and 5.17° for GA—GO, GK—GO,
and KG—GO, respectively. The interlayer spacing of these
nanocomposite films was calculated to be 1.40, 1.35, and 1.70
nm for GA/GO, KG/GO, and GK/GO, respectively. The
increased interlayer spacing is due to the intercalation of
polymeric chains into the GO galleries.*” This is in correlation
with the observations made by SEM images. These results
suggest that the GO was completely exfoliated with a uniform
distribution within the biopolymer matrix.

FTIR Interpretation. To probe into the chemical structure
of GO, gums, and GO—gum hybrid film, the characteristic
FTIR peaks present in native gums (GA, GK, and KG), GO
and gum—GO films are analyzed and presented in Figure 4a.
FTIR spectra of GO reveal peaks for —OH, C=0, and C-0O
stretching as mentioned in previous literature.”' The spectra of
gums (GA, GK, and KG) reveal peaks at 3345 cm™", which are
assigned to —OH stretching of carbohydrates; the peak at 2938
cm™ is assigned to the C—H stretching mode of CH, groups.
The peaks at 1720 and 1600 cm™ can be assigned to the C=
O stretching vibrations from the free carboxylic acids and
glucoronic acid esters of the gums.’” The peaks at 1241 cm™
are indicative of —CH,CO groups, and peaks at 1371 cm™ can
be assigned to the —COO— groups."* The peak at 1033 cm™
corresponds to the stretching vibration of C—O—C groups.
The FT-IR spectra of the nanocomposite films retain all the
above-mentioned peaks; however, the intensity of the peak in
the range 3000—3600 cm™" increased, which could be due to
the increase in the oxygenated functional groups. In addition,
broadness in this range suggests the probable hydrogen
bonding between the components in the film.

Raman Spectra of GO and Gum—GO Films. The Raman
spectra of GO and gum—GO (GA—GO, GK—GO, and KG—
GO) nanocomposite films are depicted in Figure 4b. The
intensity ratio I/Ig of D and G bands at 1341 and 1582 cm™"
for GO was found to be 0.96."* The D and G bands of GO
were consistent in the Raman spectra of all the gum—GO
nanocomposite films. The presence of these bands in the film
spectra suggests the existence of GO in the gum matrix.
Furthermore, negligible changes were observed in the GK—GO
and KG—GO film spectra when compared with GO spectra.
However, an additional significant peak at 2908 cm™' was
present in the case of GA—GO films. This can be due to the
C—H vibrations from polysaccharides of gum.**** The sugar
ring in gums ((C—O—-C)) produced two peaks centered at
around 850 and 940 cm™. The fluorescence from GO might
have masked the other peaks and could not be observed in
gum—GO hybrid films. Additionally, the Iy/I; ratio of the
GA—GO films was found to have increased to 1.11 from 0.96;
this can be due to certain reduction of GO sheets into RGO
sheets in the GA—GO films and can be attributed to a certain
degree of restoration of sp*-hybridized carbon.*®

Thermal and Mechanical Properties of Films.
Furthermore, the thermal and mechanical properties of the
bioplastic nanocomposite films were studied. Thermal proper-
ties of the hybrid film play a pivotal role in deciding the end-
use applications. To access the thermal stability of gum—GO
nanocomposite films, GO, and native gums (GA, GK, and
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Figure 4. (a) FTIR spectra of gum—GO hybrid films and respective components. (b) Raman spectra of GO and gum—GO films.

KG), thermogravimetric analysis (TGA) was carried out. The
resulting TGA and DTG curves are depicted in Figure Sa—d.
GO undergoes multistep degradation, where it loses 12% of its
initial weight up to 150 °C due to the loss of adsorbed water
molecules. However, GO undergoes a drastic weight loss of up
to 55% at around 200-250 °C due to the loss of oxygen
functionalities. The TGA curves of the gums (GA, GK, and
KG) are similar to that of GO and undergoes multistep
degradation. The initial weight loss (<120 °C) was ascribed to
the evaporation of moisture in the gums, and second weight
loss (>250 °C) was due to the degradation of gums. The
gum—GO nanocomposite films, however, show a weight loss at
temperatures of 200 °C due to the removal of plasticizer (i.e.,
glycerol) and show higher thermal stability than GO without
any rapid weight loss. This can be attributed to the hydrogen
bonding between the GO and the gums (GA, GK, and KG),
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which led to a decrease in the free —OH groups and stabilized
the matrix. This suggests that there is a uniform mixing of the
components in the film, The GA—GO hybrid film shows a
synergistic effect and displays slightly increased thermal
stability than the gum and GO alone, but the thermal stability
of other gums lies in between that of GO and the pure gums.
The thermal stability of the gum—GO hybrid films was tested
again after a storage period of 3 months to determine any
changes in the thermal properties upon storage. The results
were very similar to the ones taken initially, suggesting that
negligible changes to thermal stability over the storage period
(more than 3 months) of these films.

Mechanical properties such as Young’s modulus (E, MPa),
tensile strength (o, MPa), and elongation at break (&, %) were
assessed for gum—GO composite films. The mechanical
properties of GO incorporated (0.5% and 1.0% w/v) into
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GA, GK, and KG polymers and their corresponding films
(GA-GO, GK—GO, and KG—GO hybrid film) are presented
in Table S2 and Figure 6, respectively. Pristine gums form
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Figure 6. Stress—strain curve of the gum—GO hybrid film with
different concentrations of GO incorporated (0.5 and 1.0 wt %).

highly brittle films, and hence their mechanical properties
could not be evaluated. From Figure 6, we can observe that
there is a linear increase in stress with strain at the beginning,
and a nonlinear behavior is seen before attaining the maximum
stress. It is clear from the data obtained that Young’s modulus
and tensile strength increase with the increase in GO content.
The highest increase was observed for GA—GO nano-
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composite films with a 68% and 47% increase in E and o,
respectively. This could be due to the strong interaction of GO
and GA matrix and the resulting highly ordered nacre-like
structure observed in GA—GO films as shown in SEM analysis
(Figure 2). This enhancement of mechanical properties
(Young’s modulus and tensile strength) were due to the high
dispersion, highly ordered structure, and interfacial interactions
between the gums matrices and exfoliated GO nanolayers. The
improved mechanical properties via the addition of GO have
been observed in other natural polymers such as starch,”’
alginate,”® poly(lactic acid),”’ carboxymethyl cellulose,” and
lignin/starch biocomposite.”” However, the elongation at
break (¢) does not follow the same trend as E and 6. From
the results obtained, it was observed that the increase in GO
content resulted in a decrease in & values. GA—GO films
showed the least elongation with only 8.5% and 3.9%
elongation for 0.5% and 1% GO loading, respectively.

OTR, WVTR, Water Stability, and Biodegradability of
Films. Efficient packaging material should possess superior
barrier properties, as these dictate the shelf life of the products.
Biopolymers, in general, are highly hydrophilic in nature and
thus exhibit poor barrier performance because of the swelling
of biopolymers at high humidity conditions. However, upon
blending with layered nanomaterials like clay and GO, the
barrier performance of the biopolymers expected to improve.*’
To determine the barrier performance of gum—GO nano-
composite films, oxygen transmission rate (OTR) studies were
performed at a relative humidity (RH) of 65% and a
temperature of 23 °C. The obtained results for all the gums
are depicted in Figure 7a. We have chosen 65% RH as a
standard for food packaging, as per the ISO 14663-2 method.
GO is known to enhance the barrier properties in the films.
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The layered structure of the GO, when embedded in the
polymer matrix, creates a tortuous path for the gases to diffuse
through the film, thereby reducing the permeability. The OTR
values of GA—GO, GK—GO, and KG—GO films were found
to be 14.0, 18.7, and 13.9 cm® m™2 day ™' atm™. For a better
comparison of these results, the transmission rates are
converted into permeability values. The obtained oxygen
permeability (OP) values were found to be 1456, 1870, and
1487 cm® pm m~> day™' atm™, respectively (Figure 7b). Our
results are comparable with OP values of poly(ethylene
terephthalate) (PET) films and less than poly(lactic acid)
(PLA) films (Figure 7c), which indicates the suitability of
GA—-GO, GK—GO, and KG—GO films for food packaging
application.””*® The presence of GO ensures low oxygen
permeation even in high humidity conditions (Figure 7b); this
can be attributed to the decreased affinity for moisture as
observed by the moisture absorption values. Biobased materials
such as pectin, starch, chitosan, xylan, and lignin with layered
nanofillers such as GO and clay have shown higher OP values
compared to pristine samples.”*** In addition, the water vapor
transmission rate (WVTR) of the gum—GO composite films
(GA-GO, GK—GO, and KG—GO) were analyzed. All the
films showed approximately similar WVTR values with 15.6,
16,6, and 16.1 g m~? day™' for GA—-GO, GK—GO, and KG—
GO respectively (Figure 7d). The presence of GO in small
amounts (~1 wt %) in nanocomposites with gums increased
the film stability in water. The nanocomposite films maintained
their form in water for ~24 h at room temperature, if not
stirred. Also, they showed ~16—21 wt % (Table S3) water
absorption at 100 °C in 24 h in comparison to the pristine
gums.

The preliminary results regarding the degree of aerobic
biodegradability of gum—GO nanocomposite films in aqueous
environment are obtained by measuring the oxygen demand in
a closed respirometer. The nanocomposite films are exposed in
an aqueous medium under laboratory conditions to an
inoculum from activated sludge and oxygen demand was
measured. The ongoing studies showed gum—GO nano-

composites to be biodegradable although with a slow
degradation rate. The nanocomposite gum films with 1 wt %
GO demonstrated a biodegradability of ~29% (Table 54) over
a period of 672 h, and the process appears to continue further
(Figure S5). A detailed biodegradation and biocompatibility
study with focus on effect of the type of the gum and the
amount of GO in different environments is under progress.
Also, for improving their mechanical stability in water under
stirring and rough handling conditions, further research is
required using different cross-linkers.

B CONCLUSION

Gum—GO-based hybrid films for enhanced thermal, mechan-
ical, and barrier characteristics were fabricated. The high
dispersibility of GO with gums assisted in the development of
hybrid films with ordered structure and morphology that was
similar to natural nacre and nacre-like composites as evidenced
by SEM and TEM analyses. Intercalation of GO by gums was
observed in SEM, which was further confirmed by XRD. The
interaction of functional groups and hydrogen bonding
between GO and gums was evidenced by ATR-FTIR. The
thermal stability of the gum—GO films was found to be stable
even after a storage period of 3 months. The enhancement of
mechanical properties was ascribed to the dispersion and
interfacial interactions between the gums and exfoliated GO
nanolayers. The barrier properties are comparable with values
of poly(ethylene terephthalate) (PET) films and much better
than poly(lactic acid) (PLA) films, which indicates the
suitability of GA—GO, GK—GO, and KG—GO films for food
packaging applications.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at

https://pubs.acs.org/doi/10.1021/acsanm.9b02166.
Figure S1: UV—vis spectra of GO showing a typical peak
at 230 nm; (b) Raman spectra of GO with peaks
corresponding to D band (1341 ecm™) and G band
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(1582 em™); (c) FTIR spectra of GO with peaks at
3380 cm™ (—OH stretching), 1724 and 1619 cm™'
(C=0 stretching of carboxylic and/or carbonyl moiety
functional groups), 1222 and 1041 cm™ (C-O
stretching of epoxy and alkoxy groups); (d) TGA profile
of GO; (e) XRD spectra of GO; (f) SEM image of GO
with wrinkled surface of a graphene sheet and wormlike
structure randomly aggregated; Figure S2: brittle gum
films of (a) gum arabic, (b) gum karaya, and (c) gum
kondagogu; Figure S3: SEM images of (a) GA, (b) GK,
and (c) KG; Figure S4: TEM images of GO at different
magnifications; Figure S5: representative biological
oxygen demand of the nanocomposite films; Table S1:
summary of mechanical properties of different films;
Table 52: summary of the composition of different films;
Table S3: moisture content of different films; Table S4:
biodegradation analysis of nanocomposite films (PDF)
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3.2. Alkenyl succinic anhydride modified tree-gum kondagogu: A bio-

based material with potential for food packaging

Abstract: Tree gums are a class of abundantly available carbohydrate polymers that have not
been explored thoroughly in film fabrication for food packaging. Films obtained from pristine tree
gums are often brittle, hygroscopic, and lack mechanical strength. This study focuses on the
chemical modification of gum kondagogu using long-chain alkenyl groups of dodecenyl succinic
anhydride (DDSA), an esterifying agent that introduces a 12-carbon hydrophobic chain to the
kondagogu structure. The esterification reaction was confirmed by *H nuclear magnetic resonance
and Fourier-transform infrared spectroscopy. The effect of nano-cellulose as an additive on various
film properties was investigated. The developed films were characterized for their mechanical,
morphological, optical, barrier, antibacterial, and biodegradable properties. The inclusion of long-
chain carbon groups acted as internal plasticizers and resulted in an amorphous structure with
better film-forming ability, improved hydrophobicity, and higher elongation at break values. The
modified films exhibited antibacterial properties and excellent biodegradability under aerobic

conditions.
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Tree gums are a class of abundantly available carbohydrate polymers that have not been explored thoroughly in
film fabrication for food packaging. Films obtained from pristine tree gums are often brittle, hygroscopic, and
lack mechanical strength. This study focuses on the chemical modification of gum kondagogu using long-chain
alkenyl groups of dodecenyl succinic anhydride (DDSA), an esterifying agent that introduces a 12-carbon hy-
drophobic chain to the kondagogu structure. The esterification reaction was confirmed by IH nuclear magnetic
resonance and Fourier-transform infrared spectroscopy. The effect of nano-cellulose as an additive on various
film properties was investigated. The developed films were characterized for their mechanical, morphological,
optical, barrier, antibacterial, and biodegradable properties. The inclusion of long-chain carbon groups acted as
internal plasticizers and resulted in an amorphous structure with better film-forming ability, improved hydro-
phobicity, and higher elongation at break values. The modified films exhibited antibacterial properties and
excellent biodegradability under aerobic conditions.

1. Introduction

The packaging industry is one of the major consumers of petro-
sourced plastics, accounting for 40% of the total worldwide consump-
tion (Porta et al., 2020). Traditionally, glass, metals, paper, and plastics
are commonly used in packaging materials. However, conventional
plastics remain a dominant wrapping material owing to their light
weight, transparency, and high performance to cost ratio. Despite ful-
filling the requirements of efficient packaging material, these materials
are under constant scrutiny as they are nonrenewable and non-
biodegradable. Raising environmental concerns over the adverse ef-
fects of these plastics and depleting fossil fuel reserves have prompted
the development of new bioplastics derived from natural resources
(Gasti et al., 2020; Goudar et al., 2021; Hiremani et al., 2020; Nar-
asagoudr et al., 2020). These bioplastics are either chemically synthe-
sized from bio-sourced chemicals or extracted directly from plants, trees,
animals, and microorganisms. Currently, bioplastics that are naturally-
sourced, biodegradable, or both account for only 1% of the total

* Corresponding authors.

plastics produced. However, their annual production capacity is esti-
mated to increase from 2.11 million tons in 2019 to 2.43 million tons in
2024 (Market — European Bioplastics e.V., n.d.). Since their inception,
bioplastics have been increasingly used in packaging, textiles, automo-
tive, electronics, biomedical, agriculture toys, and many other sectors
(Daemen et al.,, 2016; Venkateshaiah, Cheong, Habel, et al., 2020;
Venkateshaiah, Cheong, Shin, et al.,, 2020; Venkateshaiah, Padil,
Nagalakshmaiah, et al., 2020). Among these, bioplastics are used
extensively in the packaging sector and accounted for more than 53% of
the total production in 2019 (Market — European Bioplastics e V., n.d.).
Consequently, considerable research has been performed on bioplastics
for food and non-food packaging in recent years.

Bioplastics derived from bio-based polymers offer sustainability and
biodegradability, ideal for single-use packaging like in food packaging.
Polysaccharides derived from agricultural and forest biomass have
gained significant attention over the past decade, as they are one of the
most abundant raw materials. They possess certain inherent character-
istics such as biodegradability, non-toxicity, and biocompatibility,
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which makes them well suited for food coatings and packaging. Several
polysaccharides such as cellulose, starch, chitosan, alginate, gums,
pectin, pullulan, and carrageenan have been studied for their ability to
form films suitable for food packaging. Tree gum polysaccharides are a
class of renewable, odorless, low-cost materials extracted from the ex-
udates of trees that are secreted in response to any mechanical damage
or microbial attack. These materials are usually water-soluble and are
often referred to as hydrocolloids. They are capable of forming films via
hydrogen bonding, ionic, hydrophobic, electrostatic interactions, and
crosslinking (Saha et al., 2017). Gum kondagogu is one such poly-
saccharide extracted from the exudates of Cochlospermum gossypium tree
barks. Sugar constitutes of kondagogu include glucose, galactose,
mannose, thamnose, arabinose, gluconic acid, and galacturonic acid.
This acidic gum is comprised of abundant carboxylic acid, hydroxyl,
acetyl, and carbonyl functional groups (Padil et al., 2018). The physi-
cochemical, compositional, morphological, rheological, and emulsifying
properties of kondagogu are well studied and reported (Padil, Sashidhar,
Sarma, & Vijaya Saradhi, 2008; Padil, Sashidhar, Suresh, et al., 2008).
Toxicity studies have revealed kondagogu to be nontoxic and have the
potential to be used as a food additive (Puskuri et al., 2017). Although
the potential use of kondagogu in the biogenic synthesis of nanoparticles
(Padil et al., 2011, 2018; Venkateshaiah et al., 2019), bio-based sponge
for oil/organic solvent absorption, and biomedical applications (Ram-
akrishnan et al., 2021; Bera et al., 2017; Kumar et al., 2018; Nazarzadeh
Zare et al., 2019; Padil et al., 2018) has been well established, the use of
kondagogu as a packaging material has been scarcely explored. Kon-
dagogu, in its pristine form, lacks any film-forming ability due to
intermolecular and intramolecular hydrogen bonding interactions be-
tween the polymer chains. The films obtained after solvent evaporation
are semicrystalline and brittle, lacking the required mechanical
strength. This may be overcome by the use of external plasticizers such
as glycerol; however, a high glycerol content is often associated with
undesirably high moisture sensitivity. Furthermore, the higher dosage of
plasticizer may result in the exudation and leaching out of the films,
which may be detrimental to the packaged goods. Another strategy for
overcoming these limitations is via modification and functionalization
of kondagogu. To obtain good films, kondagogu may be blended with
fillers (Venkateshaiah, Cheong, Habel, et al., 2020; Venkateshaiah,
Cheong, Shin, et al., 2020; Venkateshaiah, Padil, Nagalakshmaiah, et al.,
2020) and other polymers (Ramakrishnan et al., 2021; Padil et al., 2018)
to improve its film-forming ability. The availability of abundant hy-
droxyl functional groups in kondagogu allows easy chemical modifica-
tion and improved interactions with fillers.

Recently, chemically modifying polysaccharides with long-chain
alkyl and alkenyl dicarboxylic acid anhydrides such as dodecenyl suc-
cinic anhydride (DDSA) as an esterifying agent have gained significant
attention (Shah et al., 2018). The long-chain alkenyl group imparts a
hydrophobic character, while improving the film-forming property of
polysaccharides (Shah et al., 2018). Liu et al. (2013) and Zhong et al.
(2013) reported the plasticizing effect of long-chain alkenyl anhydrides
after modifying the polysaccharides, thereby improving their film-
forming property. The long alkenyl groups grafted onto the poly-
saccharides act as internal plasticizers by imparting stearic hindrance
into the polymeric chains, thereby inhibiting the formation of hydrogen
bonds and chain aggregation (Liu et al., 2013; Zhong et al., 2013).
Moreover, DDSA modified polysaccharides are known to show anti-
bacterial properties (Inta et al., 2014; Padil, Nguyen, et al., 2015; Padil,
Senan, & Cernil, 2015). In this context, DDSA is ideally suited to be used
in the modification of kondagogu. Additionally, the incorporation of
nano-cellulose into the films is known to increase the strength of the
films along with improving their barrier properties (Thomas et al.,
2018). This natural nanomaterial is abundant and possesses superior
mechanical strength and stiffness making it an ideal reinforcing agent in
biopolymer systems (Thomas et al., 2018). As it is derived from natural
biomass, it further contributes to the sustainability aspect by serving as
an ecological alternative to obtain enhanced biopolymer composites.
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Hydrophobically modifying kondagogu with DDSA may assist in
overcoming the critical limiting factors for practical applications of
kondagogu films in packaging. Despite being biorenewable and biode-
gradable biopolymers, the use of tree gums in the field of packaging is
very limited. Only a handful of publications exploring the use of kon-
dagogu for packaging applications are available. To the best of our
knowledge, no studies on the effect of DDSA on kondagogu film prop-
erties have been reported. Furthermore, no reports are available on the
use of hydrophobically modified kondagogu or its nanocomposites for
food packaging. In this regard, this work aims to investigate the effects
of hydrophobic modification of kondagogu on the properties of the
resultant films for the first time. Furthermore, the synergistic effect of
the modification in conjunction with the incorporation of nano-cellulose
into the films was explored. This work emphasizes the valorization of
kondagogu in the field of packaging by improving its hydrophobic
character, as well as its barrier, mechanical, and film formability.

2. Experimental
2.1. Materials

Gum kondagogu was procured from Grijian Cooperative society,
Hyderabad, India. Gum purification and preparation have been reported
earlier (Venkateshaiah, Cheong, Habel, et al., 2020; Venkateshaiah,
Cheong, Shin, et al., 2020; Venkateshaiah, Padil, Nagalakshmaiah, et al.,
2020). Cellulose nanofiber (nano-cellulose) was procured from Nano-
grafi co. Ltd., Germany (d = 10-20 nm, [ = 2-3 pm). Dodecenyl succinic
anhydride, ethanol absolute, sodium hydroxide, glutaraldehyde, hy-
drochloric acid, glycerol, cyclohexane (>99%), and other analytical-
grade chemicals were purchased from Sigma-Aldrich.

2.1.1. Synthesis of DDSA modified kondagogu

Prior to the chemical modification, kondagogu was deacetylated as
per the previous report (Padil et al., 2016). Briefly, 2 g of deacetylated
kondagogu (GK) was dissolved in 100 ml of water under stirring at room
temperature. After complete dissolution, the pH of the solution was
adjusted to 8.5 with 2% NaOH solution. Subsequently, DDSA (30 wt% of
GK) dissolved in 30 ml of ethanol was added slowly to the mixture under
agitation using a peristaltic pump (Hotair BT300LC, China). The reac-
tion was continued for 7 h once the pH was stable at 8.5. The reaction
was terminated by adding 5% HCI to the reaction mixture to obtain a pH
of 6. The product was then dialyzed against distilled water for 7 days to
completely remove the residual salts. The resulting product was freeze-
dried to yield a white powder, which was then purified by Soxhlet
extraction for 6 h using cyclohexane as a solvent. The purified product
was then dried in an oven overnight at 60 °C.

