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ABSTRACT: Plant-based starch has emerged as a promising natural binder in biocomposites owing to its biodegrad-
ability, renewability, and functional adaptability. This study critically reviews the extraction, modification, and
performance of starches derived from sources such as corn, potato, and cassava, with particular attention to their
calorific behaviour as measured through bomb calorimetry. Calorimetric analysis provides insight into the energy den-
sity and combustion efficiency of starch binders, parameters that influence both processing and End-of-life valorisation
of biocomposites. Through physical, chemical, enzymatic, and genetic modifications, the inherent limitations of native
starch such as moisture sensitivity and low mechanical strength can be mitigated while simultaneously enhancing
thermal stability and heat-release characteristics. Among evaluated starches, cassava starch exhibited a comparatively
high calorific value of 3661 cal/g (15.3 MJ/kg), confirming its potential for applications in bio-insulation, biofuel,
and thermally resilient composites. The integrated understanding of structural modification and calorific response
underscores the dual role of starch as both a functional binder and an energetic component, promoting a pathway
toward sustainable, energy efficient biocomposite development.
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1 Introduction

Growing interest in environmentally friendly materials has led to the raising of a lot of awareness
about renewable and biodegradable materials as alternatives to synthetic polymers in composite applications.
Starch is an excellent binder in biocomposites owing to its being plentiful, renewable, and biodegradable.
These composites are used in a wide range of industries, including automotive, construction, and packaging.
One strong contender is plant-based starch, a natural polysaccharide and a multifunctional bio-polymer
derived from various plants such as corn (Zea mays), potatoes (Solanum tuberosum), and rice (Oryza
sativa) [1].

It consists of both amylopectin and amylose, having a complex structure, with its metabolism dependent
on several enzymes [2]. In the food sector, it plays a vital role, providing stabilizing properties and versatility.
Methods for extracting starch include conventional wet milling and enzymatic processes, with the latter
yielding better results and less environmental impact [1]. Modified starches are significant in creating food
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texturizers and alternatives to meat [1]. In plant-based meat substitutes, starch can be incorporated as a
functional component or occur naturally in ingredients derived from legumes and grains [3]. The rising
demand for eco-friendly products has resulted in greater use of starch in bio-plastics and the investigation
of alternative starch sources, such as by-products from fruit processing [1].

A biocomposite usually includes a reinforcing component, like fibers, and a matrix material that secures
the reinforcement. In numerous composite materials, the matrix or binder is usually obtained from synthetic
polymers. Nonetheless, the rising environmental issues associated with petroleum-based polymers have
generated interest in plant-based starch substitutes. Starch derived from plants, due to its renewable and
biodegradable characteristics, presents a possible way to lessen the ecological impact of these materials.
Starch derived from plants is a promising biodegradable polymer suitable for biocomposites and bio-plastics,
providing an eco-friendly alternative to plastics made from petroleum [4]. Starch, especially from sources
such as potatoes (Solanum tuberosum), cassava (Manihot esculenta) and wheat (Triticum aestivum), can be
combined with various polymers to form composites that have enhanced functional characteristics. These
biocomposites derived from starch are utilized in food packaging, biomedical, pharmaceutical, and agri-
cultural sectors [4]. Nevertheless, starch-derived materials encounter difficulties like sensitivity to moisture
and inadequate mechanical characteristics [5]. Beyond its traditional role in mechanical reinforcement,
starch also exhibits distinct thermal and calorific characteristics that directly affect composite performance,
particularly under heat exposure and energy recovery conditions. Scientists are tackling these challenges with
a range of approaches, such as starch alteration, plasticity enhancement, matrix strengthening, and polymer
mixing [5]. Moreover, adding nanofillers and various additives can improve the characteristics of starch bio-
polymers, broadening their possible uses [4]. In general, starch-based composites present an eco-friendly
option with considerable opportunities for additional advancement in bio-plastics.

Recent research has investigated the use of plant-based starch as a binder in biocomposites, highlighting
its capacity to enhance mechanical properties. The addition of starch into polyurethane composites improved
thermo-mechanical traits, achieving a tensile strength of 9.62 MPa at a 1.5 wt.% inclusion level [6]. Similarly,
composites made with pineapple leaf fibers and a starch binder exhibited maximum flexural stress of
14.49 MPa with a 70:30 fiber-to-starch ratio [7]. In polypropylene blends, the integration 20% of starch
enhanced the flexural modulus and impact toughness, while higher concentrations reduced the overall
mechanical performance [8]. Sustainable polymer nanocomposites incorporating bio-based reinforcements
like starch nanoparticles have shown improvements in tensile, flexural, and impact properties [9]. However,
challenges remain, including insufficient dispersion and poor interfacial adhesion of nanoreinforcements,
which limit mechanical effectiveness. Ongoing studies are addressing these issues to expand the applications
of starch-based biocomposites. The schematic diagram in Fig. | illustrates the chemical structures of the
natural polymers amylopectin and amylose, which make up starch.

Research on starch-based binders in biocomposites has shown their capacity to enhance mechanical
characteristics such as tensile strength, flexibility, and impact resistance. However, the performance of
starch as a binder is influenced by factors like the type of starch, the method of modification, the type
of reinforcement used, and the conditions of processing. The hygroscopic nature and moisture-absorbing
qualities of starch can pose challenges in humid environments. Still, the abundant availability, renewable
nature, and biodegradability of starch make it a promising candidate for improving the mechanical properties
of biocomposites while reducing their ecological footprint. The interaction between starch molecules and
the polymer matrix can promote better cohesion, load distribution, and overall performance. Modifications
through chemical or physical methods can enhance its compatibility with various polymers.
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Figure 1: Schematic diagram of chemical structure of starch-constituting natural polymers (Top) amylose (Bottom)
amylopectin. [Adapted with Permission from Ref. [10]. Copyright© 2020 IntechOpen.]

Recent studies have increasingly emphasized the potential of starch as a sustainable binder due to its
biodegradability, availability, and adaptability for both chemical and physical modifications. The develop-
ment of starch-based biocomposites has progressed from simple reinforcement matrices to multifunctional
materials that exhibit enhanced mechanical, thermal, and calorific properties. The integration of starch with
other bio-based polymers and nanofillers has been shown to improve interfacial bonding, structural integrity,
and the overall energy efficiency of composites. A recent study published in the International Journal of
Biological Macromolecules demonstrated that enhanced starch modifications led to enhanced mechanical
properties and water resistance, further supporting its application in advanced bio-based materials [11].
This aligns with the ongoing research focus on high-performance, eco-friendly biopolymers that reduce
dependence on petroleum-based binders. This review explores the role of plant-based starch as binder in
biocomposites and its calorific value analysis.

2 Sources and Types of Based Starch

Starch is a form of complex carbohydrate that is typically present in many plants and acts as a source
of energy. It is sourced from various plant origins and has many uses, such as in food, healthcare, and
more recently in industrial items like biocomposites. Starch, a plentiful and renewable polymer sourced
from plants, has gained interest as a potential binder in composites due to its eco-friendly attributes and
cost-effectiveness [12,13]. Derived from various plant sources, including seeds, roots, and tubers, starch
consists of D-glucose polysaccharides and exhibits a range of structural features depending on its origin [12].
Worldwide, the production of starch surpasses 50 million tons each year, with corn representing 85% of
this amount [1,14]. Starch extraction can be achieved via conventional wet milling techniques or enzymatic
methods, with the latter producing better outcomes and a reduced environmental impact [1]. Recent progress
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in molecular biology and genetic engineering has facilitated the development of starches with improved
characteristics directly in the plant, potentially minimizing the necessity for post-harvest alterations [15].
The growing need for sustainable options has resulted in a greater utilization of starch in plant-based starch
alternatives and compostable plastics [1].

Different varieties of starch are used as binders in biocomposites. They are typically classified into A, B,
C, and V-type starches based on their crystalline patterns, which can be identified by X-ray diffraction (XRD)
analysis [16]. These crystalline types represent distinct molecular arrangements of amylose and amylopectin
within starch granules, which are strongly influenced by the botanical source and environmental conditions
during starch formation. A-type starch is most common in cereal sources such as wheat, corn, and rice. It has
a compact, dense crystalline structure with relatively low water content. The close packing of double helices
makes A-type starch less prone to swelling and more thermally stable during processing.

B-type starch, typically found in tuber sources such as potato and cassava, exhibits a more open,
hydrated crystalline structure. This structure contains more bound water and larger unit cells, leading to
higher gelatinization temperatures and slower heat transfer than in A-type starches. V-type starch differs
from the other three in that it forms through complexation between amylose and lipophilic molecules
(such as fatty acids or alcohols) rather than existing naturally in plant granules. The V-type configuration
enhances thermal stability and enzymatic resistance, making it valuable for producing resistant starch and
thermally stable biocomposite binders [17,18]. A-type starches are dense and low in water content, B-type
starches are open and water-rich, C-type starches combine features of both, and V-type starches arise
from amylose-lipid complexation. These structural distinctions play a crucial role in determining starch
behaviour during composite fabrication, influencing its thermal performance, moisture interaction, and
calorific efficiency [19,20].

The wheat endosperm contains two types of starch granules, the larger A-type and the smaller B-
type [21]. A-type granules are typically disk or lentil-shaped, while B-type granules can be spherical or
polygonal [22]. Both types exhibit A-type crystallinity but differ in their composition and properties. In
comparison to B-type granules, A-type granules have a higher amylose content, a lower protein content,
and a lower amylopectin/amylose ratio [22]. A-type granules show a greater extent of hydrolysis, higher
swelling capacity, and increased gelatinization enthalpy, while B-type granules are characterized by a higher
gelatinization temperature [22]. The development of B-type granules is associated with the phosphorylation
of enzymes involved in starch biosynthesis, and larger granules correlate with the heightened activity of
various starch biosynthesis enzymes [23]. Methods for isolating these granule types include microsieving and
centrifugal sedimentation. Centrifugation using Percoll solutions is the most efficient approach for acquiring
purified groups of both types [21].

Type starch demonstrates characteristics of both A-type and B-type crystalline structures and is
commonly found in legumes [24]. Its distinctive characteristics render it appropriate for numerous uses.
C-type starch can be produced through genetic modification, as demonstrated in high-amylose transgenic
rice [25]. Compared to B-type starch, C-type starch shows superior physicochemical properties, including
improved heat stability and increased resistance to processing [26]. The distribution of A- and B-type
allomorphs within C-type starch granules differs between transgenic rice and natural sources [24]. C-type
starches typically contain high levels of resistant and slowly digestible starches, which contribute to favorable
glycemic responses and support the growth of gut microflora [25]. The traits of C-type starches render them
particularly attractive for a range of industrial applications.

D-type starch, recognized by its distinct XRD pattern, can be synthesized through various methods,
including the ethanol-alkaline treatment of corn starches and the heat treatment with aqueous ethanol [17].
The amylose concentration plays a significant role in the formation and properties of V-type starch, as a
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higher amylose content promotes granule integrity and the growth of V-type crystals [17]. V-type starch
complexes, classified as type 5 resistant starch (RS), can be formed with various substances via non-
covalent interactions. These complexes exhibit improved thermal stability, resistance to digestion, and
the ability to swell in cold water. Additionally, V-type starch has shown promise in neutralizing odors
from marine products by effectively adsorbing undesirable compounds found in sea cucumber intestinal
peptides [27]. Fig. 2 shows starches and the various crystal forms derived from different plant sources.

Natural Starch
Cereal (A-type starch) Tuber (B-type starch) Bean (C-type starch)

Water Chestnut

Mung bean

Figure 2: Starches and the various crystal forms are derived from different plant sources. (Left) Cereal (A-type starch)
sago, wheat, and corn. (Middle) Tuber (B-type starch) potato, tapioca, and water chestnut. (Right) Bean (C-type starch)
kidney bean, pea, and mung bean

Investigations have been conducted on synthetic starch to improve its compatibility with synthetic
polymers and to enhance its material characteristics. The chemical grafting of synthetic polymers onto starch
can address the limitations of both substances, such as the poor biodegradability of synthetic materials and
the weak mechanical properties of starch [28]. Starch can act as a functional filler in its granular form or can
be destructured for integration with synthetic polymers [29]. Research has been undertaken on modifying
the surfaces of starch granules with synthetic chains through urethane bonding to create thermoreversible
networks [30]. Additionally, synthetic amyloses have been generated using potato phosphorylase to function
as calibration standards in gel chromatography for the molecular weight evaluation of starches, offering
advantages over dextran fractions due to their uniform molecular size and Poisson-like distribution [31].
These modifications and different types of synthetic starch open up new applications and improve analytical
methods for materials derived from starch. Table | tabulated the presence of sources for starch and their
granular form [32-35] while Fig. 3 presents Scanning Electron Microscopy (SEM) images of granular
starches: (a) potato, (b) corn, (c) wheat, and (d) rice.
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Table 1: Sources for starch and their granular form

Plant source Size (um) Shape
Corn 2-30 Round and polyhedral
Potato <110 Oval and irregular
Rice <20 and 2-8 Polygonal and angular
Wheat 10 and 10-30 Discs
Tapioca 5_35 Irregular shape from spherical to
polygonal
Banana 2173-24.67 Irregular shape, including flat, irregular
oval, slender rod, and cone
Sorghum 5-25 Polygonal and round
Pea 2-40 Oval, spherical, and round
Oil palm 1-25 spherical, oval, and round shapes

15 Okvfiel Ok  50um

Figure 3: SEM images of granular starches: (a) potato, (b) corn, (c) wheat, and (d) rice. [Adapted with Permission from
Ref. [36]. Copyright© 2019 MDPI.]

