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ABSTRACT

Theoil, gas, and chemical industries’ digital transformation is significantly changing the methods
of finding, extracting, and managing subsurface resources. However, equally fast advancements
in plant-derived, non-cellulosic biopolymers are opening up new possibilities for the development
of sustainable materials in these industries that have been traditionally heavily reliant on
natural resources. This research looks at the intersection of these two technology areas: one
being the frontier of automation in the search process, and the other being the development of
biopolymer engineering to demonstrate how their merger could affect the company’s strategies
in the future comprising operational, environmental, and materials-based faspects. Plant-based;
biopolymers have become the focus of attention due to the increased demand for sustainable
and biodegradable materials as substitutes for petroleum-based polymers. To date, research
on cellulose-based polymers is comprehensive, however, there is still a large potential for non-
cellulosic plant biopolymers such as starch, lignin, pectin, hemicellulose, cutin, and plant-
derived proteins and gums to be explored. In fact, these biopolymers offer distinct possibilities
because they are not only easily available but also have different kinds of structures and can
have varying properties. The biopolymers can be isolated from the leftover parts of the harvest,
seeds, fruits, roots, and exudates, thus, providing a sustainable source of packaging, medical,
textile, and agricultural materials. This review covers the chemistry, the extraction methods,
and the material properties of the major non-cellulosic plant-based biopolymers. Itf examines
in detail their mechanical, thermal, and barrier properties, as well as their biodegradability,
recyclability, and functional limitations. Moreover, it moves modification methods and blending
strategies to improve the performance of the industrial application. The article also talks about
the issues of the mechanical performance, biodegradability, and the compatibility of these
biopolymers that are facing most prominently. The paper ends with the discussion of present
innovations and future possibilities to locate research gaps and facilitate the extensive use of
non-cellulosic biopolymers in eco-friendly material fashioning.
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Biopolymers; Plant Proteins; Sustainable Bioplastics.
RESUMEN

La transformacion digital de las industrias del petrdleo, el gas y la quimica esta cambiando
significativamente los métodos de blUsqueda, extraccion y gestion de recursos del subsuelo. Sin
embargo, los avances igualmente rapidos en biopolimeros no celulésicos de origen vegetal estan
abriendo nuevas posibilidades para el desarrollo de materiales sostenibles en estas industrias,
que tradicionalmente han dependido en gran medida de los recursos naturales. Esta investigacion
analiza la interseccion de estas dos areas tecnoldgicas: una, la frontera de la automatizacion
en el proceso de blsqueda, y la otra, el desarrollo de la ingenieria de biopolimeros, para
demostrar como su fusion podria afectar las estrategias futuras de la empresa, abarcando
aspectos operativos, ambientales y de materiales. Los biopolimeros de origen vegetal se han
convertido en el foco de atencion debido a la creciente demanda de materiales sostenibles
y biodegradables como sustitutos de los polimeros derivados del petrdleo. Hasta la fecha,
la investigacion sobre polimeros de celulosa es exhaustiva; sin embargo, alun existe un gran
potencial para la exploracion de biopolimeros vegetales no celulésicos como el almidoén, la
lignina, la pectina, la hemicelulosa, la cutina y las proteinas y gomas de origen vegetal. De
hecho, estos biopolimeros ofrecen distintas posibilidades, ya que no solo son faciles de conseguir,
sino que también presentan diferentes tipos de estructuras y propiedades. Los biopolimeros
pueden aislarse de restos de cosechas, semillas, frutos, raices y exudados, lo que proporciona
una fuente sostenible de materiales de embalaje, médicos, textiles y agricolas. Esta revision
abarca la quimica, los métodos de extraccion y las propiedades materiales de los principales
biopolimeros vegetales no celuldsicos. Examina en detalle sus propiedades mecanicas, térmicas
y de barrera, asi como su biodegradabilidad, reciclabilidad y limitaciones funcionales. Ademas,
promueve métodos de modificacion y estrategias de mezcla para mejorar el rendimiento
de las aplicaciones industriales. El articulo también aborda los problemas mas importantes
relacionados con el rendimiento mecanico, la biodegradabilidad y la compatibilidad de estos
biopolimeros. El articulo finaliza con un analisis de las innovaciones actuales y las posibilidades
futuras para identificar lagunas en la investigacion y facilitar el uso extensivo de biopolimeros
no celulodsicos en la fabricacion de materiales ecologicos.

Palabras clave: Automatizacion Avanzada; Exploracion de Petréleo y Gas; Deteccion en Tiempo
Real, Biopolimeros no Celuloésicos; Proteinas Vegetales; Bioplasticos Sostenibles.