2.1.2. Fabrication of films

Hydrophobically modified GK (HMGK) films were prepared by the
solution casting method. Briefly, 2 w/v% aqueous solutions of HMGK
were prepared under magnetic stirring at 70 °C. After complete disso-
lution, 30 w/w% of glycerol was added to the solution and stirred for 30
min. To this, a few drops of 1 M HCl were added to obtain a pH of 3, and
10 w/w% of glutaraldehyde was added for crosslinking. The solution
was stirred for another 1 h, and the solutions were poured onto poly-
styrene petri dishes and dried in an oven at 60 °C for 12 h. After cooling
to room temperature, the films were peeled from the petri dishes and
stored in zipper storage bags for further use. Similarly, a control sample
of GK film was prepared using the same procedure. For the incorporation
of nano-cellulose, before the addition of GK, different amounts of nano-
cellulose (5%, 10%, and 15%) were dispersed in distilled water
employing a homogenizer (IKA T 18 digital ULTRA-TURRAX, Germany)
at 12,000 rpm for 3 min. Subsequently, the same procedure was fol-
lowed as mentioned above. The films containing 5%, 10%, and 15%
nano-cellulose were labelled HMGK/NC5, HMGK/NC10, and HMGK/
NC15, respectively.
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2.2. Characterization of materials and films

The functional groups of the GK and DDSA modified GK were
analyzed by Attenuated Total Reflection-Fourier Transform Infrared
spectroscopy (ATR-FTIR) (Nicolet 1Z10, Thermo Scientific, USA)
equipped with a multi-reflection, variable angle, and horizontal ATR
accessory at a resolution of 4 cm™?, An Ultrashield 500 plus Bruker (500
MHz) NMR spectrometer was used to record the 'H nuclear magnetic
resonance (NMR) spectra. The thermal stability of the materials was
measured on a Thermogravimetric analyzer (TGA-4000, PerkinElmer,
USA). The samples (~5 mg) were analyzed under a nitrogen atmosphere
at a flow rate of 50 ml/min to ensure an inert atmosphere. The thermal
stability of the samples was measured at a temperature range of 30 °C to
800 °C and a heating rate of 10 °C/min. A scanning electron microscope
(SEM, Zeiss LEO 1530) was employed to analyze the surface morphol-
ogies of the films. The instrument was operated at an acceleration
voltage of 3 kV, and was equipped with an Everhart-Thornley secondary
electron detector. Tensile properties of the films were determined by
stress-strain tests on a Zwick/Roell BT1-FR 0.5TND14 at a tensile speed
of 5 mm min~'. The samples were cut to 3 x 40 mm dimensions and
conditioned at 20 °C for 24 h before testing. Elastic modulus was ob-
tained from the slope of the linear region of the stress-strain curves. The
tests were performed on at least five specimens, and the average is re-
ported as the result. The oxygen transmission rate of the film was
measured on a Mocon OX-TRAN 2,21 (Mocon Inc. Minneapolis USA)
with a lower detection limit of 0.05 cm3 m~2 day ! bar™!, Pure oxygen
(>99.95%, Linde Sauerstoff 3.5) was used as a permeant gas, and a
mixture of 95% nitrogen and 5% hydrogen as a carrier gas. The tests
were conducted at 23 °C and relative humidity of 50% and 75%. Water
vapor transmission tests were conducted on a Mocon PERMATRAN-W
model 3/33 (Mocon Inc. Minneapolis USA) with a lower detection
limit of 0.5 g m~2 day~'. The tests were conducted at 23 °C at a relative
humidity of 50% and 75%.

2.2.1. Degree of substitution of DDSA by titration

The hydrophobic incorporation of DDSA onto GK was measured
using the previously reported titration method (Melanie et al., 2020;
Padil, Nguyen, et al., 2015; Padil, Senan, & Cernik, 2015). Briefly, 1 g of
accurately weighed HMGK was dissolved in 50 ml of deionized water.
After complete dissolution, the pH of the solution was adjusted to 9
through the addition of 0.05 M NaOH. The acid groups of HMGK were
completely ionized by the addition of NaOH. This was then titrated
against a 0.05 M HCl solution using phenolphthalein as an indicator. The
same procedure was followed for GK as the blank. All titration reactions
were performed in triplicate, and the average is reported. The degree of
substitution was calculated using the following equation:

266 x CAV

D§=— """ 7"
Woampte — CAV X 266

x 100% (1

where 266 is the molecular weight of DDSA (g mol™Y), C is the molarity
of HCl, AV (1) is the volume of the titer (sample — blank), and Weample is
the weight of the sample.

2.2.2. Equilibrium moisture content

Three specimens of each film were cut into 2 cm x 2 cm dimensions,
and the initial weight of the specimens was determined. The specimens
were then oven-dried at 105 °C for 24 h before measuring the final
weight. The equilibrium moisture content was calculated using the
following equation (Sukhija et al., 2016; Zhong et al., 2013):

Initial weight — Final weight

EMC =
Initial weight

x 100%

2

2.2.3. Water contact angle
The water contact angle (WCA) of the films was measured using a
Ramehart contact angle goniometer. Briefly, 3 pl of deionized water
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droplets was deposited on the film surface to determine the WCA of the
films. The tests were performed on at least ten specimens, and the
average is reported as the result.

2.2.4. Film opacity

The opacity of the films was characterized using a Jasco V630
UV-Vis spectrophotometer. The samples were placed inside 1 cm spec-
trophotometer cells and the transmittance was measured at 650 nm
against an empty cell. The opacity (T) values were calculated using the
following equation (Li et al., 2015; Zhu et al., 2014):

—logTsso

T= (3)

X

where Tgso is the fractional transmittance at 650 nm and x is the
thickness of the film.

2.2.5. Antibacterial properties

The Gram-positive Staphylococcus aureus (CCM 3953) and Gram-
negative Escherichia coli (CCM 3954) bacterial strains used in this
analysis were procured from the Czech Collection of Microorganisms,
Masaryk University, Brno, Czech Republic. Bacterial suspensions were
freshly prepared in a nutrient broth by growing a single colony at 37 °C,
overnight. The obtained bacterial culture was then centrifuged into a
pellet, which was further washed and resuspended in physiological so-
lution (0.85% NaCl) and adjusted to an optical density of 0.1 at 600 nm.
The bacteria were spread homogenously on nutrient broth agar plates
[23.5 g/1, Plate Count Agar (M091), Himedia, India] and were imme-
diately used for the tests. All of the plates with the samples were incu-
bated for 24 h at 37 °C. All of the samples were tested in triplicates, and
the average values are presented.

2.2.6. Biodegradation studies

The biodegradability of the unmodified and modified films was
tested under aerobic conditions. The European standard method based
on ISO 14851:1999 was used to study the biodegradation and prepare
the medium and the samples (Venkateshaiah, Cheong, Habel, et al.,
2020; Venkateshaiah, Cheong, Shin, et al., 2020; Venkateshaiah, Padil,
Nagalakshmaiah, et al., 2020). Activated sludge from a wastewater
treatment plant (WWTP) in Liberec was used as an inoculum at a con-
centration of 4.7 g/1 with approximately 10,0000 CFU/ml. The test was
performed by adding pre-weighed samples to 95 ml of biological me-
dium (ISO 14851:1999) and 5 ml of inoculum. The mixture was dosed
into a 250 ml respiration cell, and the test was begun straight away. As a
control, only activated sludge (without any organic substrate) was used
at the same concentration (blank). The measurements were conducted
using a Micro-Oxymax respirometer with a paramagnetic oxygen sensor
(Columbus Instruments International, USA). At the end of the 28-day
test, the medium with the non-degradable residue of the samples was
filtered through a filtration membrane with a pore size of 45 pm and
dried at 80 °C for 2 h, and the weight of the non-degraded material was
determined. The weight difference corresponded to the degree of
biodegradation of the sample. The test was conducted with cellulose as a
positive control and polyethylene as a negative control under the same
conditions.

3. Results and discussions
3.1. DDSA modification of GK and "H NMR spectroscopy

The base-catalyzed chemical modification of GK by DDSA was per-
formed in an aqueous alkaline system at room temperature. The pres-
ence of abundant nucleophilic reactive functional groups in GK makes
the DDSA esterification feasible. Fig. 1(a) represents the reaction be-
tween GK and DDSA during the modification process. The reaction
proceeds with a nucleophilic substitution reaction between the GK
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2.2. Characterization of materials and films

The functional groups of the GK and DDSA modified GK were
analyzed by Attenuated Total Reflection-Fourier Transform Infrared
spectroscopy (ATR-FTIR) (Nicolet 1Z10, Thermo Scientific, USA)
equipped with a multi-reflection, variable angle, and horizontal ATR
accessory at a resolution of 4 cm™ !, An Ultrashield 500 plus Bruker (500
MHz) NMR spectrometer was used to record the 'H nuclear magnetic
resonance (NMR) spectra. The thermal stability of the materials was
measured on a Thermogravimetric analyzer (TGA-4000, PerkinElmer,
USA). The samples (~5 mg) were analyzed under a nitrogen atmosphere
at a flow rate of 50 ml/min to ensure an inert atmosphere. The thermal
stability of the samples was measured at a temperature range of 30 °C to
800 °C and a heating rate of 10 °C/min. A scanning electron microscope
(SEM, Zeiss LEO 1530) was employed to analyze the surface morphol-
ogies of the films. The instrument was operated at an acceleration
voltage of 3 kV, and was equipped with an Everhart-Thornley secondary
electron detector. Tensile properties of the films were determined by
stress-strain tests on a Zwick/Roell BT1-FR 0.5TND14 at a tensile speed
of 5 mm min~’. The samples were cut to 3 x 40 mm dimensions and
conditioned at 20 °C for 24 h before testing. Elastic modulus was ob-
tained from the slope of the linear region of the stress-strain curves. The
tests were performed on at least five specimens, and the average is re-
ported as the result. The oxygen transmission rate of the film was
measured on a Mocon OX-TRAN 2/21 (Mocon Inc. Minneapolis USA)
with a lower detection limit of 0.05 cm3 m~2 day~! bar™. Pure oxygen
(>99.95%, Linde Sauerstoff 3.5) was used as a permeant gas, and a
mixture of 95% nitrogen and 5% hydrogen as a carrier gas. The tests
were conducted at 23 °C and relative humidity of 50% and 75%. Water
vapor transmission tests were conducted on a Mocon PERMATRAN-W
model 3/33 (Mocon Inc. Minneapolis USA) with a lower detection
limitof 0.5 g m2 clay_l. The tests were conducted at 23 °C at a relative
humidity of 50% and 75%.

2.2.1. Degree of substitution of DDSA by titration

The hydrophobic incorporation of DDSA onto GK was measured
using the previously reported titration method (Melanie et al., 2020;
Padil, Nguyen, et al., 2015; Padil, Senan, & Cernik, 2015). Briefly, 1 g of
accurately weighed HMGK was dissolved in 50 ml of deionized water.
After complete dissolution, the pH of the solution was adjusted to 9
through the addition of 0.05 M NaOH. The acid groups of HMGK were
completely ionized by the addition of NaOH. This was then titrated
against a 0.05 M HCI solution using phenolphthalein as an indicator. The
same procedure was followed for GK as the blank. All titration reactions
were performed in triplicate, and the average is reported. The degree of
substitution was calculated using the following equation:

266 x CAV

ps=— 227"
Woampte — CAV x 266

x 100% (1

where 266 is the molecular weight of DDSA (g mol™ 1), Cis the molarity
of HCl, AV (D) is the volume of the titer (sample - blank), and Wgample is
the weight of the sample.

2.2.2. Equilibrium moisture content

Three specimens of each film were cut into 2 em x 2 cm dimensions,
and the initial weight of the specimens was determined. The specimens
were then oven-dried at 105 °C for 24 h before measuring the final
weight. The equilibrium moisture content was calculated using the
following equation (Sukhija et al., 2016; Zhong et al., 2013):

Initial weight — Final weight
Initial weight

EMC = x 100% 2)

2.2.3. Water contact angle
The water contact angle (WCA) of the films was measured using a
Ramehart contact angle goniometer. Briefly, 3 pl of deionized water
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droplets was deposited on the film surface to determine the WCA of the
films. The tests were performed on at least ten specimens, and the
average is reported as the result.

2.2.4. Film opacity

The opacity of the films was characterized using a Jasco V630
UV-Vis spectrophotometer. The samples were placed inside 1 cm spec-
trophotometer cells and the transmittance was measured at 650 nm
against an empty cell. The opacity (T) values were calculated using the
following equation (Li et al., 2015; Zhu et al., 2014):

_- logTss0
x

T (3

where Tgsq is the fractional transmittance at 650 nm and x is the
thickness of the film.

2.2.5. Antibacterial properties

The Gram-positive Staphylococcus aureus (CCM 3953) and Gram-
negative Escherichia coli (CCM 3954) bacterial strains used in this
analysis were procured from the Czech Collection of Microorganisms,
Masaryk University, Brno, Czech Republic. Bacterial suspensions were
freshly prepared in a nutrient broth by growing a single colony at 37 °C,
overnight. The obtained bacterial culture was then centrifuged into a
pellet, which was further washed and resuspended in physiological so-
lution (0.85% NaCl) and adjusted to an optical density of 0.1 at 600 nm.
The bacteria were spread homogenously on nutrient broth agar plates
[23.5 g/1, Plate Count Agar (M091), Himedia, India] and were imme-
diately used for the tests. All of the plates with the samples were incu-
bated for 24 h at 37 °C. All of the samples were tested in triplicates, and
the average values are presented.

2.2.6. Biodegradation studies

The biodegradability of the unmodified and modified films was
tested under aerobic conditions. The European standard method based
on ISO 14851:1999 was used to study the biodegradation and prepare
the medium and the samples (Venkateshaiah, Cheong, Habel, et al.,
2020; Venkateshaiah, Cheong, Shin, et al., 2020; Venkateshaiah, Padil,
Nagalakshmaiah, et al., 2020). Activated sludge from a wastewater
treatment plant (WWTP) in Liberec was used as an inoculum at a con-
centration of 4.7 g/1 with approximately 10,0000 CFU/ml. The test was
performed by adding pre-weighed samples to 95 ml of biological me-
dium (ISO 14851:1999) and 5 ml of inoculum. The mixture was dosed
into a 250 ml respiration cell, and the test was begun straight away. As a
control, only activated sludge (without any organic substrate) was used
at the same concentration (blank). The measurements were conducted
using a Micro-Oxymax respirometer with a paramagnetic oxygen sensor
(Columbus Instruments International, USA). At the end of the 28-day
test, the medium with the non-degradable residue of the samples was
filtered through a filtration membrane with a pore size of 45 pm and
dried at 80 °C for 2 h, and the weight of the non-degraded material was
determined. The weight difference corresponded to the degree of
biodegradation of the sample. The test was conducted with cellulose as a
positive control and polyethylene as a negative control under the same
conditions.

3. Results and discussions
3.1. DDSA modification of GK and 'H NMR spectroscopy

The base-catalyzed chemical modification of GK by DDSA was per-
formed in an aqueous alkaline system at room temperature. The pres-
ence of abundant nucleophilic reactive functional groups in GK makes
the DDSA esterification feasible. Fig. 1(a) represents the reaction be-
tween GK and DDSA during the modification process. The reaction
proceeds with a nucleophilic substitution reaction between the GK
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esterification reaction between GK and DDSA.
3.3. Film properties of GK and its derivatives

Upon dissolution in water, GK formed a homogenous solution, while
the solubility of HMGK samples in water was limited at room temper-
ature owing to the amphiphilic nature of the molecules due to the
incorporation of long hydrophobic carbon chains. However, at elevated
temperatures (70 °C), HMGK formed a uniform white suspension. For
unmodified GK films, drying at 60 °C produced discontinuous films due
to the rapid aggregation of GK molecules. Hence, the films needed to be
dried at room temperature for 2-3 days for complete evaporation of
water and to obtain continuous films. However, the drying process is a
lot faster for HMGK samples as it was possible to dry them at elevated
temperatures in the oven to obtain continuous, flexible films. This
expedited the film fabrication process by alleviating the aggregation of
GK molecules. Films prepared from unmodified GK were extremely
brittle and lacked flexibility due to the strong intermolecular and
intramolecular hydrogen bonding and the rigid sugar chains. However,
the films obtained from HMGK were flexible and demonstrated a good
film-forming ability. It is well known that the use of glycerol may
improve the flexibility of the films by limiting the intermolecular in-
teractions, while enhancing the mobility of the polymer chains. Since
the same amount of plasticizer was added to all of the films, the
improvement in the film-forming ability may be attributed to the change
in the molecular structure brought about by the modification. Despite
the addition of glycerol, the GK films were very stiff and fractured upon
folding. HMGK, on the other hand, demonstrated good foldability.
Additionally, nano-cellulose was added to the modified films to further
enhance the film-forming ability, strength, and barrier properties. The
use of nano-cellulose in packaging has seen a significant increase in
recent years due to its abundance and biodegradability coupled with its
unique properties. The surface hydroxyl and carboxyl functional groups
present in nano-cellulose may interact with GK functional groups
creating a dense network with enhanced mechanical and barrier prop-
erties. The incorporation of nano-cellulose into the gum solution clearly
increased the viscosity of the solution. This is due to the gelling nature of
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nano-cellulose, which forms an interconnected network that is swelled
by water. A homogenous solution was formed after the complete
dissolution of HMGK, indicating uniform mixing and dispersion.

3.4. Surface morphology analysis by SEM

The SEM micrographs of the different films are presented in Fig. 3.
No macroscopic bubbles, cracks, or pores were observed in any of the
films. The SEM image of HMGK shows a smoother surface compared to
the films made by GK. Upon the addition of nano-cellulose, the surface
roughness of the films re-emerged. As the nano-cellulose concentration
in the film increased, more fibrils were observed on the film surface
(Fig. 3c—e). The fibrils were found to be randomly oriented with a
spaghetti-like structure and are uniformly dispersed and densely incor-
porated throughout the film. The gum matrix appears to be coated on
the fibrils, implying a good adherence of the fibrils with the matrix,
which may suggest an excellent interfacial interaction due to the
hydrogen bonding between the hydroxyl groups of the components.
Despite homogenizing the nano-cellulose solution at high rpm, partial
aggregation of the fibrils was observed, which is further evident at
higher concentrations. This may be due to the strong secondary in-
teractions between the fibrils at higher concentrations (Zhang et al.,
2019).

3.5. FTIR, moisture content, contact angle, and opacity of the films

The FTIR spectra of all of the films are presented in Fig. 4(a). The
FTIR spectra of the films reveal the same peaks as observed for the GK
and HMGK samples. The presence of glutaraldehyde was confirmed by
the appearance of an absorption band at 1733 cm™ in the GK film and
its increased intensity in other films. This peak corresponds to the free
aldehyde groups of glutaraldehyde. The band at 1100 em™! corre-
sponding to the aliphatic groups of glutaraldehyde was masked by the
absorption bands of the gums. Furthermore, crosslinking of the films was
confirmed by an increase in the intensity of the absorption band at 1145
em™!, which suggests a reaction between the hydroxyl groups and the
glutaraldehyde molecule. The equilibrium moisture content (EMC) and

Fig. 3. SEM images of (a) GK, (b) HMGK, (c) HMGK/NCS5, (d) HMGK/NC10 and (e) HMGK/NC15 (All images are taken at a scale of 2 pm).
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films against the university logo.

the opacity of different films are depicted in Fig. 4(b). The chemical
modification of GK brought about a reduction in the moisture retention
ability of the films. It is well-known that polysaccharide films are hy-
drophilic due to their chemical composition. The abundant hydroxyl
groups attract moisture and bind via hydrogen bonding. The inclusion of
glycerol further contributes to increased hygroscopicity. This increased
moisture may have a detrimental effect on the mechanical properties of
the film and the shelf life of the packaged goods. Under the same con-
ditions, GK films retained higher moisture compared to HMGK films.
This change may be ascribed to the substitution of hydrophilic hydroxyl
functional groups with lipophilic dodecyl groups, thereby reducing the
hydrogen bonding interactions between the GK molecule and water
molecules (Sweedman et al., 2013). This confirms an increase in the
hydrophobicity of the films. Furthermore, a decreasing trend in the EMC
was observed with the increase in the nano-cellulose content. This is due
to the interactions between the gum molecule and the nano-cellulose.
The formation of hydrogen bonds between HMGK and nano-cellulose
leads to a decrease in the free -OH groups, hence retarding their abil-
ity to bind moisture in the films (Wang, Guo, et al., 2018). WCA mea-
surements of GK and HMGK films clearly mdlcated an increase in the
surface hydrophobicity of the films. GK films exhibited a WCA of 53.6°
=+ 3.9°, while the HMGK films showed an increased WCA of 61.8° £ 2.3°.
This increase in WCA may be due to the decreased interaction of GK
molecules with water molecules due to DDSA substitution (Li et al.,
2015; Zhong et al., 2013). The WCA of HMGK/NC5, HMGK/NC10, and
HMGK/NC15 were found to be 64.06° + 3.2°, 65.5° & 2.9°, and 66.5° +
4.1°, respectively (Fig.S2). This slight increase in WCA is due to the
increased surface roughness of the films arising from the inclusion of
nano-cellulose as well as intercomponent hydrogen bonding between
the filler and the matrix (Barnes et al., 2019; Kisonen et al., 2015;
Marmol et al., 2020).

Transparency of the films plays an important role in the presentation
of the packaged material. Transparent films are associated with low
opacity values. The opacity values of different films calculated using Eq.
(3) are presented in Fig. 4(b). No significant change in opacity was
observed upon esterification of GK; however, the nanocomposite films
showed higher opacity values (Fig. 4b). The presence of dispersed nano-
cellulose hindered the transmittance of light through the films. This
decrease in transmittance increased with the increase in filler concen-
tration. This is in agreement with the previously reported studies (Fazeli
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et al., 2018; Wang, Guo, et al., 2018).

3.6. Mechanical properties of the films

The packaging materials should possess sufficient mechanical
strength to be able to withstand the wear and tear during transport and
handling of the goods. Tensile strength (TS), elongation at break (g), and
modulus of the modified and unmodified films were analyzed to eval-
uate the mechanical properties of the films, and are presented in Fig. 5
and the values are tabulated in Table S1. After modification, the € values
of the HMGK films were considerably higher than the brittle GK films.
However, a decline in the TS values of the HMGK films was also
observed. While the e values were three times the GK films, the TS values
dropped by 50%. The strength and elongation of the films are predom-
inantly dependent on the intermolecular interactions between the
polymer chains in the film. As is well-known, the plasticizer has a sig-
nificant effect on the reduction of intermolecular interactions between
the chains. However, by using the same concentration of glycerol in all
of the formulations, the effect of plasticizer has been eliminated.
Furthermore, the plasticizing effect of water molecules by improving the
polymer chain mobility in biopolymer films has been widely reported
(Vieira et al., 2011). This suggests that the GK samples with higher
moisture content (Fig. 4b) should have higher elongation than the
HMGK samples. However, the opposite result was observed in this study.
The HMGK films showed higher & and lower TS despite having lower
moisture content values. Hence, the changes in TS and € observed in the
present study are solely due to the chemical modification of GK and not
due to external plasticization. This indicates that the pendant half ester
groups of DDSA act as internal plasticizers contributing to the increased
¢ of the films (Liu et al., 2013). Also, the presence of long-chain carbon
groups minimizes the intermolecular interactions, thereby reducing the
hydrogen bonding between the polymer chains, thus sacrificing the TS
of the films (Ren et al., 2010). The addition of nano-cellulose is known to
improve the mechanical properties of the films (Wang et al., 2019). The
addition of nano-cellulose into the HMGK matrix gradually increased
the tensile strength and modulus of the films (Fig. 5). This may be
attributed to the improved secondary interactions through hydrogen
bonding between the hydroxyl groups of the filler and the matrix, giving
rise to improved strength. The inherent stiffness, large surface area, and
homogeneous distribution of nano-cellulose allow for the distribution of
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Fig. 5. (a) Stress vs. strain curves (b) Modulus of unmodified and modified films.

fibril networks and hydrogen bonding with GK molecules. This enabled
the polysaccharide molecules in the films to form a rigid network with
the nano-cellulose. These factors are likely to have assisted the transfer
of stress from the GK matrix to the nano-cellulose fibrils, thereby
increasing the tensile strength of the films. However, these increased
interactions restricted the polymer chain mobility, thereby reducing the
¢ of the films (Movva & Kommineni, 2019).