3 Plant-Based Starch Extraction Process

Starch extraction entails isolating starch granules from plant tissues, beginning after obtaining raw
materials from different plant-based starch sources such as corn, potatoes, and beans, which are thoroughly
cleaned to eliminate contaminants. After cleaning, these materials are either crushed or processed through
wet milling to form a slurry. This involves grinding and soaking in water to soften the tissues and release the
starch granules. The slurry then goes through several processing stages. Initially, it is filtered and separated,
followed by desanding and desilting processes to ensure its purity. The resulting purified starch solution,
resembling milk, is subjected to further concentration and refinement before being dehydrated and dried
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to produce both wet and dry starch. In the final steps, the starch is filtered to achieve a consistent powder
texture and then packaged for distribution, leading to the preparation of starch powder or finished products
for various uses. The resulting mixture is then centrifuged or filtered to isolate the starch from the fibers
and proteins found in the plant. This mixture is rinsed and dried further to obtain pure starch (Fig. 4).
Starch extraction is the initial and most critical stage, influencing not only yield and purity but also the
calorific potential of the final material. The preservation of the native starch structure during extraction
directly determines its carbon retention and thermal response, both of which are important parameters in
calorimetric evaluation. Extraction methods such as conventional wet milling, alkaline treatment, enzymatic
wet milling, and ultrasound-assisted processes each impart distinct changes to molecular structure, affecting
subsequent combustion energy and heat release characteristics of starch-based composites which directly
influences the quality and application of starch across different industrial sectors [37-40].

OBO
Washing Crushing or Slurry
Plant-based starch process wet milling l
. e . | ==
- A r —
qu}l&ﬁ“‘ «— S L «— :
Concentrating Desanding and Raw starch Filtering and
and refining desilting solution or milk separation

= E o
Pure starch Dehydration Wet starch Drying process
solution or milk process l
y y | Y =
Packaging process Starch powder or final product Steving
process

Figure 4: A comprehensive flowchart illustrating the starch production process from plant-based starch materials.
[Adapted with permission from Ref. [1]. Copyright © 2019 Springer Nature.]

3.1 Conventional Wet Milling

Conventional wet milling can achieve starch purity levels of up to 99.5%, whereas enzymatic methods
sustain structural integrity and offer improved yields, lower energy consumption, and reduced wastewater
production [1]. Traditional extraction methods utilizing water, NaOH, or sodium metabisulfite can be applied
to fresh and dried plant seeds, with water extraction from fresh seeds yielding the best results. To optimize
these processes, it is essential to integrate experimental design, precise modeling, and collaboration across
different fields [41]. Recent innovations include the combination of starch extraction and protein recovery,
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illustrated by the use of a buffer solution in Pachyrhizus ahipa roots, which facilitated protein extraction while
having minimal effects on starch yield or properties [42]. These advancements contribute to the growing
market for modified starches in food texturizers and bio-plastics [1].

A modified lab-scale wet milling procedure was used to process 1 kg of corn (Table 2). The corn was
steeped in 2 L of water with 0.2% sulphur dioxide (from sodium metabisulfite) and 0.5% lactic acid for 24 h
at 52°C. After draining the steepwater, the kernels were coarsely ground with fresh water, and the germ
was separated by flotation and sieving. The remaining slurry, containing starch, fiber, and gluten, was finely
milled and allowed to settle. Fiber was removed using a 270-mesh screen and washed thoroughly to recover
adhering starch and gluten. After a second settling, gluten and starch were separated using a starch table and
the starch was dried overnight. Moisture and solids contents of steepwater, germ, fiber, starch, and gluten
slurry were determined using the standard air oven method (AACC Method 44-18) [43].

Table 2: Summary of lab-scale conventional wet milling procedure. Adapted from [43,44]

Step Procedure details

«  Soaked1kg of corn in 2 L of water

1. Steeping o Added 0.2% SO, (from 5.92 g sodium metabisulfite) and 0.5% lactic acid
(12.9 mL)
»  Steeping conducted at 52°C for 24 h
2. Draining »  Removed steepwater and measured volume using a 2 L graduated

cylinder

«  Mixed steeped corn with 2 L of water
«  Ground using a Waring blender at 4500 rpm for 5 min
«  Rinsed blender with an additional 500 mL of water

3. Coarse grinding

4. Germ separation  * Separated floating germ using 14 and 18-mesh strainers

»  Washed germ on a 1-mm round-hole sieve with 1 L of water

«  Remaining slurry ground using a Quaker City plate mill

5. Fine grinding
« Rinsed equipment with 1 L of water

6. Settling o Allowed slurry to settle for 30 min
o  Decanted 2 L of supernatant

o  Passed decanted slurry through a 270-mesh vibrating screen

7. Fiber separation
o  Washed retained fiber with 2 L decanted water and 4 L fresh water

8. Starch and o  Settled starch-gluten slurry for another 30 min
gluten separation o Decanted 4 L of liquid
o Used a starch table with 1 L of water to aid separation

(Continued)
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Table 2 (continued)

Step Procedure details

9. Starch recovery ~ ® Dried recovered starch overnight
o Scraped dried starch from starch table

o Dried fiber, germ, and starch at 49°C overnight

o Measured moisture content using AACC Method 44-18 (air oven at
135°C for 2 h)

o Also determined solids in steepwater and gluten slurry

10. Drying and
moisture content
analysis

3.2 Wet Extraction

The described procedure represents a wet extraction method for isolating starch from cassava roots
from recent study [45]. In this process, cassava roots are first cleaned, peeled, and cut into approximately
1 cm cubes. These cubes are then blended at high speed for 5 min to form a pulp, which is suspended in water
at a ratio of 1:10 (w/v). The mixture is stirred for 5 min and filtered through a double layer of cheesecloth
to remove fibrous residues. The filtrate is left undisturbed for 2 h to allow the starch to settle, after which
the clear supernatant is carefully decanted. The resulting sediment is loosened and re-suspended in water
using the same ratio as before, stirred again for 5 min, and re-filtered through the double cheesecloth. After
a second 2-h settling period, the supernatant is discarded once more. Finally, the starch sediment is washed
thoroughly and dried in an oven at 65°C for 12 h.

In contrast [46], methodology involves peeling, chopping, grinding with water for five minutes, followed
by filtration, decantation and a significantly shorter drying time for one hour at 55°C, yielding 25% starch.
Additionally, flour preparation involved peeling, grating and drying at 55°C for 24 h prior to milling.
These process variations directly influenced yield, whereby starch extraction yielded 25%, flour from fresh
cassava yielded 40%, and flour after starch extraction was 12%. These differences in operational parameters,
particularly in drying temperature, drying duration, and sedimentation time, not only affect starch recovery
efficiency but also the physicochemical quality of the final product.

3.3 Alkaline Extraction

The extraction of rice starch from rice flour uses an alkaline steeping method with sodium hydroxide
(NaOH), as demonstrated in Fig. 5 Initially, rice flour was mixed with 0.10%-0.18% NaOH and steeped for
18 h. This step facilitates the breakdown of protein and other non-starch components. After resting, the
mixture is shaken thoroughly to ensure uniform dispersion, followed by filtration to remove coarse particles
and impurities. The resulting slurry is then subjected to centrifugation to separate the solid and liquid
phases, where the supernatant is discarded. The sediment obtained is further purified by treating it with a
higher concentration of NaOH solution (0.10%-0.30%), and this process is repeated twice. Each treatment is
followed by centrifugation, with the supernatants discarded after each step to remove solubilized impurities.
The starch-rich precipitate is then suspended in water and centrifuged again, also twice, to wash away any
remaining NaOH or contaminants. The supernatants from these steps are similarly discarded. Finally, the
cleaned starch precipitate undergoes a drying process to remove moisture, yielding purified rice starch as
the end product. This multi-step procedure ensures the efficient removal of proteins and other non-starch
materials, resulting in high-purity rice starch suitable for food or industrial use.
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1. Mixing and Steeping 2. Shaking
Mix rice flour with 0.10-0.18 Shake the mixture to ensure
NaOH solution uniform dispersion

Steep for 18 hours (protein
breakdown)

!

3. Filtration 4. First Centrifugation

Filter to remove coarse Centrifuge the slurry to
particles and impurities separate solid and liquid

Discard supernatants

l

5. Alkaline Purification 6. Drying
(Repeated twice)

Dry the purified startch
Treat sediment with 0.10- precipitate to obtain final
0.30% NaOH solution product

Centrifuge after each treatment
Discard supernatants

Figure 5: Flowchart of the alkaline extraction process for rice starch from rice flour. [Adapted with permission from
Ref. [47]. Copyright © 2025 John Wiley and Sons.]

3.4 Enzymatic Wet Milling

Early efforts to improve corn wet-milling efficiency explored the integration of enzymatic techniques,
as reported in [48,49]. These studies laid the groundwork for combining protease-assisted extraction
with traditional milling to enhance starch yield and reduce chemical inputs. Building on this foundation,
enzymatic wet-milling methods have been developed to improve process efficiency and sustainability. One
such approach, discussed in [48], involves the incorporation of protease enzymes, particularly bromelain,
into the traditional wet-milling process to reduce steeping time and lower sulphur dioxide (SO, ) usage. This
study bridges two distinct methods which are wet milling and enzymatic extraction. By adding proteases,
the process improves protein breakdown, which enhances starch release from the corn endosperm.

This hybrid approach can inspire similar enzyme-assisted wet milling techniques in other plant
sources like rice, sorghum, or cassava. Reducing SO, concentration from 2000 to 600 ppm significantly
lowers chemical load and environmental impact. Steep time was reduced from 36 to 6-12 h, which has
implications for energy savings and industrial efficiency (Table 3). Drying temperature significantly affects
starch characteristics. The elevated drying temperature of corn grains to 120°C led to a higher gelatinization
temperature of the extracted starch [50]. In a similar study [51], discovering that drying corn at 130°C caused
partial gelatinization of the starch granules, which ultimately decreased the extraction yield, starch purity,
and gelatinization enthalpy.
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Table 3: Optimized conditions for protease usage in corn-wet milling process

Parameter Optimized value with protease
Type of enzyme Bromelain
Dosage of enzyme 0.2% (w/w, dry corn)
Temperature 50°C
pH 4.0-4.2
Steep time 6-12h
SO, concentration 600 ppm

For instance, the optimized enzymatic wet-milling (E-milling) process is described as illustrated
in Fig. 6. It begins with grain cleaning and hydration. The corn kernels are initially cleaned to eliminate any
debris and foreign substances. After cleaning, the kernels are soaked in water at around 50°C, with a low
level of sulphur dioxide containing 600 ppm for about 6 h. This hydration step softens the germ and prepares
the endosperm for efficient milling without the extended steeping time used in conventional methods. This
is followed by coarse grinding in which the hydrated kernels are milled to break the germ and disrupt
the endosperm structure. The resulting slurry then undergoes protease incubation, where enzymes such as
bromelain or commercial protease are added. This enzymatic treatment is carried out at around 50°C and
pH 4.0-4.5 for about 3 h. During this step, the protease enzymes break down the protein-starch bonds in the
endosperm, promoting the release of starch granules.

Grain Cleaning and
Hydration (Pre
treatment)

Products and Co-

products Coarse Grinding

Starch Washing and

! Protease Incubation
Recovery

Fiber and Gluten

Separation Germ Separation

Figure 6: Process diagram of corn E-milling

Next, germ separation is performed using hydro-cyclones, which exploit density differences to isolate
the lighter germ fragments. The overflow streams from this step can be recycled back to the enzymatic reactor
to maximize starch recovery. Following this, fiber and gluten separation is conducted. The fiber is removed
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by screening and typically dried to produce corn gluten feed. The remaining slurry which contains protein
and starch undergoes centrifugation to separate the gluten which is dried into corn gluten meal. The final
phase is starch washing and recovery, where the starch-protein slurry undergoes 10-12 stages of counter-
current washing using hydro-cyclones or centrifuges. This yields a high-purity starch fraction (often >99%
purity). The process concludes with the collection of products and co-products, including purified starch,
germ, fiber, gluten, and steepwater solubles. Compared to traditional wet milling, the E-milling method offers
faster throughput, reduced sulfur dioxide usage, and comparable or improved starch yield making it more
environmentally and economically favourable [49,51].

3.5 Ultrasound-Assisted Wet Milling

According to study [50], ultrasound has become a non-thermal approach for extracting or altering
different compounds from plant materials. It involves sound waves that have frequencies greater than 16 kHz,
which are above the hearing range of humans. Three categories of ultrasound namely power ultrasound, high-
frequency ultrasound, and diagnostic ultrasound with frequency ranges of 20-100 kHz, 100 kHz-1 MHz,
and 1-500 MHz, respectively. Power ultrasound is primarily utilized in various food processing applications,
including extraction, homogenization, filtration, enzyme inactivation, and microbial decontamination [52].

In addition, a laboratory-scale wet-milling process enhanced by ultrasound, focusing on the yield,
purity, and characteristics of corn starch were investigated [51]. The optimal starch yield was achieved with
a 32 h steeping time and 0.05% (w/w) SO,. The ultrasound treatment was applied for 15 min at a power
of 200 W, using a solid-to-liquid ratio of 1:1 (g/mL) in the slurry. Under these optimized conditions, the
starch yield increased by approximately 10% with ultrasound-assisted wet milling (68.96%) compared to
conventional wet milling (62.48%). The purity of the extracted starch remained unchanged. Characterization
by XRD, particle size analysis, SEM, and Differential Scanning Calorimetry (DSC) indicated no significant
differences in granule morphology, crystalline structure, or thermal behavior between starches obtained
by both methods. However, starch obtained through ultrasound-assisted wet milling showed reduced yel-
lowness, increased peak viscosity, comparable thermal characteristics, and improved viscoelastic properties
compared to that extracted by conventional wet milling.