INTRODUCTION

In response to these issues, one of the main factors that led to the global search for
sustainable materials is the growing concern for the environment with respect to plastic waste
and the limited nature of fossil fuel resources. Traditional petrochemical plastics are a major
source of environmental degradation because they are not biodegradable and their production
process is carbon-intensive, although they are also very versatile and cheap. This has led to the
rise of biopolymers as the next generation of plastics, which are made from renewable sources
and have advantages such as biodegradability, decreased carbon dioxide emissions, and less
impact on the planet. 234

Bioplastics based on cellulose have been broadly researched, however, biopolymers from non-
cellulosic plants are a neglected resource which is still a highly potential new-matter category.
Such are carbohydrate polymers derived from plants like starch, pectin, and hemicellulose, in
addition to aromatic and proteinaceous compounds such as lignin and plant proteins. These
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biopolymers have a broad variety of physico-chemical properties that open up their application
in different areas such as packaging, biomedical devices, and agriculture.®? Significantly, a
large portion of these compounds are obtained from the remains of agricultural activities and
the off-gases of the food industry, thus making a significant contribution to waste valorization
and the implementation of the circular economy. ®?%10,11,12,13,14)

This review is a comprehensive critical examination of the scientific research concerning
biopolymers of plant origin from non-cellulosic sources. The study is centered on determining
their structural features, methods of extraction and processing, property enhancements, and
applications in the real world. Moreover, the article considers the environmental impacts, market
trends, as well as the technological and regulatory obstacles that limit the availability of the
product on a large scale. By emphasizing the present shortages and potential future opportunities,
this article serves as a tool to facilitate the evolution and market entry of the materials of
the biopolymer industry that are next in line and are environmentally friendly. (51617181920

The rapid automation of operations, the introduction of new sensors, and the application
of data-driven decision support systems are changing the operational environment of oil, gas,
and chemical industries in a profound way. Digital platforms integrating real-time geological
data, autonomous drilling control, and predictive analytics are nowadays the primary means
for improving subsurface characterization and lowering exploration uncertainty. Automated
systems have generally been credited with increased operational precision and also reduced
human exposure to hazardous conditions in the field, thus safety and process efficiency have
been improved, as it has been pointed out by recent publications.??2 Such technological
breakthroughs are supported by general industrial digitization trends, in which smart monitoring
systems, machine-learning-enabled diagnostic capabilities, and adaptive control units are
becoming the technological backbone of modern energy engineering. Given that exploration
conditions are getting tougher and resource extraction requirements are becoming higher,
automation-driven solutions allow energy companies to be more responsive and efficient.?

While the world is moving towards new technologies, the materials used for energy and
chemicals are also changing dramatically due to the advancement of plant-derived biopolymers,
in particular, non-cellulosic structures like lignin, hemicellulose derivatives, and resin-based
macromolecules. These materials have a great potential to be used as the most eco-friendly
alternatives for coatings, drilling additives, corrosion mitigation systems, and composite
reinforcements, and their properties are becoming more and more competitive with those of
conventional petroleum-derived polymers. @425 The changes in these materials from laboratory
to real-world applications are also facilitated by the developments in polymer chemistry and
processing technologies that have broadened the functional versatility and performance of bio-
based materials.

Combining automation innovations with biopolymer science into a single framework may,
thus, lead to the creation of new environmentally friendly engineering solutions—solutions that
harmonize operational intelligence with the manufacture of less polluting materials specially
designed for energy-intensive sectors. The coming together of these two worlds is a strong
indication of a larger movement towards a sustainability-focused engineering discipline where
efficiency, performance, and environmental aspects need to be addressed simultaneously.

METHOD
Classification of Plant-Based Biopolymers

Non-cellulosic plant-based biopolymers can be divided into different groups depending on
their chemical structure, source, and polymer class. Such categorization aids in identifying their
functions and their possible uses in the industry. In fact, they may be classified into three major
groups: polysaccharides, proteins, and aromatic polymers based on their molecular structure.
For instance, starch, pectin, and hemicellulose, which are polysaccharides, consist of sugar
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monomers and are generally hydrophilic; this characteristic is the main reason for their ability
to form a film and for their biodegradability. Non-cellulosic biopolymers may have different
architectures such as linear, branched, or crosslinked depending on their polymer architecture.
To illustrate, the amylose part of starch is linear, whereas amylopectin is branched, which
affects their gelatinization and film-forming properties. The reason for pectin being able to gel
is its highly branched structure whereas the tightly packed, crosslinked structure of lignin is the
main source of its mechanical stiffness as well as its environmental resistance. 3%

Major Non-Cellulosic Biopolymers and Their Sources

Non-cellulosic plant-based biopolymers are diverse in terms of their source and their
chemical nature. The biopolymers in question are generally the result of the consumption
of carbohydrates, the structure, and the secondary metabolites of plants. Every single one
has unique molecular features that determine its physical properties, the possibility of being
processed, and its performance in the final application as can be seen in table 1.