3.7. Barrier properties of the films

Barrier properties play an essential role in determining the shelf life
of the packaged goods. It is preferred that the packaging materials
possess high barrier properties to maintain the quality of the packaged
food. Nano-cellulose is widely known to improve the barrier properties
of the films, especially in terms of the oxygen barrier. Nano-cellulose
fibers are comprised of both crystalline and amorphous regions. The
crystalline regions are completely impermeable to gas molecules; hence,
the gas molecules have to go through a tortuous path to diffuse through
the films. Additionally, the random entanglements of the fibers lead to
higher density, further adding the tortuosity, thereby increasing the
barrier properties. Herein, the barrier properties of the films containing
the highest nano-cellulose content (HMGKNC15) have been tested. The
oxygen barrier and water vapor barrier properties were tested at 50%
and 75% relative humidity (RH), and the results are tabulated in Table 1.

At 50% humidity, HMGK/NC15 exhibits good barrier properties with
an oxygen transmission rate (OTR) of 10.94 em®/m? day-bar and oxygen
permeability (OP) value of 1049 em®pm/m? day-bar. These values are
comparable and less than other conventional plastics such as poly-
ethylene, polypropylene, polyethylene terephthalate used in packaging
(Wang, Gardner, et al., 2018). Packaging materials with these oxygen
barrier properties are ideal in the packaging of fresh meat, bakery
products, fruits, and vegetables (Wang, Gardner, et al., 2018). The water
vapor barrier properties of the films are comparatively lower than
conventional plastics. This may be attributed to the affinity of the gum
matrix and the nano-cellulose to water, resulting in a plasticization ef-
fect and swelling. Consequently, the mobility of the polymer chains
increases and breaks the rigid structure, thereby creating pathways for
the molecules to diffuse through the film (Ferrer et al., 2017; Nair et al.,

Table 1
Oxygen and moisture barrier properties of HMGK/NC15.
Relative humidity OTR? op® WVTR® wypd
50% RH 10.94 1049 70 2400
75% RH 630 60.4 x 1073 578 19.8 x 1073

OTR?; oxygen transmission rate in cm®/m>-day-bar, OP"; oxygen permeability in
em®pm/m?day-bar, WVTR®: water vapor transmission rate in g/m>day, WVP%
water vapor permeability in g-pm/m? day-kPa.

2014; Wang, Gardner, et al., 2018). This is also the reason for the
exponential drop in the barrier properties when the analysis was per-
formed at 75% RH. Hence, these films are ideally suited for use as
packaging under lower humidity conditions.

3.8. Antibacterial properties of the films

DDSA derivatives of polysaccharides have been known to exhibit
antibacterial properties. Hence, the antibacterial properties of unmodi-
fied and modified GK samples were evaluated against Gram-positive
Staphylococcus aureus and Gram-negative Escherichia coli. From Fig. 6,
it is evident that the unmodified GK films do not show any antibacterial
properties, while HMGK films show a clear zone of inhibition (ZOI). The
mechanism involved in the antibacterial properties of HMGK films may
be explained by the hydrophobic interactions of long dodecenyl succinyl
chains with the bacterial cell wall proteins. These interactions destroy
the cell wall and cell membranes, consequently causing the leakage of
intracellular proteins and nucleic acids leading to cell death (Olivetti
etal., 2019; X. Zhang et al., 2015). The ZOI for S. aureus and E.coli were
found to be 17.71 + 1.38 mm and 7.85 + 1.02 mm, respectively. These
data suggest that the HMGK films exhibit greater inhibition to Gram-
positive bacteria compared to Gram-negative bacteria. The obtained
results are in agreement with the previously reported antibacterial in-
vestigations of hydrophobically modified polysaccharides (Olivetti
et al., 2019; Padil, Nguyen, et al., 2015; Padil, Senan, & Cernik, 2015; X.
Zhang et al., 2015).

3.9. Biodegradability of the films

Biodegradable packaging materials are considered to be a promising
solution to curb the problems associated with the packaging waste from
non-biodegradable plastics. Recently, many biodegradable polymers
have been under scrutiny as their degradability in a reasonable time-
frame under environmental conditions is under dispute. Therefore,
biopolymers derived from natural sources are gaining much precedence.
Oxygen accumulation graphs of modified and unmodified films are
shown in Fig. S3. The preliminary results showed very similar biode-
gradability of GK and HMGK. Degradation of modified and unmodified
samples in the inoculum may be attributed to covalent bond cleaving via
active bacterial interactions and bacterial digestion, leading to the
fragmentation of large molecular chains into low molecular weight
fragments. No fragments of the GK film and negligibly small fragments
from HMGK were observed on a 45 pm filter after 28 days in the bio-
logical medium containing activated sludge as an inoculum. The GK
films exhibited 100% biodegradability with complete weight loss, while
the HMGK film showed a biodegradability of 98.2 + 1.7% under the
same conditions. This may indicate that the chemical modification did
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Fig. 6. The antibacterial properties of modified and unmodified films against (a) Staphylococcus aureus (b) Escherichia coli.

not affect the biodegradability of GK. Long-term biodegradation tests in
different environmental media are underway.

4, Conclusion

Hydrophobically modified kondagogu films were fabricated by
reacting GK and DDSA in aqueous media. The esterification of GK was
confirmed using "H NMR and FTIR spectroscopy. It was evident that the
chemical modification overcame the inherent brittle nature of the GK
films while also reducing their moisture sensitivity. The grafted long-
chain carbon groups act as an internal plasticizer and impart steric
hindrance to the polymeric chains, and inhibit the formation of
hydrogen bonds and chain aggregation. This significantly improved the
elongation of the films while reducing their tensile strength. The
incorporation of nano-cellulose enhanced the mechanical strength while
further reducing the moisture sensitivity of the films. At 50% RH, the
films demonstrated an excellent oxygen barrier with moderate water
vapor barrier properties, which dropped exponentially at 75% RH.
These films may be used for packaging under low humidity conditions.
Furthermore, the films exhibited antibacterial properties against Gram-
positive Staphylococcus aureus and Gram-negative Escherichia coli. The
modified films retained the inherent biodegradability of GK and show
excellent degradation of 98.2 + 1.7% within 28 days. The present
research highlights the development of biobased, biodegradable, anti-
bacterial, mechanically robust films for environmental and food pack-
aging industries.
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3.3. High barrier, biodegradable nanocomposite films based on clay

coated and chemically modified Gum Kondagogu

Abstract: Lately, environmentally benign packaging materials with biodegradability, flexibility,
and high barrier properties are sought after as a substitute for conventional plastic packaging
materials. Although natural polymers can be sustainable alternatives to petro-sourced, non-
biodegradable plastics, they suffer from poor barrier and mechanical properties. In this study, a
mechanically stable, biodegradable film of tree gum kondagogu with remarkable barrier properties
was fabricated. The introduction of spray-coated, waterborne, large-aspect ratio sodium-hectorite
dispersion on tree-gum films ensured very high barrier properties even at high relative humidity
conditions (oxygen transmission rate (OTR) =1.7 cm® m~2 day * bar* at 75% relative humidity).
The coating not only decreases gas permeability through the films but also minimizes the
sensitivity of performance to humidity levels. The clay coated nanocomposite films outperformed
various commercial polymers and were comparable to high-performance packaging films in terms
of oxygen barrier properties. Further, the coating improved the mechanical properties of the films
rendering them a prospective packaging material. These biodegradable, high-barrier and

mechanically robust films are a promising advance in the field of sustainable packaging.
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High Barrier, Biodegradable Nanocomposite Films Based on
Clay-Coated and Chemically Modified Gum Kondagogu
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1. Introduction

Lately, environmentally benign packaging materials with biodegradability,

flexibility, and high barrier properties are sought after as a substitute for
conventional plastic packaging materials due to increasing plastic pollution
and microplastics in the environment. Although natural polymers can be
sustainable alternatives to petro-sourced, non-biodegradable plastics, they
suffer from the poor barrier and mechanical properties. In this study, a
mechanically stable, biodegradable film of tree gum kondagogu with
remarkable barrier properties is fabricated. The introduction of spray-coated,
waterborne, large-aspect ratio sodium-hectorite dispersion on tree-gum films
ensured very high barrier properties even at high relative humidity conditions
(oxygen transmission rate (OTR) =1.7 cm® m~2 day~' bar~' at 75% relative
humidity). The coating not only decreases gas permeability through the films
but also minimizes the sensitivity of performance to humidity levels. The
clay-coated nanocomposite films outperformed various commercial polymers
and are comparable to high-performance packaging films in terms of oxygen
barrier properties. Further, the coating improved the mechanical properties of
the films rendering them a prospective packaging material. These
biodegradable, high-barrier and mechanically robust films are a promising

advance in the field of sustainable packaging.
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Synthetic, conventional plastics used in
single-use applications such as food pack-
aging, grocery bags, disposable utensils,
and beverage containers are accumulating
in landfills, posing a severe environmen-
tal threat. These materials, made of poly-
mer multilayers, are often lined with alu-
minum and contaminated with food; thus
are not recyclable.l'! Plastic debris has be-
come ubiquitous in the ecosystem and has
even littered all the major ocean basins,
rivers, and water bodies.I’! Microplastics,
a form of plastic debris, when ingested,
might threaten wildlife and marine life by
obstructing their digestive tracts. They can
later be translocated to the circulatory sys-
tem and other tissues and transferred from
prey to predator through the food chain.!
These plastic wastes can be eliminated by
utilizing extreme thermal processes like
combustion and pyrolysis. However, these
processes release greenhouse gases, which
can be detrimental to the environment.
These disastrous consequences can thus
be mitigated by using biomass-derived materials that degrade via
naturally occurring pathways.[*) Currently, there aren’t any com-
pletely biodegradable, biomass-derived packaging materials that
satisfy the barrier and mechanical property requirements while
still being economically viable.’] As a result, researchers are look-
ing for a bio-sourced, biodegradable material that can replace tra-
ditional plastics in single-use applications.[*]

Bio-sourced polysaccharides, which are one of the most avail-
able raw materials in nature, have sparked a lot of interest in
replacing single-use plastics. Their abundant availability, com-
bined with their biodegradability, nontoxicity, and biocompatibil-
ity, can solve the aforementioned issue. Tree gums are one such
polysaccharide that has recently gained interest as a packaging
substitute.l''?l The potential of tree gums like Arabic, Karaya,
Kondagogu, Cashew, and Tragacanth to form films appropriate
for food packaging has been investigated.!"*! Tree gums are high
molecular weight polysaccharides exuded from plants/trees as
a defense mechanism against mechanical injury, chemical in-
jury, microbial/insect attacks, and water stress. This process is
called gummosis, and the obtained exudates form gels or viscous
solutions in their respective solvents. Hydrocolloids, or water-
soluble gums, have found applications in food, pharmaceutical,
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biomedical and cosmetic industries owing to their abundance,
low cost, biocompatibility, nontoxicity, gelling ability, chemical
inertness, water binding potential, and emulsion stabilization
ability."*">! Gum kondagogu is a polysaccharide obtained from
the exudates of Cochlospermum Gossypium, a native Indian tree.
Kondagogu has a high acidic sugar content, with glucuronic and
galacturonic acids accounting for 52% of total carbohydrates,
along with neutral sugars including glucose, rhamnose, galac-
tose, and arabinose.['®) The structural, physicochemical, morpho-
logical, rheological. and compositional characteristics of kond-
agogu have been studied and reported.'”?*! The toxicological
studies on kondagogu revealed that it is non-toxic, making it a
suitable material for fabricating packaging films./**! The use of
kondagogu to fabricate packaging films is minimal and yet to be
thoroughly investigated. The films made from kondagogu, like
most polysaccharide films, have intrinsic limitations that need to
be addressed, such as high hydrophilicity, poor mechanical prop-
erties, and barrier properties. This could be overcome by com-
bining kondagogu with different biopolymers,/?*! incorporating
nanoparticles,”! and chemical modification.!?!

We recently reported the use of dodecenylsuccinic anhy-
dride (DDSA) modified kondagogu and cellulose nanofibers to
fabricate packaging films.[?®l The chemical modification was
clearly effective in overcoming the kondagogu films’ intrinsic
brittleness moisture sensitivity while retaining biodegradability.
DDSA’s long chain alkenyl groups function as an internal plasti-
cizer, imparting stearic hindrance to polysaccharide chains while
inhibiting chain aggregation and hydrogen bond formation.
This material's mechanical and barrier properties improved sig-
nificantly when combined with cellulose nanofibers. However,
even with the hydrophobic modification, the barrier properties
of the films decreased exponentially at higher relative humidity
(RH) levels. Despite the modification, kondagogu and cellulose
nanofibers retain a certain affinity to moisture. This affinity
causes self-association of water molecules which has plasticizing
and/or swelling effect on the film. Due to the moisture-induced
changes in polysaccharide chains’ conformation, crystallinity,
and mobility, these effects become much more pronounced at
higher RH.[%!

Single-layer biopolymer films seldom fulfill the industrial cri-
teria for barrier characteristics specified for packaging, thus ne-
cessitating modifications. Biopolymer films’ barrier properties
have been enhanced by chemical and physical crosslinking and
surface treatments such as grafting and coating.?*#%! These ap-
proaches have been proven to enhance the barrier characteris-
tics of biopolymers, and they are frequently employed in con-
jugation to meet commercial requirements. Coating of biopoly-
mer films to improve barrier properties has recently gained
significant attention.****l Studies on coating biopolymer films
with graphene oxide,**l nanocellulose,*!! chitin nanofibers,*"!
whey protein,**! polylactic acid,*”! waxes,3®! and inorganic
materials!*’! have been reported. Inorganic two-dimensional (2D)
nanosheets are proven to be impervious to gas molecules.[*)]
Coating these inorganic dispersions onto biopolymer films yields
a high aspect ratio lamellar structure. This creates a tortuous
path for the gaseous molecular diffusion across polymeric ma-
terials, improving barrier characteristics. Breu and coworkers
have proven this by using synthetic layered silicates like sodium
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hectorite (NaHec), possessing a high aspect ratio, cation ex-
change capability, and osmotic swelling properties to improve the
gas barrier properties of polymer films.[*!l Further, Habel et al.
coated poly L-lactide (PLA) films with waterborne dispersions
of NaHec and obtained biopolymer films with exceptional bar-
rier properties.[*?! The authors observed that the clay coating im-
proved the oxygen barrier properties by a factor of four while hav-
ing no negative impact on the biodegradability of the PLA films.
This improvement in the oxygen barrier was observed even at el-
evated RH, suggesting that the NaHec nanoparticles limit the dif-
fusion of oxygen molecules through the film via the tortuous path
mechanism regardless of RH. This would aid in improving the
barrier qualities of biobased polymer films, which are strongly
reliant on humidity conditions. In addition to excellent oxygen
barrier properties, these waterborne clay dispersion coatings can
even provide a water vapor barrier in a scalable manner. Based
on this concept, we spray-coated NaHec onto hydrophobically
modified kondagogu nanocomposites to produce high-barrier,
biodegradable films with improved mechanical properties. The
effects of cellulose nanofiber incorporation and NaHec coating
on the barrier properties of the kondagogu films were analyzed
at different humidity conditions. The resulting films had barrier
properties that were superior to most conventional plastics.

2. Results and Discussion
2.1. Fabrication of KGNC/Hec Films

Our team has recently reported the detailed synthesis proce-
dures and extensive characterization of DDSA modified konda-
gogu and cellulose nanofiber incorporated DDSA modified kond-
agogu (KGNC) films.**! We selected KGNC films with 10%
and 15% cellulose nanofiber (CNF) in this study because they
had the best mechanical and barrier properties!?) and would be
ideal for studying the combined effect of CNF incorporation and
clay coating. Herein, we have used a melt-processed synthetic
sodium hectorite (NaHec, [Nags]"*"[Mg,Li,5]"[S1,]'O0F,)
clay that can gently, osmotically delaminate into a high-aspect-
ratio (~20 000) single layers when dispersed in water, without the
need for ultrasonication. This enables uniform non-isotropic, ne-
matic phases in the dispersion. A high barrier layer was created
on the films by spray coating a 0.25 wt.% aqueous dispersion on
a KGNC substrate (Figure 1). A total of 200 spraying/drying cy-
cles were used to coat KGNC films with NaHec suspension to ob-
tain the desired thickness of 3 um. The suspension layer added
in a single spraying process had a thickness of &1.5 um, which
corresponded to a dry film thickness of =20 nm. After 200 cy-
cles, the final coating layer thickness was measured to be 3.144 +
0.193 um (Image]). The coatings were stable, and no loose pow-
der was observed while handling the films. A slight decrease in
transparency of the films was observed after NaHec coating (Fig-
ure 1¢; Table S1, Supporting Information).

2.2. SEM and TEM analysis of the KGNC/Hec films

The surface morphology of the NaHec coated 15 wt.% cellulose
nanofiber incorporated DDSA modified kondagogu (KGNC15)
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Figure 1. Schematic representation of the NaHec automated a) spray coating, b) drying process, and c) digital images of KGNC films before and after

coating.

Figure 2. Morphology analysis of KGNC15/Hec film surface by a) SEM image and cross-section by b,c) TEM images.

film was observed by scanning electron microscopy (SEM) (Fig-
ure 2a). The image revealed the rough surface of the film with
high aspect ratio clay nanoplatelets covering the film surface
completely. Unlike the KGNC films, no cellulose nanofibers were
observed on the film surface, suggesting that the NaHec sus-
pension was evenly coated (Figure S2, Supporting Information;
Figure 2a). The cross-sectional surface observed by transmis-
sion electron microscopy (TEM) analysis revealed a highly or-
dered orientation of clay nanoplatelets on the KGNC15 film sub-
strate (Figure 2b,c). The light grey part is the KGNC film sub-
strate, and the layered structure on top of it is the NaHec coat-
ing. Upon spraying the dilute dispersion of highly anisotropic
NaHec platelets, the clay particles collide with the KGNC film
substrate at high speeds. As a result of the collision, the droplets
disperse on the film surface, while the 2D clay nanoplatelets
tend to kinetically arrange themselves into dense parallel posi-
tions to the film surface.*}] Furthermore, a thin liquid suspen-
sion film forms on the surface after each spraying phase, al-
lowing for ample mobility of the particles. With 90 sec drying
time, the nanoplatelets have enough time to align themselves in
the most favorable parallel position. This could be clearly seen
by the TEM images, wherein highly delaminated NaHec struc-
tures are arranged equidistantly on the film surface. This highly
ordered parallel orientation of NaHec platelets ensues a tortu-
ous pathway for gas diffusion, resulting in enhanced barrier
properties.
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2.3. Crystallinity and Thermal Analysis of the Films

X-ray diffraction (XRD) analysis revealed the perfectly aligned
structure of the NaHec coatings on the KGNC substrates.
Breu et al. have studied and reported the crystallographic data
of NaHec in thorough detail.**! Figure 3a shows a sharp
diffraction peak at 260, = 5.6° for KGNC10/Hec and 5.05° for
KGNC15/Hec, corresponding to monohydrated sodium cations
in the interlayer space with a normal d-spacing of 1.67 and
1.72 nm, respectively. The 1D crystalline nanocomposite coat-
ings have 0.96 nm thick NaHec platelets separated by 0.71 nm
and 0.76 nm of PVA matrix for KGNC10/Hec and KGNC15/Hec,
respectively. This implies that the nanocomposite coating is
biphasic, predominantly consisting of 1D crystalline layers of
clay domains intercalated by a secondary minor polyvinyl alcohol
(PVA) phase (Figure 3a inset). In the case of KGNC15/Hec, a
small diffraction peak corresponding to the second-order of the
1D crystal was also observed at 26,,,, = 9.87°. Since the PVA vol-
ume in the interlayer spacing is small, their influence on the bulk
properties can be negligible. Further, the thermogravimetric anal-
ysis (TGA) analysis of the samples was carried out and depicted in
Figure 3b. All films exhibit an initial weight loss below 200 °C as
aresult of loss of adsorbed moisture. The breaking of ester bonds
between kondagogu and DDSA at 200 °C causes the release of
alkenyl chains, resulting in weight loss,/??! followed by the degra-
dation of gum polysaccharide chains above 250 °C./?!l From Fig-
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Figure 3. a) XRD pattern of the NaHec coating on KGNC film substrates. The inset is a TEM image of the NaHec coating with highly oriented PVA
intercalated NaHec platelets on the KGNC15 substrate. b) TGA curves of uncoated and coated KGNC films.
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Figure 4. a) Stress-strain curves and b) Modulus of NaHec coated and uncoated films.

ure 3b, it can be seen that the NaHec coating has no significant ef-
fect on the thermal stability of the films. However, the KGNC/Hec
samples show an increased leftover mass than the KGNC film
samples. This increased leftover mass can be attributed to NaHec
particles, which do not decompose below 800 °C.[*¢

2.4. Mechanical Properties of the Films

The mechanical performance of the uncoated and NaHec coated
KGNC films were analyzed and presented in Figure 4 and Table
S2 (Supporting Information). The effect of NaHec coating on the
mechanical properties of the films was determined by evaluating
their tensile strength (TS), elongation at break (¢), and modulus.
From Figure 4a, it is evident that the CNF loading increases the
TS of the films. This increase in TS arises from the secondary in-
teractions between the hydroxyl groups of CNFs and the matrix
via hydrogen bonding. This enables a stiff network between the
polysaccharide chains and the CNFs; as a result, a decrease in the
€ was observed. NaHec coating significantly enhanced the tensile
strength of the films. A three-fold increase in the tensile strength
of the films was observed after coating. Additionally, the NaHec
layer on the KGNC films serves as a stress transfer agent, increas-
ing the tensile strength of composite films in general. However,
unlike uncoated samples, KGNC10/Hec with lower CNF loading
exhibits higher TS values than KGNC15/Hec. This could be due
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to the aggregation of CNF at higher loadings.[??) These aggregates
may interfere with and inhibit the interactions between the Hec
coating and the film, resulting in lower TS values. The coating
further contributes to the stiffness of the films, which was evident
by the decrease in the elongation at break values. A similar ef-
fect has been observed in other clay-biopolymer nanocomposites
and coatings.[*7~*! In comparison to uncoated films, the modu-
lus of the NaHec coated films increased by around 200%. This
emphasizes the synergistic effect the clay coating has on the bio-
nanocomposite films. Further, the films were subjected to repet-
itive bending deformation up to 50 times, and no delamination
of the NaHec coating was observed. This suggests good compati-
bility between NaHec coating and KGNC films. Hydrophilic clay
nanoparticles have been known to show affinity toward biopoly-
mers like carrageenan,®" karaya,[*’! agar,[°!l and proteins.[*!

2.5. Barrier Properties of the Films

The shelf life of products is primarily determined by the barrier
properties of their packaging material, and hence high barrier
properties are required in the packaging materials.>’! Pristine
biopolymer films have inferior barrier properties and thus would
almost certainly need to be compounded with fillers that enhance
barrier properties to gain prominence in the high-performance
packaging industry.** Since ISO 14663-2 specifies 65% RH as
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Figure 5. Barrier properties of the uncoated and NaHec coated KGNC films a) OTR, b) OP, c) comparison of OP values with common packaging
materials, d) WVTR. EVOH, ethylene vinyl alcoholl®3]; HDPE, high-density polyethylenel*®l; PA 6, polyamide 6[°°); PET, polyethylene terephthalatel*?]; PLA,
polylactic acidl*2l; PP, polypropylenel*3l; PVC, polyvinyl chloridel**]; PVDC, polyvinylidene chloridel**]; Metallized PET, aluminum coated polyethylene

terephthalate.[*®]

a standard measurement for PVA, we rely on a spectrum of RH
(50% and 75% RH) enclosing this standard.