Conventional wet milling achieves high starch purity but remains energy intensive and environmentally
unsustainable. Wet extraction offers a simpler and chemical free alternative however, it is limited by long
sedimentation and drying times which restrict industrial throughput. Alkaline extraction enhances protein
removal and purity, but it also raises environmental and safety concerns due to the generation of chemical
waste. In contrast, enzymatic wet milling stands out as the most balanced approach combining high
efficiency, environmental sustainability, and industrial adaptability through reduced SO, and energy use.
Ultrasound-assisted extraction represents the most advanced sustainable innovation offering superior yield
and eco-efficiency however, it still requires optimization for large-scale or continuous operations. Overall,
enzymatic and ultrasound-assisted methods mark the future direction for sustainable starch extraction
technologies. Table 4 presents the various methods of starch extraction.
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Table 4: Comparison of starch extraction methods based on efficiency, sustainability, and industrial feasibility

Extraction method Efficiency Sustainability Industrial feasibility
. High starch purity .(up Uses large volumes of Wldely .adopted
Conventional wet to 99.5%) but requires industrially, but
11 . water, SO,, and .
milling long steeping (24-48 h) environmentally
. . generates wastewater . .
and high energy input intensive
Moderate efficiency, Simple, water based Suitable for cassava and
Wet extraction yle'ld depe&ds on process with no harsh small—sc.ale applications,
sedimentation and chemicals but long less viable for mass
drying time processing time production
Relies on NaOH, Used mainly for rice
Alkaline extraction Efficient proteln . producing alka'hne sta'rch, 11m1t§d by
removal and high purity effluents needing chemical handling and

Enzymatic wet
milling

Shortens steeping to
6-12 h with comparable

treatment
Reduces SO, use, energy
consumption, and
wastewater

safety concerns
Adaptable to existing
industrial wet-milling
infrastructure
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yield and purity
Non-thermal, minimal
chemical usage, and
reduced energy
consumption

Enhances starch yield by
10%, faster extraction,
low thermal input

Promising for future
large-scale application,
currently lab-scale

Ultrasound-assisted
wet milling

4 Structural Modification of Plant-Based Starch

The most basic form of starch is directly extracted from plants without any modifications. This
type of native starch is often used in straightforward composite applications where some performance
limitations can be accepted. However, its properties may need enhancement through modifications to
achieve better performance in composites. Nevertheless, composites based on native starch often show
insufficient mechanical properties and moisture resistance [53]. To address these issues, researchers have
explored various approaches such as modifications of starch [53]. Starch characteristics and structure, which
differ based on its origin source, significantly influence its effectiveness as a binder [12]. To enhance its
functional properties, modification such as cross-linking, esterification, or oxidation can be applied. Altering
the structure of starch is crucial for enhancing its resistance to moisture and mechanical stress, as well as for
adjusting its thermal and caloric characteristics. Such modifications enhance thermal stability, mechanical
performance, and moisture resistance, thereby making it more suited for biocomposite applications.

Recent research has explored modifications in cross-linking plant-based starches to enhance their
properties for biocomposites. The use of environmentally friendly agents like 1,2,3,4-butane tetracarboxylic
acid (BTCA) and malonic acid for cross-linking has been shown to reduce moisture absorption and improve
the mechanical properties of starch-derived composites [54,55]. Sodium trimetaphosphate (STMP) has
been utilized in reactive extrusion to crosslink blends of starch and oat hulls, which improves interfacial
bonding in polylactic acid (PLA) composites [56]. Different modifications of starch lead to varied effects
on composite properties, with cross-modification increasing toughness and single-modification enhancing
tensile strength [57]. The effectiveness of cross-linking can differ depending on the starch type, as potato
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starch shows a higher reactivity than corn starch [55]. These modifications present promising approaches for
developing biodegradable composites with improved mechanical properties and moisture resistance.

Esterification of plant-based starch has proven effective in enhancing the performance of biocomposites.
The dry esterification of corn starch using maleic anhydride has been found to increase the compatibility
and mechanical properties of starch/polylactic acid composites [58]. A sustainable approach that utilizes
lipase, microwave heating, and imidazolium surfactants achieved high levels of substitution during the
esterification of corn starch, resulting in greater hydrophobicity and thermoplasticity [59]. Composites
made from esterified starch and natural rubber exhibited better thermal stability and mechanical properties
compared to pure natural rubber [60]. Cross-modifying starch enhanced the toughness of the composites,
whereas single modification resulted in higher tensile strength in starch-sisal fiber composites. Composites
made from oxidized esterified starch showed the highest toughness, whereas those from esterified starch
exhibited the greatest tensile strength [57]. This moderation in oxidative degradation leads to higher
retained energy output under bomb calorimetric analysis, indicating more efficient combustion compared
to unmodified starches.

The oxidation modification of plant-based starch has demonstrated encouraging results in improving
biocomposites. Modified oxidized starch enhances the thermal stability and interfacial interactions within
blends of poly(propylene carbonate) and starch [61]. The cross-modification of starch particularly through
oxidized esterified starch, significantly increases the toughness and mechanical characteristics of biodegrad-
able composites [57]. The introduction of cellulose nanocrystals during the oxidation of starch enhances the
film-forming abilities, water resistance, and air permeability of oxidized starch mixtures [62]. Oxidized corn
starch shows improved strength in both dry materials and gels, making it appropriate for use in adhesives for
paper and cardboard manufacturing [63]. These modifications change the functional groups, crystallinity,
and micro-structure of starch, resulting in better performance of the composites. In summary, the oxidation
modification of plant-based starch improves various attributes of biocomposites, rendering them suitable
for a wide range of applications in packaging, adhesives, and sustainable materials. Table 5 summarizes the
types of starch modifications along with their effects and benefits.

Table 5: A summary of cross-linking, esterification and oxidation starch modification

Modificati
° t;rpcea ton Method/Agent Effects/Benefits References
BTCA, Malonic Acid . Reduced moisture.absorption,' [54,55]
improved mechanical properties
STMP in reactive extrusion «  Enhanced interfacial bonding in [56]

Cross-linking PLA composites

o Cross-modification
increases toughness
«  Single-modification enhances
tensile strength [55,57]

Varied starch types and
methods

o Potato starch is more reactive
than corn starch

(Continued)
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Table 5 (continued)

Mocil;:)ceatlon Method/Agent Effects/Benefits References
o Improved compatibility and
Maleic Anhydride mechanical properties in [58]
starch/PLA composites
L%pa-se, m%cr owave heating, «  Increased hydrophobicity [59]
Esterification imidazolium surfactants and thermoplasticity
Natural rubber with esterified | Better thermal stability and (60]
starch mechanical properties
‘ . o Cross-modified:
Cross- vs. single-modified highest toughness 57]
starch +  Single-modified: greatest
tensile strength
Oxidized starch in PPC blends ¢  Improved thermal stability and [61]
interfacial interaction
Oxidized esterified starch «  Significantly increased toughness [57]
and mechanical characteristics
Oxidation Cellulose nanocrystals during | Ephanced film-forming, water (62]

oxidation resistance, and air permeability

o  Improved strength in dry
Oxidized corn starch materials and gels, suitable [63]
for adhesives

Modified starch biocomposites exhibit significant improvements in thermal and moisture stability due
to particular chemical modifications. Many studies provide compelling evidence of enhanced performance.
A study found that films produced from oxidized and cross-linked cassava starch exhibited a 2.39-4.59
times increase in tensile strength and a 3.36-3.72 times reduction in water absorption [64]. Study revealed
that fiber-reinforced corn starch composites showed a 69.1% increase in tensile strength and improved
thermal stability compared to native starch [65]. Systematically confirmed that the inherent limitations
of native starch high hydrophilicity and inadequate environmental stability can be effectively mitigated
through chemical modifications such as cross-linking, oxidation, and reinforcement techniques [66]. These
modifications strengthen intermolecular bonds and reduce sensitivity to temperature and humidity changes,
making starch biocomposites more suitable for advanced applications.

Starch modification is typically modified through using three primary approaches such as physical,
chemical, enzymatic and genetic methods or combinations of these techniques [67]. The physical technique
has gained significant interest due to its benefits, including the absence of chemicals, environmentally
friendly practices, ensuring safety, and ease of implementation [68,69].
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4.1 Physical Modification
4.1.1 Heat Moisture Treatment

The heat moisture treatment (HMT) is widely used for enhancing the RS content of starch. It consists
of subjecting starch granules to elevated temperatures while maintaining low moisture levels (15%-25%) for
a designated duration ranging from 15 to 60 min [70]. In comparison to contemporary pre-gelatinisation
methods, HMT requires significantly less energy, is straightforward to implement, and does not necessitate
costly equipment [71]. By comparing with chemical methods, HMT is an environmentally sustainable and
effective way to modify starch [72]. Numerous studies have applied HMT to process cassava [73], maize [74],
potatoes [75,76], rice [77], and wheat [71].

For instance, HMT was also applied to corn starches at 30% moisture [78]. This treatment led to
reductions in swelling factor (SF) and amylose leaching (AML), with the effects being more pronounced
than those observed under annealing (ANN). Gelatinisation temperatures increased under HMT, and unlike
ANN, the gelatinisation temperature range also widened. A decline in birefringence was observed, suggesting
a disturbance in the crystalline structure of the starch. The Fourier Transform Infrared spectroscopy (FTIR)
absorbance ratio (1047/1022 cm™"), which indicates short-range molecular order, diminished under HMT
treatment. In native (granular) starches, HMT increased levels of rapidly digestible starch (RDS), RS, and
the expected glycaemic index (eGI), while reducing slowly digestible starch (SDS). In contrast in gelatinised
starches, HMT led to a decrease in RDS and eGI but an increase in SDS and RS with these alterations being
more pronounced than those triggered by ANN. These results indicate that HMT has a more significant effect
than ANN on the structural reorganization and digestibility of starch, particularly in boosting RS content in
gelatinised forms which may have critical implications for food functionality and nutritional quality.

A prior research conducted by Thomann et al. [74], native potato starch (NPS) went through modifi-
cation through HMT at 15% moisture and 100°C for periods of 4 and 16 h. As a result, the starch exhibited
partial disruption of its crystalline structure and an increase in particle size while maintaining surface
integrity. When combined with mineral additives such as sodium, potassium, magnesium, and calcium ions,
the modified starch showed adjustable pasting and swelling behaviours. Monovalent cations contributed
to an increase in peak viscosity whereas divalent cations reduced it through ionic cross-linking. Starches
subjected to HMT demonstrated lower gelatinization temperatures, enhanced water retention capacity, and
improved enzymatic digestibility. These functional improvements make them well-suited for applications
such as energy gels and clean-label food thickeners, particularly in products requiring mineral enrichment.

Similarly, the application of HMT-modified potato starch combined with sodium chloride (SC) and
sodium tripolyphosphate (STPP) to improve the quality of gluten-free noodles made from potato starch [76].
The incorporation of salts during HMT led to significant alterations in starch granule morphology, including
irregular shapes, partial gelatinisation, and the loss of double-helical structures and crystalline order.
These structural changes, influenced by starch-ion interactions and altered water structure, resulted in
higher pasting temperatures, reduced amylose leaching, and lower gelatinisation enthalpies and viscosities.
Rheological analysis further showed improved heat and shear stability, with delayed granule disintegration
during gelatinisation. Functionally, the HMT starch with added SC (HPS-SC) improved dough hardness
and significantly enhanced noodle quality by reducing solid loss and breakage while improving texture
and elasticity. Consistently, HMT applied to elephant foot yam starch resulted in elevated gelatinization
temperatures and reduced gelatinisation enthalpy, illustrating how thermal behaviour is altered through
granule restructuring [79].

Apart from that, a comparative analysis on the impact of HMT on normal and waxy potato starch under
varying temperatures (up to 120°C) and low moisture content (25%) was studied [76]. HMT caused physical
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surface damage (indentations and cracks) while preserving granule integrity and did not significantly affect
amylose content. It raised pasting temperatures, reduced peak viscosity, and decreased crystallinity and
gelatinisation enthalpy. At 95°C, solubility and swelling power declined in NPS but increased in WPS.
Importantly, digestibility improved RS content in NPS reached 73.0% at 120°C, while SDS in WPS reached
37.6% at 110°C, showing the effectiveness of HMT in modulating functional and nutritional starch properties
depending on amylose content and processing conditions.

In summary, HMT on starch is greatly influenced by treatment parameters such as moisture content
(usually between 15%-25%), temperature (120°C-130°C), and treatment duration (from 15 min up to 16 h).
These factors cause significant structural changes including damage to the granule surface, aggregation,
loss of birefringence, and disruption of crystalline and double-helical arrangements. Occasionally, HMT
can lead to biphasic gelatinisation and the creation of new helical structures, especially in waxy maize
and potato starches. These microstructural changes result in important alterations in functional prop-
erties such as higher gelatinisation temperatures, less amylose leaching, improved water retention, and
adjustable pasting behaviours, thereby enhancing the starch’s thermal stability and digestibility. Therefore,
optimising HMT conditions is essential for customising starch structure and functionality to fulfil particular
formulation requirements.

4.1.2 Annealing

ANN is a method used to physically modify starch via thermal treatment with water over a controlled
duration. The temperature during heating is kept below the gelatinization point while remaining above the
glass transition temperature. This process relies on water and thermal energy without the incorporation of
any chemical reagents. Consequently, annealing is recognized as a sustainable and economical approach [80].

An example from studies, potato starch was treated with water in a 1:2 (starch:water) ratio and
incubated at 60°C for a duration of 24 h [81]. This process enhances the molecular mobility within the
granules, leading to a more ordered crystalline structure. Annealed potato starch was observed to exhibit
reduced solubility (17.31%) and lower water vapour permeability compared to films made from native
starch. Films developed from ANN-modified starch also showed increased elongation at break (9.36%),
indicating improved flexibility. These modifications enhanced the film-forming characteristics of potato
starch, increasing its suitability for use in biodegradable packaging applications.