Table 1. Comparative Overview of Non-Cellulosic Plant-Based Biopolymers!'-2%

Biopolymer  Primary Source Structure Type Key Properties Applications
Starch Tubers (potato, Polysaccharide Biodegradable, Bioplastics, packaging
cassava), (amylose (linear a-1,4- thermoplastic, films, disposable
cereals (maize) linked D-glucose) and moisture sensitive cutlery
amylopectin (branched
a-1,4 and a-1,6
linkages
Lignin Wood, agro- Aromatic phenolic UV resistant, Fillers, coatings,
waste, aper/ polymer made of thermally stable, adhesives, carbon
pulp byproducts three monolignols: antioxidant, fibers
p-coumaryl alcohol, hydrophobic
coniferyl alcohol, and
sinapyl alcohol
Pectin Citrus peels, Heteropolysaccharide Gel-forming, Food packaging,
apple pomace (galacturonic acid pH sensitive, drug delivery, wound
backbone) biodegradable dressings
Xylans Hardwood and  B-(1—4)-linked xylose Biodegradable, Biodegradable films,
cereal straw backbone with side film-forming, water-  drug delivery, edible
chains soluble coatings
Mannans Softwood, Linear or branched High water Food stabilizers, drug
legumes, konjac B-(1—4)-linked absorbency, gelling, carriers, paper sizing
mannose emulsifying
Glucans Barley, oats, Mixed B-(1—3)/ Immunomodulatory, Biomedical coatings,
fungal biomass  (1—4)-glucose linkages gel-forming, controlled-release
antioxidant systems, wound
healing
Cutin/ Fruit skins Lipid-based polyesters Hydrophobic, Water-repellent
Suberin (e.g., (hydroxy fatty acids)  microbial resistant,  coatings, packaging
tomatoes), cork flexible layers
tissues
Soy Protein Soybeans Globular protein Good film-forming, Edible films,

Isolate

(glycinin,
B-conglycinin)

biodegradable, high
tensile strength

packaging, adhesives,
biomedical scaffolds
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Wheat Wheat
Gluten endosperm
Zein Corn endosperm
Guar Gum Cyamopsis
tetragonoloba
seeds
Gum Arabic Acacia tree
exudates
Locust Bean Ceratonia

Gum siliqua seeds
Castor Castor seed oil
Oil-Based

Polyurethane

Linseed Oil Linum
Alkyd Resin usitatissimum
(flax)
Carnauba Copernicia
Wax Esters prunifera leaves
Epoxidized Linseed oil
Linseed Oil
(ELO)
Hydroxylated Hydrogenated
Castor Oil castor oil
Derivatives

Gliadins and glutenins

Hydrophobic prolamin

Galactomannan
polysaccharide

Complex glycoprotein-
polysaccharide mix

Galactomannan
polysaccharide

Triglyceride-derived
polyol

Unsaturated fatty acid
esters

Long-chain aliphatic
esters

Epoxidized
triglycerides

Polyol-type

Thermoplastic,

elastic, water-

and gas-barrier
properties

Film-forming,
glossy, oil-resistant,
biodegradable

High viscosity,
water-holding,
emulsifying

Soluble, low
viscosity, film-
forming, emulsifier

Thickening,
stabilizing, heat
resistance

Flexible,
biodegradable,
hydrophobic, good
chemical resistance

Thermosetting,
UV-stable,
crosslinkable, eco-
friendly

High melting
point, glossy finish,
excellent water
resistance

Plasticizer, thermal
stabilizer, flexible,
low toxicity

High hydroxyl

functionality, rigidity,

thermal resistance

Biodegradable
packaging,
agricultural films

Coatings,
drug delivery,
microencapsulation

Food thickener, paper,
textiles, drilling fluids

Beverages,
pharmaceuticals,
microencapsulation

Dairy products,
biodegradable films,
cosmetics

Coatings, adhesives,
foams, biomedical
devices, packaging

Surface coatings,
paints, printing inks,
plasticizers

Food coatings,
polishes,
biodegradable films,
cosmetics

Bioplasticizers in
PVC, PLA, soy protein
plastics

Bio-foams, thermoset
resins, renewable
adhesives

Extraction and Processing Techniques

The quantity, and the usability of non-cellulosic biopolymers, then the most crucial factor
would be their extraction and processing. Apart from enabling the isolation of polymers of
high purity, the effective extraction methods also help in reducing the environmental load
and making the process more economically viable. The ways to do it include not only the
old-style chemically based methods but also the modern, green, and nanotechnology-assisted
ones. No one method can be perfect in terms of all these parameters - efficiency, scalability,
environmental impact, and cost, but rather a compromise has to be found.

Conventional Methods

Conventional extraction methods for non-cellulosic biopolymers, such as acid or alkali
hydrolysis, wet milling, and pulping, have been the major choices because of their effectiveness
and upscaling possibilities over the years (figure 1). Nevertheless, these procedures usually
require the use of aggressive chemicals and result in large amounts of waste. Typically,
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traditional extraction methods comprise the following chemical treatments:
a) Acid or alkali hydrolysis. Complex biomolecules are broken down to simpler ones
by using acidic or basic solutions.
b) Solvent extraction. In this process, solvents dissolve the target compounds from
the plant matrix (e.g., ethanol or hexane).
c) Precipitation. The target compound is removed from the solution by the addition
of a precipitating agent (e.g., alcohol or salts).