The KGNC films containing CNF exhibited good barrier prop-
erties at 50% RH; however, at 75% RH, an exponential drop in
the barrier properties was observed (Figure 5 and Table S3, Sup-
porting Information). This poor barrier performance at high RH
could be due to the affinity of kondagogu and CNF to mois-
ture leading to swelling and plasticization. As a result, the ab-
sorbed water molecules increase the polysaccharide chain mobil-
ity, thereby breaking the barrier structure and allowing the gas
molecules to diffuse through the film.[** Due to their low barrier
properties at high RH volumes, they may not be suitable for long-
term storage in humid environments. The clay coating has been
known to minimize not only the biopolymer film’s permeability
but also its susceptibility to water vapor concentrations. This abil-
ity of NaHec has been studied and established on several other
polymer matrices.|*>#%7] The nanocomposite coating’s lamellar
structure is comparable to natural nacre with low free inner vol-
ume arising from the large aspect ratio of the NaHec platelets.
This, along with CNF and the high filler content, is beneficial in
creating a tortuous path for gas diffusion, thereby enhancing the
barrier properties (Figure S2, Supporting Information). Build-
ing on this idea, NaHec clay nanoplatelets delaminated in PVA
solution were coated onto KGNC films. Prior to measuring the
oxygen transmission rate (OTR) and water vapour transmission
rate (WVTR) values, all films were carefully conditioned at room
temperature and at different RH levels (50% and 75%). At 50%
RH, the KGNC/Hec films with ~3 um NaHec coating demon-
strate exceptional barrier properties (Figure 5). The OTR values
of the films were as low as ~2 cm® m? day! bar!, a five-fold
decrease from the uncoated films (Figure 5a). Further, as hypoth-
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esized, increasing the RH to 75% had a negligible effect on the
OTR values. The uncoated KGNC10 and KGNC15 films exhib-
ited OTR values in the range of 540 and 630 cm® m™ day ! bar?,
respectively. Upon coating the films with NaHec dispersion, the
OTR values decrease by more than two orders of magnitude with
a >99% decrease in oxygen transmission. However, for a more
accurate comparison of these findings, the transmission rates
are converted into permeabilities as the thickness of the films
has been known to influence the transmission rates significantly.
Oxygen permeability (OP) can be defined as the rate of oxygen
transmitted per unit thickness of the film. Based on these find-
ings, the KGNC/Hec films clearly outperform the most widely
used non-biodegradable traditional plastic packaging films, sev-
eral coated and multilayered biopolymer films and are compara-
ble to high-performance packaging materials like polyvinylidene
chloride (PVDC) and aluminum-coated polyethylene terephtha-
late (PET) films (Figure 5c; Table S4, Supporting Information).
The tortuous diffusion path formed by high aspect ratio NaHec
platelets may be directly responsible for this improved oxygen
barrier property. This is because in the absence of NaHec, PVA
coatings have been shown to have significantly lower perme-
ability reductions, and their efficiency is extremely sensitive to
moisture.[*?] Further, the WVTR of the coated and uncoated films
were evaluated and depicted in Figure 5d. The same trend ob-
served in OTR holds well for the WVTR values of the coated and
uncoated films. The NaHec coating significantly reduced water
vapor transmission through the films. Even at an elevated RH of
75%, the WVTR values are reduced by a factor of 9, further em-
phasizing the lower moisture sensitivity arising from the high as-
pect ratio NaHec coating. Given the moisture sensitivity of kond-
agogu and CNF, as well as the water-based formulation of KGNC
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Figure 6. CO, accumulation as a function of time of KGNC films.

films and the NaHec coatings, the significant reduction in WVTR
values was noteworthy.

2.6. Biodegradability of the Films

The biodegradation of the samples was carried out in an aque-
ous medium under aerobic conditions with polyethylene (PE) as
negative control and aniline as a positive control. The cumula-
tive CO, of each test sample was determined and plotted as a
function of time to analyze the biodegradation rate (Figure 6).
The microbes consume oxygen and degrade the polysaccharide
chains generating carbon dioxide. As a result, monitoring CO,
buildup in the cell could offer information on the biodegrada-
tion rate of samples. All the tested biopolymer film samples ex-
hibit biodegradability, and the biodegradation increases with the
increase in incubation time. The CO, accumulation trend sug-
gests that the biodegradation rate increases quickly at the begin-
ning of the test, which seems to level off as the test proceeds.
This could be attributed to the increased availability of organic re-
sources for microbial assimilation, resulting in an increase in the
number of microbial colonies. As the test progresses, these re-
sources get exhausted, slowing the rate of biodegradation. From
the results, it was evident that the rate of degradation of coated
samples was higher than the uncoated samples. The improved
rate of biodegradation could be due to the ability of the clay to
promote hydrolytic degradation. Furthermore, soaking the film
in water causes the clay to swell, resulting in fragmentation of
the film, which increases the surface area, thereby improving the
biodegradation rate.*8! This acceleration of biodegradability in
the presence of clay nanoparticles has been observed in both con-
ventional and biobased polymers.[*>-¢3

3. Conclusions

High barrier, biodegradable packaging films based on gum
kondagogu were prepared by spray coating kondagogu/CNF
nanocomposite films with a waterborne dispersion of PVA and
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NaHec. The entire film fabrication and coating process are water-
based, making it environmentally friendly. The exfoliated NaHec
platelets formed a thin layer (=3 um) of highly ordered nacre-like
structure on the KGNC films. The coating improved the mechan-
ical properties of the material, as shown by the increased tensile
strength and modulus. Coating the films resulted in a threefold
increase in tensile strength and a 200% improvement in mod-
ulus. The obtained flexible packaging films exhibit high barrier
performance superior to many traditional plastics. The clay layer
formed a tortuous path for gas molecules to diffuse across, dra-
matically limiting their permeability. The coated films had OTR
values of ~2 cm® m™ day™! bar™, a fivefold improvement over
the uncoated films. The enhanced barrier properties are negligi-
bly affected by the increase in RH, as evidenced by a more than
99% decrease in oxygen transmission rates and a reduction in
water vapor transmission rate by a factor of 9, even at 75% RH.
Thus, KGNC/Hec films can be suitable for long-term packaging
even in highly humid conditions.

4. Experimental Section

Materials: Gum Kondagogu (Grijian Cooperative society, Hyderabad,
India) was purified and deacetylated using the methods we previously
reported.[24] Melt synthesis was used to synthesize sodium hectorite (Na-
Hec) [Nag 5™ [Mg;, s Lig s]°%[Sis]*®tO1oF,, following a process described
in the literature.[*’] The material had a 1.27 mmol g™' cation exchange ca-
pacity (CEC) and a high aspect ratio >20000. Cellulose nanofiber (CNF,
d = 10-20 nm, | = 2-3 um) was purchased from Nanografi co. Ltd.,
Germany. Hydrochloric acid, Sodium hydroxide, DDSA, Polyvinyl alcohol
(PVA, Mowiol 20-98 Mw 125 000), ethanol absolute, glycerol, glutaralde-
hyde, cyclohexane (>99%), and other analytical-grade chemicals were pro-
cured from Merck company.

DDSA Modification of Kondagogu and Fabrication of Nanocomposite
Films: Chemical modification of kondagogu and film fabrication was
carried out using the methods we recently reported.[?*] Briefl, DDSA
(30 wt.% of kondagogu, 30 mL) solution of absolute ethanol was slowly
added to deacetylated kondagogu aqueous solution (2 g in 100 mL) at a
pH of 8.5. After 7 h at constant pH of 8.5, 5% HCl was added to stop the re-
action, and the product was purified by dialysis for 7 days against distilled
water. The lyophilized product was further purified by Soxhlet extraction
with cyclohexane and dried overnight in an oven at 60 °C.

CNF reinforced gum films were prepared by dispersing CNF (10 and
15 wt.% of gum) in distilled water for 3 min at 12000 rpm using a ho-
mogenizer. 2 w/v% of modified kondagogu gum was mixed with the CNF
dispersion at 70 °C to ensure complete dissolution. Subsequently, glyc-
erol (30 w/w%) was added as a plasticizer, followed by a few drops of 1 m
HCl to achieve a pH of 3, and glutaraldehyde (10 w/w%) was added as a
crosslinker. After 1 h of stirring to enable homogenous mixing, the solu-
tions were cast into Petri dishes and dried for 12 h in an oven at 60 °C.
The DDSA modified kondagogu films containing 10 and 15% cellulose
nanofibers were denoted as KGNC10 and KGNC15, respectively.

NaHec Clay Coating of Films: Delamination of dry NaHec (3 wt.%)
was done in double-distilled water and allowed to mix for a week in an
overhead mixer. This was added dropwise into PVA (5 wt.%) solution, and
the total solid content was adjusted to 0.25% (50 wt.% NaHec, 50 wt.%
PVA) using double distilled water, and the dispersion was mixed overnight.
The dispersion was transferred to a speed mixer (Hauschild & Co. KC) to
enhance the dispersion quality and eliminate gas bubbles under a vacuum
just before coating. The dispersion was then transferred to a completely
automated spray coating system (SATA 4000 LAB HVLP 1.0 mm spray gun,
SATA GmbH & Co. KG, Germany). The obtained suspension was sprayed
on the dry KGNC film substrate (4 bar, 1 mL s~') attached to a conveyor
belt by means of a stationary airbrush (Figure 1a). The sample was then
dried for 90 s under an IR lamp at 40 °C (Figure 1b) for each spray cycle (a
total of 200 cycles). The films were then dried in an oven at 40 °C for 48 h
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to ensure complete water removal. KCNC10/Hec and KGNC15/Hec were
the designations for the coated KGNC10 and KGNC15 films, respectively.

Characterization Technigues: The surface morphology of the films was
studied using a scanning electron microscope (SEM, UHR FE-SEM Carl
Zeiss ULTRA Plus, Germany) with an acceleration voltage of 0.5-2.5 kV.
Transmission electron microscopy (TEM) images were obtained on JEM-
2200 FS (JEOL GmbH, Germany). An lon Slicer EM09100IS (JEOL GmbH,
Germany) was used to prepare thin cross-sections of the nanocompos-
ite films with coating. A Jasco V630 UV-Vis spectrophotometer was used
to determine the transparency of the films. X-ray diffraction (XRD) anal-
ysis was carried out on a Bragg-Bertano type diffractometer (Empyrean,
Malvern Panalytical BV, The Netherlands) equipped with a Pixel-1D de-
tector using nickel filtered Cu-Ka radiation (4 = 1.54187 A). A Thermo-
gravimetric analyzer (TGA-4000, PerkinElmer, USA) was used to determine
the films' thermal stability. The samples (5 mg) were analyzed in an inert
atmosphere with a nitrogen flow rate of 50 mL min~!. The analysis was
done at a temperature range of 30-800 °C with a heating rate of 10 °C
min~!. Stress—strain analysis on a Zwick/Roell BT1-FR0.5TND 14 was used
to evaluate the mechanical properties of the films. The samples were cut
into 3 mm x 30 mm dimensions and conditioned at 20°C for 24 h prior to
testing. A Mitutoyo 293-805 optical micrometer with a precision of 1 pm
was used to measure the thickness of each specimen. The width of the
specimens was measured using a Zeiss digital microscope, Smartzoom
5 equipped with a Zeiss PlanApo D 1.6x/0.1 FWD 36 mm objective (36 x
magnification) with a precision of =3 um (2 pixels), taking the average of
theww different positions in the gauge area as the final width. The sam-
ples were tested at a tensile speed of 5 mm min~" with a pristine gauge
length of 10 mm. The slope of the linear region of the stress-strain curves
was used to calculate the elastic modulus. The analysis was performed on
at |east ten specimens, and the statistical average is reported as a result.
Mocon OX-TRAN 2/21 instrument was used in the measurement of oxy-
gen transmission rates (OTR) with a lower detection limit of 0.05 cm? m~2
day~! bar~'. As a carrier gas, a combination of 98% nitrogen and 2% hy-
drogen was used, with pure oxygen (>99.95%, Linde Sauerstoff3.5) as the
permeant gas. The tests were performed at a temperature of 23°C and rel-
ative humidity of 50% and 75%. Mocon PERMATRAN-W 3/33 instrument
with a lower detection limit of 0.5 g m2 day ' was used to determine the
water vapor transmission rates (WVTR). The analysis was performed at
23°C and relative humidity of 50% and 75%.

The materials were evaluated for biodegradability under aerobic cir-
cumstances according to European standard technique based on I1SO
14851:1999. As an inoculum, 4.7 g L™ activated sludge from a wastew-
ater treatment plant (WWTP; Liberec, Czech Republic) containing about
100 000 CFU mL~" was utilized. The inorganic medium was prepared by a
mixture of four different solutions. Solution 1 had a mixture of 8.5 g L~ of
KH,PO,, 21.75 g L= of K,HPO,, 33.4 g L~ of Na,HPO,.2H,0, and 0.5 g
L=" of NH,Cl measuring a pH of 7.4; Solution 2 contained 22.5 g L™ of
MgSQ,.7H,0; solution 3 contained 36.4 g L~ of CaCl,.2H,0; solution 4
contained 0.25 g L™ of FeCl;.6H, 0. The medium was prepared by adding
10 mL of solution 1 to 500 mL of distilled water along with 1 mL each of
solution 2-4 and made up to 1000 mL. Pre-weighed samples (50 mg) were
added to the biological mixture of 95 mL of inorganic medium and 5 mL of
inoculum, then dosing the mixture into a 250 mL respiration cell and start-
ing the test immediately for 28 days. At the same concentration, activated
sludge containing no organics was utilized as a blank. A Micro-Oxymax
respirometer (Columbus Instruments International, USA) with a param-
agnetic oxygen sensor was used for measurements.
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3.4. Dialdehyde Modified Tree Gum Karaya: A Sustainable Green

Crosslinker for Gelatin-Based Edible Films.

Abstract: Natural biopolymers, which are environmentally friendly materials, are an appealing
resource for producing edible films. Edible packaging films may be consumed with the food or
beverage that they hold since they are made from edible components derived from plants and
animals. Even if they are not consumed, they disintegrate quickly, significantly reducing the waste
disposal problem. In this work, karaya dialdehyde (KDA) with a variable aldehyde content is
effectively produced through the periodate oxidation of gum karaya and subsequently used as an
eco-friendly crosslinking agent for edible gelatin films. Chemical crosslinking between the gelatin
protein chains is generated when KDA is added, producing a water-stable film. The mechanical
properties are found to be significantly improved as a result of the covalent bonding between the
two polymers. Excessive oxidation, on the other hand, has a detrimental effect on the film
properties. Despite the crosslinking, the films are biodegradable, suggesting that composite films
made in an environmentally benign manner in an aqueous media using polymers derived from

biosources may be utilizable in the edible film-based packaging sector.
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Dialdehyde Modified Tree Gum Karaya: A Sustainable
Green Crosslinker for Gelatin-Based Edible Films

Abhilash Venkateshaiah, Elmar Sehl, Renee L. Timmins, Stanistaw Wactawek,

Miroslav Cernik, Seema Agarwal, and Vinod V. T. Padil*

Natural biopolymers, which are environmentally friendly materials, are an
appealing resource for producing edible films. Edible packaging films may

be consumed with the food or beverage that they hold since they are made
from edible components derived from plants and animals. Even if they are not
consumed, they disintegrate quickly, significantly reducing the waste disposal
problem. In this work, karaya dialdehyde (KDA) with a variable aldehyde
content is effectively produced through the periodate oxidation of gum karaya
and subsequently used as an eco-friendly crosslinking agent for edible gelatin
films. Chemical crosslinking between the gelatin protein chains is generated
when KDA is added, producing a water-stable film. The mechanical proper-
ties are found to be significantly improved as a result of the covalent bonding
between the two polymers. Excessive oxidation, on the other hand, has a det-
rimental effect on the film properties. Despite the crosslinking, the films are
biodegradable, suggesting that composite films made in an environmentally
benign manner in an aqueous media using polymers derived from biosources

most common and widely known exam-
ples include coating cellulose on meat
and wax coatings on fruits and vegetables
to preserve freshness.! Concerns over
single-use conventional plastic packaging
and its environmental repercussions have
inspired the revival of these techniques.
Edible films are fabricated utilizing edible
ingredients and are used to wrap food
products. They protect the food products
from contamination, inhibit mass transfer
(gases, water vapor, and solutes), and facil-
itate ease of handling of the food product
while extending its shelf life. Edible films
produced from naturally derived materials
are nontoxic, biodegradable, and may also
be consumed with the food it holds. This
helps alleviate the problem of single-use

may be utilizable in the edible film-based packaging sector.

1. Introduction

Due to the growing interest in environmentally responsible
packaging materials and depletion of petroleum resources, the
development of alternative forms of packaging is increasing
worldwide.l""%) Biopolymer-based edible films and coatings have
gained popularity in recent years as they are environmentally
benign and cost-efficient.”"%! Food preservation using edible
films or coatings is not a novel technique; for decades, they
have been employed to keep food safe from deterioration. The

A. Venkateshaiah, S. Wactawek, M. Cernik, V. V. T. Padil
Institute for Nanomaterials

Advanced Technologies and Innovation (CXI)
Technical University of Liberec (TUL)

Studentska 1402/2, Liberec 1, Liberec 46117, Czech Republic
E-mail: vinod.padil@tul.cz

E. Sehl, S. Agarwal

Macromolecular Chemistry 11

University of Bayreuth

Universittsstrafle 30, 95447 Bayreuth, Germany

R. L. Timmins

Inorganic Chemistry |

University of Bayreuth

Universittsstrafie 30, 95447 Bayreuth, Germany

DOI: 10.1002/adsu.202100423

71

plastic packaging materials accumulating
in landfills, thereby reducing pollution.
Despite their numerous benefits, edible
films are unlikely to completely replace
traditional packaging materials. However, they may be consid-
ered a green alternative for food wrapping in order to increase
food stability, prevent contamination, and ensure safety during
storage and transportation."”! Edible films based on various
polysaccharides, proteins, fruits, vegetables, and other plant
and animal-derived components have been evaluated for
packaging applications utilizing a wide variety of analytical
techniques.*-!

Among the numerous materials investigated, gelatin stands
out as one of the widely studied animal-derived proteins for
the production of edible films. Gelatin is a partially denatured
derivative of insoluble fibrous collagen and is isolated from
the skin, bones, and tissues of various animals. Regardless of
its source, gelatin is nontoxic, biodegradable, biocompatible,
easily soluble in hot water, and has exceptional film-forming
ability, and is therefore suitable for food applications.!"®!
Despite these benefits, gelatin films swell and dissolve when
exposed to excessive humidity due to their hydrophilic nature.
As a result, crosslinking is an essential step to improve the
properties and stability of gelatin films. Crosslinking ensues
the formation of covalent bonds between the gelatin molecular
segments by means of its functional side groups like amino,
carboxyl, and guanidine groups, resulting in enhanced physical
and chemical characteristics of the film. Several crosslinkers
have been explored for gelatin-based systems including,
glutaraldehyde, formaldehyde, genipin, transglutaminase,



tannic acid, ferulic acid, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide, polydopamine, and proanthocyanidin.!"*-2!
However, these crosslinking approaches have disadvantages,
such as toxicity, high cost, quicker deactivation, poor sta-
bility, and so on. As a result, these crosslinking systems are
not ideal for the fabrication of gelatin-based edible packaging
since they raise concerns on the edibility of the films. This has
prompted the development of novel natural crosslinkers based
on dialdehyde-modified polysaccharides. By employing suit-
able oxidation systems, aldehyde groups may be introduced
into polysaccharide chains via oxidation of the polysaccharide’s
adjacent diols. These dialdehyde groups are reactive and may
crosslink eamino groups of lysine or hydroxylysine groups of
gelatin protein via Schiff's base formation. This allows for the
development of stable gelatin systems in a more environmen-
tally friendly, nontoxic, and cost-effective manner, utilizing a
biosustainable alternative crosslinker. Many polysaccharides,
including starch,? cellulose,”® xanthan gum,** pullulan,?*
and alginates,/’! have been modified and utilized to crosslink
gelatin films.

Gum karaya (GK) is a partially acetylated tree gum poly-
saccharide obtained from the exudates of sterculia urens trees
and other sterculia species. Native to India and northern
Africa, GK is a complex polysaccharide with a highly
branched structure made up of acidic sugars like D-galactu-
ronic acid, and D-glucuronic acid, as well as neutral sugars
like D-galactose, and L-rhamnose.””) GK has a poor water
solubility arising from the presence of acetyl groups and
high viscosity and swellability, and is used mainly in food,
pharmaceutical, and cosmetic applications.l*®! However,
upon the deacetylation of karaya using sodium hydroxide,
an improvement in the solubility is observed.”!! GK pos-
sesses several desirable characteristics including biorenew-
ability, biocompatibility, high acidic stability, and low cost.[*?!
Moreover, GK is biodegradable and nontoxic without any
allergenic, mutagenic, or teratogenic effects and is there-
fore an ideal choice for use in edible films.[*”] Despite these
advantages, the application of GK in food packaging and
coatings has received little attention. Furthermore, dialde-
hyde modification of GK and its influence on gelatin film
crosslinking has not been reported yet.

The primary objective of this study is to develop environmen-
tally safe edible films made from materials derived from natural
sources. This is the first-ever study to be reported on the dial-
dehyde modification of karaya and its use in the crosslinking
of edible gelatin films. Herein, dialdehyde modified karaya
(KDA) with various different contents of aldehyde was effec-
tively produced via chemical oxidation by sodium periodate
(SP). The obtained KDA was used to crosslink gelatin films,
and the effect of the aldehyde content on the physicochemical
properties of the gelatin films was studied. The dialdehyde
modification of GK and its crosslinking effect on gelatin was
confirmed via Fourier-transform infrared (FTIR) spectroscopy.
Furthermore, it was observed that the degree of oxidation and
aldehyde content had a significant impact on the mechanical
properties of the films. Despite the crosslinking, the biodegra-
dation of the components remained unchanged. This opens up
new possibilities for GK in the development of edible films for
food packaging applications.
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2. Results and Discussions

GK is a botanical gum polysaccharide with a complex branched
structure, and with abundant hydrophilic polar moieties such
as hydroxyl groups. Sodium periodate (SP) oxidation may
selectively cleave the carbon-carbon bond between the adja-
cent hydroxyl groups of GK, yielding a dialdehyde derivative of
GK (KDA). The periodate ion selectively oxidizes the hydroxyl
groups on the C2 and C3 of the GK repeating unit resulting in
a ring-opened structure with two aldehyde groups (Figure 1a).
The introduced aldehyde groups may form reversible hemi-
acetal linkages with the hydroxyl groups existing within the
same molecule or with adjacent molecules (Figure 1b,c). The
formation of these hemiacetal linkages between the oxidized
and unoxidized molecules has been shown to inhibit sodium
periodate from further oxidizing the polysaccharide chains.*%
Furthermore, degradation of the oxidized polysaccharide chains
has been observed to occur in conjunction with the periodate
oxidation (Figure 1d). This may be because dialdehyde polysac-
charides are more susceptible to hydrolytic attack than their
unmodified counterparts.l*+3!