Apart from that, a research presents an interesting combination of findings on the effects of annealing on
starches. A study with varying amylose content found that annealing reduced swelling power, solubility, and
crystallinity, while increasing pasting temperature and enzymatic susceptibility [82]. Notably, low-amylose
starches showed an increase in setback despite overall reductions in peak and final viscosities. In contrast,
the examined wheat starch granules discovered that annealing improved pasting viscosity across both starch
types with a concentration-dependent variation in performance [83]. This suggests that while annealing can
decrease certain properties in starch, it simultaneously enhances the structural integrity and functionality of
wheat starch, demonstrating its potential for tailoring starch behaviour in various applications particularly
where viscosity control is crucial.

4.1.3 Pre-Gelatinization Starch

Pre-gelatinized starch (PGS) is a physically modified starch produced through the combined application
of heat and mechanical shearing. The process involves heating the starch sufficiently to disrupt its granular
structure [84]. PGS can absorb water and swell in cold water, enhancing its viscosity and achieving desired
paste and thickening qualities [85]. Commonly used techniques for producing PGS include drum drying,
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roll drying, extrusion, and spray drying [86]. While drum drying and extrusion yield flaky or thread-like
forms that require further processing such as pulverization and sieving to obtain a powder, spray drying
offers a more efficient and direct approach for powder production [87]. Moreover, spray drying is noted for
its reproducibility and effective control over particle size distribution.

For example, research has proven that spray-dried rice starch demonstrates excellent flowability and a
superior capacity to swell [83]. In the research conducted, pre-gelatinization was utilized to modify the char-
acteristics of rice starch [88]. This process comprised three main stages which are premixing, gelatinization,
and spray drying. During the premixing stage, rice starch was blended with various hydrocolloids including
pectin, xanthan gum, sodium alginate, and i-carrageenan. The mixtures of rice starch and hydrocolloids were
then gelatinized by heating in water which caused the starch granules to swell, break apart, and lose their
crystalline form. This was followed by spray drying, a technique that quickly removes moisture and converts
the gelatinized starch into a dry powder with altered characteristics. The resulting pre-gelatinized rice starch
with hydrocolloids displayed concave granular shapes and an amorphous structure, signifying complete
gelatinization. Furthermore, pre-gelatinized rice starch showcased improved cold paste viscosity, particularly
with the inclusion of xanthan gum and /-carrageenan as well as enhanced swelling power, solubility, and
rheological properties [88].

Comparable studies have illustrated how pre-gelatinization through spray drying and extrusion can
substantially change starch properties for specific functional applications. For instance, research investigated
the physicochemical properties of sweet potato starch after undergoing spray drying and extrusion tech-
niques [89]. The spray-dried sweet potato starch exhibited agglomerates formation, a reduction in mean
granule size from 16.5 to 14.1 um, and a decrease in crystallinity from 25.3% to 22.6%. Additionally, there
was a minor reduction in amylopectin molecular weight and an increase in final viscosity with a reduced
enthalpy change, suggesting partial gelatinization [90]. This type of starch is better suited for applications
that require higher viscosity. Conversely, extrusion resulted in a complete loss of crystalline structure and a
substantial reduction in amylopectin molecular weight, indicating fully gelatinized state. The starch obtained
from extrusion displayed important changes in pasting behaviour and had a very low cold viscosity, making
it ideal for formulations that need rapid solubility and low viscosity. These results reinforce the idea that
physical modification methods like spray drying and extrusion can be effectively utilized to customize starch
functionality for targeted industrial purposes.

4.2 Chemical Modification
4.2.1 Acetylation

Acetylation modification involves replacing hydroxyl groups with acetyl groups, usually through
esterification using isopropenyl acetate as an acyl donor and an ionic liquid (EmimOAc) as both solvent and
catalyst [91]. The characteristics of starch or flour modified through acetylation are markedly affected by sev-
eral factors including the degree of substitution (DS) and treatment parameters such as the source of starch,
type of reagent, pH level, temperature, and duration of the reaction [92-94]. This modification has been
shown to improve properties such as swelling ability, paste clarity, and resistance to retrogradation in starch.
Acetylated starch is especially advantageous for products that are likely to lose quality during processing or
undergo retrogradation. It also offers enhanced thickening properties in various food applications [95].
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Acetylation is a substitution reaction where the hydroxyl groups (-OH) of starch are partially replaced
by acetyl groups (-OCOCHS;), typically using acetic anhydride or vinyl acetate under mild alkaline condi-
tions. The introduction of these acetyl groups reduces hydrogen bonding between starch chains, increasing
flexibility and enhancing hydrophobicity, film-forming ability, and moisture resistance. This modification
also decreases the gelatinization temperature and improves the compatibility of starch with hydrophobic
polymers in biocomposites and adhesives. Reaction equation of acetylation modification as shown below:

Starch - OH + (CH3CO),0 — Starch - OCOCH; + CH3;COOH )

Recent studies have highlighted the impact of acetylation on various starch sources. For instance,
one study [96] examined the effects of acetylation on the physicochemical characteristics and microbial
content of cassava (Manihot palmata) starch extracted using the wet method. The results indicated that
acetylation significantly altered the starch properties, suggesting potential applications in food and industrial
processes. The acetylation procedure employed acetic anhydride at different concentrations, which led to a
substantial improvement in starch yield which rose from 41.56% for native cassava starch (NCS) to 89.44%
for acetylated starch at the first concentration (ACSI) and 89.92% at a higher concentration (ACSII). The
primary observations indicated a reduction in pH, moisture content, gelatinization temperature, as well as
browning and charring potential after the acetylation process.

In contrast, acetylation affects surface-modified tapioca starch through the use of enzyme and alcohol-
enzyme pre-treatments [92]. Significant indicators of acetylation revealed an increase in Acetyl Content
(Ac%) and degree of substitution DS, the acetylated starch showed 0.67% Ac and 0.03 DS whereas the
enzyme-acetylated and alcohol-enzyme-acetylated starches displayed 1.13% Ac (0.04 DS) and 1.76% Ac
(0.07 DS) respectively. Furthermore, FTIR spectroscopy analysis validated the presence of acetyl groups
by showing specific peaks and thermal assessments indicated a decrease in gelatinisation enthalpy while
preserving A-type crystallinity.

4.2.2 Esterification

Esterification involves the reaction of the hydroxyl groups on the starch backbone with carboxylic acids
or their derivatives (acid chlorides, anhydrides, or esters) to form starch esters. This reaction is a type of
condensation reaction and plays a crucial role in organic chemistry for synthesizing a variety of compounds
utilized as flavors, fragrances, solvents, and materials such as polyesters. Depending on the reactant, the
substituent group (R) can range from short (acetyl, succinyl) to long hydrophobic chains (lauryl, stearyl). This
reaction typically occurs under acidic or catalytic conditions, sometimes assisted by solvents or microwave
irradiation. The resulting starch esters exhibit enhanced thermal processability, improved hydrophobicity,
and better interfacial adhesion in composite matrices making them valuable in coatings, adhesives, and
biodegradable plastics [97,98]. Reaction equation of esterification modification as shown below:

Starch - OH + R - COOH - Starch - O -CO -R + H,0 (2)

The mechanism begins with the protonation of the carboxylic acid carbonyl oxygen, which increases the
electrophilicity of the carbonyl carbon, making it more susceptible to nucleophilic attack [99]. The alcohol
then attacks this electrophilic carbon, forming a tetrahedral intermediate. In this intermediate, a proton
transfer occurs, converting one of the hydroxyl groups into a better leaving group. Subsequently, water is
eliminated, forming a protonated ester, which then deprotonates to yield the neutral ester product. This reac-
tion is reversible and removing water from the reaction mixture favors ester formation [100]. Esterification
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is widely used in chemical modification of polymers such as starch, to enhance hydrophobicity and stability,
as well as in the synthesis of polyethylene terephthalate (PET) and biodiesel through transesterification [101].

4.2.3 Cross-Linking

Starch cross-linking facilitates the formation of covalent bonds, enhancing hydrogen bonding within
starch granules. This modification leads to intensified molecular interactions and a corresponding reduction
in the mobility of polymer chains. Consequently, such alterations significantly bolster the granules resistance
to thermal exposure, acidic conditions, and mechanical stress. Therefore, crosslinked starch is highly
suitable for application in processed food products [102]. Various cross-linking agents commonly used
for starch include phosphorus oxychloride (POCI3), STPP, STMP, sodium hexametaphosphate (SHMP),
epichlorohydrin (EPI), citric acid, and adipic acid [103-105]. Reaction equation of cross-linking modification
as shown below:

Starch - OH + Crosslinker — Starch — O — (linker) — O — Starch + H,O (3)

According to the research, cross-linked porous starch (CPS) was developed to improve the structural
and functional attributes of native porous starch (PS) [105]. The cross-linking process utilized chemical
treatment with STMP, which led to the formation of covalent bonds among starch chains. This modification
resulted in a rise in thermal decomposition temperature indicating enhanced thermal stability of the starch
granules. CPS also displayed greater absorption capacities for water and oil compared to unmodified PS.
Moreover, there was a reduction in solubility and swelling power, aligning with the restricted movement of
starch chains due to cross-linking. Despite these modifications, analysis on XRD revealed that the crystalline
structure of PS remained unchanged, though the order and double helix structure were somewhat reduced.
These findings indicate that cross-linking improves the stability and adsorption capabilities of porous starch,
which was more appropriate for applications that require heat resilience and moisture or oil retention.

Similarly, in a study on tapioca starch modified with STMP [106], the degree of substitution increased
as the amount of the cross-linking agent was raised. These findings suggest that the extent of modification
in starch can be effectively controlled by adjusting the concentration of the cross-linking reagent, which
has important implications for tailoring starch properties. Although the modified starch particles formed
an aggregated mass structure, the mean particle size remained consistent at around 17 um, regardless of the
amount of cross-linker used. FTIR and XRD analyses demonstrated that the starch esterification with STMP
introduced new phosphate groups, enhancing the phosphoric acid content in the starch, while maintaining
the A-type crystalline structure unchanged.

4.2.4 Oxidation

Oxidized starch is produced through the reaction of native starch with an appropriate oxidizing
agent [107]. Oxidation is a commonly utilized chemical modification method that enhances the functional
attributes of starch by altering its functional groups. This process can be conducted using various agents,
including sodium hypochlorite (NaOCI) and hydrogen peroxide (H,O,). Reaction equation of oxidation as
shown below:

Starch - CH,OH — Starch - CHO — Starch - COOH (4)
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During the oxidation process, hydroxyl groups are initially transformed into carbonyl groups, which
are subsequently converted into carboxyl groups. This transformation primarily occurs at the C2, C3, and
C6 positions of the starch monomer. The modifications in properties resulting from chemical alteration are
significantly impacted by the positioning of the hydroxyl groups and the glycosidic bond in starch. As a
result, oxidized starches often showed lower viscosity, swelling power, retrogradation tendency, and pasting
temperature [108].

For instance, starch can be oxidized without generating ecotoxic chlorinated by-products by utilizing
a commercial homogeneous binuclear manganese catalyst ([Mn'",(u-O);(tmtacn),][(CH;COO),] (Mncat),
with tmtacn = 1,4,7-trimethyl-1,4,7-triazacyclononane), and H,O, as the oxidant (Fig. 7). While various
oxidation processes that employ H,O, and other catalysts (primarily iron-based) have been explored, they
often necessitate high concentrations, and the starch pasting characteristics did not reach the level of
those obtained through NaOCI oxidation. Notably, starch granules can be oxidized at ambient temperature
with 0.0021 mol% Mncat and 1 wt.% H,O,, resulting in starch with properties (DScoon, vield, pasting
properties) comparable to those achieved via NaOCI oxidation. This catalytic oxidation of starch, using
a metal catalyst abundant in nature at parts-per-million loadings were commonly found in detergents,
highlights the potential for developing a more sustainable approach to producing oxidized starches [109].
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Figure 7: A comparison of the common starch oxidation process utilizing NaOCI and the method which employs
the homogeneous catalyst with H,O,. [Adapted with Permission from Ref. [109]. Copyright© 2025 Royal Society of
Chemistry.]

4.3 Enzymatic and Genetic Modification
4.3.1 Enzymatic Hydrolysis and Debranching

Isoamylase, a widely used debranching enzyme, is crucial for cleaving a-1,6-glycosidic linkages in
starch under mild conditions to ensure optimal activity [110]. In this procedure, approximately 20-30 mg of
branching enzyme-treated starch was mixed with 1.0 mL of 10 mm sodium acetate buffer (pH 5.3), and 20 uL
of isoamylase was added. The mixture was stirred at 800 rpm and incubated at 40°C for 24 h, with enzyme
inactivation achieved by heating at 90°C for 30 min. This systematic approach provides a reliable framework
for conducting enzymatic debranching under controlled laboratory settings.

The enzymatic modification of starch involves precise cleavage and rearrangement of glycosidic bonds,
significantly altering its molecular structure and functional properties. Research shows that enzymes
such as a-amylase, B-amylase, pullulanase, and isoamylase specifically target specific bonds within starch
molecules [111,112]. These enzymatic modifications directly influence starch attributes including molecular
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weight, branching, solubility, and digestibility [113]. The modification process can be tightly controlled,
as factors such as enzyme concentration, pH, temperature, and reaction duration affect the final prod-
uct’s characteristics [114]. This approach is considered environmentally friendly and offers alternative to
chemical modification techniques, achieving precise structural changes while generating minimal unwanted
by-products.