Though these techniques are entrenched and deliver high yields, they raise significant issues
about pollution, loss of bioactivity, and high energy consumption.®?

Green and Eco-Friendly Techniques

Starch is isolated through

Starch wet milling and enzymatic
' % degradation
Wet milling and Pectin is obtained by acid
izl extraction from  fruit
Pectin residues under elevated
EEE—
temperatures
Acid extraction Lignin is usually separated
ey via the Kraft or sulfite
Lignin
— pulping process
Kraft or sulfite pulping Proteins are extracted
using aqueous or salt-based
Proteins
, , solutions  followed by
o (isoelectric ] . .
Aqueous or precipitation) isoelectric precipitation.

salt-based extraction

Figure 1. Conventional Extraction Methods of Non-Cellulosic Biopolymers

Green extraction technologies have been developed to address the issues related to the
environmental and health impacts of conventional extraction methods. The latest green
extraction technologies developments are enzyme-assisted, ultrasound-assisted, and subcritical
fluid methods which provide more eco-friendly alternatives with lower environmental impact
(figure 2). These methods discussed in table 2 that the authors of the paper aim to lessen the
usage of harmful chemicals, lower energy consumption, and keep the purity of the extracted
compounds intact.®7”)
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Supercritical Fluid Microwave-Assisted Ultrasound-Assisted
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Figure 2. Green Extraction Techniques for Non-Cellulosic Biopolymers

Table 2. Green Extraction Methods for Biopolymers and Natural Compounds®:67:8910,11,12,13,14,15)

Extraction Method

Principle Advantages Typical Applications

Supercritical Fluid
Extraction (SFE)

Microwave-Assisted
Extraction (MAE)

Ultrasound-Assisted
Extraction (UAE)

Enzyme-Assisted
Extraction (EAE)

Subcritical Water
Extraction (SWE)

Pressurized Liquid
Extraction (PLE)

Uses supercritical CO:2 Solvent-free, selective, Essential oils, lipids, antioxidants
at high pressure and ideal for thermolabile
temperature. compounds.

Microwave energy heats Fast, energy-efficient, Polyphenols, flavonoids, alkaloids
solvent and plant matrix, reduced solvent use,
causing cell wall disruption. high yield.

Ultrasound waves generate Low-temperature, rapid, Proteins, antioxidants, plant
cavitation bubbles that improves mass transfer. metabolites
break cell walls.

Enzymes degrade structural Mild conditions, eco- Polysaccharides, proteins, phenolics
polymers in cell walls. friendly, improved
extraction yield.

Uses hot water (100-374°C) No  toxic  solvents, Flavonoids, polyphenols, sugars
under pressure to stay in efficient for polar/semi-
liquid form. polar compounds.

Uses liquid solvents (e.g., Faster, uses lesssolvent, Phenolics, lipids, alkaloids, natural
ethanol, water) at high temp suitable for thermo- antioxidants
(50-200°C) and pressure. stable and some heat-

sensitive compounds.

These methods lessen the requirement for damaging solvents, decrease the amount of
energy needed, and increase selectivity. To illustrate, MAE has been done successfully to extract
pectin and gums from fruit peels with the help of a more efficient process and a shorter time.
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®) Moreover, enzyme-assisted extraction is widely used for protein and hemicellulose recovery
because it is performed under gentle conditions and the polymer is not damaged.“® However,
besides these benefits, the transition to a larger scale and the cost of operations are still the
main drawbacks.

Use of Nanotechnology in Biopolymer Processing

Nanotechnology is an instrument of significant change, it is a leading factor that contributes
the major functionality and the performance of plant-based biopolymers. One of the ways
a reduction in weight limitation, which is not common in this area, is to create materials
from non-cellulosic biopolymer fibers with mechanical power. The reason for this significant
improvement is that certain research results have shown it to be practical by embedding nano-
scaled fillers such as nanoclays, cellulose nanocrystals (CNCs), and nano-silica in a biopolymer
matrix. In a word, these enhancements pave the way for biopolymers to be used in packaging,
automotive, and biomedical fields.

In order to make an extraction process more efficient and selective, different routes involving
Nanoscale Solvents and Nanoemulsion-Based Techniques are considered for the release and/or
modification of bioactive compounds during processing. Nanoemulsions are defined as emulsions
with a droplet size of 20-200 nm, and which are stabilized by surfactants. These systems allow
enhanced solubility, bioavailability, and stability of hydrophobic compounds (e.g., plant oils,
essential oils, flavonoids). Contrary to that, Nanoscale solvents can go through the structure
of a cell at the nano level, form links with particular molecular bonds, and isolate the chosen
biopolymers (like lignin, pectin, proteins) under gentle conditions. The table 3 provides a brief
about nanoemulsion-based techniques, which use non-cellulosic biopolymers as emulsifiers or
matrices, the methods of emulsification (e.g., high-shear homogenization, ultrasonication),
targeted functionalities, and the possible applications in active packaging, crop protection,
biosensing, and antimicrobial delivery systems. 2345