Periodate oxidation allows a large number of aldehyde
groups to be introduced into GK polysaccharide chains, poten-
tially making it a nontoxic, bio-based crosslinker for gelatin
films. The degree of oxidation of GK may be controlled by
varying the amount of SP, and therefore KDA with different
aldehyde contents may be produced. Thereby, the reaction was
carried out using 25%, 50%, and 100% (wt% of GK), and the
products were denoted KDA2, KDAS, and KDA10, respectively.

The oxidation of the GK structure by periodate was con-
firmed by FTIR spectroscopy (Figure 2a). The FTIR spectra of
deacetylated GK reveals peaks at 3320, 2925, and 1035 cm™ cor-
responding to the —OH, C—H, and C—0—C stretching vibra-
tions, respectively, and the peaks at 1600 and 1410 cm™ are due
to the carboxylate groups of uronic acids.?”! The 1730-1740 cm™
range in the FTIR spectrum of the oxidized polysaccharide is
a fingerprint region of the aldehyde groups introduced during
the oxidation process.l’l The FTIR spectra of KDA with varying
SP concentrations exhibit small peaks of varying intensity at
1733 cm™, suggesting the successful dialdehyde modification
of GK. Furthermore, the intensity of the peak increases with
an increase in the SP concentration. This indicates that when
the concentration of sodium periodate in the reaction mixture
increases, so does the aldehyde content. Despite the formation
of reversible intramolecular and intermolecular hemiacetal
connections, the signal at 1733 cm™ implies that some free
aldehyde groups capable of crosslinking gelatin molecules
persist. The degree of oxidation corresponding to the alde-
hyde content was further quantified via hydroxylamine hydro-
chloride titration, and the results are shown in Figure 2b. As
shown in Figure 2b, the degree of oxidation increases as the
concentration of SP increases, confirming the results obtained
from FTIR. Figure 3a shows the solid-state carbon-13 cross-
polarization magic angle spinning nuclear magnetic resonance
(PC CP-MAS NMR) spectra of GK and KDA with varying
degrees of oxidation. The signals at 160-180 ppm are due to the
carboxylic groups of uronic acids, and the changes occurring
are likely due to the intermolecular interactions of carboxylic
groups.**l The broad and increasing intensity signals appearing
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Figure 1. Reactions involved in the sodium periodate oxidation of gum karaya a) Dialdehyde modification of gum karaya, formation of reversible
b) intramolecular and c) intermolecular hemiacetal linkages, and d) molecular chain scission.

at 90-100 ppm suggest that the GK has been successfully oxi-  studies.*®¥] The molecular weight of the deacetylated GK and
dized, and the aldehyde groups of the KDA are hydrated or  various KDA was analyzed by gel permeation chromatography
have reversibly formed hemiacetal linkages.***! The signal  (GPC) (Figure 3b; and Figure S1, Supporting Information). The
intensity is further seen to be increasing as a function of SP  oxidation of polysaccharides by periodate is known to cause a
concentration, which is consistent with the previously reported  reduction in their molecular weight. This decrease in molecular
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Figure 2. a) FTIR spectra of the aldehyde derivatives of gum karaya, b) degree of oxidation determined by hydroxylamine-hydrochloride titration method
(inset: increase in the intensity of the FTIR peak at 1733 cm™, with the increase in the sodium periodate concentration).

73



5
(3) Karaya (b)
~——— KDA2 I
KDAS al |
— KDA10 _—
a 31
=
Z 2
A )
0
250 200 150 100 50 0 Karaya KDA2 KDAS5 KDA10
Chemical Shift (ppm)

Figure 3. a) '*C CP-MAS NMR spectra of aldehyde derivatives of gum karaya, b) Molecular weight of gum karaya and its derivatives determined by GPC.

weight is due to the cleaving of polymer chains, which co-occurs
with the introduction of aldehyde groups into the molecular
chains. The results indicate that the molecular weight of GK
decreases significantly due to oxidation, and a further decrease
in the molecular weight was observed with the increase in
SP dosage. The molecular weight of the deacetylated GK was
found to be 4.5 MDa, which upon oxidation decreased to 1.1, 1,
and 0.25 MDa for KDA2, KDAS, and KDAI10, respectively.

The obtained KDA of varying oxidation degrees and alde-
hyde content was used to crosslink gelatin-based edible films.
Through Schiff’s base formation, the aldehyde groups of KDA
may react with the g-amino groups of gelatin protein, forming
a crosslinked structure (Figure 4a). The nucleophilic nitrogen
in the amino group of the gelatin attacks the electrophilic
carbon of the KDA aldehyde group, resulting in the formation
of Schiff's base. The reaction proceeds in an aqueous solution
under physiological conditions without generating any toxic
byproducts.®® This enables the fabrication of stable, nontoxic,
edible films made entirely of biopolymers. The gelatin-to-GK
ratio was kept constant at 5:1, and the effect of the oxidation
degree of KDA on the physicochemical properties of the gel-
atin films was analyzed. From Figure 4b, it is evident that all
the films obtained were transparent. However, the color of the
films changed with the addition of KDA of various different oxi-
dation degrees. The color of the samples varied from yellow for
G-KDA2 to brown for G-KDA10. A shift in color from white/
colorless to yellow or brown distinguishes the reaction between
gelatin and an aldehyde based crosslinker.[*®! The creation of
an imine bond and the formation of Schiff's base between the
gamino groups of gelatin protein and the aldehyde groups of
the KDA brings about this change in color.

FTIR spectroscopy was used to confirm the interactions
between gelatin and KDA. Figure 4c shows the FTIR spectra
of neat gelatin film and KDA incorporated crosslinked gelatin
films. The FTIR spectra of all the films show peaks corre-
sponding to gelatin functional groups (Figure 4c). The peak at
~3284 cm™! corresponds to the N—H and O—H stretching of
amide A group; the peak at =1630 cm™ arises due to the C=0
stretching of the amide I group; the peak at =1540 cm™ may be
assigned to the C—N stretching and N—H bending of the amide
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I1 group; the peak at 1238 ecm™ is due to the N—H in-plane
bending and C—N stretching of the amide IIT group; and
the peak at 1033 cm™ corresponds to the C—O stretching.*”!
Because of the presence of KDA, the peak intensity of the
composite films at 1033 cm™ is greater than that of the neat
gelatin film, which may be ascribed to the C—O stretching
arising from the KDA.M) The absence of KDA's distinctive
aldehyde peak at 1733 cm™ in all the composite films implies
that these groups were consumed in the formation of Schiff's
base, whereby crosslinking the gelatin films.”>* The finger-
print peak of Schiff's base, formed by the reaction between
the aldehyde and eamino groups, is generally visible around
1630 cm'. However, the C=0 stretching in the amide I group
of gelatin also exhibits a peak in the same region, making it dif-
ficult to discern the formation of Schiff's base.l?!l Moreover, the
decreased relative intensity of the peak =1540 cm™ of the char-
acteristic amide Il group of gelatin suggests the involvement of
this group in the crosslinking reaction.%3%

Furthermore, the thermal stability of the films was evalu-
ated via thermogravimetric analysis (TGA). The TGA and
DTG curves of gelatin and films crosslinked with different
KDAs are given in Figure 4d; and Figure S2 (Supporting
Information). Gelatin film in the absence of KDA shows max-
imum degradation at 320 °C. All the crosslinked films exhibit
similar thermal degradation stages in the examined tempera-
ture range. The first stage of thermal degradation occurs at
around 40-130 °C, which may be attributed to the evaporation
of adsorbed and bound water. The second degradation step
is around =260 °C, which may be assigned to the removal of
glycerol and the degradation of oxidized karaya chains. The
final degradation step corresponds to the degradation of gel-
atin molecular chains. The temperature of 50% degradation
(Tsp) was found to be 332 °C for gelatin and =320 °C for the
other films. This may be due to the difference in the degrada-
tion temperatures (T,,.,) of karaya and gelatin. The degrada-
tion temperature of karaya is around =288 °C, while the deg-
radation temperature of gelatin is =320 °C.[*>*#] Owing to this
difference in the degradation temperatures of the two com-
ponents, the thermal stability of the composite films is lower
than that of neat gelatin films.
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The mechanical strength and flexibility of the packaging films
are critical for ensuring safe packaging, storing, and handling
of the product, which further influences the product’s shelf life.
The influence of the KDA incorporation and its crosslinking
effect on the mechanical performance of edible gelatin films
were evaluated via tensile tests, and the results are depicted in
Figure 5a; and Figure S4 (Supporting Information). The tensile
strength (TS) of neat gelatin films plasticized with glycerol is
5.9 £ 0.7 MPa with an elongation at break (EB) value of 242 +
37%. Upon incorporation of KDA, a significant increase in the
tensile strength of the films was observed. This may be attrib-
uted to the chemical crosslinking of the gelatin films by KDA.
The incorporation of KDA2 resulted in the highest increase in
tensile strength, with a TS value of 18 + 1.93, while the G-KDA5
and G-KDA10 films had TS values of 13.1 + 2.01, and 15 + 2.31,
respectively. The addition of KDA to the gelatin films increased
the tensile strength of the films by more than twofold. However,
it was observed that the addition of KDA lowered the EB values
of the films (Figure 5b). This suggests that the stretchability of
the films was negatively affected by the crosslinking action of
KDA. This is a common phenomenon observed in gelatin films
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crosslinked with oxidized polysaccharides.**?*l Furthermore,
it is also worth mentioning that no positive correlation was
observed between the oxidation degree and the TS of the films
(Figure 5b). A significant increase in the TS was observed after
crosslinking gelatin with KDA with a lower oxidation degree of
31.5%. However, as the oxidation degree increased, a decrease
in the TS was observed. This may be due to the different types
of crosslinks formed in edible films. It is well known that SP
oxidation reduces the length of the polysaccharide chains
as well as the molecular weight of the dialdehyde modified
product.® This change in chain length gives rise to different
types of crosslinks. This is supported by the crosslinking index
calculated by the ninhydrin assay (Figure S3, Supporting Infor-
mation). It was observed that as the molecular weight of the
KDA decreased, the crosslinking degree of the film increased.
This is due to the increase in the diffusion coefficient of the
low molecular weight of KDA, which allows for more crosslinks
between the gelatin chains. KDA with a low oxidation degree
has more extended and flexible chains, allowing for long-range
crosslinking between gelatin molecules. By connecting more
gelatin molecules while maintaining extended gaps between
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Figure 5. Mechanical properties of the edible films. a) Stress—strain curves of different films, b) Influence of the incorporation of KDA with varying

degrees of oxidation on the mechanical performance of edible gelatin films.

crosslinking sites, this long-range crosslinking generates an
optimum network between KDA and gelatin with improved
characteristics. In contrast, KDA with a higher oxidation degree
has shorter chain lengths, which leads to short-range crosslinks,
resulting in a poor network and crosslinking. Similar observa-
tions were made previously when using crosslinking agents
with different molecular weights.[>#

Oxygen, as is widely known, may induce food oxidation,
affecting a variety of food characteristics, such as odor, color,
flavor, and nutritional content. The ability of the packaging film
to prevent oxidation or deterioration of a product is a key para-
meter that influences the quality of the finished product and
the shelf life of the food. Therefore, it is crucial to evaluate the
oxygen barrier (OB) properties of the films. Prior to the meas-
urement, the edible films were conditioned at 50% and 75%
relative humidity (RH) at 23 °C. Since the biopolymeric films
are sensitive to humidity levels, the oxygen transmission rates
(OTR) were evaluated at two different RH (Figure 6a). In addi-
tion, the OTR values were converted into oxygen permeability
(OP) values, which take the thickness of the films into account,
enabling a more reasonable assessment of the OB characteris-
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tics (Figure 6b). Overall, the KDA crosslinked films exhibited
higher OB properties than the neat gelatin film. This increase
in the OB values may be attributed to the development of chem-
ical crosslinks between gelatin protein chains and KDA, which
creates a compact film structure slowing oxygen permeability
through the film. The OB properties of the films were consider-
ably reduced when the RH was raised to 75%. This is a typical
phenomenon with biopolymer films owing to their affinity to
moisture and its subsequent plasticizing effect and increased
gas permeation.l“*¥] Due to its optimal networking produced by
long-range crosslinks, G-KDA2 exhibits superior OB properties
to G-KDAS and G-KDA10 at both 50% and 75% RH. This accen-
tuates the effect of crosslinking in terms of the film barrier char-
acteristics.[*®l The water vapor transmission rates (WVTR) of the
films follow a similar pattern to the OB characteristics (Figure
S5, Supporting Information). At 50% RH, G-KDA2 demon-
strated lower WVTR values than the other films. However, at
75% RH, there was no positive correlation between the WVTR
values of the films. This may be due to the higher sensitivity of
the biopolymer films to water vapor and humidity, resulting in a
considerable loss of water vapor barrier characteristics.
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Figure 6. Barrier properties of the edible films. a) Oxygen transmission rate, and b) Oxygen permeability.
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The edible films were tested for biodegradation using the
ISO 14 851:1999 European standard technique, with aniline
as a positive control and polyethylene as a negative control.
One of the key characteristics that distinguish edible films
is their inherent biodegradability. In this study, the influ-
ence of gelatin and KDA crosslinking on the biodegradation
of the otherwise inherently biodegradable materials was ana-
lyzed under aerobic conditions. Gelatin is an animal-sourced
protein material composed of oligopeptides, and karaya is a
tree-sourced polysaccharide, both of which are inherently bio-
degradable.?>*] In the presence of oxygen, microbes break
down the material into smaller molecules, which are then
subsequently converted to carbon dioxide through metabolic
or enzymatic processes. It is possible to assess the material’s
biodegradability under aerobic conditions by monitoring the
carbon dioxide (CO,) generated during the degradation pro-
cess. Figure 7 shows the evolution of CO, during the biodeg-
radation test period of the samples, which correlates to the
biodegradation rate. It is evident from the results that all the
samples exhibit biodegradation with a short incubation time
(<1 day). The CO, buildup pattern indicates that the biodeg-
radation rate increases rapidly at the start of the test, which
is associated with the abundant availability of nutrients
in the form of organic materials. The microbes assimilate
these organic resources and multiply while generating large
quantities of CO,. However, as time progresses, the CO, accu-
mulation plateaus, suggesting the depletion of the resources
and completion of degradation. It is worth noting that all the
samples are entirely biodegraded within ten days of the test
period, indicating excellent biodegradability. This suggests
that even after crosslinking, the films retain the biodegrada-
bility of their individual components.

3. Conclusions

This work elucidates the development of eco-friendly
biopolymer edible films based on gelatin and GK. GK was
oxidized with SP to obtain KDA containing aldehyde groups,

which was then used as a “green” crosslinking agent for gel-
atin. Through the formation of Schiff's base, the resulting
crosslinked structure improved the stability of the films. The
enhanced compaction of gelatin protein chains induced by
crosslinking resulted in a substantial improvement in the
mechanical properties of the films. The mechanical character-
istics were also found to be dependent on the degree of oxida-
tion. Furthermore, crosslinking with KDA also improved the
oxygen barrier characteristics of the gelatin films. Despite the
crosslinking, the materials retained their inherent biodegrada-
bility and were found to degrade entirely within ten days. The
obtained results highlight GK as a sustainable green alternative
for crosslinking edible gelatin films.

4. Experimental Section

Materials: Partially acetylated GK with My, of =9.5 x 10® g mol™ was
procured from Sigma-Aldrich. Deacetylation of GK was performed
following a procedure previously reported.*%! Gelatin (bovine skin, Type
B), sodium periodate, hydroxylamine hydrochloride (99%), glycerol, and
other analytical grade chemicals were obtained from Sigma-Aldrich.

Dialdehyde Modification of GK: Dialdehyde modification of deacetylated
GK was performed using different concentrations of sodium periodate.
Briefly, 1 g of deacetylated GK was dissolved in 80 mL of distilled water.
Then, 20 mL of a SP solution of different concentrations (25, 50, and
100 wt% of GK) was added to this solution, followed by adjusting the
pH of the reaction mixture to 4 using 1 m sulfuric acid. The reaction
mixture was heated to 40 °C and stirred continuously in the dark for 4 h.
The obtained product was dialyzed against distilled water for 5 days. The
dialyzed solution was then frozen overnight and lyophilized to obtain
dialdehyde modified GK (KDA). The obtained products were denoted as
KDA2, KDAS, and KDA10, corresponding to the SP concentrations of 25,
50, and 100 wt%, respectively.

Oxidation Degree of KDA: The oxidation degree of KDA was determined
employing the hydroxylamine hydrochloride titration method.?8l The
process involves the conversion of KDA to oxime via the reaction of
Schiff's base with hydroxylamine hydrochloride. The procedure involved
the dissolution of a 0.1 g KDA sample in 25 mL of 0.25 m hydroxylamine
hydrochloride solution, and the released hydrochloric acid was titrated
against 0.1 v NaOH. Methyl orange (0.1%), which changes color from
red to yellow at the endpoint, was used as an indicator. Titration was
performed in triplicates. The aldehyde content was calculated using the
following equation

CaoH (Vsample — Vilank ) X Mgy
m

X100 M

Degree of oxidation (%)=

where Cy,op is the concentration of NaOH = 0.1 mol L™, Vi, moieVolank is
the volume of NaOH consumed (L), My is the approximate molecular
weight of the GK repeating unit, and m is the dry weight of the KDA
sample (g).

Preparation of KDA Crosslinked Gelatin Films: A gelatin solution
(3 w/v%) was prepared by dissolving gelatin in distilled water at 50 °C
under constant stirring for 30 min. After complete dissolution, glycerol
(25 wt% of gelatin) was added to the solution and stirring continued for
30 min. Simultaneously, the KDA solution was prepared by dissolving
KDA in distilled water at 70 °C under vigorous stirring. Finally, the
two solutions were mixed in a 5:1 (gelatin: KDA) weight ratio and
continued stirring for 1 h. The film-forming solution was then poured
onto polystyrene petri dishes and dried in an oven at 60 °C for 12 h.
The films were peeled off the petri dishes and placed in zipper storage
bags for further use. The films prepared using KDA2, KDAS, and KDAT0
were denoted as G-KDA2, G-KDAS, G-KDAIO, respectively. A neat
gelatin control film was prepared using the same procedure without the
addition of KDA.
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Characterization Techniques: Attenuated total reflection Fourier
transform infrared spectroscopy (ATR-FTIR, Nicolet 1Z10, Thermo
Scientific, USA) with a multireflection, variable angle, and horizontal ATR
accessory was used to examine the functional groups of the obtained
materials at a resolution of 4 cm™. A thermogravimetric analyzer (TGA-
4000, PerkinElmer, USA) was used to determine the thermal stability of
the materials at temperatures ranging from 30 to 500 °C at a heating
rate of 10 °C min". To ensure an inert atmosphere, the samples (=5 mg)
were analyzed in a nitrogen atmosphere at a flow rate of 50 mL min .
Solid-state NMR (JEOL 400YH, Japan) was used to analyze the samples,
utilizing C CP-MAS NMR techniques with 9216 scans and analyzed
using Delta v6.0 software. The spectra were referenced with the external
standard yglycine (& 174.1), and intensities normalized to the signal
from —CH; within the samples. GPC measurements were performed
on the Dionex Ultimate 3000 system with an LPG-3400SD quaternary
gradient pump. An Agilent 1260 infinity Il MDS RALS/LALS detector was
used for light scattering detection. A Varian 385-LC detector was used for
ELSD detection. A Shodex Asahipak GF-7M HQ column with a particle
size of 9 um, pore size of 10 A, length of 300 mm, and internal diameter
of 7.5 mm was used to determine the molecular weight. The mobile
phase (200 x 107 M ammonium acetate in 3% acetonitrile) flow rate
was maintained at 0.6 mL min™, and the column temperature was kept
at 35 °C. The sample injection volume was 30 pL. Shodex P-82 pullulan
standards of the molecular weights 800, 400, and 200 kDa were used to
calibrate the column.

A Ninhydrin assay was used to determine the degree of crosslinking
by estimating the percentage of free amino groups present in the
samples.’ Briefly, 5 mg of the film was rehydrated in distilled water,
followed by the addition of 1 mL of ninhydrin solution. This solution
was heated at 100 °C for 30 min. The solution was then cooled to room
temperature and diluted using 50% v/v ethanol. The absorbance of these
solutions was measured on an Ultraviolet-visible spectrometer (UV-Vis;
Hach Lange DR 3900) with matching at 570 nm. The crosslinking index
was calculated using the following equationl>

B Absorbance of films
Absorbance of pure gelatin film

Crosslinking index%:[1 ]x]OO (2)

The mechanical performance was determined by stress-strain testing
on a Zwick/Roell BTI-FR 0.5TND14. The samples were cut to a size
of 3 x 30 mm? The thickness of each sample was measured with a
Mitutoyo Series 293 (0-25 mm) digital micrometer. The samples were
conditioned at 23 °C for 24 h before testing. The samples were tested
at a speed of 10 mm min™ with a pristine gauge length of 10 mm.
The slope of the linear region of the stress—strain curves was used to
calculate the elastic modulus. All samples were measured seven times,
and the statistical average is reported as the result.

The OTR were measured using a Mocon OX-TRAN 2/21 instrument,
with a lower detection limit of 0.05 cm® m™2 day™' bar™. Pure oxygen
(»99.95%, Linde Sauerstoff 3.5) was used as the permeant gas, with
a carrier gas comprising 98% nitrogen and 2% hydrogen. The barrier
properties were analyzed at a temperature of 23 °C and 50% and 75%
RH. A Mocon PERMATRAN-W 3/33 instrument (0.5 g m™ day™ lower
detection limit) was used to determine the WVTR.

The biodegradability of the films was assessed under aerobic
conditions according to the European standard technique based on 1SO
14 851:1999, as reported previously*®l Activated sludge obtained from
the Liberec wastewater treatment plant at a concentration of 4.7 g L™
and 100 000 CFU was used as an inoculum. The test was conducted for
28 days in a 250 mL respiration cell with preweighed samples added to a
mixture of 95 mL of a medium and 5 mL of the inoculum. The medium
was made up of four different solutions. Solution 1 was a mixture of
KH,PO, (8.5 g L), K;HPO, (21.75 g L), Na,HPO,.2H,0 (33.4 g L),
and NH,Cl (0.5 g L") with a pH of 7.4. Solutions 2, 3, and 4 consisted
of MgSO,.7H,0 (22.5 g L), CaCl,.2H,0 (36.4 g L), and FeCl;.6H,0
(0.25 g L), respectively. A total of 10 mL of solution 1 and 1 mL each of
solutions 2, 3, and 4 was added to 500 mL of distilled water and made
up to 1000 mL. A Micro-Oxymax respirometer (Columbus Instruments
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International, USA) with a paramagnetic oxygen sensor was utilized for
the measurements.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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3.5. Recycling non-food-grade tree gum wastes into nanoporous

carbon for sustainable energy harvesting

Abstract: The disposal of natural wastes has become a global problem and the use of lower-grade
gums is very limited owing to their impurities as well as sticky nature. Rather than disposing these
wastes, nanoporous carbon (nC) has instead been synthesized by carbonization and exfoliation.
The synthesized nC exhibits a substantially high surface area along with abundant
micro/mesopores. This desirable and useful nature of nC is well-suited for water-driven effective
electrical energy conversion, which enables the fast evaporation of water via a capillary action
through nanopores. Under asymmetric wetting in a water container and ambient conditions, the
nC-based energy harvesters showed high capability of electricity production and reliable output
generation, easily turning on a blue light-emitting diode (2.5 V and 20 mA) using a stored power
source. In summary, many energy harvesters can be manufactured for the scale-up of electricity,
and the suitability of regenerated carbon nanomaterials for green energy harvesting can contribute

toward alleviating chronic environmental issues.