Genetic modification enables targeted upstream control of starch biosynthesis by targeting crucial
enzymatic pathways within the amyloplast. A variety of studies support this approach, demonstrating that
specific gene mutations, such as those in Granule-Bound Starch Synthase (GBSS) and Starch Branching
Enzyme II (SBEII), can significantly affect starch composition and functionality [115,116]. For instance,
employing CRISPR/Cas9 to suppress GBSSI can produce waxy starch with minimal amylose content,
while decreasing SBEII raises amylose levels and crystallinity. These modifications provide researchers
with unmatched authority over the molecular structure of starch, enabling the creation of starches with
enhanced properties such as greater paste clarity, decreased retrogradation, and improved thermal stability.
The evidence indicates that genetic modification directly affects bio-synthetic enzymes, offering a more
precise strategy than methods that rely on post-synthetic modifications.

The significance of enzymatic debranching extends to the enhancement of starch properties [117].
This research explored the combined effects of extrusion and enzymatic debranching on corn and potato
starches at various concentrations (10%, 15%, and 20%). The treatment notably raised amylose content to
approximately 90% in all samples, resulting in predominantly short-chain amylose and a B-type crystalline
structure with relative crystallinity exceeding 37%. These changes lead to improved thermal properties, with
a gelatinization temperature range of 80°C-125°C. The process also resulted in significant levels of SDS
and RS, emphasizing that high substrate concentrations during enzymatic debranching can enhance starch’s
nutritional profile and reduce digestibility, paving the way for industrial applications.

The enzymatic debranching process, facilitated by enzymes such as pullulanase and isoamylase, specif-
ically targets branching points within amylopectin chains. This targeted cleavage yields linear short-chain
glucans and induces substantial modifications in starch properties including digestibility, molecular weight,
solubility, and viscosity characteristics [118]. As starch debranching enzymes (SDBEs) like isoamylase and
pullulanase work synergistically, they significantly boost productivity and efficiency in starch processing
techniques such as saccharification and modification. Their distinct substrate specificities play a crucial role
with pullulanase requiring at least two a-1,4-linked glucose units on two sugar chains linked by a-1,6 bonds,
while isoamylase necessitates at least three such units [119].

Pullulanase is particularly crucial in hydrolysing a-1,6 glucosidic linkages in starch and related polysac-
charides. This action permits a thorough conversion of branched polysaccharides into fermentable sugars
during the saccharification process used in glucose production. The industrial glucose manufacturing
process generally entails two enzymatic steps which is liquefaction through a-amylase after gelatinization,
followed by saccharification, where pullulanase aids in achieving higher glucose concentrations with less
glucoamylase, thus preventing reverse reactions that could synthesize saccharides from glucose [120].

Recent insights into enzymatic modification using f-amylase (BA) and branching enzyme (BE) provide
practical strategies for enhancing starch functionality, particularly in minimizing retrogradation. A study
on waxy rice starch revealed the importance of enzyme application sequence by treating starch with BA
followed by BE (BA+BE) resulted in the most pronounced reduction in retrogradation, as indicated by a
decrease in setback viscosity from 272 to 4 cP [121]. This method also increased the quantity of short A-
and Bl-chains while decreasing longer B2- and B3-chains, modifications that hinder the formation of double
helices and crystallinity. Over a period of 21 days at 4°C, the rice starch containing 20% BA+BE-modified
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starch exhibited negligible increases in relative crystallinity, reinforcing the potential of enzymatic treatments
to enhance starch stability and functionality.

4.3.2 Genetic Engineering

Beyond enhancing starch composition, genetic engineering techniques have been instrumental in
improving the nutritional profile of potato tubers. By manipulating key genes involved in carbohydrate
metabolism, carotenoid, anthocyanin biosynthesis, and glycoalkaloid pathways, several transgenic lines
have been developed. These modifications have resulted in increased vitamin content, reduced levels of
harmful glycoalkaloids, improved flesh color, and better chipping quality. As the field of genetic modification
progresses, CRISPR/Cas9 genome-editing technology has emerged as a non-transgenic alternative, offering
the ability to make precise, targeted modifications with fewer regulatory concerns [122].

Recent research highlights the potential of CRISPR/Cas9 in this domain, particularly in the develop-
ment of novel waxy rice varieties through the editing of the Waxy (Wx) gene. A study successfully produced
four Wx mutant lines with varying physicochemical characteristics, including very low amylose content
(ranging from 0.26% to 1.78%) and improved gel consistency [123]. Notably, these mutants showed an
increased proportion of short amylopectin chains (DP 6-11) while exhibiting stability in overall gelatinization
temperature and amylopectin fine structure. Fig. 8 illustrated the targeted disruption of the Wx gene using
the CRISPR/Cas9 system, leading to small insertions or deletions that significantly reduce amylose content
in edited rice lines. This underscores the ability of CRISPR/Cas9 to facilitate targeted manipulation of starch
composition without compromising the overall structural integrity of the starch. The findings from this
research not only complement earlier transgenic strategies applied in potato and other staple crops but also
reinforce the growing significance of CRISPR-based approaches in customizing starch functionality across
various agricultural applications.

When evaluating modification techniques, distinct trade-offs emerge among chemical, enzymatic, and
physical approaches. Chemical modification, including acetylation, oxidation and cross-linking, effectively
enhances mechanical and thermal properties by forming strong covalent bonds. However, these reactions
often require hazardous reagents and generate chemical waste, raising environmental and cost concerns
that limit industrial scalability. Enzymatic modification in contrast, offers a more sustainable and selective
pathway that operates under mild conditions with minimal by-products. Its main limitations are the high
cost of enzymes, longer reaction times, and sensitivity to processing conditions. Physical methods such as
heat moisture treatment and annealing are the most environmentally non-threatening and straightforward to
apply, but typically yield less pronounced improvements in properties than chemical and enzymatic methods.
Therefore, hybrid modification strategies that combine the molecular precision of enzymatic treatment with
the cross-linking strength of chemical methods have recently emerged as promising solutions to achieve
both performance and sustainability in starch-based biocomposites. Table 6 outlines the advantages and
disadvantages of four types of starch modifications.
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sdl-3  GAGCCATTCGT CGGCGTCGGCGGC -23 bp

Figure 8: Editing of the SD1 and Wx genes was precisely conducted using the CRISPR/Cas9 system. (A) A diagram
illustrating the gene structure and targeted sites of the SD1 and Wx genes. Introns and exons are represented by black
lines and rectangles, respectively, with PAM sequences marked in red. (B) The double mutations of sd1 and wx present
in the edited TI lines. (C) The sd1 single mutation observed in the edited T1 lines. (D) The wx single mutation found
in the edited T1 lines. Red indicates the deletions and insertions, while the PAM sequences are highlighted in green.
[Adapted with permission from Ref. [124]. Copyright © 2025 Frontiers.]

Table 6: Comparison of starch modification methods with their advantages and limitations

Modification method

Advantages

Limitations

Physical modification

Chemical

modification

Simple and solvent-free
process, improves stability,
viscosity, reduces
retrogradation, and
environmentally friendly.

Enhances solubility, stability,
and mechanical strength.
Allows crosslinking,
esterification, and oxidation
for improved functionality
and widely used in industry.

Limited control over
starch molecular
structure, less effective
for introducing new
functional groups, and
moderate mechanical
enhancement.
Involves hazardous
reagents and may affect
biodegradability.
Produces chemical waste.
Requires strict control of
reaction conditions.

(Continued)
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Table 6 (continued)

Modification method Advantages Limitations

Operates under mild
conditions with high
selectivity. Minimal
by-products. Improves
biodegradability and
film-forming ability also

Slow reaction rate, costly
enzymes, sensitive to
environmental
conditions, and
scalability remains

Enzymatic
modification

. limited.
sustainable process.
Enables direct control of Long development
starch biosynthesis and period, biosafety, and
, e ranule structure. Modifies regulatory challenges.
Genetic modification ~ © . ) griatory &
amylose—amylopectin ratio Requires advanced
at the source and reduces molecular tools and
need for post-processing. controlled environments.

Chemical modification remains the most established approach for producing functional starch binders,
while physical and enzymatic modifications are preferred for eco-friendly and sustainable processing.
Genetic modification offers a promising frontier for precise starch tailoring but is constrained by regulatory
and technical barriers.

5 Structural Characteristics of Plant-Based Starch

Composite created with added plant-based starch have garnered attention as eco-friendly alternatives
to synthetic plastics. The characteristics of these composites are heavily influenced by the structural
properties of starch derived from plants. Starches with lower crystallinity such as sweet potato starch form
stronger bonds with natural fibers, resulting in improved mechanical properties. The presence of hydroxyl
groups in starch molecules facilitates hydrogen bonding with fibers, contributing to increased composite
strength [125]. However, these hydroxyl groups make starch-based films hydrophilic, a characteristic that can
be mitigated by incorporating copolymers and fillers [126]. Reinforcing with fibers boosts the crystallinity
and thermal stability of starch composites, enhancing mechanical properties like tensile strength and storage
modulus [127]. Factors such as the composition of starch, the type of plasticizers, and processing conditions
also play a crucial role in determining the final attributes of starch-based biocomposites [126]. The physical
and structural features of plant-based starch starches play a crucial role in their effectiveness as binding agents
and in their heating and caloric behaviors in composite materials. The composition of starch granules, their
crystalline structure, and molecular arrangement affect not only mechanical and moisture characteristics but
also energy content and burning characteristics.

Starch granules display a variety of shapes and sizes among different plant species, which is determined
by their botanical origin, with starches rich in amylopectin usually exhibiting more uniform shapes compared
to those rich in amylose ranging from 1-100 um [128]. Their micro-structure features growth rings, blocklets,
and both crystalline and amorphous lamellae [129]. The internal structure of starch granules is not uniform,
varying from the hilum to the outer edges, which impacts characteristics such as enzyme digestibility [130].
Starch granules are primarily composed of amylose and amylopectin, though the intricate structure of
amylopectin remains a topic of discussion [129]. The ratio of amylose to amylopectin significantly impacts
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the characteristics of the granules, with a higher content of amylopectin linked to greater crystallinity [131].
The morphology and size of granules are affected by the shape and length of the branch chains of
amylopectin [130].

The micro-structure has a significant impact on starch characteristics such as its resistance to enzymatic
breakdown, with potato starch demonstrating greater resistance compared to rice starch [132]. When
hydrated, amorphous layers expand, leading to increased distances between layers. The outer shells and
inner blocklets of starch granules exhibit variations in shape, crystallinity, and molecular features which
collectively influence their overall properties [133,134]. Scattering techniques reveal that granules with the
B-type allomorph have shorter inter-lamellar distances than those with the A-type allomorph, despite the
former possessing longer amylopectin chain lengths [133]. The micro-structure of starch granules is quite
intricate, necessitating thorough analysis to connect it with starch properties.

As illustrated in Fig. 9, the absorption bands present at approximately 3300-3600, ~2900, ~1150, and
1000-1100 cm™* across the three spectra suggest that all starches contain OH, C-H, C-O-C, and C-O
functional groups, respectively. Moreover, the characteristic vibration of the C-O-C ring in starch leads
to an absorbance peak roughly in the range of 700-900 cm™'. The C-O bending related to the OH group
results in an absorbance peak near 1648 cm™'. In addition, the absorbance peak at 1415 cm™" indicates the
presence of C-H symmetrical scissoring within the CH, OH moiety. The distinct CO, peak at A 2358 cm™* was
seen in the potato starch infrared spectroscopy spectrum (Fig. 9), likely due to the measurement conditions
employed. The FTIR analysis reveals that corn, cassava, and potato starches exhibit comparable chemical
structures [135].
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Figure 9: FTIR spectra of (Top) corn, (Middle) cassava, and (Bottom) potato starches. [Adapted with permission from
Ref. [135]. Copyright © 2025 IOP Publishing.]

The shape and micro-structure of starch granules significantly influence the properties of biocompos-
ites. Starch granules that are appropriately sized, non-clustered, or have a high-amylose content can improve
the reinforcement in PLA composites [136]. In biocomposites films, non-granular starch may enhance
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structural and mechanical properties compared to granular starch. Starch nanocrystals, obtained through the
controlled acid hydrolysis of native starch can strengthen polymer nanocomposites [137]. In biocomposite
films made from gelatin and potato starch, the phase separation processes affect the size of starch granules
and the qualities of the film. Nucleation and growth are predominant at starch concentrations of <30 wt.%,
while spinodal decomposition happens at concentrations greater than 30 wt.% [138]. Modifying the surface
of starch granules can improve their dispersion and reduce phase separation in composite materials. These
findings provide insights into improving starch-based composites for various applications.

Starch obtained from plants in biocomposites exhibits complex crystallinity and structural features.
Combinations of starch with poly(ethylene-vinyl alcohol) reveal phase separation and levels of miscibility,
whereas starches containing amylose show complexation and crystallinity [139]. The addition of nanoclay
to starch composites influences the formation of amylose crystallinity and its water retention properties,
potentially generating novel structural entities through interactions among amylose, water, and clay [140].
Different starch varieties impact composites’ properties, with starches exhibiting lower crystalline indices
like sweet potato starch, forming stronger connections with fibers and improving mechanical character-
istics [141]. Incorporating fiber into cassava starch composites increases crystallinity and thermal stability
while enhancing the bonding between the matrix and fibers. These indicate that the starch type, the quantity
of fiber, and the presence of additives significantly influence the structural and functional qualities of
biocomposites derived from plant-based starch.