Table 3. Nanoemulsion-based techniques utilizing non-cellulosic biopolymers for Packaging,
Agriculture, Antimicrobial, and Sensing (PAAiS) application

Biopolymer Nanoemulsion Role Functional Role / Application in PAAiS
Starch Encapsulating matrix in oil-in- Packaging: Active films with antioxidant/
water  nanoemulsions  (with/ antimicrobial oils

without protein carriers)

Zein (Protein) Forms hydrophobic nanocarriers

for poorly water-soluble actives

Pectin Acts as stabilizer and film former
in nanoemulsion dispersions
Chitosan Forms bioactive coatings with

nanoemulsified essential oils

Stabilizes oil-in-water
nanoemulsions in combination
with starch or polysaccharides

Whey Protein

Natural emulsifier and antioxidant
carrier in nanoemulsions

Gum Arabic

Agriculture: Controlled pesticide/nutrient delivery

Active  Ingredient  Systems: Delivery  of
nutraceuticals, essential oils, vitamins

Packaging: Antioxidant and antimicrobial films
Active Ingredients: Carrier for curcumin or lycopene

Packaging: Antimicrobial films
Agriculture: Biodegradable pesticide carriers
Packaging: Edible films/coatings

Active Ingredients: Encapsulation of probiotics
or sensitive bioactives

Agriculture: Foliar application carrier
Food/Packaging: Beverage and oil stabilization

One interesting application is the nanoencapsulation of plant oils with protein-starch
matrices, which has been demonstrated as a viable solution in the case of active food packaging
and drug delivery systems by shielding the sensitive substances and enabling their controlled
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release.® Though these innovations extend the use of non-cellulosic biopolymers to different
industries, mainly to the ones with high-value sectors, it has to be emphasized that the issues
of regulations, toxicology, and environmental safety of nanomaterials posed as a result, are still
the most challenging questions that require extensive research.

Challenges in Scalability of Biopolymer Extraction

The diagram depicts how automation technologies have become the leading factor in the
modern oil and gas exploration processes, primarily through automated drilling rigs, real-time
sensing, and advanced data-analysis platforms. Continuous monitoring of pressure, temperature,
vibration, and formation properties is realized by automated drilling systems aided by sensor
networks. These parameters provide rapid feedback to control units that modify drilling
parameters with minimal human intervention. These smart systems are said to have proven
their ability trim non-productive time, elevate safety and precision operational in difficult
exploration environments, as pointed out in the latest studies on automation in energy systems.
21,2223 The two-way arrows signify the data communication between the field-level devices and
the central analytical units where machine learning and predictive models analyze the incoming
data to take operational decisions.

Simultaneously the chart depicts the polymer science advancements in the field of bioplastics
coming from plants and hence becoming the potential sustainable engineering contributors in
the energy and chemical industries. Non-cellulosic biopolymers are one of the most exciting
candidates for drilling fluids, corrosion inhibition, and environmentally safe material replacements
that have been traditionally petrochemical polymers-based. The use of these materials in the
exploration schedule is in line with the trend toward green and high-performance industrial
materials, as documented in recent polymer science literature. 425 The convergence illustrated
in the chart suggests a future technological ecosystem, where automated exploration systems
and biopolymer innovations have an interdependent relationship that pave the ways for the
clean energy age as shown in figure 3.

AUTOMATED
DRILLING RIG

Figure 3. Converging automation technologies and plant-based biopolymers for next-generation oil, gas,
and chemical engineering
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Structure-Property Relationships

The structure-property relationship is essential when one wants to comprehend the
performance and portability of non-cellulosic plant-based biopolymers. The chemical
composition, molecular architecture, and functional groups of these polymers primarily dictate
their thermal behavior, mechanical properties, barrier performance, and biodegradability. It
is absolutely necessary to have a detailed knowledge of these correlations when it comes to
adjusting biopolymers for specific industrial functions.("12:13,14.15,16)

One of the most glads of biocomposites can be plastics based on plasticized starch
(thermoplastic starch, TPS), biodegradable materials, because of their renewability, low cost,
and ease of processing. Nevertheless, starch in its native form must be plasticized, usually by
water, glycerol, or sorbitol applied with heat and shear to starch which exhibits thermoplastic
behavior. The reinforcements, thus, improve the composites’ mechanical, thermal, and barrier
properties to a great extent, especially when fiber-matrix adhesion is coupled with chemical
treatments or compatibilizers. Extrusion, injection molding, and compression molding are the
common manufacturing methods for TPS biocomposites, and the efficiency of these methods is
dictated by the starch source, filler dispersion, and formulation parameters as shown in table 4.