Citation: Abhilash Venkateshaiah, Jun Young Cheong, Sung-Ho Shin, Akshay Kumar K. P, Tae
Gwang Yun, Jachyeong Bae, Stanislaw Wactawek, et al. “Recycling Non-Food-Grade Tree
Gum Wastes into Nanoporous Carbon for Sustainable Energy Harvester.” Green Chemistry

22 (4): 1198-1208 [2020]

80



Green Chemistry

~ ROYAL SOCIETY
~OF CHEMISTRY

View Article Online

View Journal

| 1) Check for updates ‘

Cite this: DOI: 10.1039/c9gc04310a

Received 17th December 2019,
Accepted 22nd January 2020

DOI: 10.1039/c9gc04310a

Recycling non-food-grade tree gum wastes into
nanoporous carbon for sustainable energy
harvestingt

Abhilash Venkateshaiah,}* Jun Young Cheong,1” Sung-Ho Shin,;®

K. P. Akshaykumar,© Tae Gwang Yun,® Jaehyeong Bae, (& ® Stanistaw Wactawek, {52
Miroslav Cernik,? Seema Agarwal,@d Andreas Greiner, 9 Vinod V. T. Padil, (& *?
Il-Doo Kim & *° and Rajender S. Varma (@ *¢

The disposal of natural wastes has become a global problem and the use of lower-grade gums is very
limited owing to their impurities as well as sticky nature. Rather than disposing these wastes, nanoporous
carbon (nC) has instead been synthesized by carbonization and exfoliation. The synthesized nC exhibits a
substantially high surface area along with abundant micro/mesopores. This desirable and useful nature of
nC is well-suited for water-driven effective electrical energy conversion, which enables the fast evapor-
ation of water via a capillary action through nanopores. Under asymmetric wetting in a water container
and ambient conditions, the nC-based energy harvesters showed high capability of electricity production
and reliable output generation, easily turning on a blue light-emitting diode (2.5 V and 20 mA) using a
stored power source. In summary, many energy harvesters can be manufactured for the scale-up of elec-
tricity, and the suitability of regenerated carbon nanomaterials for green energy harvesting can contribute
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Introduction

Polysaccharides isolated from tree exudates, seeds and sea-
weeds and from microbial origin are a class of biomaterials
garnering prominent research interest. These natural biopoly-
mers are well established in food and pharmaceutical indus-
tries as stabilizing, suspending, gelling, emulsifying, binding,
thickening and coating agents.”> Amongst various biomater-
ials, many naturally derived gums are modified to tailor their
properties for controlled drug delivery, tissue reconstruction,
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toward alleviating chronic environmental issues.

pH-sensitive hydrogels, and biosorbents for heavy metals."*"*

In all the aforementioned applications, however, the utilized
gums are only of higher grade with better purity and the lower
grade contaminated gums often end up being discarded, thus
increasing waste biomass. Nowadays, owing to rising environ-
mental concerns, there is a need for utilizing this biomass
waste to generate beneficial products with potential end-use
applications. In particular, the synthesis of carbon-based
materials from zero-value waste biomass is a new area of focus
and swiftly gaining precedence as these low-value materials
often possess a high carbon content. Recently, a number of
results have been reported that utilize various agricultural resi-
dues and sea food wastes for functional applications.® Waste
biomass including lignin,® rice husk,” and wheat straws®
has been used in the synthesis of carbonaceous materials.
The ensuing carbon materials from waste biomass have
found their applications in environmental remediation,”'’ cat-
alysis,"* energy storage,'* and electrochemical energy storage
and sensors."*'* By designing a suitable scalable process, it is
possible to exploit these undervalued discarded waste
materials.

Compared with other bio-wastes, gum wastes [Grade II and
111 types of gum arabic (GA), guar gum (GG), gum karaya (GK)]
present significant problems as they are viscous and readily
attach to various substrates and powders unlike other bio-
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wastes that can be decomposed in a controlled fashion.
Moreover, these gum wastes cannot be used for food and
pharmaceutical applications due to their highly acidic nature,
and they are disposed as bio-wastes of no commercial value.
On the other hand, there are significant merits in utilizing
low-grade gum wastes (both grade II and grade III): the
inherent presence of carbon-rich substances can be exploited
in the presence of metal impurities that can be co-doped to
fabricate carbon-based materials. These gum wastes possess
multi-branched structures with enhanced physicochemical
and mechanical properties, which can be adopted for various
potential applications. Therefore, it is an enticing strategy to
develop a facile and general synthetic process to recycle these
gum wastes for functional use rather than perpetually throw-
ing the wastes in already overburdened disposal sites.

In this work, we have successfully developed a generalized
synthetic method to fabricate nanoporous carbon (nC) by heat
treatment and exfoliation. This method is highly versatile and
applicable to a wide variety of lower-grade gums (GA, GG, and
GK) and a commercial xanthan gum (XG), which were all trans-
formed into nC with high surface area and pore volume. In
view of their abundant micropores and mesopores, assisting in
the fast ion transport kinetics with low-resistance pathways
and short ion channels, they can be deployed for various appli-
cations, including energy harvesting that generates power. The
nC-based fabricated energy harvesters have shown the capa-
bility of generating an output voltage of ~0.4 V and current of
~3 pA attributed to the capillary action through the nanopores
in nC. The charged power source from the nC-based energy
harvester was demonstrated to turn on a commercial blue LED
with an operation voltage of 2.5 V. Moreover, such energy har-
vester device can be scaled up, being capable of turning on
objects requiring higher voltages and currents, such as a uni-
versity logo.

Experimental section
Materials

Isopropanol, potassium hydroxide (KOH), hydrochloric acid
(35 wt%), and sulfuric acid (96 wt%) were purchased from
Penta, Czech Republic. Distilled water was obtained by an
ELGA purelab flex system (ELGA, Veolia Water, Marlow, UK).
Gum samples of different types (grades II and III), such as
gum arabic (GA), gum karaya (GK), guar gum (GG), were pro-
cured from the Girijan Cooperative society (GCC), Hyderabad,
India. These gums are non-edible tree gums that are usually
considered as waste biomaterials, which were labeled as Grade
II and III, respectively. Xanthan gum, a commercial gum, was
obtained from Sigma-Aldrich. Poly(acrylic acid) (PAA) and car-
boxymethyl cellulose (CMC) were purchased from Sigma
Aldrich.

Synthesis of nC

Lower grade gums (such as GA, GK and GG), procured as bio-
waste, were cleaned by washing thoroughly with distilled water

to remove any dirt and impurities. In addition to tree-based
gums (GA, GK and GG - all are Grade II and III), a commercial
xanthan gum from bacteria has been used to make nC. These
gums were then dried overnight at 80 °C to remove residual
water and moisture. The dried gums were then powdered in a
high-speed mechanical blender followed by sieving (mesh size
- 250 um) to obtain a fine sample. The powdered samples were
then pyrolyzed in a furnace at 800 °C under a nitrogen atmo-
sphere for a period of 2 h at a heating rate of 3 °C min™". This
yielded a carbonized product, which was then washed with iso-
propanol followed by distilled water to remove any organic
impurities. The carbonized product was further mixed homo-
genously with KOH in a ratio of 1:3 by weight using a mortar
and pestle. The mixture was again heated to 800 °C in a
furnace under nitrogen atmosphere for 1 h at a heating rate of
5 °C min~’. The resulting product was washed with 1:1 HCl
solution to remove any residual KOH, and again washed with
distilled water to neutralize the product. Furthermore, the
product was dried at 80 °C overnight. The exfoliation of the
final product was accomplished in 10% H,SO, solution using
a probe sonicator. The exfoliation was carried out for 1 h with
a pulse “on” and “off” time of 5 seconds with a power of 25 W.
The solution was placed in an ice bath to reduce the heat gen-
erated during the process. The final product was washed
several times with distilled water to attain neutrality followed
by drying overnight at 80 °C. The micro/mesoporous renewable
carbons obtained were generally called nanoporous carbon
(nC). The carbon obtained from Gum Arabic, Gum Guar, Gum
Karaya, Gum Xanthan were denoted by GAnC (Gum Arabic
Nanoporous Carbon), GGnC (Gum Guar Nanoporous Carbon),
GKnC (Gum Karaya Nanoporous Carbon), and XGnC (Gum
Xanthan Nanoporous Carbon), respectively.

Characterizations

Fourier transform infrared spectroscopy (FTIR) was carried out
on a NICOLET 1Z10, Thermo Scientific, USA, Attenuated total -
reflection Fourier transform infrared spectroscope (ATR-FTIR)
employing a germanium ATR crystal provided with a 45° single
reflection angle horizontal ATR accessory. Raman spectroscopy
was performed on a Raman DXR microscope, Thermo Fisher
Scientific, USA, at a laser excitation wavelength of 514 nm from
an Argon laser with 1 em™" spectral resolution. The surface
area and pore volumes of the samples were determined by
nitrogen adsorption-desorption analysis on a Quantachrome
Instruments NOVA3200 analyzer using NovaWin software, 5
points of Brunauer-Emmett-Teller (BET) analysis for the total
surface area, and a nonlocal density functional theory (NLDFT)
technique for the pore size distribution. The samples were
degassed at liquid nitrogen temperature for 15 h prior to
measurement. The sample surface morphology and the
elemental composition were assessed on a UHR FE-SEM
instrument (Carl Zeiss ULTRA Plus, Germany), operating at
0.5-2.5 kV acceleration voltage. X-ray diffraction spectroscopy
was carried out on a Bruker AXS/8 instrument (Berlin,
Germany), and the diffraction spectra were obtained using Cu-
Ka radiation (40 kV, 60 mA). The XPS analysis was carried out
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using a PHI VersaProbe III scanning XPS microprobe
(Kanagawa, 253-8522, Japan).

Dye adsorption tests

The dye adsorption studies were carried out on an anionic dye
(methyl orange) and a cationic dye (methylene blue). The
adsorption experiments were performed in 25 ml glass vials
under ambient conditions. The vials were filled with dye solu-
tions such that the final concentration was 50 mg L™, to
which 0.1 g L™ of nCs was added. At the specified time inter-
vals, 1.5 ml of the solution was taken and centrifuged at 14 000
rpm for 3 min to separate the solid and liquid phase. The
supernatant was then diluted and analyzed for dye adsorption
in a UV-Vis spectrophotometer (Hach Lange DR 3900) with
1 cm quartz cuvettes. The adsorption of MO (methyl orange)
and MB (methylene blue) were determined by measuring the
absorbance at Apa = 464 nm and A, = 664 nm, respectively.
The adsorption of the dye per unit mass of the adsorbent (g,
mg g~ ') was calculated using the following eqn (1):

qt = (CQ — Ct)V/m (1)

where C, and C; are the initial concentration (mg L™*) and con-
centration at time ¢ (mg L"), V is the volume of the dye solu-
tion, and m is the mass of the adsorbent.

The adsorption mechanism was further analyzed by utiliz-
ing the kinetic models to evaluate the experimental data. The
pseudo-first-order kinetic model and the pseudo-second-order
kinetic model are the most commonly used models to quantify
the process of adsorption and to study their kinetics. The
linear form of the pseudo-first-order kinetic model is
expressed as:

log(ge - q:) = log(ge) — kqt (2)

where ¢, is the quantity of dye adsorbed at equilibrium (mg
27", q; is the quantity of dye adsorbed at time ¢ (mg g™"), and
k; is the pseudo-first-order rate constant.

The pseudo-second-order kinetic model is usually expressed
as:

t/qe = 1/k:qe" +t/qe (3)

where &, is the pseudo-second-order rate constant.

Preparation of energy harvesting devices and electrical tests

The energy harvesters were fabricated as follows: first, glass
substrates (25 mm x 75 mm, Sigma Aldrich) were cleaned
using acetone, IPA, and DI water. Subsequently, the mixture
consisting of nC (0.02 g), PAA (0.01 g), and CMC (0.01 g) in DI
water was coated on the pre-cleaned glass substrates using
slurry casting, followed by drying on a hot plate at 90 °C for
5 min. Then, the nC-coated glass was placed in a vacuum oven
at 150 °C for 1 h to fully remove any residual flammable sol-
vents. The low-pressure environment also minimized oxidation
during the drying step. Lastly, the water-wettable hydrophilic
surface of nC was formed by subjecting it to O, plasma treat-
ment (O,, 100 sccm, 100 W, 120 s). The output voltage and

current were measured using a high resistance electrometer
(Keithley 6517a). A custom-built water container was used to
transfer the input water energy.

Results and discussion
Synthesis and characterizations of nC

Typically, different gums [gum Arabic (GA), Guar gum (GG),
gum Karaya (GK), xanthan gum (XG)], are high molecular
weight macromolecules comprising long chain monosacchar-
ides. To start with, GA is a branched polysaccharide, which is
either slightly acidic or neutral and is a mixture of calcium,
magnesium and potassium salts of arabic acid. It is obtained
from the exudates of Acacia Senegal and Acacia seyal trees, and
has a backbone of 1,3-linked fp-p-galactopyranosyl units with
side chains of two to five 1,3-linked p-p-galactopyranosyl units
connected to the main chain by 1,6-linkages.’”> GG is a
branched nonionic polysaccharide obtained from the seeds of
the leguminous shrub Cyamopsis tetragonoloba. It consists of
repeating units of galactose and mannose with straight chain
mannose units joined by p-o-(1—4) linkages having a-p-galacto-
pyranose units.'® GK is a partially acetylated polysaccharide
obtained from the exudates of Sterculia urens trees with a high
molecular mass of ~1.6 x 10° Da and under the substituted
rhamnogalacturonoglycan (pectic)-type tree gums."”” GK is
composed of 60% of neutral sugars, including rhamnose and
galactose, along with 40% of acidic sugars like glucuronic acid
and galacturonic acids.'® Moreover, XG is an anionic polysac-
charide of high molecular weight obtained by aerobic sub-
merged fermentation from Xanthomonas campestris. It has a
backbone made of f-(1—+4)-p-glucopyranose glucan and side
chains of [p-(1—3)-mannose-a-(1—2)-glucuronic acid-p-(1—4)-
mannose] on alternating residues.'® All these gums consist of
carbon chains with various functional groups (carboxyl
(-CO0-), hydroxyl (OH-), ether (C-O-C), acetyl (CH3CO-), ali-
phatic (-CH) and carbonyl (-C=0) groups), with carbon being
a very rich and abundant component (~70%). Various factors
(such as tapping time, seasonal variations, frequency of rain-
fall and maximum temperature) govern the gum grades at
gum collection. A schematic illustration on the synthesis of
various types of nC is presented in Fig. 1a. By utilizing
low-grade inexpensive gum wastes, we have designed a syn-
thesis procedure to obtain functional nC with low cost.
Consequently, the strategy suggested in this work offers a
simple, cost-effective, and sustainable route to fabricate the
energy device utilizing tap water readily available in our living
environment. Discarded gum wastes of no commercial value
can be transformed into nC to generate electricity. Afterwards,
nC can be disposed into the soil again to plant the gum trees
(Fig. 1a). In the synthetic procedure, the gums were pre-carbo-
nized followed by potassium hydroxide (KOH) activation in a
furnace. Pre-carbonization offers certain textural advantages
over the conventional one-step activation, although KOH can
activate the material in a single step.?®?' Pre-carbonization
can provide a much higher surface area and some initial nano-
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Fig. 1 (a) Schematic illustration for the synthetic process of gum-derived carbon and sustainable strategy to generate power. TEM images in low
and medium magnification of (b) GAnC, (d) GGnC, and (f) GKnC. HRTEM image and SAED patterns of (c) GAnC, (e) GGnC, and (g) GKnC. (h)
HAADF-STEM image and elemental mapping of GAnC. (Scale bars: (b) 1 pm, (b), (d), (f) 0.5 pm and 50 nm, (c), (e), (g) 2 nm and 5 1/nm, (h) 0.5 pm.)

pore development (mesopores and micropores), thus enabling the layers of carbon. The use of high temperature is necessary
KOH to have enhanced contact with the precursor materials, to ensure complete carbonization and activation of the
which may even penetrate into the pores.?” In addition, KOH sample. However, it has been observed from several studies
reacts rather violently with the carbon structure and rips apart that temperatures above 800 °C can lead to a lower yield, as
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well as a lower surface area.””**** This may likely be the result
of collapsing micropores into mesopores, and eventually lead
to the formation of macropores.”

Aqueous exfoliation is a well-known technique to obtain
graphene-like materials as they assist in the separation of
carbon layers. By employing a probe sonicator, we could accel-
erate the aqueous exfoliation of the carbon structures in
H,S0,, as it provides a definite power delivery into the
aqueous systems better than the bath sonicators.*® Exfoliation
can assist in the development of a high surface area by break-
ing down the carbon structure, as well as the macropores. For
the synthesis of a graphene-like material, 10 g of the dried
gum powders was initially taken, and the final product weights
and yields are tabulated in Table S1.1 The morphological tran-
sitions from the pristine gum to the finalized nC is presented
in Fig. S1, and were obtained through scanning electron
microscopy (SEM). As can be seen, the pristine GK sample was
first carbonized, and then it was activated with KOH to form
the large multilayered carbon. Through sonication, the smaller
nC was successfully created. Based on the final SEM image, nC
with a rough surface can be observed. The energy-dispersive
X-ray spectroscopy (EDX) (Fig. S2t) results for various types of
nC (nC derived from GA, GG, GK, and XG, which are desig-
nated as GAnC, GGnC, GKnC, and XGnC) revealed the pres-
ence of the abundant carbon content with some presence of
oxygen. The elemental composition also revealed the presence
of silicon (Si) in all nCs, except for XGnC. This can be due to
the fact that the native gums contain a certain number of
other elements depending on the soil where they originate
from.?”*® Transmission electron microscopy (TEM) analysis of
GAnC, GGnC, and GKnC was conducted (Fig. 1b-g), revealing
a porous morphology for all samples with amorphous carbon.
Fig. 1b, d and f show the typical TEM images of the nCs at two
different magnifications. The TEM images reveal a highly
porous light structure for the nCs, where the ‘white’ bright
spots are indicative of pore sites and the black region rep-
resents the carbon matrix. The pores were uniformly distribu-
ted throughout the material, indicating a three-dimensional
(3D) porous network. The presence of such 3D porous network
imparts a large surface area and promotes ion storage, and
thus assists in the quick penetration of electrolytes and fast
ion diffusion. As for the pore structure, GGnC and GKnCs
show uniform microporous structure. However, the presence
of mesopores can be clearly observed in GAnCs (Fig. 1b) and
XGnC (Fig. S37). High-resolution TEM (HRTEM) and the
selected area diffraction (SAED) patterns of the nCs are shown
in Fig. 1c, e and g, which reveal wavy layered and distorted gra-
phitic sheets with no ordered structure. This is consistent for
all nCs. In the SAED patterns of the nCs, no obvious speckles
can be observed in the diffraction patterns, suggesting that
they exhibit a very low degree of crystallinity and consist of pre-
dominantly amorphous regions with many defects. The high-
angle annular dark field-scanning transmission electron
microscopy (HAADF-STEM) and its corresponding STEM
mapping were acquired to analyze the presence and distri-
bution of different elements in the nCs (Fig. 1h and Fig. S41),

which indicate the carbon matrix and uniform presence of
oxygen and silicon throughout the material.

To confirm the carbonization process and analyze the func-
tional groups present in the final product, Fourier-transform
infrared (FT-IR) spectroscopy was used (Fig. S5 and Table S27).
All gums showed similar bands and intensities. The FT-IR
spectra of GA reveal bands at 3382 cm™', 2933 cm™,
1737 em™", 1249 ¢cm™', and 1029 ¢cm™', corresponding to the
-OH stretch, C-H stretch, C=0 stretch, C-OH and C-O-C
stretching modes, respectively. The FT-IR spectra of GG reveal
bands at 3384 cm™?, 2938 cm™, 1735 em ™}, 1261 ecm™?, and
1027 em™?, corresponding to the —-OH stretch, C-H stretch,
C=0 stretch, C-OH and C-O-C stretching modes, respectively.
In addition, a band at 1644 cm™" corresponds to the associated
water molecule. The GK spectra show bands at 3399 em™’,
2937 em ™', 1718 em™ !, 1415 em™*, 1251 em ™, and 1041 em™?,
corresponding to the ~OH stretch, C-H stretch, C—=0 stretch,
C-0 stretch, C-OH and C-O-C stretching modes, respectively.
The XG FT-IR spectra have bands at 3380 cm™*, 2938 ecm *,
and 1035 cm ™" corresponding to the ~OH stretch, C-H stretch,
and C-O-C stretch, respectively. Bands at 1722 em™' and
1608 cm™* correspond to the asymmetrical stretch of carboxy-
late and carbonyl group, respectively. Based on the FT-IR
results, it is evident that most of these bands either dis-
appeared or weakened, suggesting the successful carboniz-
ation of the gums. The nC sample consists of bands at
~2940 cm™', ~1730 em™}, and 1040 cm™’, corresponding to
the C-H stretch, C=0 stretch and C-O-C stretching vibrations,
respectively. The XPS analysis data (Fig. S6f) provide the
atomic ratios of different elements present in the nCs. XGnC
had the highest carbon content of 88% and GKnC had the
least with only 57%, while GGnC and GAnC had a carbon
content of 60% and 79%, respectively. The chemical compo-
sition obtained from XPS also revealed the presence of 7%,
3%, 8% of Si in GAnC, GGnC and GKnC, respectively. This
affirms that the elemental composition is in accordance with
the EDX results. Residual oxygen contents of 32%, 35%, 18%
and 12% were found in GAnC, GGnC, GKnC, and XGnC,
respectively. Even though the presence of oxygen content
reduces the conductivity of the prepared nCs, it contributes to
the improvement of wettability with aqueous electrolytes.*’
The deconvoluted C 1s XPS spectra (Fig. S71) of the nCs can be
resolved into four peaks at 284.8 eV, 284.3 eV, 286.6 eV and
288.2 eV. The distinguishable main peak at 284.8 eV corres-
ponds to the sp” hybridized carbon, while the small peaks at
284.3 eV, 286.6 eV and 288.2 eV represent the sp* carbon, C-
O-C and C=0O, respectively. Among nCs, XGnC showed the
highest content of graphitic carbon.

The crystalline structure and composition of the nCs were
analyzed by Raman spectroscopy (Fig. 2a), which revealed two
peaks for all the nCs at ~1340 em™" and ~1590 cm™" corres-
ponding to the D-band and G-band, respectively. The D-band
arises due to the A,, phonon breathing vibrations from dis-
ordered graphite, while the G-band appears as a result of the
first-order scattering of the E,, phonon of sp® carbon atoms in
2D graphite.’®*' Furthermore, additional peaks are observed
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at ~2700 cm™' and ~2850 cm™" that can be assigned to 2D
band and S3 bands, respectively. This indicates a certain
degree of graphitization of the gums.** The ratio between the
intensity of the G-band to the D-band (I/Ip) is proportional to
the degree of crystallinity of the carbonaceous materials. The
Is/Ip values for all nCs are tabulated in Table S3.1 The Ig/Ip
values of all materials are ~1, indicating a certain degree of
graphitization in the materials. Furthermore, the nC was
studied by X-ray diffraction (Fig. 2b). The pattern showed a
broad peak at 26 = ~22-25°, which can be attributed to the
characteristic reflection from the graphitic plane. This further
reaffirmed the graphitization of the materials. The Brunauer—
Emmett-Teller (BET) surface area of the materials were deter-
mined, and their nitrogen adsorption-desorption isotherms
are depicted in Fig. 2c. The N, adsorption-desorption iso-
therm of nC derived from GA and XG shows mixed type II and
type III curves, indicating the presence of a mix of microporos-

— GAnC

Intensity (a.u.)