Composites polymer with plant-based starch have attracted interest because of their renewable char-
acteristics and biodegrading ability. Nonetheless, the natural hydrophilicity of starch due to its hydroxyl
groups, presents difficulties for broader uses [97]. Examination of the surface structure shows variations in
the compositions of bulk and surface in starch blends, influencing cell adhesion and growth [142]. Different
approaches have been investigated to enhance hydrophobicity and mechanical characteristics such as using
copolymers, fillers, and natural additives [125,143]. Blending starch with various bio-polymers like agar can
modify crystalline structures and improve tensile strength and elongation at break [144]. Using natural-based
plasticizers and modifiers along with maleated polypropylene treatment, has demonstrated the potential
to enhance compatibility and strengthen composites [143]. These adjustments facilitate the creation of
starch-based composites with customized mechanical characteristics and surface hydrophilicity for diverse
applications such as packaging and biomedical sectors [142].

The starch gelatinization process in biocomposites significantly affects their structural features and over-
all performance. This process involves breaking hydrogen bonds and reducing the crystallinity of starch [144].
Different starch varieties require varying temperatures and water quantities for gelatinization which is
high-amylose starches need more energy and water. In super-absorbent polymers derived from starch, the
optimal conditions for gelatinization influence both the water absorbency and micro-structure [145]. When
gelatinized starch is mixed with polymers like poly(L-lactic acid) or poly(ethylene-co-vinyl alcohol), it can
act as a nucleating agent improving crystallinity and mechanical properties [146]. Adding plasticizers such
as glycerol, can enhance the properties of these composites [144,146,147]. Typically, blends of starch and
polymers exhibit phase separation, resulting in limited compatibility between the components and can form
oriented structures when exposed to capillary flow [139].

Fig. 10 shows the dimensions of starch from granules to glucosyl units. (a) Maize starch granules
viewed under polarized light exhibit the “Maltese cross,” signifying a radial arrangement within the granule.
(b) An illustrative granule (polyhedral in this instance) featuring growth rings radiating from the hilum.
(c) Blocklets in semi-crystalline (black) and amorphous (grey) rings. (d) Crystalline and amorphous lamellae
are created by double helices (cylinders) and branched segments of amylopectin (black lines). Amylose
molecules (red lines) are mixed in with the amylopectin molecules. (e) Three double-helical structures
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of amylopectin. Every double helix comprises two poly glucosyl chains, where the glucosyl residues are
represented by white and black circles correspondingly. The double helices create A- or B-polymorphic
crystals (A and B respectively, where the circles represent the double helices viewed from the side).
(f) Glucosyl units exhibiting a-(1,4)- and a-(1,6)-linkages at the foundation of the double-helix. The bar scale
(in nm) is merely an estimate to provide a sense of the size dimensions.

Figure 10: The illustration of starch structure from granules to glucosyl units. (a) Maize starch granules show a “Maltese
cross” (b) A polyhedral granule displays growth rings. (c) Semi-crystalline and amorphous blocklets. (d) Crystalline
and amorphous lamellae from amylopectin. (e) Double-helical amylopectin structures. (f) Glucosyl units with a-(1,4)-
and a-(1,6)-linkages. [Adapted with permission from Ref. [130]. Copyright © 2025 MDPI.]

The granule size and the amylose to amylopectin ratio significantly influence heat transfer during
combustion. Starches with a higher amylose content typically have higher carbon concentrations and lower
oxygen to carbon ratios, leading to higher calorific values and slower rates of oxidation. In contrast, starches
rich in amylopectin decompose more quickly due to their more open branching structures resulting in
lower heat-release efficiency. XRD analyses show that A-type crystalline starches (such as those from cereals)
have greater thermal conductivity. In contrast, B-type and C-type structures (such as those from tubers and
legumes) are noted for increased char formation and better thermal retention, which are advantageous for
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controlled energy release in calorimetric assessments [18-21]. The calorific efficiency of starch composites
arises from the combination of their molecular structure and the way starch interacts with polymeric or
fibrous reinforcements. Starches with high crystallinity when paired with bio-fillers like cellulose nanofibers,
have demonstrated higher residual char yield and improved heat storage capacity, thereby reinforcing
the potential of starch binders in energy efficient products such as thermal barriers, bio-insulators, and
energy-recoverable composites.

6 Fabrication Process of Plant Based Starch Biocomposites

In the study of the synthesis of bio-inspired carbon nanodot-corn starch (CS/gCD) nanocomposite films
was carried out for eco-friendly functional food packaging applications [148]. The process began with the
synthesis of carbon nanodots (gCDs) using ginkgo biloba leaves, which served as a biomass-derived carbon
source through a simple hydrothermal technique (Fig. 11). Once synthesized, the gCDs were characterized
and subsequently incorporated into a corn starch matrix. The composite mixture was then processed using
an extrusion technique to form nanocomposite films. Various concentrations of gCDs were tested to evaluate
their influence on the film properties. The incorporation of gCDs significantly improved the mechanical
strength, oxygen barrier capacity, and UV-blocking ability of the films. Additionally, the CS/gCD films
demonstrated high antioxidant activity, effectively extending the shelf life of w-3 oils. This study highlighted
a sustainable and efficient fabrication approach for developing starch-based nanocomposite films with
enhanced functional properties, suitable for environmentally friendly food packaging applications.

Synthesize gCDs Characterize Mix into CS | Extrude into films

Figure 11: Processing steps involved in the fabrication of CS/gCD nanocomposite films for sustainable food packaging
applications

Based on the studies [149], the fabrication process of the OCS-g-PAA/FSG/GLY liquid dust suppressant
proceeds as follows. First, oxidized corn starch (OCS) is used as the primary matrix. The OCS is grafted
with polyacrylic acid (PAA) through free radical graft polymerization, in which acrylic acid (AA) monomer
reacts with starch under initiator conditions to grow PAA chains from the starch backbone (Fig. 12).
Concurrently, Flaxseed gum (FSG) and glycerin (GLY) are incorporated via hydrogen bonding, acting as
modifiers to enhance water retention and film flexibility. The optimal synthesis parameters such as AA-to-
starch ratio, FSG and GLY content, initiator concentration, temperature, and reaction time are optimized
using single-factor experiments. After the reaction, the product is formed into a liquid dust suppressant.
The resulting formulation yields a consolidated layer with a hardness of 71.4 HA, retains water for 12 h at
60°C, demonstrates a dust loss rate as low as 1.96% under 12 m/s wind conditions, and achieves 96.82% water
erosion resistance demonstrating effective performance as an environmentally friendly dust-control agent.
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Figure 12: Processing steps involved in the fabrication of OCS-g-PAA/FSG/GLY liquid dust suppressant through graft
polymerization and hydrogen bonding for eco-friendly dust control applications
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On the development of gum Arabic (GA) and ginger starch (S) hybrid biocomposites for food packaging
applications. Two formulations were prepared with GA-S ratios of 29:1 and 28:2 (v/v), and their properties
were thoroughly assessed [150]. The fabrication process involved blending the plant-based ginger starch
with GA to form biocomposite films, followed by characterization using standard techniques (Fig. 13). Key
parameters evaluated include moisture content, thickness, transparency, water solubility (WS), water vapor
permeability (WVP), tensile strength, elongation at break (EB), surface morphology (via SEM), functional
groups (via FTIR), and thermal stability (via TGA and DSC). The GA-S (28:2) film showed significant
improvements compared to the GA-S (29:1) film which is moisture content increased by 33.4%, thickness by
47.1%, transparency by 22.6%, tensile strength by 18.8%, and elongation at break by 26.6% while WS and WVP
decreased by 13.0% and 28.6%, respectively. FTIR confirmed the presence of intermolecular bonding between
GA and starch, and thermal analysis validated enhanced thermal stability. Additionally, when applied as
coatings on tomatoes, the biocomposites extended storage life up to 20 days at 25 + 2°C, attributed to
reduced lycopene degradation and inhibition of cell wall-degrading enzyme activity. This comprehensive
investigation of fabrication process and performance enhancement makes the study a strong representative
of starch-based biocomposite development.

Prepare GA and , . X Cast the blended ,
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Figure 13: Processing steps involved in the fabrication of GA-ginger starch biocomposite films for food packaging
applications via blending and film casting technique

Table 7 outlined the fabrication and composition of plant-based starch biocomposites across three
studies. Each study utilizes a different starch source such as corn starch, oxidized corn starch, and ginger
starch paired with specific additives to develop functional materials. The nanocomposite films produced
using bio-derived carbon nanodots for food packaging [148], while synthesized a liquid dust suppressant
by chemically modifying starch with synthetic and natural additives [149]. In contrast, blended plant-based
GA with ginger starch to form edible films for fruit preservation [150]. These studies highlight the diverse
adaptability of starch in forming biocomposites tailored to varied environmental and industrial needs.

The method used to create starch-based biocomposites plays a crucial role in determining their
mechanical and morphological characteristics, while also affecting the calorimetric and thermal behavior
of the finished product. Techniques such as extrusion, blending, and casting affect the alignment of
polymers, the bonding at interfaces, and the retention of carbon all of which contribute to the heat of
combustion and the overall calorific performance of the material. Fig. 14 presents the overall process flow
from extraction to application and thermal evaluation. The diagram highlights how different extraction
routes (wet, enzymatic, alkaline, or ultrasound-assisted) lead to various modification strategies (physical,
chemical, enzymatic, or genetic), which are then followed by composite fabrication techniques such as
blending, extrusion, and casting. The final stage illustrates calorimetric analysis as a measure of thermal and
energetic performance, emphasizing the linkage between structural modification and energy behavior in
sustainable starch-based composites.
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Table 7: Comparative summary of the starch sources, biocomposite types, additives, applications, and classifications
used in the fabrication of plant-based starch biocomposites [148-150]

Reference [148] [149] [150]
Oxidized
Starch source Corn starch xicizec com Gingger starch
starch
CS/gCD OCS-g- .
T f GA-S t
. ypeo _ nanocomposite PAA/FSG/GLY compostte
biocomposites o . film
film liquid composite
Biomass-derived
Additives/modifiers gCDs from ginkgo PAA, FSG, GLY GA
leaves
, . Edible food
Application Sustainable active Dust suppression ackaging (fruit
bP food packaging PP packag .g
coating)
Plant starch
Biocomposite Plant starch + ant stare i Plant starch +
e . synthetic & natural
classification bio-nanofillers _ plant gum blend
modifiers
‘ THERMAL
EXTRACTION MODIFICATION APPLICATION R ERAVIoR
oo
PP @
Wet, enzymatic, Physical, Blending, Calorimetric
alkaline, chemical, extrusion, analysis
Aultrasound-assistedj | enzymatic, genetic ) | casting

Figure 14: Integrated process flow of starch-based binder extraction, modification, fabrication, and calorific behavior

7 Calorimetric Analysis of Starch-Based Biocomposites

The calorific properties of starch-based materials offer important information about their energy
content, combustion efficiency, and potential for valorisation at the end of their life cycle. Calorimetry,
especially bomb calorimetry measures the higher heating value (HHV) or the energy released per mass unit
during complete combustion. This value indicates not only the inherent carbon-hydrogen ratio of the starch
but also has a strong correlation with its thermal stability and molecular integrity. The calorific value of starch
bonded biocomposites is typically evaluated using a bomb calorimeter, according to ASTM D5865-13 and
ISO 1928:2025 standards [151,152]. Bomb calorimetry is a reliable method for quantifying the heat released
during the complete combustion of solid samples in an oxygen-rich environment. The process begins with
oven-drying the sample at approximately 105°C for 24 h to eliminate moisture, followed by grinding and
pelletizing into a uniform mass. The pellet is placed in a crucible inside a sealed combustion chamber
(“bomb”), which is filled with pure oxygen at 20-30 atm. Upon ignition via a fuse wire, the combustion
releases heat absorbed by a surrounding water bath, enabling precise temperature measurement.

Calorific value refers to the energy produced from the combustion of 1 g of fuel with oxygen, expressed
in kJ/kg, and is determined using the equation [153]:

Calorific value = heat produced/amount of fuel (5)
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The calorific value is calculated using the observed temperature rise and can also be theoretically
estimated using Dulong’s equation [154]:

HHYV [K]/g] = 33.87C +122.3(H - O + 8) + 9.4S (6)

C = Carbon

H = Hydrogen
O = Oxygen

S = Sulfur

This method provides critical insight into the energy recovery potential of starch-based composites.
While widely adopted, further innovation in calorimetry such as testing under variable pressure conditions
or composite formulations which could enhance understanding of binder efficiency and combustion
behavior. Fig. 15 shows figure of the standard internal structure of bomb calorimeter.

Oxygen supply

Ignition wires

—
1]l
— o

Stirrer

Thermometer

Bucket Air space
Insulating b L| Steel bomb
jacket B -
Crucible
‘Water
Heater ’ Sample
Ignition coil

Figure 15: Figure of the standard internal structure of bomb calorimeter. [Adapted with permission from Ref. [155].
Copyright © 2025 MDPI.]

Incorporating calorimetry assessment into the investigation of starch binders provides a comprehensive
viewpoint that connects materials science with energy sustainability. Research on starch has focused mainly
on its adhesive properties, mechanical characteristics, and degradation patterns however, recent studies indi-
cate that its calorific profile significantly influences the thermal efficiency and recyclability of biocomposites.
The calorific value reflects the chemical energy stored that can be released through thermal decomposition
or combustion. Elevated calorific value in modified starch binders signify improved carbon utilization
efficiency and more robust molecular networks, which are associated with enhanced thermal resistance and
greater char yield during pyrolysis. Calorimetry evaluation should be recognized as a fundamental aspect
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of assessing starch-based binders. This approach not only deepens understanding of the energy structure
connection but also aligns with the broader objectives of circular material design, where sustainable binders
enhance product functionality and facilitate energy recovery after use.