Table 4. Comparative summary of structure-property relationships among selected non-cellulosic

biopolymers
Biopolymer Funl<(:¢tei)<,3nal Crystallinit LS WLy WSSEINIEL ROl Ref
poly ry Y Stability Sensitivity Strength Traits
Groups
Starch Hydroxyl Medium-  Moderate High Moderate Good film- Avérous &
High (150- former; Boquillon
200°C) brittle when
dry
Lignin Phenolic, Amorphous- High Low High UV resistant; Laurichesse
Methoxyl Low (>200°C) rigid; et al.(®
antioxidant

Pectin Carboxyl, Low- Low- High Low- Gelling; used  Thakur et

Ester Medium Moderate Moderate in food/ al.@

pharma
Hemi- Hydroxyl, Low Low- High Low Flexible; Ebringerova
cellulose Acetyl Moderate biodegradable et al.(

Proteins Amine, Variable  Moderate Moderate  Moderate Edible films; Gennadios

Carboxyl pH sensitive et al.;
Semenova

et al.

RESULTS AND DISCUSSION
Thermal degradation analysis

Thermal degradation analysis is one of the key methods that help determine changes in
heat resistance, decomposition and volatile product evolution of biopolymers. These are mainly
TGA (Thermogravimetric Analysis) and DTG (Differential Thermo-gravimetry) techniques which
show the different stages of the degradation, temperature at the maximum decomposition,
and the amount of residual char which are very important parameters for the evaluation of
biopolymer materials for high-temperature processing and various end-use applications. The
thermal degradation of non-cellulosic biopolymers is different to a large extent depending
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on their molecular structure as well as their origin. In the case of hemicellulose, it is highly
branched and amorphous, therefore it breaks down at lower temperatures (-268 °C), releasing
volatile compounds such as acetic acid and furfural. Cellulose, because of its high crystallinity,
is decomposed at higher temperatures (~355 °C) with sharp DTG peaks and it produces
levoglucosan and furans.

Table 5. Thermal Degradation Characteristics of Non-Cellulosic Biopolymers

Main Degradation Peak Major
Biopolymer Source Temp Range Degradation Volatiles / Remarks Ref
(°C) Temp (°C) Products
Hemi- Agricultural 200-350 ~268 Acetic acid, Degrades first Yang et
cellulose residues CO, COq, due to branched, al., 2007
furfural amorphous
structure
Cellulose Plant cell 315-400 ~355 CO, COg, High crystallinity;  Yang et
walls levoglucosan, sharp DTG peak; al., 2007
furans major pyrolysis
fraction
Lignin Wood, 200-500+ 280-370 Phenols, Broad, slow Yang et
straw, bark (broad methane, degradation; al., 2007
peaks) CO2, char aromatic rings
lead to high char
yield
Pectin Citrus, 180-300 220-260 Acetic acid,  Low stability due = Wong et
apple peels aldehydes, to ester groups  al., 2013
CO: and branching
Proteins Soy, wheat, 200-350 280-320 NHs, CO2, Two-stage Jaziri et
pea H-0, sulfur degradation: al., 2020
volatiles denaturation and
chain scission
Starch Corn, 250-350 ~310 Water, CO2, Moisture loss Zhang et
cassava, acetic acid, <150 °C; al., 2005
potato aldehydes decomposes
to sugars and
volatiles

Table 5 outlines thermal degradation characteristics of the chosen non-cellulosic biopolymers,
which, among others, include temperature ranges for degradation, peak decomposition
temperature, major volatiles released, and structural remarks.

Modification Strategies for Property Enhancement

Non-cellulosic biopolymers are environmentally friendly but usually have problems like poor
processability, low durability, and weak mechanical properties. To make them more industrially
feasible, numerous modification methods (figure 4) have been introduced to adjust and improve
their functional features.

Blending with Other Polymers

One of the most popular ways to maintain mechanical flexibility, processability, and
biodegradability is by mixing non-cellulosic biopolymers either with synthetic or natural
polymers. As an example, starch is usually mixed with poly(lactic acid) (PLA), polycaprolactone
(PCL), or polyethylene (PE) to make the material less brittle and to enhance the ability to
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form a film.® Films made from proteins can be mixed with gelatin, chitosan, or pectin, a
polysaccharide, to get more flexible films and those with better barrier properties. Such systems
usually behave synergistically; however, compatibility and phase separation still dominate as
the main problems, which can be solved by using compatibilizers or reactive extrusion methods.

Plasticization q e =
Chemical modifications %

Modification

. . Strategies for
::ﬁ"d'"g e Non-cellulosic Crosslinking ;1
ymers biopolymers - -

Enhancement

Nano composite Biocatalystic Treatment @
Formation

Figure 4. Modification Strategies for property enhancement in Non-cellulosic biopolymers

Nanocomposite Formation

Incorporation of nanoscale fillers such as nanoclays, cellulose nanocrystals (CNCs), graphene
oxide, and metal nanoparticles has become a very powerful tool to non-cellulosic biopolymers to
enhance their mechanical strength, thermal stability, and barrier properties. Upon crosslinking,
the combination of these nanoinserts leads to the creation of hybrid nanocomposite films
with noticeably better structural and functional features in comparison with the unmodified
ones. Besides the expanded application potential of biopolymers in the areas of biodegradable
packaging, active coatings, and biomedical materials, this synergistic approach is also in line
with the increasing demand for sustainable, high-performance alternatives to conventional
plastics.?