T T T T T 1

20 25 30 35 40
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dV(d) (cc/g/nm)

0 10 20 30 40 50

Pore Diameter (nm)

(a) Raman spectra, (b) XRD patterns, (c) N, adsorption—desorption isotherms, and (d) pore size distributions of GAnC, GGnC, GKnC, and

ity and mesoporosity. The curve also shows a H,-type hyster-
esis loop at a relative pressure region of 0.5-0.9P/P,. This type
of hysteresis curve is typical of a material with a high meso-
pore-to-micropore ratio. However, the nCs derived from GG
and GK show no hysteresis loop, which suggests that the ratio
of micropores to mesopores is high in these materials. The
steep increase in the nitrogen intake at low P/P, indicates the
presence of a large number of micropores. These results are in
accordance with the TEM results, which showed the clear pres-
ence of mesopores in GAnC and XGnC and a majority of
micropores in GGnC and GKnC. The BET surface area and
pore volume were also determined for nC, and are tabulated in
Table S4.f The nC derived from XG had the highest surface
area of 1780 m” g~ with a pore volume of 0.88 cm® g™*. The
pore size distribution, calculated from the adsorption branch
of the isotherm by the nonlocal density functional theory
(NLDFT) method, is depicted in Fig. 2d, which shows that the
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maximum pore volume is in the micropore region. However,
the mesopores were also observed in the nC samples. This is a
direct result of the activation by KOH, which results in a struc-
ture comprising both micropores and mesopores. The high
surface-to-volume ratio and abundant pores present in the
materials promote ion adsorption by providing numerous
adsorption sites and ion diffusion pathways.

Dye adsorption characteristics of nC

The micro/mesoporosity of the synthesized nCs were evaluated
by gauging their ability to remove toxic pollutants from water
(Fig. 3) - this test is conducted to verify the effect of surface
area of different nCs in their adsorption capabilities. The
study involved an anionic dye, methyl orange (MO) (Fig. 3a—c),
and a cationic dye, methylene blue (MB) (Fig. 3d-f). The nC
did adsorb large quantities of both dyes at a very low adsor-
bent concentration of 0.1 g L™. When the nC was introduced
into the glass vials, the respective orange and blue colors of
the MO and MB dyes decreased over time as confirmed by the
decrease in the intensity of the UV-Vis peaks at 464 nm and
664 nm for MO and MB, respectively. The adsorption capacity
of the nC was in accordance with its surface area. XGnC
showed the highest adsorption capacity for both MO and MB
followed by GAnC, GKnC, and GGnC. XGnC had an adsorption
capacity of 483 mg g ' and 500 mg g * for MO and MB,
respectively. Even though the nCs had a higher adsorption
capacity for both dyes, the adsorption capability for MB was
found to be higher and displayed a faster adsorption rate. This

can be attributed to the certain degree of graphitization in the
nCs, which provides favorable conditions for MB adsorption.
The n-electrons from the C=C bonds of the MB interact with
the m-electrons from the nCs, resulting in a n-n stacking
interaction.**** Additionally, the presence of a negative charge
from the residual oxygen functionalities attracts the positively
charged MB, thus increasing the binding of the MB with the
nCs.>® The adsorption kinetics were determined to glean more
information pertaining to the mechanism and the adsorption
rate. The pseudo-first-order and pseudo-second-order kinetic
models for both MO and MB are plotted in Fig. 3b, c, e and f.
The correlation coefficient of the pseudo-second-order model
obtained from linear fittings of the graphs is higher than the
pseudo-first-order model for all nCs. This suggests that chemi-
sorption is the rate-controlling step in the dye adsorption onto
nCs, which is typical for adsorbents with a graphitic
structure.”*®*” Furthermore, the nCs could be easily separated
from the media via centrifugation, and the nCs retained their
adsorption capacity for up to five cycles with only a slight
reduction (~10%) in their adsorption capacity. As demon-
strated by dye adsorption tests, the effect of the surface area in
the adsorption capacity was confirmed. The nCs with higher
surface areas attained enhanced adsorption capabilities.

nC as a practical energy harvester

Recently, the water-induced energy conversion applications
using water (such as evaporation®® and moisture absorption®)
have been widely investigated owing to their clean, abundant,
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Fig. 3 (a) Adsorption of MO on nCs, (b) pseudo-first-order kinetic model for the MO adsorption, and (c) pseudo-second-order kinetic model for
the MO adsorption. (d) Adsorption of MB on nCs, (e) pseudo-first-order kinetic model for the MB adsorption, and (f) pseudo-second-order kinetic

model for the MB adsorption.
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and easily exploitable attributes. In particular, the water evap-
oration-induced electricity production using carbon nano-
materials has been regarded as one of the most promising
approaches to reliably convert water energy into a direct
output signal for a long term. In this regard, the prepared
nC that has uniform micropores of ~2 nm is envisaged to be
an appropriate material for driving the fast evaporation via
capillary action through the micropores and in turn, contrib-
utes to the high-performance electricity energy conversion.
Furthermore, the preparation of nC using gum waste is suit-
able for a recyclable, low-cost, and large-scale production,
especially in the developing world where these materials are
predominantly produced, thus reflecting the sustainable use
of local resources.

The schematic process is shown in Fig. 4a. Briefly, in the
fabrication of energy harvesters, GAnC was coated onto a glass
substrate by slurry casting using a mixture consisting of nC
(0.02 g), PAA (0.01 g), and CMC (0.01 g). Details of the process
are described in the Experimental section. Here, GAnC was
chosen as a suitable candidate as it exhibits the highest
surface area and porosity among the nCs fabricated from raw
gum wastes (excluding XGnC), which were synthesized from

the commercial powder. In Fig. 4b-d, the electricity generation
was based on GAnC and induced by asymmetric wetting. Prior
to the measurement, the surfaces of the energy harvesters were
treated by O, plasma exposure, ensuring the hydrophilicity of
carbon after the O, plasma treatment (Fig. S81). As shown in
Fig. 4b, water was simply well absorbed in this case along the
carbon surface as the partial bottom area of the device was
dipped into a water container (red dashed line, Fig. 4b).
Subsequently, the water molecules were actively desorbed by
natural evaporation from the top side of the carbon surface
area that was exposed to air, in comparison to the bottom side
that was dipped in water. Thus, a potential difference is
formed between the top and the bottom electrode areas,
induced by the difference in the evaporation rate. As a result,
to refill water for the more quickly evaporated top area, the
water at the bottom continuously and quickly flows by capillary
action through the high-density nanopores of carbon. Also, to
generate a DC electrical current, electrons directionally move
to balance the potential difference through an external circuit.
As shown in Fig. 4d, there is an output voltage of ~0.4 V and
DC output of ~3 pA from a device with the dimensions of
1.0 ecm x 2.5 cm. Notably, the output current was 20-fold
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Fig. 4 (a) Schematic representation of the fabrication process for the nC-based energy harvester. (b) Photograph showing the asymmetric water-
wetting of the energy harvester in a water container. (c) Schematic illustration on the evaporation-induced electricity generation. (d) Output voltage

and current measurements. (e) Charging test using a capacitor of 470 pF.

(f) Demonstration of driving a commercial blue light emitting diode.
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higher than previously reported evaporation-driven electricity
devices using carbon without nanopores.*® To further confirm
the effectiveness of nanoporous carbon, we measured outputs
using a binder-based sample alone without nC, which showed
negligible output performance (Fig. S91). Moreover, the output
performance of the nC-based sample was noticeably higher
when compared to an energy harvester using carbon black
nanoparticles,*® generating an output voltage of ~0.16 V and
current of ~300 nA (Fig. S117). These results demonstrate that
the nanopores in each nC coated on the glass, indeed, play a
crucial role in quickly transporting the water molecules for
high output performance due to the high capillary pressure.*’
Also, to examine the reliability of the developed energy harvest-
ers, the long-term output generation was measured over 2.5 h
(Fig. S10t). Next, we attempted to store the generated electri-
city using a capacitor with 470 pF and 0.6 V that was charged
for 1300 s (Fig. 4e). The electrical energy stored up to 2.6 V
(Fig. S12%). Using the harvested electrical power, it can be uti-
lized to turn on a commercial blue light-emitting diode that
consumes 2.5 V and 20 mA (Fig. 4f).

Simply, such nC can also scale up the output voltage by
increasing the number of devices (Fig. 5), which could also be
shown through visual demonstration. As shown in Fig. 5a, two
nC-based energy harvesters were easily combined in a serial
configuration. Thus, as shown in Fig. 5b, the output voltage
was proportionally increased by up to 0.77 V, indicating that
the scale-up of outputs can be easily realized. Finally, Fig. 5c
shows the electricity charging up to 6.1 V using 10 serially con-
nected capacitors. Attributed to the increased electrical energy,

the “KAIST” logo can be visualized by turning on the blue
LEDs that consume 6 V and 20 mA (Fig. 5d and Movie S17).
Based on all of these results and demonstrations, it is
suggested that a sustainable strategy can be adopted towards
gum wastes, as shown in this work, which builds up a mile-
stone for utilizing various worthless biowastes into sustainable
power production. The burgeoning demand for increasing
global population and energy consumption can possibly be
addressed using local resources that are of practically no use
for humans or animals. Furthermore, the occurrence of these
wastes in the developing world bodes well for their exploitation
locally, thus reinforcing the true tenets of sustainability.

Conclusion

In summary, we have first demonstrated a simple and efficient
method to synthesize nC from low-grade gum wastes via a syn-
thetic process that can be applied to a wide variety of gum
wastes, culminating in the fabrication of assorted nCs with
varied chemical compositions and bonding. After synthesis,
the high density of the pores was successfully attained in the
nCs with a large surface area, and the effect of the nC surface
area was clearly demonstrated via dye adsorption tests. In view
of their high surface areas with abundant micropores, the fab-
ricated nC was evaluated as an energy harvester where it
exhibited significant current and voltage generation by simply
using water, and was capable of turning on the light for a com-
mercial LED. Such fabricated nC-based energy harvester can
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also be scaled up, with improved performance proportional to
the number of nCs used. Using tap water, the fabricated nC
energy harvester is capable of turning the university logo on,
showing its practicality in harnessing electrical energy.
Significantly, our study establishes an initial milestone in
building up a sustainable solution to overcome the energy
deficiency in the world, by utilizing local biodegradable and
non-toxic gum wastes into a source of energy harvester, which
can be scalable, renewable, and practical.

Author contributions

A.V,]. Y. C, and S.-H. S. contributed equally to this work. A. V.,
A. K K. P, V. V. T. P. and S. W. initiated the experiments and
synthesized MCs. A. V. and A. K. K. P. conducted the dye adsorp-
tion characteristics of the MC microsheets. A. V., J. Y. C. and
V. V. T. P. conducted the characterizations of MCs. J. Y. C. and
S.-H. S. prepared and conducted the energy harvesting tests and
discussed the results with T. G. Y, J. B, J. Y. C.,, and
S.-H. S. further extended the applications and the impact of
MCs throughout this work. J. Y. C. and S.-H. S. were supervised
under L-D. K., M. C,, V. V. T. P,, J. Y. C., and S.-H. S. wrote the
manuscript. S. A., A. G. and R. S. V. reviewed and edited the
manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by Samsung Electronics (no.
G01190324), the Ministry of Education, Youth and Sports, in
the framework of the targeted support of the “National
Program for Sustainability I” LO 1201 and the OPR & DI
project “Extension of CxI facilities” (CZ.1.05/2.1.00/19.0386),
the Research Infrastructure NanoEnviCz, supported by the
Ministry of Education, Youth and Sports of the Czech Republic in
the framework of Project No. LM2015073, Ministry of Education,
Youth and Sports of the Czech Republic and the European Union
- European Structural and Investment Funds in the frames of
Operational Program Research, Development and Education-
project Hybrid Materials for Hierarchical Structures (HyHi, Reg.
No. CZ.02.1.01/0.0/0.0/16_019/0000843), NRF grant funded by the
Korean Government (NRF-2017H1A2A1042006-Global Ph.D.
Fellowship Program), and NRF grant funded by the Korean
Government  the (NRF-2018R1A6A3A01013461-Postdoctoral
Fellowship Program). This work was also supported by the
project “Tree Gum Polymers and their Modified Bioplastics for
Food Packaging Application” granted by the Bavarian-Czech-
Academic-Agency (BTHA) (registration numbers LTAB19007 and
BTHA-JC-2019-26) and another project “Bio-based Porous 2D
Membranes and 3D Sponges Based on Functionalized Tree Gum
Polysaccharides and their Environmental Application” (regis-

tration number LTAUSA19091- TUL internal No. 18309/136) by
the Ministrty of Education, Youth and Sports in the Czech
Republic under the “Inter Excellence - Action programme”.

References

1 D. Verbeken, S. Dierckx and K. Dewettinck, Appl. Microbiol.
Biotechnol., 2003, 63, 10-21.
2 V. V. T. Padil, S. Waclawek, M. Cernik and R. S. Varma,
Biotechnol. Adv., 2018, 36, 1984-2016.
3 D. A. Silva, J. P. A. Feitosa, J. S. Maciel, H. C. B. Paula and
R. C. M. de Paula, Carbohydr. Polym., 2006, 66, 16-26.
4 G. O. Aspinall, Pure Appl. Chem., 1967, 14, 43-56.
5 J. C. Colmenares, R. S. Varma and P. Lisowski, Green
Chem., 2016, 18, 5736-5750.
6 S. Iravani and R. S. Varma, Green Chem., 2020, 22, DOIL
10.1039/C9GC02835H.
7 K. Ojha, B. Kumar and A. K. Ganguli, J. Chem. Sci., 2017,
129, 397-404.
8 F. Chen, J. Yang, T. Bai, B. Long and X. Zhou, J. Electroanal.
Chem., 2016, 768, 18-26.
9 S. Karagbz, T. Tay, S. Ucar and M. Erdem, Bioresour.
Technol., 2008, 99, 6214-6222.
10 C. Akmil-Basar, E. Késeoglu and Y. Onal, Part. Sci. Technol.,
2016, 34, 526-532.
11 T. Tsoncheva, I. Genova, I Stoycheva, I. Spassova,
R. Ivanova, B. Tsyntsarski, G. Issa, D. Kovacheva and
N. Petrov, J. Porous Mater., 2015, 22, 1127-1136.
12 Z. Liu, Z. Zhu, J. Dai and Y. Yan, ChemistrySelect, 2018, 3,
5726-5732.
13 D. Chen, H. Zhou, H. Li, J. Chen, S. Li and F. Zheng, Sci.
Rep., 2017, 7, 14985, DOI: 10.1038/s41598-017-15129-7.
14 Z. Gao, Y. Zhang, N. Song and X. Li, Mater. Res. Lett., 2017,
5, 69-88.
15 B. H. Ali, A. Ziada and G. Blunden, Food Chem. Toxicol.,
2009, 47, 1-8.
16 Y. Zheng, Y. Zhu, G. Tian and A. Wang, Int. J. Biol
Macromol., 2015, 73, 39-44.
17 V. V. T. Padil and M. Cernik, Int. J. Nanomed., 2013, 8, 889-
898.
18 G. O. Aspinall, L. Khondo and B. A. Williams,
Can. J. Chem., 1987, 65, 2069-2076.
19 H. Jian, L. Zhu, W. Zhang, D. Sun and J. Jiang, Carbohydr.
Polym., 2012, 87, 2176-2182.
20 L. Muniandy, F. Adam, A. R. Mohamed and E. P. Ng,
Microporous Mesoporous Mater., 2014, 197, 316-323.
21 Q. Yu, M. Li, P. Ning, H. Yi and X. Tang, Sep. Sci. Technol.,
2014, 49, 2366-2375.
22 M. A. A. Zaini and M. ]J. Kamaruddin, J. Anal Appl
Pyrolysis, 2013, 101, 238-241.
23 I. Okman, S. Karagoz, T. Tay and M. Erdem, Appl. Surf. Sci.,
2014, 293, 138-142.
24 H. Guo and X. L. Deng, Adv. Mater. Res., 2013, 787, 46-51.
25 S. E. Abechi, C. E. Gimba, A. Uzairu and U. A. Dallatu,
Res. J. Chem. Sci., 2013, 3, 54-61.

90



26

27

28

29

30

31

32

33

P. He, C. Zhou, S. Tian, ]J. Sun, S. Yang, G. Ding, X. Xie and
M. Jiang, Chem. Commun., 2015, 51, 4651-4654.

D. M. W. Anderson and W. Weiping, Int. Tree Crops J., 1992,
7, 167-179.

B. N. Chikamai and W. B. Banks, Food Hydrocolloids, 1993,
7, 521-534,

E. Raymundo-Pifiero, F. Leroux and F. Béguin, Adv. Mater.,
2006, 18, 1877-1882.

L. Bokobza, J.-L. Bruneel and M. Couzi, C, 2015, 1,
77-94.

C. A. Amarnath, C. E. Hong, N. H. Kim, B. C. Ku, T. Kuila
and J. H. Lee, Carbon, 2011, 49, 3497-3502.

I. K. Moon, ]. Lee, R. S. Ruoff and H. Lee, Nat. Commun.,
2010, 1, 73, DOI: 10.1038/ncomms1067.

L. A. Mercante, M. H. M. Facure, D. A. Locilento,
R. C. Sanfelice, F. L. Migliorini, L. H. C. Mattoso and
D. S. Correa, New J. Chem., 2017, 41, 9087-9094.

91

34 X. He, K. B. Male, P. N. Nesterenko, D. Brabazon, B. Paull
and J. H. T. Luong, ACS Appl. Mater. Interfaces, 2013, 5,
8796-8804.

35 S. Bai, X. Shen, X. Zhong, Y. Liu, G. Zhu, X. Xu and
K. Chen, Carbon, 2012, 50, 2337-2346.

36 X. Zhang, J. Shen, N. Zhuo, Z. Tian, P. Xu, Z. Yang and
W. Yang, ACS Appl. Mater. Interfaces, 2016, 8, 24273-24280.

37 L. Chen, Y. Li, Q. Du, Z. Wang, Y. Xia, E. Yedinak, J. Lou
and L. Ci, Carbohydr. Polym., 2017, 155, 345-353.

38 G. Xue, Y. Xu, T. Ding, J. Li, J. Yin, W. Fei, Y. Cao, J. Yu,
L. Yuan, L. Gong, J. Chen, S. Deng, J. Zhou and W. Guo,
Nat. Nanotechnol., 2017, 12, 317-321.

39 Y. Huang, H. Cheng, C. Yang, P. Zhang, Q. Liao, H. Yao,
G. Shi and L. Qu, Nat. Commun., 2018, 9, 4166, DOI:
10.1038/s41467-018-06633-z.

40 Y. Li, H. Chen, S. Xiao, M. A. Alibakhshi, C. W. Lo, M. C. Lu
and C. Duan, ACS Nano, 2019, 13, 3363-3372.



3.6. Gum Kondagogu/Reduced Graphene Oxide Framed Platinum

Nanoparticles and Their Catalytic Role

Abstract: This study investigates an environmentally benign approach to generate platinum
nanoparticles (Pt NP) supported on the reduced graphene oxide (RGO) by non-edible gum waste
of gum kondagogu (GK). The reaction adheres to the green chemistry approach by using an
aqueous medium and a nontoxic natural reductant—GK-—whose abundant hydroxyl groups
facilitate in the reduction process of platinum salt and helps as well in the homogenous distribution
of ensued Pt NP on RGO sheets. Scanning Electron Microscopy (SEM) confirmed the formation
of kondagogu gum/reduced graphene oxide framed spherical platinum nanoparticles (RGO-Pt)
with an average particle size of 3.3 + 0.6 nm, as affirmed by Transmission Electron Microscopy
(TEM). X-ray Diffraction (XRD) results indicated that the Pt NPs formed are crystalline with a
face-centered cubic structure, while morphological analysis by XRD and Raman spectroscopy
revealed a simultaneous reduction of GO and Pt. The hydrogenation of 4-nitrophenol could be
accomplished in the superior catalytic performance of RGO-Pt. The current strategy emphasizes a
simple, fast and environmentally benign technique to generate low-cost gum waste supported
nanoparticles with a commendable catalytic activity that can be exploited in environmental

applications.
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Abstract: This study investigates an environmentally benign approach to generate platinum
nanoparticles (Pt NP) supported on the reduced graphene oxide (RGO) by non-edible gum waste of
gum kondagogu (GK). The reaction adheres to the green chemistry approach by using an aqueous
medium and a nontoxic natural reductant—GK—whose abundant hydroxyl groups facilitate in the
reduction process of platinum salt and helps as well in the homogenous distribution of ensued Pt
NP on RGO sheets. Scanning Electron Microscopy (SEM) confirmed the formation of kondagogu
gum/reduced graphene oxide framed spherical platinum nanoparticles (RGO-Pt) with an average
particle size of 3.3 + 0.6 nm, as affirmed by Transmission Electron Microscopy (TEM). X-ray Diffraction
(XRD) results indicated that the Pt NPs formed are crystalline with a face-centered cubic structure,
while morphological analysis by XRD and Raman spectroscopy revealed a simultaneous reduction
of GO and Pt. The hydrogenation of 4-nitrophenol could be accomplished in the superior catalytic
performance of RGO-Pt. The current strategy emphasizes a simple, fast and environmentally benign
technique to generate low-cost gum waste supported nanoparticles with a commendable catalytic
activity that can be exploited in environmental applications.

Keywords: greener catalysts; kondagogu gum; RGO; Pt nanoparticle; 4-nitrophenol reduction

1. Introduction

Metal nanoparticles have gained considerable attention over the past few years owing to their
remarkable physical and chemical properties—which is a stark contrast from their bulk counterparts.
The properties arising due to the nano realm have made it possible for them to be used in a wide
array of applications including catalysis [1,2], sensors [3], biomedicine [4-6], and drug delivery
applications [7-9]. Over the years, different approaches have been developed for the synthesis of metal
nanoparticles to obtain different sizes, structures, and morphologies. Conventional synthesis uses
chemical reducing agents such as sodium borohydride (NaBHy), hydrazine, and dimethylformamide
(DMF) to reduce metal cations to produce nanoparticles, with the inherent drawback that these
chemicals are highly reactive and raise serious concerns regarding potential environmental impact and
associated biological threats [10]. Extensive research has gone into developing new environmentally
benign techniques to synthesize metal nanoparticles without the use of hazardous chemicals and
solvents and preferably utilizing materials of biological origins, thus adhering to the principles of
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green chemistry. In addition to being eco-friendly, green synthesis offers several advantages over the
conventional means, which include cost-effectiveness, simple experimental design, minimal to zero
toxic chemicals, and byproducts [11] wherein precursors derived from various biological sources have
been deployed successfully [12-18].