To gain a broader understanding of the calorific value of starch-based biocomposites, it is essential
to assess their energy content relative to other biomass and bio-based materials. Table 8 summarizes the
higher heating value (HHV) of starch-based composites and various biomass-derived materials including
wood, lignocellulosic biomass (agricultural residues), and polylactic acid (PLA). Starch-based composites
exhibit somewhat lower HHV values than lignocellulosic and polymeric materials, but remain a viable
option due to their renewable origin, low ash content, and favorable combustion properties. Carbonization,
esterification, or blending with lignocellulosic fibers can enhance carbon density and thereby elevate HHV
values closer to those of wood or PLA. These findings confirm that starch-based biocomposites exhibit
calorific performance comparable to that of sustainable binder materials, underscoring their suitability for
environmentally friendly thermal applications.

Table 8: Comparison of the HHV/energy content of starch composites with other biomass materials like wood,
lignocellulose, and PLA

HHV
Material/Source Context Reference
(MJ/kg)
Starch—ba.sed 1736 Polysaccharides have an [156]
composite HHYV 18.60 M]/kg
Exhibit HHV values in the o
Wood 19-22 range of 19-22 M]/kg [157]
Lignocellulosic _
) ) Heating value between ~
biomass ('agrlcultural 12-20 12.16 and 20.53 MJ/kg [158]
residues)
L The high heating value of e
Polylactic acid (PLA) 19.4 19.4 MJ/kg [159]

Influence of Resistant Starch and Chemical Modifications

The energy content of RS varies according to starch source and processing method. High-amylose
corn starches which are naturally rich in RS, deliver metabolizable energy values ranging from 11.2 to
12.8 kJ/g (2.68-3.06 kcal/g), while amylase-treated forms yield lower values between 8.0 and 10.6 kJ/g
(1.91-2.53 kcal/g) [160]. RS derived from high-amylose corn starch retained only 67.3% of the energy content
found in native starch [161]. Chemically modified starches commonly used to enhance water resistance or
stability typically exhibit even lower metabolizable energy values, below 16.7 kJ/g [162] which correlates
with their increased crystallinity and reduced digestibility [163]. These variations underscore the importance
of starch structure, particularly the amylose-to-amylopectin ratio and modification technique, on the
combustion behavior and calorific value of starch-based composites. The integration of compositional
analysis with calorimetric testing represents a valuable strategy for optimizing starch-based materials.

While prior research has primarily assessed thermal or calorific parameters in isolation, there remains
a significant opportunity to correlate calorific value trends with structural and mechanical properties across
starch-based systems. Future work could explore how modification techniques such as cross-linking, graft-
ing, or blending affect both combustion energy and thermal durability. This dual-performance optimization
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framework has the potential to advance the design of starch-based biocomposites for applications in energy
recovery, biodegradable packaging, and sustainable building materials.

8 Calorific Value Behaviour of Plant-Based Starch and Performance of Hybrid Plant-Based Starch as a
Binder in Biocomposites

The calorific value of plant-based starch plays a critical role in determining both its thermal behaviour
and effectiveness as a binder in bioenergy and biocomposite systems. Among natural binders, cassava
starch is widely recognized for its high binding efficiency and moderate calorific value (16-17 MJ/kg).
Studies show that when cassava starch is used to bind agricultural residues like onion peels and tamarind
shells, the resulting composite briquettes achieve calorific values ranging from 18.24 to 21.05 MJ/kg. In
contrast, substrates such as turmeric leaves and Gloriosa superba yield significantly lower calorific values
(11.66-15.64 M]/kg) [164,165]. These outcomes highlight the dual influence of both binder and substrate on
thermal performance.

Recent studies have investigated the use of plant-based starch starches as binders in biocomposites,
focusing on their calorific properties and impact on thermal performance. In biomass briquettes derived
from Empty Fruit Bunch (EFB), cassava flour outperformed sago and starch flour by achieving the highest
calorific value of 3661 cal/g (15.3 MJ/kg), demonstrating its efficiency as a binder [166]. Similarly, mahogany
sawdust briquettes bound with starch achieved 4.516 kcal/g in energy output substantially higher than
those using clay which yielded only 1.900 kcal/g [167]. Sugar palm starch-based briquettes particularly at
a 20% binder loading, demonstrated both high combustion energy (1,761,430 J/g) and mechanical strength
(1.463 MPa) [168].

These findings underscore the dual role of starch not only in improving calorific efficiency but
also in enhancing structural integrity under thermal stress. Beyond biofuel applications, starch has also
been used in advanced materials such as supercapacitor electrodes. One study demonstrated that starch-
based binders maintained stable electrochemical performance over 50,000 cycles and exhibited lower
equivalent distributed resistance as compared to the traditional carboxymethylcellulose binders [169].
These examples reflect the versatility and thermal relevance of starch as a natural binder in a variety of
biocomposite applications.

Ezenwa et al. [170] further emphasized this relationship, showing that cassava starch effectively binds
hydrothermal liquefaction (HTL) residues of breadfruit pulp. By optimizing variables such as particle size,
press pressure, and binder dosage, briquettes with a remarkably high calorific value of 26.75 M]/kg were
achieved alongside excellent mechanical properties (compressive strength of 8.31 N/mm? and density of
0.86 g/cm?). These findings confirm that starch binders, when well-formulated can produce thermally
efficient and mechanically robust biocomposites. Notably, a 20% binder dosage was found to be optimal
for enhancing both thermal and structural characteristics. Comparatively, synthetic additives such as
polyethylene terephthalate (PET) have been shown to improve calorific values (from 1715 to 20.77 M]/kg
in wood waste briquettes) [171]. While effective thermally, synthetic binders contribute to environmen-
tal persistence and plastic waste. Plant-based starches in contrast, offer a biodegradable and renewable
alternative with comparable energy performance reflecting a trade-off between thermal efficiency and
environmental sustainability.

Table 9 provides a detailed comparison of the calorific values (HHV) of various starch-based composites
with those of other natural adhesives. This reference shows that starch adhesives although derived from
biological materials, have an energy content comparable to that of lignin and tannin-based adhesives while
retaining the advantages of being biodegradable and sourced from renewable materials. Starch-based binders
exhibit calorific values that are similar to those of other natural adhesives, confirming their potential as
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renewable alternatives. Variations in HHV among different starch formulations primarily reflect differences
in amylose content, degree of modification, and the type of composite substrate used. While lignin and
tannin adhesives provide higher energy density due to their aromatic structures and lower oxygen content,
starch offers a suitable balance of calorific efficiency, biodegradability, and mechanical bonding strength
in biocomposites.

Table 9: Comparison of calorific values (HHV) of starch-based composites and other natural adhesives

R Sample
Material/Binder HHV (M]/kg) context/Remarks References
) Baseline
Native star?h 18.6 polysaccharide value, [156]
(polysaccharide) .
dry basis
i ) Thermally treated
Modified/carbonized 4 o¢ 5737 starch, enhanced [172]
starch
carbon content
Starch-based bl"l— 16.6-22 B19mass brlql.lettes [173]
quettes/composites with starch binder
Aromatic-rich
L1gn1n-t?ased 33.26-5.58 polymer, high [156]
adhesive carbon-hydrogen

ratio

Tanmi
annin 23.6-29.330 (often  Polyphenolic binder,

extract-based high) high calorific potential

adhesive

Shifting focus toward structural performance, recent studies have demonstrated that starch-based
biocomposites reinforced with natural fibres offer significant mechanical and thermal benefits. For example,
composites made from corn starch and 50 wt.% cotton filter waste showed improved tensile strength,
bending resistance, and thermal conductivity [175]. Similarly, cassava starch composites reinforced with
Cymbopogon citratus fibres showed enhanced tensile and flexural strength, better thermal stability, and slower
degradation [176]. Hybrid composites using flax and date palm fibres in equal weight ratios (25 wt.% each)
achieved superior interfacial bonding, minimal void content, and optimal thermal-mechanical balance [177].

A broader study by Gravalos et al. [178] evaluated gross calorific values (GCVs) of agro-industrial and
forestry residues, reporting values from 14.3 to 25.4 M]/kg. High-energy outputs were associated with lipid-
rich seeds and kernels, while moisture-laden wood residues yielded lower values. These findings reinforce the
need to evaluate both binder and substrate characteristics to optimize the thermal behaviour of biocompos-
ites. Onate et al. [179] explored hybrid pellets formed from agro-industrial and plastic waste, revealing that
binder composition significantly affects both thermal efficiency and mechanical integrity. Polypropylene, for
instance, enhanced calorific value (22.6 MJ/kg) and durability (99%), but with an environmental trade-off.
This further underscores the importance of selecting binders plant-based or synthetic based on intended
application outcomes.

Studies on natural binder systems continue to support the utility of starch-based solutions. Akam
et al. [180] reported that cocoa pod husk briquettes bound with cassava starch achieved 17.941 M]/kg, with
combustion efficiency and mechanical durability influenced by particle size and binder ratios. Similarly,
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agricultural residues without binders showed a calorific range from 1868 to 55,511 kJ/g [181], suggesting
further gains are possible when optimized natural binders are applied. Celestino et al. [182] compared clay,
GA, and hybrid binders in rice and coffee husk briquettes. GA-bound briquettes achieved higher calorific
values (18.05-18.67 MJ/kg) than those with clay, while hybrids yielded better combustion rates and shorter
boiling times highlighting a trade-oft between energy density and functional combustion performance.

The integration of plant-based starches especially hybrid variants offers a promising path forward in
developing biocomposites that are not only biodegradable but also thermally and mechanically competent.
The calorific values demonstrate corn (16.36 to 16.92 MJ/kg) and hybrid maize starches (15.45 to 16.25 MJ/kg)
with excellent compatibility with various natural fibres [183,184]. When properly formulated, starch binders
enhance combustion efficiency, structural durability, and environmental responsibility. These findings sug-
gest that hybrid starches with their balanced calorific profile and superior compatibility, provide a robust and
sustainable solution for next-generation biodegradable and bioenergy composite systems. From a material
design perspective, genotypes with larger embryos and higher lipid content had elevated energy output but
reduced starch-polymer compatibility, potentially impairing thermal stability in composites. Hybrid maize
varieties (e.g., DK 6530, PR 33A46) offer a practical solution which is lower lipid content, purer starch, and
stable calorific values improving processability, gelatinization, and matrix bonding [185]. Table 10 compares
the performance of selected starch-based binders.

Table 10: Comparative performance of starch-based binders

Starch tvpe Calorific value Mechanical Polymer Sustainabilit
P (M]/kg) strength compatibility ¥
Cassava 16-26.75 High Moderate High
Corn 16.36-16.92 High High High
Hybrid Maize 15.45-16.25 Very High Very High High
Gum Arabic . ,

(GA) 18.05-18.67 Moderate Variable High
PET (synthetic) 20.77 High High Low

Hybrid starch binders serve a dual role in biocomposites by contributing both thermal energy content
and mechanical integrity. These binders derived from blending or modifying different starch types, optimize
interfacial bonding, heat resistance, and fuel quality in biomass-based systems supporting the multifunc-
tional role of starch as a hybrid binder in biomass briquettes. It was demonstrated that adding palm kernel
shell increased the calorific value of sawdust briquettes, while subsequent incorporation of starch binder
further enhanced thermal efficiency.

Compared to synthetic binders such as PET or polypropylene (PP) which enhance calorific performance
but pose serious environmental concerns, hybrid starch-based binders offer a sustainable alternative. As
highlighted by Singha [186], petrochemical-derived polymers contribute significantly to CO, emissions and
environmental pollution due to their non-biodegradable nature. In contrast, starch-based blends presented
a biodegradable and renewable solution with promising mechanical functionality. Furthermore, their
compatibility with natural fibres and tunable performance makes them ideal for applications demanding
both energy efficiency and structural integrity.

Starch-based binders contribute to the development of low-density thermally insulating biocomposites.
For example, a potato starch binder combined with plant-based aggregates produced biocomposites with a
density of 200 kg/m® and thermal conductivity values between 0.053-0.062 W/mK [187]. Such materials are
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promising for sustainable construction and packaging. Starch has also been integrated into thermoplastic
formulations such as polyurethane composites, where a loading of 1.5 wt.% improved thermal stability and
raised crystallization temperatures [6].

Furthermore, combining starch with synthetic or natural polymers enhances overall composite per-
formance. Biocomposites of starch and polyvinyl alcohol showed increased mechanical strength at 60%
starch content, although thermal conductivity decreased [188]. Modified starch copolymers like starch-
graft-poly(geranyl methacrylate), exhibited improved moisture resistance but lower thermal stability with
decomposition beginning below 150°C [189]. The inclusion of kenaf fibers in starch-grafted polypropylene
composites shifted the loss modulus and damping peaks to higher temperatures, indicating enhanced ther-
mal endurance [190]. Despite these advances, direct comparative studies across starch types and modification
techniques remain limited. This presents an opportunity to explore how hybrid or dual-modified starches
could be tailored to maximize both thermal and calorific performance in biocomposites.

9 Applications and Potential of Plant-Based Starch in Biocomposites
9.1 Automotive & Construction

The automotive industry is increasingly adopting natural fiber-reinforced biocomposites as sus-
tainable alternatives to traditional materials [191-193]. These polycomposites offer advantages such as
cost-effectiveness, lightweight, biodegradability, and a lower environmental footprint [192]. Various natural
fibers and particles including kenaf, hemp, flax, and cellulose combine petroleum-based and bio-based
polymer matrices. Research is ongoing on biodegradable matrices such as blends derived from starch and
PLA [191]. Challenges associated with natural fiber composites like issues at the fiber-matrix interface are
being addressed through surface modifications, hybridization, and advanced manufacturing methods [192].
The automotive industry has a notable interest in these materials for interior applications, driven by
environmental regulations and the need for lightweight and sustainable solutions. Fig. 16 shows PLA based
materials for automotive applications.
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Figure 16: PLA based materials in automotive industry. [Adapted with permission from Ref. [194]. Copyright © 2025
MDPL]
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Recent research explores the potential applications of materials derived from starch in construction and
bio-plastics. Starch is a binding agent when combined with sand, resulting in biodegradable construction
materials that resemble polymer-matrix composites with thermoplastic qualities. These starch-sandstone
compositions offer an environmentally friendly alternative to traditional cement-based products. In bio-
plastics, starch is incorporated into mixtures and composites to address environmental concerns associated
with synthetic polymers [195]. However, starch-based materials face challenges such as sensitivity to moisture
and insufficient mechanical strength. Researchers have investigated various strategies to overcome these
issues including modifying starch using plasticizers, reinforcing the matrix, and blending with polymers [5].
Nanocomposite films made from plasticized corn starch combined with clay have been developed to enhance
mechanical performance [196]. Overall, starch-derived materials hold promise in the construction and
bio-plastics industries, with ongoing research to improve their effectiveness and sustainability.