As an illustration, CNC-starch nanocomposites have been able to achieve great improvements
in tensile strength and water vapor barrier properties, thus opening the way for their application
as green wrapping.® The introduction of graphene oxide into the pectin matrix results in the
enhancement of the material’s thermal stability and mechanical stiffness, which in turn allows
it to be used for biomedical and structural purposes.® Similarly, metal nanoparticle-lignin
composites, in particular, those kinds that have silver or zinc oxide nanoparticles, could be
used in food packaging and wound healing materials due to their excellent antimicrobial and
UV-blocking properties.® Besides, nanoclay filled hemicellulose films demonstrated enhanced
gas barrier and mechanical properties which was attributed to the intercalated or exfoliated
structures formed.™ Few of the notable researches in Nanocomposite Applications in Non-
Cellulosic Biopolymers is given in table 6.
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Table 6. Examples of Nanocomposite Applications in Non-Cellulosic Biopolymers

Biopolymer Nanofiller Property Enhanced Application Ref
Starch Cellulose nanocrystals Tensile strength, barrier Biodegradable Zhao et al., 2020
(CNCs) properties packaging
Pectin Graphene oxide (GO) Thermal stability, rigidity Biomedical films  Wang et al., 2018
Lignin Silver nanoparticles Antimicrobial activity Active packaging Naseer et al.,
2020
Hemicellulose Montmorillonite Gas barrier, mechanical Coatings and films Tang et al., 2017

nanoclay properties

Applications of Non-Cellulosic Biopolymers

Safe and sustainable crop production is promoted by the use of agricultural bioplastics, such
as biopolymer-based hydrogels, and films that can be used for watering, seed coating, and
fertilizer and pesticide-controlled release formulations and at the same time reducing runoff
and improving soil health.? In the case of the coatings and adhesives industry, proteins, lignin,
and natural gums are the materials used for the production of sustainable and water-resistant
surfaces and binders with improved adhesion. The biopolymers are the substances that from
the Construction and Textile Industries are transformed into bio-composites, insulation foams,
flame-retardant coatings, and functional finishing with antibacteria or fire-resistant properties.
@) A comprehensive table delineating the prominent application sectors, functional roles,

challenges, and examples of biocomposites is appended below table 8.

Table 8. Application Sectors of Non-Cellulosic Biopolymers

GO O . LGy Functional Role Challenges AL
Sector Biopolymers Examples
Packaging Starch, Pectin, Biodegradable films, Moisture sensitivity, Starch/PVA/CNC
Proteins edible coatings, limited mechanical films
barrier layers strength, shelf life Pectin/fatty acid
edible films
Biomedical Pectin, Zein, Drug delivery, tissue  Regulatory approval, Pectin-chitosan-
Lignin scaffolds, wound sterilization, AgNPs hydrogel
healing biocompatibility Lignin/PVA
nanofibers
Agriculture Starch, Mulch films, seed Cost, degradation Starch-lignin seed
Hemicellulose, coatings, hydrogels rate control, coatings
Lignin mechanical fragility Hemicellulose-

Coatings /
Adhesives

Construction /
Textile

Electronics /
Sensors

Lignin, Proteins,
Natural Gums

Lignin, Proteins,
Pectin

Lignin, Pectin,
Starch

Bio-binders, barrier
coatings, primers

Lightweight
composites, flame
retardants, hydrogels

Flexible substrates,
biosensors, dielectric
materials

Bond strength, curing
conditions, water
resistance

Processability,
durability, fire
resistance
Electrical

conductivity, thermal
stability

chitosan hydrogel

Soy protein/lignin
adhesive
Gum arabic-lignin
coatings
Lignin-hemp panels
Zein flame-
retardant coatings

Lignin/PEDOT:PSS
films

197



Automation-Driven Exploration Meets Biopolymer Science: Converging Technologies Shaping the Future
of Oil, Gas, and Chemical Engineering

Energy Storage Lignin, Binders in electrodes, Conductivity, Lignin-derived
Hemicellulose conductive additives, charge retention, carbon for Li-ion
supercapacitor compatibility batteries
materials
Food Pectin, Starch, Encapsulation, Release control, Pectin
(Functional Protein delivery systems, sensory effects, microcapsules for
Use) emulsion stabilization stability probiotics
Water Lignin, Starch, Heavy metal Regeneration, Lignin-magnetite
Treatment Hemicellulose adsorption, dye swelling, selectivity nanocomposites for
removal, antimicrobial Cr(VI) removal
filtration

Integrated Performance Outcomes of Automation and Biopolymer Systems

The figure is 6 shows how automation technologies and biopolymer systems are the primary
factors that influence the performance of the oil and gas operations of the future. In the
upper left, automation systems—illustrated by robotic control—depict the fast-spreading use
of advanced drilling platforms, real-time sensing arrays, and Al-enabled decision systems in
exploration. These kinds of systems are more and more being engineered to provide greater
responsiveness and operational efficiency by, among other things, constantly modifying drilling
parameters based on the subsurface conditions that are monitored in real-time, a performance
upgrade that is in line with the research results of Zahid et al. and Kadkhodaie et al. on
intelligent subsurface monitoring and automated rig control.@"2?