Biorenewable natural gums extruded from trees or extracted from seaweeds, and bacteria are a
class of polysaccharides that have recently gained attention due to their ability to reduce metal salts to
produce nanoparticles [19-22]. The complex polysaccharides and protein structures encompassing the
gums provide a non-toxic alternative pathway to effectively reduce and stabilize the nanoparticles.
Although numerous polysaccharides have been used in the greener assembly of nanoparticles, the use
of gum kondagogu (GK) was much less explored; GK is a non-toxic, naturally occurring polysaccharide,
readily available from the exudates of Cochlospermum Gossypium (Bixaceae family) tree [23]. GK contains
a highly acidic sugar content, including galacturonic and glucuronic acids, which make up 52% of
the total carbohydrates, while the remaining are neutral sugars such as glucose, galactose, rhamnose,
and arabinose [24]. Upon toxicological evaluation, GK has been declared a non-toxic material, with
potential applications as food additives [25] and can be an ideal reducing and stabilizing agent owing
to its low cost, biorenewable nature, and availability of plentiful functional groups (hydroxyl, acetyl,
carbonyl, carboxylic) with metal biosorption properties [16].

4-Nitrophenol (4-NP) is a toxic chemical often found in industrial and agricultural wastewaters.
Various methods have been developed for the reduction and removal of 4-NP from these wastewaters
and the reduction of 4-NP by NaBHy is one of the simplest and most popular methods. However, the
presence of a high kinetic barrier between 4-NP and BH;™ requires an effective catalyst in order for
the reaction to proceed. Hence, researchers have been developing newer effective catalysts capable
of assisting in the effective reduction of 4-NP. Additionally, the reduction of 4-NP by NaBHy is often
considered as a model reaction to assess the catalytic performance of novel catalysts.

Platinum (Pt) is one of the most extensively used catalyst elements in many chemical and
electrochemical reactions [26], especially Pt nanoparticles with large surface area and greatly higher
active sites, which have garnered significant attention due to their promising potential in the field of
environmental and energy-related catalysis. With its unfilled 5d orbital and rich electronic structure, it
is a well-established catalytic system in multifarious applications [27,28]. Thus, careful control and
design of the surface and interface of the Pt nanoparticles with its in-depth analysis and comprehension
of the structural aspects plays a pivotal role in optimizing the catalytic performance. Despite having
an excellent catalytic ability, Pt nanoparticles are often associated with severe agglomeration, which
reduces its catalytic performance [29]. To minimize agglomeration and to attain good dispersibility and
stability, Pt nanoparticles are often deposited on support materials [30-32] that possess high specific
surface area, abundant anchoring sites, high stability and high electric conductivity (for electrocatalytic
applications). Carbon-based materials are the most commonly used ones for this purpose as they
tulfill the requirement mentioned above [33-39]. Graphene, an atomically thin 2D material, suits all
the above descriptions required for the deposition of Pt nanoparticles. Since its isolation in its pure
form from graphite in 2004 [40], graphene has garnered significant attention for various applications.
It can be synthesized by different methods including mechanical exfoliation [40,41], chemical vapor
deposition [42,43], unzipping of carbon nanotubes [44,45], and synthesis on SiC [46,47]. Since these
techniques are associated with high production costs, alternatively graphene oxide (GO) or reduced
graphene oxide (RGO} can provide a low-cost scalable option and the presence of abundant oxygen
functionalities offer anchoring sites for the metal nanoparticles to obtain NP decorated graphene sheets.

In the current study, we propose a simple, fast, inexpensive, and environmentally friendly process
to deposit Pt nanoparticles on the graphene sheets. GO prepared by using the modified Hummers
method [48] is conventionally reduced by hydrazine hydrate, NaBH, or ethylene glycol [49-52]. In
the present work, however, a green chemistry approach entails the simultaneous reduction of Pt salt
and GO using GK waste to generate Pt nanoparticle adorning the RGO sheets. We have thoroughly
characterized the obtained Pt nanoparticle decorated graphene sheets (Pt-RGO) using scanning electron
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microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction analysis (XRD), and
Raman spectroscopy. Furthermore, the catalytic performance of the Pt-RGO catalysts was assessed in
the hydrogenation of 4-nitrophenol (4-NP).

2. Results and Discussion

To optimize the process of NPs preparation on the GO surface, we carried out the synthesis at
different reaction conditions and reagent concentrations (Details are presented in Table S1). From
the results obtained, it was concluded that the optimum conditions were: 30 min reaction time, a
temperature of 150 °C, and PtCly 1 mM. In other tested conditions, the reaction remains incomplete,
which could be ascertained visually as the material does not completely precipitate (Figures 52 and S3).

The surface morphology of the thus prepared Pt-RGO was analyzed using SEM images. All
the SEM images of the Pt-RGO from different metal salt concentrations (Figure S4) indicated folded
structures on both, the surface and the edges, which suggests the typical morphology of few-layered
RGO. It is evident from the images that at a lower PtCly concentration of 0.5 mM, only a few
isolated nanoparticles can be seen. However, when the concentration was increased to 2 mM, a clear
agglomeration of nanoparticles was discerned on the surface. At a concentration of 1 mM, a uniform
finely dispersed Pt NP’s deposition on the RGO surface can be detected.

Furthermore, to analyze the morphology and to obtain insights into the particle size and
distribution, TEM and HRTEM analysis were carried out (Figure 1) confirming that the GK had assisted
in the formation and decoration of Pt nanoparticles on the RGO surface. The NPs were evenly dispersed
throughout the surface with negligible agglomeration, which can be attributed to the presence of GK
in the reaction medium.

(c)

3 4
Particle Diameter (nm)

Figure 1. (a) TEM and (b) HRTEM image of the Pt-RGO; inset image corresponds to the SAED pattern
of the Pt-RGO; (c) histogram depicting the size distribution of nanoparticles.

The particles were mainly spherical shaped with a mean diameter of around 3.3 + 0.6 nm.
HRTEM images clearly show the lattice fringes and the d spacing was calculated to be around 0.22 nm
corresponding to the (111) plane distance of face-centered cubic (fcc) crystalline Pt NP [53] with the
SAED pattern showing diffraction rings corresponding to (111), (200), (220) and (311) reflections of fcc
platinum crystals [53].

Furthermore, to analyze the crystal structure of the nanoparticles, the X-ray diffraction pattern of
the Pt-RGO samples was recorded, as shown in Figure 2. GO before reduction shows a sharp diffraction
peak at 20 = 11°, which is a characteristic of GO and is associated with the chemical exfoliation of
graphite [54], the appearance of a sharp plane (002) confirms the formation of exfoliated GO sheets [55].
Upon reduction, this peak is shifted to 23.5°, which affirms the formation of RGO [55] as evidenced by
the XRD graphs of Pt-RGO (Figure 2). Additionally, five more major peaks were observed in Pt-RGO
at 39.5,45.6, 66.8, 80.7, and 85°, which corresponds to the (111), (200), (220), (311) and (222) planes of Pt,
respectively [56]. These results are in accordance with the results obtained from SAED analysis and are
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consistent with the fcc structure of the platinum (JCPDS #040802), thus confirming the formation of
crystalline Pt [56].

Pt(111) R GO
I.2 Thezlna (deg?e&s) !
>
£ Pt(311)
S Sl Pt(220)
]
=
222)
G(002)

20 40 60 80

2 Theta (degrees)

Figure 2. XRD pattern of the green synthesized Pt-RGO catalyst. The inset image is the XRD pattern
of GO.

Raman analysis of the Pt-RGO provides information on the nature of RGO and the formation of
defects during the reduction of GO; Figure 3 displays the Raman spectra of GO and Pt-RGO catalysts.
Before the reduction, GO show the major peaks at 1353 and 1594 cm™! corresponding to D and G
bands [57]. G band corresponds to the first-order scattering of the E;g mode and the D band arises due
to the defects and asymmetrical breaking at the graphene edges. The lesser intensity bands at 2691
and 2930 ecm ™! can be assigned to the 2D and D + D" bands, respectively [58]. In the case of Pt-RGO,
the same major and minor bands reappear, however, an obvious blue shift associated with RGO is
observed. The D and G bands are shifted to 1345 and 1580 cm™! respectively, while the 2D and D + D’
bands appear at 2674 and 2918 cm™! respectively. The intensity ratio of D and G bands (Ip/Ig) for GO
and Pt-RGO were found to be 0.96 and 1.34, respectively, and this increase in intensity indicated a
reduction in the average domain size of the sp? -hybridized carbon atoms upon reduction of exfoliated

GO [59].
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Figure 3. Raman spectra of GO and Pt-RGO.
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Catalytic Reduction of 4-Nitrophenol

The catalytic performance of the prepared green catalyst was assessed by studying its ability to
catalyze the reduction of 4-NP to 4-aminophenol. While 4-NP shows the maximum absorbance at
~317 nm, after the addition of sodium borohydride, this peak shifts to 401 nm due to the formation of
4-nitrophenolate, intermediate of 4-NP deprotonation. Due to the high energetic barrier, hydrogenation
to 4-aminophenol does not proceed without a catalyst, which was confirmed by the unchanged intensity
at 401 nm in time (data not shown). However, upon the addition of the Pt-RGO catalyst, the intensity
at 401 nm continuously decreased and 4-aminophenol is formed. In an excess of NaBHy (12 mM of
NaBHjy and 0.12 mM of 4-NP) the catalytic activity of Pt-RGO was described by the pseudo-first-order
kinetic model [60]; the experiment being performed for four different Pt-RGO concentrations (0.0012 to
0.01 g/L).

The absorbance A can be considered linearly proportional to the concentration of C of 4-NP, and
A/Ay is proportional to C/Cy, and thus the rate constant of the pseudo-first-order kinetic reaction can
be calculated using Equation (1).

ln(—) = —kt. )

By following Equation (1), the rate constants (kapp) were determined to be 0.13, 0.20, 0.35 and
0.71 min~"! for the Pt-RGO catalyst concentration of 0.0012, 0.0025, 0.005 and 0.01 g/L, respectively
(Figure 4b). The performance of the catalyst is linearly proportional to the concentration of catalyst used,
hence, upon increasing the concentration of the catalyst, the kapp increased as well. This can be explained
by the fact that when the concentration of the catalyst increased, the total surface area increased along
with the number of active sites available for the catalytic reactions (Figure 4a) corroborating the earlier
reports on the linear increase of kapp value with the increase in catalyst concentration. Lara et al. [61]
reported an increase of kapp when the palladium-based catalyst concentration was increased. Similarly,
Késtner and Thiinemann [62] reported in their work that increasing the catalyst concentration (Ag NI)
could increase the kapp in a linear way.

(a) (b)
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Figure 4. (a) kapp (min~!) vs. concentration (g/L) of Pt-RGO used, (b) plot of In (A/Ay) versus reaction
time for different Pt-RGO concentrations (0.0012 to 0.01 g/L) for the reduction of 4-NP.

4-NP is one of the most used compounds for testing the catalytic activity of the catalysts; therefore,
it should be easy to compare the catalytic performance of different catalysts. Further, to emphasize on
the good catalytic performance of the Pt-RGO green catalysts, we have tabulated the kg, values of
different studies in comparison with our study in Table 1.
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Table 1. Comparison between different catalysts with our present study.

4-NP NaBH,4 Reducing/ Reaction Rate
Catalysts Concentration Concentration  Supporting Time (min) Constant Reference
(mM) (mM) Material (Fapp) min~!
Pt-RGO 0.12 12 GK 2 0.71 This work
Pd-RGO/GA 5 0.5 Gum Arabic 5 0.12 [63]
AugaPdy7/Graphene 0.05 5 - 35 0.86 [64]
nanosheets
GPt-RGONPs 0.024 0.024 Guar gum 240 0.42 [21]
AgNPs@MWCNTs 0.1 5 Chitosan 5 0.47 [65]
XG/Ag 1% 107 0.1 Xanthan gum 1440 0.90 [20]
LrGO-AgypAugy 9.6 x 1073 0.1 Cetraria Islandica 1.7 0.45 [66]

3. Materials and Methods

3.1. Chemicals and Materials

GK, a grade IIl non-edible gum waste (Figure S1), was collected from Girijan Co-operative
Corporation, Hyderabad, India. Graphite with particle size < 50 um was purchased from Merck.
PtCly (96%), sodium borohydride (98%), 4-nitrophenol (ReagentPlus > 99%) were procured from
Sigma Aldrich. Sulfuric acid (96 wt%), hydrochloric acid (35 wt%), hydrogen peroxide (30 wt%),
potassium permanganate, sodium nitrate was procured from Penta, Czech Republic. Deionized water
(182 MQ-cm™!, ELGA, Veolia Water, Marlow, UK) was to carry out the experiments.

3.2. Synthesis of Pt-RGO Nanoparticles

GK was thoroughly cleaned by three washings with distilled water. To remove water and residual
moisture from the gum samples, they were dried overnight in an oven at 80 °C. Completely dried gum
samples were then powdered using a high-speed mechanical blender and then sieved using a mesh
size of 250 um to obtain a uniform fine powder.

Graphene Oxide (GO) was produced from graphite flakes using the modified Hummers
method [48,67] In a typical process, 69 mL of concentrated sulfuric acid along with 1.5 g of sodium
nitrate was taken in a two-necked round-bottomed flask to which 3 g of graphite powder was added
gradually over 30 min period under constant stirring. The flask was then kept on an ice bathand 9 g
of potassium permanganate powder was added very slowly for over 30 min; the temperature of the
reaction was maintained so that it does not exceed 20 °C. After the addition, the ice bath was removed
and the mixture was stirred at 35 °C for 12 h. Then, 138 mL of deionized water was poured into the
solution, which raised the temperature up to 98 °C and turned the solution dark brown in color. The
stirring was continued for another 2 h, after which 30 mL of 30% hydrogen peroxide was added to
convert MnQOj; to soluble MnSQOy; the color of the mixture changed to golden yellow and the reaction
was continued for another 30 min. Then, the mixture was washed with 5% HCl several times to remove
sulfate salts. The product was made alkaline by washing it with 5% solution of sodium carbonate and
the ensuing solid product was isolated by filtration and dried in an oven for 24 h at 75 °C.

Pt-RGO was prepared using the one-pot synthesis strategy via simultaneous reduction of both
PtCly salt and GO by GK waste. Briefly, GO dispersed in water, was added into PtCl4 water solution
(0.25-2 mM) under constant stirring such that the final GO concentration is 1 g/L. Then, the mixture
was sonicated for 30 min to enable fine dispersion. A 2.5 mL of the above mixture was mixed with
2.5 mL GK solution (processed GK via deacetylation protocol; stock solution = 20 g L) [24] under
vigorous stirring in a sealed ampoule. The reaction was allowed to proceed for 30 min under heating
(120-150 °C) in a dry bath, when reduced graphene oxide precipitated as a black solid; solution color
became clear, as opposed to the initial light yellow color of PtCly, indicating the complete reduction of
the metal salt. The ensuing product was isolated by centrifuging and washed with deionized water.
Finally, the product was dried in an oven overnight to remove any residual moisture. The synthesis
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was conducted under different reaction conditions by varying time, temperature and concentration of
PtCly to optimize the synthetic protocol.

3.3. Characterization Techniques

Scanning Electron Microscopy (SEM) of the samples was assessed on UHR FE-SEM Carl Zeiss
ULTRA Plus, Germany, operating at 0.5-2.5 kV acceleration voltage. Further, to analyze the morphology
and selected area electron diffraction (SAED) patterns field emission transmission electron microscopy
(FE-TEM) JEM-2100F, JEOL Ltd., Japan, operating at 200 kV, was used. The particle size distribution was
calculated by measuring 50 particles using HRTEM images by using Image]. The obtained micrographs
were processed by using the digital image processing software Gatan Digital Micrograph. The
crystallographic structures of the material were determined using X-ray diffraction (XRD) spectroscopy,
which was performed on Bruker, AXS/8, Berlin, Germany and the diffraction spectrum over 20 range
of 0 to 80° was obtained using Cu-Ka radiation (40 kV, 60 mA) to identify the crystal phase and
composition. Raman Spectroscopy was carried out using a Raman DXR microscope (Thermo Fisher,
Waltham, MA, USA), with a laser excitation wavelength of 514 nm on an Argon laser with 1 cm™!
spectral resolution. The spectra were recorded at ambient conditions in the range 1000-3000 cm™!.
UV-vis spectroscopy was performed on Hach Lange DR 3900 UV-vis spectrophotometer, UK using
1 em quartz cuvettes.

3.4. Catalytic Reduction of 4-Nitrophenol (4-NP)

The catalytic prowess of Pt-RGO catalysts was evaluated in hydrogenation of 4-NP to
4-aminophenol using NaBH,, where the procedure was followed on the lines previously reported
by Baruah et al. [68]. Initially, 24 puL of 4-NP (5 mM) was taken in an Eppendorf tube to which the
prerequisite amount of Pt-RGO was added (0.0012 to 0.01 g/L). To this mixture, 120 uL of NaBH, (0.1 M)
was added followed by the addition of DI water to adjust the volume to 1 mL. This solution mixture
was thoroughly mixed and immediately transferred to a clean quartz cuvette (1 cm path length), and
the absorbance was recorded continuously over regular time intervals using a UV-Vis spectrometer.

4. Conclusions

A one-pot co-reduction method was uncovered successfully to obtain RGO sheets decorated
uniformly with Pt nanoparticles using biorenewable GK waste as a reducing agent. Even though GK
has been used in the synthesis of metal nanoparticles, its ability to simultaneously reduce GO and
metal salts has not been studied until now, to directly generate nanocomposite from a readily available
and eco-friendly precursor. Furthermore, the proposed synthesis is fairly expeditious as compared to
other reported methods [63,69,70] GK has not only successfully reduced Pt salt and GO simultaneously,
but also assisted in the fine dispersion of Pt on the RGO surface; hydroxyl groups on the GO surface
provide anchoring sites for the deposition of Pt nanoparticles. The obtained Pt-RGO nanoparticles were
further analyzed by SEM, TEM, XRD, and Raman spectroscopy, where morphological studies showed
that the ensuing nanoparticles were spherical in shape with an average particle size of 3.3 + 0.6 nm
and the Raman studies and XRD results established the successful reduction of GO by GK. In addition,
XRD results indicated the formation of crystalline Pt nanoparticles with fcc geometry. The Pt-RGO thus
obtained, displayed good catalytic performance in the hydrogenation of 4-nitrophenol, wherein the
hydrogenation of 4-nitrophenol occurred in 2 min reaction time with a rate constant (kapp) of 0.71 min ™.
The superior catalytic performance of the Pt-RGO catalyst can be attributed to the synergistic effect
of Pt nanoparticles anchored on the RGO surface. The simple and easy synthesis of Pt-RGO follows
greener synthesis protocols and offers attractive possibilities to be used in the production of efficient
green catalysts for the reduction of toxic and hazardous chemicals in various fields.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/24/20/3643/s1,

Figure S1: Image of the gum kondagogu (grade IlI-non-edible gum). Figure 52: SEM images of Pt-RGO with

different PtCl4 concentration. (a) 0.25, (b) 0.5, (c) 1, and (d) 2 mM. Figure S3: Images of the final products of
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different temperature (I) 120, (IT) 130, (IIT) 140, and (IV) 150 °C. Figure S4: Images of the final products of different
time (I) 15, (II) 30, and (III) 60 min. Figure S5: EDX profile of Pt-RGO. Figure 56: Plot of In (At/A0) versus reaction
time of G-Pt of varying concentrations (a) 0.0012, (b) 0.0025, (c) 0.005 and (d) 0.01 g/L. Table S1: Different reaction
conditions and concentrations for the optimization of the reaction conditions.
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4. Conclusions

The work carried out in this thesis is aimed to investigate the potential of exudate tree gums
for various applications, with an emphasis on food packaging application. Due to their intrinsic
shortcomings, tree gum polysaccharides do not fulfill food packaging requirements. The methods
adopted in this study appear to overcome these limitations, enhancing the potential of these gums
to be used as a substitute for conventional packaging material.

The incorporation of graphene oxide (GO) into the gum matrix resulted in the enhancement
of the film-forming ability of the gums via secondary interactions. The gums intercalated the GO
layers forming highly ordered freestanding films with enhanced mechanical properties. This
improvement in the properties arises from the interactions between the functional groups of the
components via hydrogen bonding. The addition of GO created a tortuous path for the diffusion
of gas molecules through the films, thus enhancing the barrier properties to levels equivalent to
traditional packing materials.

The hygroscopic nature of kondagogu gum was reduced by its chemical modification using
long-chain alkenyl groups of dodecenyl succinic anhydride (DDSA). The introduction of a 12-
carbon hydrophobic chain was confirmed by *H nuclear magnetic resonance and Fourier-transform
infrared spectroscopy. The long-chain carbon groups served as internal plasticizers, resulting in an
amorphous structure with improved film-forming ability, hydrophobicity, and flexibility.
Furthermore, the addition of nanocellulose fibres enhanced the mechanical strength and barrier
characteristics of the films. The modified films exhibited antibacterial properties and excellent
biodegradability under aerobic conditions.

Despite these modifications, the films exhibited humidity-induced property deterioration.
To overcome this, the films were coated with aqueous dispersions of PVA and sodium hectorite

clay nanoparticles. The coating enhanced the material's mechanical characteristics, such as tensile
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strength and modulus, while also creating a tortuous path for decreased gas diffusion. The resulting
flexible packaging films outperform several conventional polymers in terms of barrier
performance. The improved barrier characteristics remain unaffected by the increase in relative
humidity as high as 75%.

Furthermore, edible films based on dialdehyde modified karaya crosslinked gelatin films
were fabricated. The chemical modification and the crosslinking were confirmed by *3C nuclear
magnetic resonance and Fourier-transform infrared spectroscopy. These chemically crosslinked
biopolymer composite films exhibited excellent stability with improvement in mechanical and
barrier properties. The films retain biodegradability despite the crosslinking, the films are
biodegradable, implying that these bioplastics are environmentally sustainable and might be useful
in the edible film-based packaging sector.

Additionally, the lower grade tree gum wastes were used to obtain value-added
nanostructures for advanced applications. The carbon-rich structure of the gum wastes was
carbonized to obtain high surface area nanoporous structures. These resulting materials allow for
rapid water evaporation via capillary action, making them ideal for water-driven efficient electrical
energy harvesters. Under asymmetric wetting and ambient conditions, the energy harvesters
demonstrated excellent capability to generate electricity reliably with tremendous potential to scale
up. The abundant hydroxyl functional groups present in the non-edible KG wastes were used in
the synthesis of reduced graphene oxide (RGO) supported platinum nanoparticles. KG aided in the
simultaneous reduction of Pt salt and GO, as well as homogenous nanoparticle dispersion over the
RGO surface. The supported nanoparticles exhibited superior catalytic performance in the
hydrogenation of 4-nitrophenol, wherein the reduction of 4-nitrophenol to 4-aminophenol was

achieved very quickly.
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5. Future prospects

Exudate gums possess a unique set of properties which makes them an ideal material for
the development of biodegradable packaging material. One of the important outcomes of the
present investigation is the potential ability of the tree gums in the development of packaging films
with remarkable properties. Nevertheless, the research presented in this thesis was conducted on a
laboratory scale and there is still a need for the scaling up of the process. In a large-scale sector
like food packaging, solution casting may not be an optimal option for film fabrication. Extrusion
is one example of a scalable process that should be investigated in future. To be employed in
thermal processing procedures such as extrusion, the thermal profile of tree gums must be
extensively researched. Gums can be mixed with other biopolymers such as starches, which have
already been validated in the extrusion technique, to improve their thermal processability.

The development of edible films using tree gum polysaccharides is another prospective
application with tremendous potential. Edible films incorporated with bioactive materials could be
developed for the active packaging of food and pharmaceuticals. Furthermore, the sustainable
bioplastics developed using tree gums can be extended to other applications including biomedical,
energy and environmental applications. The non-toxicity, biocompatibility and non-mutagenic
properties of the tree gums could be explored in biomedical applications. Bioinks based on tree
gums could be developed for 3D printing structures for use in biomedical applications, biosensors

and food areas.
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