9.2 Agriculture

China is the leading country in the utilization of agricultural plastic mulch. However, it is also the nation
most impacted by pollution resulting from this material. Addressing the recycling and effective utilization
of waste plastic mulch has become a crucial challenge for the sustainable and environmentally friendly
development of agriculture in China [197]. Consequently, mulches offer a more sustainable approach to
agricultural productivity when viewed from a resource management standpoint [198].

Recent studies show that plant-based starch, such as corn starch (CS) and thermoplastic starch (TPS),
can be used to make biodegradable biocomposites for agricultural mulch films [199]. These films were
developed by blending starch with PLA and polycaprolactone (PCL), then tested for their mechanical,
water resistance, and biodegradability properties. Adding PCL improved the processability of the blends but
reduced mechanical strength when used in high amounts and increased production costs. CS-based blends
performed better than pure TPS films by greatly reducing moisture absorption, solubility, and water vapor
transmission. However, most of the starch-based films still did not meet international mechanical standards.
Even so, CS films showed acceptable strength for use as mulch films. In tomato planting tests, these films
helped retain water, control soil temperature, and promote plant growth performing as well as or better than
traditional plastic films. Future improvements could include adding chitosan to strengthen the films and
improve their breakdown in soil.

Apart from that, TPS derived from natural plant-based starches has gained attention as a sustainable
matrix material in the development of biodegradable biocomposites for agricultural applications. For
instance, fabrication of biodegradable seedling pots using TPS reinforced with oil palm mesocarp fiber
(MPC), an agricultural waste by-product [200]. This TPS/MPC biocomposite demonstrated favourable
mechanical strength, water resistance, and soil degradation characteristics making it a promising alternative
to conventional plastic nursery pots. The addition of MPC improved the structural integrity of the starch-
based matrix without compromising its biodegradability or non-toxicity to plants. These biocomposite pots
are designed to decompose naturally in the soil after transplantation, reducing agricultural plastic waste and
promoting environmentally friendly farming practices. This application highlights the potential of starch-
based biocomposites in supporting sustainable agriculture through the conversion of low-cost and renewable
resources into functional biodegradable products.

In comparison, the banana-taro biocomposite developed by utilizes banana pseudostem pulp reinforced
with taro fibers, resulting in a completely additive-free biodegradable pot with favorable tensile strength
(25 MPa), elongation (27%), water uptake (41%), and 82% biodegradability within 60 days [201]. The banana-
taro pots surpassed plastic trays in fostering seedling health, achieving a 95% germination rate and substantial
early-stage tomato growth. While both approaches align with the principles of eco-friendly agriculture and
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waste valorization, the banana-taro system emphasizes simplicity in processing and direct horticultural
performance, whereas the TPS/MPC system highlights the role of bio-based polymers in material design.
Both of these studies highlighted the versatility and potential of plant-based biocomposites in advancing
sustainable horticulture.

9.3 Packaging Industry

Packaging is crucial in protecting food by improving its lifespan and minimizing food waste. The food
packaging industry commonly utilized synthetic plastic materials because of their excellent resistance to
mechanical stress, superior barrier properties, versatility in molding, and cost-effectiveness [202,203]. The
developed starch-based biocomposites by blending polyvinyl alcohol (PVA) with starch and incorporating
coconut shell extract and sepiolite clay through a solution casting method [204]. The study found that the
addition of coconut shell extract significantly improved the antioxidant activity and mechanical strength
of the films. These improvements were attributed to strong hydrogen bonding interactions within the film
matrix. The enhanced properties suggest that PVA-starch composite films have strong potential for use in
active food packaging applications, particularly where antioxidant functionality is needed to extend shelf
life. This highlights the promising role of plant-based starch in developing biodegradable and functional
packaging materials.

In the context of safety and regulatory considerations, edible and biodegradable films used in food pack-
aging must meet strict safety regulations (Table 11). In the United States, the Food and Drug Administration
(FDA) regulates such materials under the Food Additives Amendment of 1958 with many natural ingredients
like starch, chitosan, and pectin falling under the GRAS (Generally Recognized As Safe) category [205,206].
In the European Union, European Food Safety Authority (EFSA) ensures food-contact materials comply
with Regulation (EC) No. 1935/2004 to prevent harmful substance transfer [207]. Globally, the Codex
Alimentarius by Food and Agriculture Organization (FAO) and World Health Organization (WHO) offers
international guidelines for food-safe packaging materials [208]. While these frameworks differ by region,
all aim to ensure that packaging materials are safe, especially those in direct contact with food. Meeting
regulatory requirements is essential for consumer safety and market acceptance.

Table 11: Regulatory overview for edible or biodegradable packaging materials

Region or Governing  Regulation or Materials Approval
organization body framework covered mechanism
GRAS list or
Starch, Pectin,
Food Additives C}?il;i)sane;\lfrl A FDA-approved
United States FDA Amendment of . ’ food additive
(if GRAS or
1958 based on safety
approved) .
evaluations
Food-contact ~ Must not endanger
Furobean Regulation materials health; novel
Uni) o EFSA (EC) No. including materials may
1935/2004 starch-based require specific
films EFSA evaluation

(Continued)
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Table 11 (continued)

Region or Governing Regulation or Materials Approval
organization body framework covered mechanism
FAO/WHO Broad, includes Voluntary but
. Codex General natural

. via Codex . referenced by
International Alimentar Standard for bio-polymers national food

. Food Additives and film .
ius safety agencies

components

10 Challenges and Future Directions

Despite considerable progress in developing starch-based binders and biocomposites, numerous sci-
entific and industrial challenges remain to realize their potential as eco-friendly alternatives to synthetic
polymers. Genetic modification aimed at customizing starch properties presents a significant challenge
in generating starches with specific structural and functional characteristics directly from plant sources.
Advances in genetic engineering and the control of metabolic pathways enable adjustments to amylose-
amylopectin ratios, granule structures, and branching patterns resulting in starches with enhanced
mechanical strength, thermal stability, or improved compatibility with hydrophobic additives [5]. How-
ever, achieving regulated expression while maintaining plant productivity and ensuring ecological safety
remains a primary research focus. The increased application of CRISPR/Cas genome editing alongside
molecular breeding could expedite the development of starches designed for industrial biocomposite
applications [209,210].

Incorporating nanofillers and surface modifiers into starch is essential. Despite starch being abundant
and environmentally friendly, its high hydrophilicity limits its long term viability in humid environ-
ments. The incorporation of nanofillers such as cellulose nanocrystals, nanoclays, graphene oxide, or silica
nanoparticles has shown promise in improving barrier properties, moisture resistance, and interfacial
adhesion [211]. A key challenge is achieving uniform dispersion of these nanofillers within the starch matrix
without compromising biodegradability and processability. Future studies should focus on environmentally
friendly modification techniques such as in situ polymerization or bio-based coupling agents, to enhance
hydrophobicity while ensuring sustainability.

Despite numerous studies demonstrating the viability of starch-based composites in laboratory settings,
there remains a lack of comprehensive Life Cycle Assessment (LCA) and Techno-Economic Assessment
(TEA) [212]. These evaluations are vital for determining the actual environmental and economic viability
of replacing petroleum-based adhesives with starch-based alternatives. Future research should integrate
LCA frameworks with process modeling to evaluate reductions in greenhouse gas emissions, energy use in
production, and the recyclability of these materials [213]. Thorough assessments will be crucial for scaling
up starch-based binder technologies for industrial applications and guiding policy decisions regarding the
use of sustainable materials. The next phase of research on starch-based binders should combine molecular-
level design (genetic and nanostructural) with system-level evaluation (LCA and TEA) to ensure both
efficiency and sustainability. Addressing these challenges will guide the future trajectory for the widespread
and environmentally friendly application of plant-based starches in forthcoming biocomposite industries.
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11 Conclusions

This research comprehensively explored the extraction, modification, and thermal characteristics of
plant-based starches as sustainable binders in biocomposite materials. Quantitative evaluations revealed that
ultrasound-assisted wet milling increased starch yield by 10%, from 62.48% to 68.96%, highlighting the
effectiveness of low-energy processing in enhancing recovery efficiency while maintaining high purity and
granule integrity. Among the starches evaluated, cassava starch had the highest calorific value at 3661 cal/g
(15.3 MJ/kg), outpacing other plant-based starches such as corn and potato. Modified and carbonized starches
achieved even greater values, comparable to lignin-based adhesives and approaching the energy content of
synthetic binders such as PET (20.77 MJ/kg).

Hybrid starch systems including cassava, hybrid maize, and gum Arabic starch composites showed
calorific values of 18.05-26.75 MJ/kg and demonstrated impressive compressive strength (up to 8.31 N/mm?)
and density (0.86 g/cm’). These findings indicate that starch-based binders deliver thermal efficiency
and mechanical strength suitable for applications such as bioenergy briquettes, compostable films, and
structural biocomposites. Furthermore, starch-derived binders exhibited thermal conductivities of 0.053-
0.062 W/mK, demonstrating significant potential for use in lightweight thermal insulation materials.
From a sustainability perspective, the processes for starch extraction and modification such as enzymatic
and ultrasound-assisted techniques reduce the need for chemical agents and lower energy consumption,
aligning with cradle-to-gate LCA principles. These environmentally friendly methods promote circularity by
leveraging renewable resources, guaranteeing biodegradability, and decreasing carbon emissions compared
to petroleum-based adhesives.

In summary, plant-based starches particularly cassava, corn, and hybrid maize offer outstanding
mechanical properties and improved environmental sustainability, affirming their position as bio-binders
for future renewable composites. Moving forward, integrating LCA and TEA will be crucial for scaling
up industrial applications and verifying the ecological and economic benefits of starch-based materials
throughout their life cycles.
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Nomenclature/abbreviations

Term/Symbol

PLA

BTCA

STMP

STPP

HMT

ANN

PGS

RS

SDS

RDS

E-milling

NaOH

NaOCl

FTIR

XRD

DSC

SEM

DS

Ac%

Bio-polymer
Biocomposite

Binder

Calorimetry
Hydrolysis
Gelatinization
Amylose

Amylopectin
Amylose-Amylopectin Ratio
Enzymatic Modification
Cross-linking
Esterification
Oxidation

A-type Starch

B-type Starch

C-type Starch

V-type Starch
Crystallinity

Granule Morphology
Tensile Strength (MPa)
Flexural Modulus (MPa)
Thermal Stability
Gelatinization Temperature (°C)
Calorific Efficiency
Energy Density

Water Absorption (%)
Hydrophobicity
Biodegradability
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Interpretation

Polylactic Acid

1,2,3,4-Butane Tetracarboxylic Acid

Sodium Trimetaphosphate

Sodium Tripolyphosphate

Heat Moisture Treatment

Annealing

Pre-Gelatinized Starch

Resistant Starch

Slowly Digestible Starch

Rapidly Digestible Starch

Enzymatic Wet Milling

Sodium Hydroxide

Sodium Hypochlorite

Fourier Transform Infrared Spectroscopy

X-ray Diffraction

Differential Scanning Calorimetry

Scanning Electron Microscopy

Degree of Substitution

Acetyl Content Percentage

Polymer derived from renewable biological sources

Composite material made from natural fibers or bio-polymers
Matrix material that holds reinforcement fibers together
Measurement of heat released or absorbed during a process
Chemical breakdown of a compound by reaction with water
Disruption of starch granule structure upon heating in water
Linear polymer of a-(1-4)-linked D-glucose units

Highly branched polymer of D-glucose units linked by a-(1-+4) and a-(1-6) bonds
Proportion of linear to branched starch molecules

Alteration of starch using enzymes such as amylase or isoamylase
Formation of covalent bonds between polymer chains for higher stability
Formation of esters between hydroxyl groups and acids/anhydrides
Introduction of carbonyl and carboxyl groups into starch molecules
Dense crystalline structure typical of cereal starches

Open, hydrated crystalline structure typical of tuber starches
Mixed crystalline pattern combining A- and B-type features
Amylose-lipid complex structure with enhanced thermal stability
Degree of structural order within starch granules

Physical shape and surface texture of starch particles

Maximum stress a material can withstand before breaking

Measure of stiffness during bending

Resistance to decomposition at elevated temperatures

Temperature where starch granules begin to swell and lose crystallinity
Ratio of energy released to total combustion potential

Energy content per unit mass or volume

Degree of moisture uptake by a biocomposite

Resistance of a surface to water absorption

Ability of a material to decompose naturally by microorganisms
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AH Gelatinization enthalpy (J/g)

Tg Glass transition temperature (°C)
Tm Melting temperature (°C)

Mw Molecular weight

n Viscosity

p Density (g/cm?)

(0% Calorific Value (cal/g or MJ/kg)
kJ/mol Kilojoules per mole (energy unit)
wt.% Weight percentage

°C Degree Celsius

MPa Megapascal, unit of pressure or stress
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