The arrows that connect the automation to the main outcome node show the ways in which
the technologies lead to the enhancement of data reliability, the reduction of non-productive
time, and the facilitation of safer operations in high-risk oilfield environments. On the contrary,
the use of biopolymer systems draws attention to the future role of non-cellulosic plant-derived
materials—like lignin and hemicellulose derivatives—as eco-friendly raw materials for the oil
and chemical sectors.

The biopolymers are compatible with drilling fluids, corrosion-resistant coatings, and
environmental mitigation, as evidenced by the latest polymer science research.®?» Their
contribution to oilfield operations results in better environmental performance, lessening of
material toxicity, and the safety of workers being facilitated, which is symbolized by the oil
pumpjack icon that is the safety component’s anchor in the diagram.

Thus, they demonstrate how automation and biopolymers flow into shared performance
indicators—responsiveness, operational efficiency, compatibility, safety, and environmental
impact—the diagram, in fact, shows a converging technological landscape that is going beyond
this point. Such a convergence means that digital intelligence and sustainable material innovation
would be the major determinants of future oil, gas, and chemical engineering systems, a trend
that is also in line with the findings of other studies on digitalization in process industries.?

Future Perspectives and Research Gaps

In spite of the progress made in plant-based non-cellulosic bio polymeric materials, numerous
significant issues still exist that hinder their long-term industrial application. The variability of
raw materials in terms of moisture, chemical makeup, and molecular structure makes it difficult
to standardize and achieve a consistent output. Research efforts should be directed toward
establishing protocols for pre-processing and quality control in real-time so as to ensure the
stability of input materials. On top of that, the question of the scalability is raised since most
of the labscale methods involve the use of energy intensive or no environmentally friendly
solvents.
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Figure 6. Integrated performance outcomes linking automation, biopolymers, and oil-sector operations

The industrial applicability of the low-impact, industrial scale processes such as reactive
extrusion, supercritical CO2 blending, or enzymatic modification can be greatly enhanced
by the local feasibility."® Environmental assessments are sometimes only based on perfect
composting scenarios. There is a need for degradation that takes place under real conditions
in the marine, landfill, and soil systems, as well as region-specific Life Cycle Assessments (LCA)
that can provide information about sustainable deployment.

From a design standpoint, the natural bioactive additives (e.g., phenolics, essential oils,
alginates) incorporated into the material can improve the functionality of that material;
however, the additives should not hinder the biodegradability or the safety of the material. This
implies that ecocompatible multifunctionalization strategies must be developed. Finally, the
lack of representation of technoeconomic analysis is noticeable. The adoption of commercial
technologies can be propelled to the next level by the presence of different tools such as life
cycle costing, cost-benefit modeling, and industrial symbiosis frameworks working hand in hand
with policy incentives and labeling standards. %1617

CONCLUSIONS

The combination of automation-driven exploration technologies with advances in non-
cellulosic biopolymer science is a potential way to change the whole future of oil, gas, and
chemical engineering. Automating drilling operations, implementing real-time sensing platforms,
and upgrading intelligent control architectures are some of the ways through which the precision
of operations is being enhanced, risks mitigated, and responsiveness to changes in complex field
environments increased. Meanwhile, the next-generation plant-based biopolymers are opening
up possibilities for the supply of sustainable materials with attractive chemical, thermal, and
ecological characteristics that make them suitable for drilling fluids, corrosion prevention, and
equipment protection. As a result, the synergy between these two technological areas might
finally make it possible to have energy systems that are not only safer and more efficient
but also more environmentally friendly, thereby ensuring that the sector is able to satisfy the
growing performance requirements while making progress in the direction of sustainability of
the environment.
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Non-cellulosic plant-derived biopolymers as green alternatives to traditional petroleum-
based plastics are very promising and have the potential to widely be used across various sectors
like packaging, agriculture, construction, and biomedicine. Their structural and chemical
differences—from simple polysaccharides such as starch and pectin to recalcitrant molecules
(lignin, hemicellulose, plant proteins, gums, and oils)—provide an almost unlimited range of
functionalities. Despite this, the issues of processing inefficiencies, environmental stability, and
end-of-life management hamper their large-scale use.

Looking ahead, the non-cellulosic biopolymers’ success in large-scale applications will
depend on partnerships spanning across materials science, environmental sustainability,
industrial design, and regulatory frameworks. Techno-economic evaluations, standardization,
and life cycle analysis will be of utmost importance to facilitate the market entry of such
products. These biopolymers, being aligned with the principles of eco-friendly production and
circular economy, have the potential to become a significant part of the solution to the future
environmental and resource challenges.
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